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ABSTRACT

Speed and track irregularities are the main causes of vibrations in rail vehicles. They
bring a discomfort, fatigue and motion sickness to passengers depending on its frequency
content. In this thesis the analysis and improvement of the secondary suspension effects
on a passenger ride comfort of rail vehicle by considering the current random track
irregularities are evaluated via the Sperling ride index. The current track irregularities
data were collected from Addis Ababa Light Rail Transit Service (AALRTS) then
converted to time domain and curve fitted using sine functions. The half car model of a
vehicle with two bogies, two suspension levels, and a flexible carbody for one car is
considered for mathematical modeling of the vehicle vibrations. The response due to
pitch and bounce were numerically analyzed using MATLAB / Simulink and Universal
Mechanism multibody dynamic simulation software (UM-MBS). The results obtained
from two numerical simulations matched between each other. The results show that
bounce vibrations affect more the ride comfort than pitch vibrations and as the speed
increases the ride comfort worsens according to Sperling ride index evaluations. In
addition to these analyzes, if the secondary suspension damping ratio falls between 0.1
and 0.3 the ride comfort is improved. Finally, optimizations of suspension parameters
were done for worst track irregularities scenario by using MATLAB/Simulink/ Response
optimization tool which led to reducing the ride discomfort significantly than the current
suspension parameters. The evaluations concluded that the AALRTS vehicle vertical
response is at good conditions with current track irregularities. The ride comfort is
improved by 9.87%, 14.62%, and 15.17% at the center of the carbody, above bogie front

and above rear bogie respectively.

Keywords: AALRTS, passenger rail vehicle, random track irregularities, secondary
suspension, ride comfort.
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CHAPTER ONE
INTRODUCTION

Because of the need for comfort, security, safety, and rapid transportation demands in the
current situation, railway companies are forced to meet more stringent regulations
regarding the dynamic behavior of rail vehicles[1]. The ride comfort is regarded as the
capability of vehicle suspension to maintain motion within the range of human comfort,

and is usually measured by a riding comfort index.

To fulfill the need of current demand related to ride comfort the rail vehicle needs many
improvements. From them, the improvement of railway vehicle suspensions is an easy
and cheapest way to achieve this goal [2]. Various studies have been conducted
regarding improvement of the rail car concerning the factors like comfort, safety,
stability, and others related to the dynamic behavior of the rail vehicle during the running
of railway vehicles by measuring vibration accelerations [3].

Vibrations are generated because of the interaction between wheel and track in the
railway vehicles. The bounce, car body bending and pitch vibrations have impact on the
rolling quality, safety, and ride comfort and track quality. The rise in the speed of the
vehicle will excite the increase in the vibration behavior at the carbody level, with a
negative impact up on the ride comfort, this needs to be improved by the optimization of

the suspension parameters[4] or strengthening the car body structural rigidity [5].

If we need to increase the speed of the vehicle further with track irregularities the passive
suspension system performance is no more achieve the standard ride comfort level, so
using the semi-active or fully active suspension is another solution [6]. Despite the
favorable results, the active suspension is not a best operational solution. Because of the
cost of implementing, operating, and maintenance, this system is too costly versus its
benefits. Therefore, in the case of a low and medium-speed train like of Addis Ababa
Light Rail transit (AALRT), it’s better to optimize the existing passive suspension

element rather than using active suspension system.

There are various international standards for evaluating the ride among them; Sperling
Ride Index, 1SO 2631, BS 6841, EN-12999, and UIC 513 are widely used [7-11]. They



are used frequency-weighted acceleration to evaluate the vibration level in terms of
passenger comfort. From the standards stated above the Sperling ride index measures the
ride comfort independently in different directions [12], because its easily interpreted and
can measure the vibrations of various element on the car body in different plane
independently. In this paper, Sperling Ride Index (Wz) is proposed for evaluating ride

comfort.

In the rail way vehicles the passive suspension made of spring and oil dampers. It is
characterized by low cost, a high level of simplicity and the absence of an external
driving system. Engineers tried to obtain the best performances from such a suspension
by careful selection of suspension parameters, design and optimizations for good
stability and comfort the rail vehicles [13]. The active suspension system is providing the
optimal damping response in each time step. The suspension strategy that takes the
advantage of the fully active suspension has the advantage of providing the optimal
damping response in each time step. This technology is used in tilting trains for reduction
of lateral acceleration which gets in excess when negotiating a curve. It also used in the
secondary suspension to improve ride comfort. However, the introduction of new
adaptive functional components aims to improve a certain aspect of the performance,
while the railway vehicle dynamics is influenced in several different aspects, that is, it is
multidisciplinary. Furthermore, the costs of implementing the components are high and
there are some open questions regarding robustness and long-term reliability [14].

Passive systems on the other hand can significantly improve performance of the vehicle
regarding both comfort and stability especially in the low and medium speed rail
vehicles. Because of that it is still a point of interest in such type of rail vehicles.
However, it is needs extensive mathematical formulation and optimization problems to
get its best performance. Through optimization of passive damper and spring stiffness
parameters for both primary and secondary suspension of a railway vehicle good ride

comfort and stability are obtained [15].

However, in current AALRTS because of the overload of the passengers during operation
as well as the current track irregularities the dynamic behavior of the vehicle is varied.

This, change in dynamic behavior of the vehicle especially the effects due to track



irregularities intensify the vibrations of the rail vehicle which have the negative impact
on the ride comfort. In order to assess such a problem, this paper studied the effects of the
passive secondary suspension parameter during variable speed, overloads condition, and
current track irregularities in AALRT line upon ride comfort. Bounce, pitch and car body
bending mode motion vibrations are evaluated by the Wz index at frequency weighted
accelerations of each type of motions. By using numerical analysis of 2D and 3D
multibody body simulation the effects of secondary suspension parameters on the ride
comfort is studied at the various speeds of the vehicle and current vertical rail
irregularities of AALRT vehicle. Finally, sensitivity analysis using Monte Carlo
simulation is done to clearly identify the parameter that have much impacts on the ride
comfort from existing suspension parameters and then according to the results the
parameter which have greater effect on the ride comfort taken as design parameter for
improvement process. The improvement of the ride comfort is done by reducing the
vertical vibrations such as bounce, pitch as well as bending car body vibrations to
minimum by keeping the suspension deflection according to the standard of the AALRTS
for both primary as well as secondary suspension, by using Latin hypercube Algorithm
on the Response optimization analysis tool on the MATLAB /SIMULINK environment.

1.1. Statement of the problem

Vibration on the vehicle usually occurs because of different types of rail vehicle forces
that act on vehicles carbody under variable factors such as track condition, traction,
braking speed, wind effects, wheel polygonization, and rail wheel wear, etc. If this
vibration exceeds the allowable limiting values, it leads to ride discomfort of passengers,
rail-car instability, wear on rail and wheels. Also, on extreme cases, damages of

components of the rolling stock and derailment may happen.

From above stated problems, the vibrations due to track conditions are the major causes
of the ride discomfort to passengers and drivers. When the level of the ride comfort
worsens, it may cause motion sickness, fatigue, back pain and others related health
problems to passengers and drivers. These issues were improved by vibration isolation
elements (suspension element) and structural damping concepts. But, the latter one

contradicts with speed and energy consumption issues. The secondary suspension



parameters one usually designed according to standard track irregularities. But even over
a time track irregularities become worse due to different factors such as aging, improper

maintenance, degradation of the soil and other factors.

In order to address the problem of vibrations due track irregularities on the ride comfort,
the effects of secondary suspension parameters on the passengers ride comfort of railcar
at different speeds, overloads, and track condition will be evaluated for a case of Addis
Ababa Light Rail Transit Service. Then we will optimize appropriate suspension
parameters according to the condition that will make the AALRT to work with existing
standards of ride index in worse track condition of the track AALRT vehicles. But, in this
research, the study concentrates on the effects of vibration from bounce, pitch and
bending of car body of dynamic forces under different conditions of the track by
numerical analysis using MATLAB /Simulink and Universal Mechanism multibody

simulation software.
1.2. Research questions

e Do the secondary suspension damper and spring parameters influence on ride
comfort?

e Could vibration level caused by vehicle speed, overload of passengers and track
conditions affect ride comfort?

e To what level do existing secondary suspensions minimize vibration in the case of
AALRT?

1.3. Objective of Study
1.3.1. General Objective

The general objective of this study is to analyze and improve the suspension dynamic
influence, with an overload of passengers, variable speed, and random track irregularities,

on ride comfort in the case of AALRT rail car.
1.3.2. Specific Objective

This research work specifically aims to:



1. To perform mathematical modeling and analyze the effects of damping of
secondary suspension parameters, and vertical dynamic forces passenger rail car
at straight track motion of the car under conditions of:-

e Over loading of passengers

e Variable speed of the cars
e Random track irregularities on the ride comfort

2. To analyze numerically the vibration of the car body with frequency weighted
acceleration and power spectral density, and to compare with standard values to
predict the level of comfort of AALRT.,

3. To perform the analyses of a half-car model, simulation, and to find optimum
values of secondary suspension parameters that improve the ride comfort for
AALRT vehicles in the MATLAB/ Simulink software.

4. To validate the vibration response results from MATLAB by modeling and
simulating the complete car in the Universal Mechanism Multi-Body System
dynamics simulation software

5. To determine the parameters of the suspension among those obtained in specific
objective (5) that lead to improved ride comfort as well as those that do not affect
the railcar ride quality of AALRT.

1.4. Delimitation

As mentioned before there are various options to improve the ride comfort of passenger
rail vehicles. This thesis only evaluates and improving the effects of passive secondary
suspension effects on ride comfort in the case of AALRT. The only vibration due to
bounce, pitch, and carboy bending dynamic force with the rigid track is considered. The
measure of ride comfort is evaluated according to the standards of the Sperling ride
comfort index. However, other parameters such as loading condition, vehicle speed, and
vertical track irregularities condition of the trains are taken into account. Lateral
irregularities as well as lateral dynamics are not studied in this research because they

have a very little influence on vertical and pitching motion of ride comfort indexes.



1.5. Limitation of Study

Some of the limitations of this study are described as follows:

e Experimental analysis and tests will not be performed in this study due to

the absence of laboratory and tools used to perform tests.

1.6. Significance of the Study

The method, the results, and the findings obtained from this study shows it has great

importance for AALRT, other vehicle operating companies, and researchers who on the

evaluation and improvement of ride comfort of the vehicles. The significance of this

study in details is described as follows.

The methodology used in this paper will be adopted for another study regarding
vibrations analysis of vehicles.

A better comfort can also be very important from the customers’ point of view
who wants to enjoy a smooth ride and possibly want to spend their time reading
or working onboard.

The vehicle may be allowed to run at higher speeds or on lower quality track
while maintaining the same comfort as the passive vehicles. Higher speed reduces
travel time which is appealing not only to passengers but also to operators who
seek more efficient use of infrastructure and rolling stock. Allowance to run on
lower track quality can also be very attractive to the infrastructure managers who
need to invest substantial time and money to keep very good track quality

especially when it comes to high-speed lines.

1.7. Thesis organization

The chapter of this paper is organized to guide the reader from theoretical background to

final results.

Chapter one is about the backgrounds of the dynamics of the rail vehicle, track
irregularities, suspension system, and ride comfort, the problem to be solved, the

scope, objectives, and significance of the study were described.



In chapter two, review of several papers related to the suspension system, ride
comfort, vehicle dynamics, track irregularities and optimizations of vehicle
responses.

Chapter three covers the analytical modeling of the car body bending, vehicle
dynamics in the bounce and pitch vibrations, different parameters needed for
modeling the vehicle, Sperling evaluations method for the ride comfort for
passenger vehicles.

Chapter four includes analysis and discussion of the results of this study subject
using numerical simulations of MATLAB/SIMULINK and UM-MBS simulation
for the evaluations of curve fitting of track irregularities, vehicles speed
variations on vibrations response of the vehicle during pitch and bounce motions,
effects of suspension parameters variations on the vehicle response, speed and
secondary suspension variations on ride index of vehicle and improvement of
suspension parameter for ride comfort is carried out. The results of those
simulations were presented accordingly.

Finally, recommendation, future work and conclusion of the whole study of the

simulation are described briefly.



CHAPTER TWO
LITERATURE REVIEW

There are many studies conducted regarding evaluations of rail vehicle ride comfort but
this paper only considered the literature that is related to this study especially with the
secondary suspension of the rail vehicle. Summary or reviews of those papers have been

presented in the next sub-sections.
2.1. Suspension system of rail vehicles

In terms of vehicle dynamics aspects, the suspension system should maintain good ride
quality and curving performance against track irregularities especially in the case of high
speed trains. These suspensions can be categorized into three groups: passive, semi-

active, and fully active systems[16].

A passive suspension system has conventional springs and pneumatic or oil dampers.
These systems contain no sensors, electronics, or controls [13]. A well-designed passive
suspension which has advantage of design simplicity and cost-effectiveness is commonly
used in rail vehicles. However as the parameters of the passive damper are fixed, its
performance on the wide frequency range and different rail conditions are limited[17].

Semi-active suspension systems provide controlled real-time dissipation of energy. The
main semi-active devices that have been considered for transit engineering applications
are variable orifice which is composed of oil cylinders and mechanical valves, so the
system reliability may be reduced and the maintenance may be costly [18]. Another type
of semi-active dampers uses controllable fluids, which include electro rheological (ER)
and magneto rheological (MR) fluids. In comparison with the semi-active dampers
described above, an advantage of controllable fluid devices is that they contain no
moving parts other than the pistons in the dampers, which makes them simple and
reliable. Liao and Wang[18] presented the feasibility for applying MR fluid dampers to
control the wvertical vibrations of a railway vehicle and improves ride comfort

significantly.

Fully active suspensions use hydraulic actuators which create the desired force in the

suspension system. Both the semi-active and fully active suspensions require sensors to



be located on the vehicle which measures the motions of the body, suspension system,
and/or the bogie mass. Fully active suspension scans consume large amounts of power to
provide the control forces. However, for lower speed vehicles a passive suspension is a

good option because it’s simple in constructions and cost effective.
2.2. Ride comfort evaluation methods

It is important to evaluate the ride comfort to assess the quality and experience of a
passenger on a train journey. The comfort level of passengers depends on a combination
of both physiological and physical factors. The ride comfort mainly affected by
parameters such as humidity, smell, visual stimuli, vibration, temperature, acoustic noise,
and design layout. Vibration is the main parameter that affects the users’ comfort because

of interaction with different parts of the vehicle body [11] and [20-23].

Because of the vibration factor, the ride comfort evaluation methods are based on the
passenger’s exposure durations and their level. The condition of the railway vehicles and
the track conditions as railway profile, rail irregularities or curvature, and wheel defects,
influence the passenger’s perception of comfort. However, these parameters are not
regular in all the countries; it is difficult to establish a unified standard for ride comfort of
railway vehicles. Three methods that are commonly used throughout the world are the

root -mean —square(R.M.S), statistical, and Sperling’s methods [12].

The R.M.S method is an evaluation procedure proposed and revised on the ISO 2631
standard by the International Organization for Standardization (ISO). It depends on the
rate of human exposure to whole-body vibration. But, the statistical method, developed in
EN 12299, was created based on the R.M.S method. Considering the fluctuations in both
acceleration and frequency levels that occur during train travel, the 1ISO 2631 standard is
appropriated for the evaluation of trips with small variations, while the EN 12299 method
IS more accurate for travels with variations associated with passengers and also

minimizes the sensitivity to artifacts.

When proceeding to a comparison between two or more train comfort rides, the more
appropriate method is Sperling’s method. “’This method was introduced in the mid of the
last century in Germany by Sperling, is currently used in countries like Sweden, China or

India. The special characteristic of this method is the fact that it is determined for each
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direction using frequency-weighted accelerations. Which are different in three directions
.Even when the intensities for all frequencies of vibration are equal, the human feeling
during its exposure to vibration varies depending on the direction of motion in different
parts of the body’’[5, 24, 25]. Thus, to convert the vibration into the human feeling a
frequency weighting curve is used. Higher levels of weighting factor corresponding to the
frequencies where humans are more sensitive. For 1ISO 2631 the sensitive ranges for
vertical and lateral vibration are 4-12 Hz and 0.6-2 Hz, respectively. On the EN 12299,
the sensitive ranges found are 4-16.5 Hz for vertical vibration and 0.6-2 Hz for lateral

vibration. For Sperling’s method, both vertical and lateral vibration ranges are 3-7 Hz.
2.3. Review of previous ride comfort evaluations and suspension optimization

Johansson et al. [15] studied the optimization of damping characteristics in bogie
suspensions using a multi-objective optimization methodology. The damping is
investigated and optimized in terms of the resulting performances of a railway vehicle
concerning safety, comfort, and wear considerations. A complete multi-body system
model describing the railway vehicle dynamics is implemented in commercial software
GENESYS and used in the optimization. Pareto fronts concerning safety, comfort, and
wear objectives are obtained, showing the trade-off behavior between the objectives
suffers from relevant degradation which in critical cases may lead to component failure,
derailment, and loss of life. Finally, he concludes that the railway companies should have
to consider ride comfort and safety issues during the operation to compete with other

modes of transportation industries.

Jason et al [26] investigated the possibility of improving the ride quality of a two-axle
railway vehicle with a single-stage suspension employing passive suspensions employing
an inerter device. The goal of this study is to improve the ride quality in both the vertical
and lateral motions in response to track irregularities. The elastic effects of the damper
and inerter device are then taken into consideration for practical purposes. But,
widespread use of this vehicle has been limited because a single-stage suspension leads to
unsatisfactory ride quality. Non-ideal behavior of the damper and inerter devices (e.g.

compliance effects) has not been considered.
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Lozia et al [27] proposed the methodology of optimizing the parameters of the passive
suspension system of a railway vehicle. A linear half-vehicle model and an example of
the procedure carried out to optimize a selected parameter of the model have been
demonstrated. In this study, considerations that need to be carried out with employing a
half-vehicle model, such issues as nonlinearities of spring characteristics of the
suspension system, asymmetry and nonlinearities of shock absorber characteristics, dry

friction in the suspension system, and wheel lift-off are not included.

Sharma et al [28] studied on” improving the ride quality and comfort of railway vehicles
using semi-active secondary suspension based on magneto- rheological fluid dampers”.
Non-linear stiffness and damping functions of the passive suspension system are
extracted from experimental data and magneto rheological damper is integrated into the
secondary vertical suspension system for improving ride quality and comfort of the rail
vehicle. The finding of the research establishes magneto rheological damper strategies in
the secondary suspension system of railway vehicles improve the ride quality and
passenger comfort to a great extent compared to the existing passive system by only
reducing the vertical vibrations. However, the highly nonlinear behavior of a Magneto
rheological damper related to its semi-active nature increases the level of complexity in
numerical modeling; especially when parametric models are used and they are considered

only the vertical dynamics of the vehicle.

Javad et al. [29] investigated to improve ride comfort based on springs and damper
settings by using the design of experiment method (DOE). Pitch and bounce equation
motions for 7 degrees of freedom are modeled .by using the RMS accelerations of bounce
accelerations and a pitch angle of the car body as objective functions optimize the existed
suspension settings. The optimized suspension settings improve the ride comfort

significantly.

Dumitriu et al. [30] analyze the suspension damping influence on the ride comfort
evaluated by the Sperling ride index. While modeling the vehicle they considering the
flexible car body, wheelset vertical dynamics as the derivative of track irregularities, and
static random track excitations to determine the vibrations response at three critical points

that are at a car body center and above two bogies. Their results from numerical
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simulations show the secondary suspension damping greatly reduces the ride discomfort
at above two bogies while at the center of the car body it may intensify the vibration and
the primary suspension doesn’t have much effect on the ride comfort. He also did another
investigation by adding longitudinal suspension element to the secondary suspension on
its mathematical modeling to see the influence of the car body flexibility on the ride
comfort. The vertical bending mode of symmetrical vibrations significantly affects ride
comfort and so for such cases, the longitudinal suspension element has great importance
in reducing such vibrations when the vehicle is at high speed[31].In his recent research
that was published in 2021 by using the mean comfort method (EN12299) and Sperling
ride index, he evaluates the ride comfort of the second model in [31] to compare the
results of the two standards. From the results he concludes under the same conditions of
vehicle operation, the ride comfort indices of Sperling ride index results indicate a
weaker ride comfort than in the case of the ride comfort indices of Mean Comfort
Method. While frequency weighting does not change the dominant vibration modes, such
as bounce and pitch, it does reduce their impact on the dynamic response of the car body;
the weighting function related with Sperling's method significantly decreases the
influence of the dominant vibration modes on the dynamic behavior of the car body less

than the weighting function related with the mean comfort method [32].
2.5. Summary of the literature

In this part, a summary of works of literature that related to the stated problem and the

gaps filled with this literature is presented.

There are many types of research and investigation that were done regarding
improvement of the ride comfort due to vibrations of the rail vehicles by employing
different suspension systems and improving structural stiffness of the system. While
improvement of ride comfort their assumptions and considerations for all the researches
are very different. In case of track irregularities, almost all of the researches were done
based on static random excitations and periodic excitations based ORE sample but a few
works of literature is used the measured track irregularities of the operating railway

system.
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However, in the case of AALRT, almost all works were done before working with rigid
car bodies to evaluate the ride comfort. There is no sufficient study regarding evaluations
of the dynamic effects of secondary suspension parameters for light rail trains that
consider a factor such as an overload and current track irregularities. Generally, we need
to study more on this area by considering the effects of secondary suspension dynamics
which are related to sensitivity issues that depend on overload of the passengers, variable
speed, and random track irregularities to evaluate the current conditions of the AALRT

trains ride comfort.
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CHAPTER THREE
METHODOLOGY

In this section, the method to achieve the objectives that are put in chapter one is briefly
described as follows.

e First, the system is modeled mathematically by considering the vehicle as one
car, two bogies, and four wheel sets and the flexible car body by using the
AALRT vehicle parameters.

e Then current data from the AALRT track is designed and sampled and curve
fitted using Matlab as stationary random track irregularities.

e The procedures followed to analyze the response of the system due to speed
variations and secondary suspension parameters variation on MATLAB
/SIMULINK software will be presented.

e The method of modeling and analyzing the vehicle in Universal Mechanism
MBS was also demonstrated.

e Finally, the way of evaluating the ride comfort according to the Sperling index is
presented.
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3.1. The mathematical model of the rail vehicle in the vertical direction.

The vehicle should be represented as a multi-body system for analysis of dynamic
behavior of the rail vehicle system. The model of the system is represented in a Figure
3.2.

3.1.1. The assumptions made in formulating the model

v Vertical half rail car model is considered (bounce, pitching for car body and carbody
bending motion). The rail vehicle bounce and pitching motion was decoupled from
lateral motions (yaw and lateral displacement). Researches have shown that these two
motion types have a very weak coupling.

v' The springs and dampers of the suspension system elements have linear
characteristics and the vehicle is moving on a standard gauge and on the rigid track.

v Only one car motion with two bogies that have four axles is considered.

v’ Excitations of the vertical left and right rail is considered as the same shape in this
model. The data collected from the AALRTS field measurement and converted to
general form of equations accordingly.

v The vehicle car body of length ‘I’ is modeled by taking assumptions as an Euler-
Bernoulli beam of uniformly distributed mass and constant section.

v Because of the frequencies of wheel sets on the track are much higher than the
vehicle vibration and the track rigidity is much higher than the one of the vehicle

suspension the track is considered as a rigid track.
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— Zac -

Figure 3.2 The vehicle vertical mechanical model, where a, a. are the axle bases of
bogies and axle base of car body and &, with k = 1.... 4, the irregularities against the
wheelset k.

Two-floor suspension of railway vehicle with two bogies and four axles that travels on a
with random track irregularities is considered for the model of the vehicle (Figure 3.2). A
Kelvin-Voigt system is used for modeling both the secondary and the primary
suspensions level. The spring stiffness and damping constants for the car body and bogies

are kK, , K, , c,p and ¢, respectively.

The bogies masses are considered as 2-DOF rigid bodies, namely the bounce movement
Zpk and pitch 0, with k = 1, 2.Becuase of the rigid track is considered in the model, the

vertical wheelset displacement equals the velocity of corresponding irregularities.

Before modeling the system we need to get the mode shape functions of the vertical

displacements of the carbody as follows.
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3.1.2. The movement equations for the of a car body.

Due to the modal superposition of rigid and bending modes considered the vertical

displacement of the car body are given by [33]

w (x,8) = Ze(0) + (3= X) 0c(0) + iy W (0 Tie() (31)

Where, w(x,t) — is displacement of the car body at a time t.
Z.(t) — It’s the bounce vibration of the car-bodies at a time t.
0.(t) — Pitch vibration of car body rigid modes.

W(x) — Shape function of vibration mode k at bending.

Tk (t) — Time-dependent coordinate

By considering the car body as Euler Bernoulli constant section(Figure 3.3) and
uniformly distributed mass from equations above the shape function(W(x)) of vibration

at mode k are derived as follows.

Where, M(x,1) are bending moment, V(x,t) shear force, and f (x,t) external transverse
across the length of the beam? Since inertia force acting on element beam is

f=ma
where m = pv and v = dx X A(X)

From equations 3.1 and 3.2 inertia force becomes,
f= pdxA(x) (0°w(x, t)/0t?) (3.2)

From Figure 3.3 the force equation in the vertical (Z) direction and Moment Equation

about Y-axis could be
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Figure 3.3 Transverse vibration of thin beams [33].

—(V+dV) + f(x,)dx + V = pdxA(x) (0%w(x, t)/ot?) (3.3)
dx (3.4)
(M +dM) — (V+dV) +f(x,t)dx><7—M+de= 0
where  dV =2dx dMm = 2
ax ax
dx (— avg’t) + f(x, t)) = pdxA(x) (0?w(x, t)/0t?) (3:5)
Then dx can be canceled out the equation (3.6) becomes
— D 1 f(x,1) = pAGK) (0°w(x, D/02) (3.6)
From (3.6) disregarding terms involving second powers of dx since it’s too small
oMdx ovdx  f(x,t)dxdx (3.7)
— Vdx + + =0
0x 0x 2
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This means

OM(x,t :
(x )—de=0 (38)
0x

Then by substitute equations (3.7) and (3.8)

2
al\;—g’t) + f(x,t) = pA(x) (0°w(x,t)/ dt?) (3.9)

From the elementary theory of bending beams (Euler- Bernoulli thin beam theory) the

relationship between bending moment and deflection can be

where E is young’s modulus and I(x) is the moment of inertia of beam cross-section

about the X-axis

W O = El(x ) ( ,t) (3.10)

Form (3.9 ) and (3.10) the equation of transverse vibration of a uniform beam will be the

following
= [E1G0 aﬁ,v—(t)] + pA(x) (02w (x, )/3t2) = f(x,t) (3.11)
[E1G0) Z2%0) + pAG) (2w (x, D/0E) = f(x, ) (3.12)

For free-free vibration, external vibration assumed to be zero (f(x,t) = 0). So equation
(3.12) becomes

04 w(x t)

[EI( ) ] + pA®X) (0?w(x, )/3t?) = 0

For uniform beam

EI(x) (3.13)
PA(x)

l L, 0*w(x, 1)
2

Ix4 l + (0*w(x,t)/ 0t?) =0, But....c? =
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Using the separation of variables method the solution of free vibration become [33]

w(x, t) = WEX)T(t) (3.14)
*W(E)T PW()T
lcz ;}2 (t)]+ a(:z) ®_, (315

From (3.13) and (3.14)

[ ,T® 64W(X)l W(x) 0%T(t)
c + =0,
ot?

c? 0*W(x) 0°T(t)
lW(X) axt | Toez

c? o'W _ = o°T() (3.16)
W(x) ox* l T T

Where, a = w? ais a positive constant

Equation (3.16) can be written in the two forms of equations (3.17) and (3.18)

c? "W (3.17)
W(x) Cooxt |
0°T(t) (3.18)
T T(o) otz
From (3.18)
d*Wx) a (3.19)
dx* 2 (W(X)) =0
From (3.19)
d?T(t) B (3.20)
T aT(t) =0

Let % = B* Equation (3.13)becomes
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(0_ = B4 = —(02 = pA(l)Z
c? [E] El
pA
d*W(x)

—a B (W) =0
The solution (3.19) can be written as from

T(t) = Acosw(t) + Bsin w(t)

(3.21)

(3.22)

(3.23)

where, A and B are constants that can be found from the initials conditions in (3.23).

The solution of equation (3.16) is assumed to be from exponentials
W(x) = ces*
where, ¢ and s are constants. We get by substituting (3.24) into (3.22).

d4-ceSX
dx*

B*(ce™) =0
stceS* — B*(ceS®) =0 ->s*—B*=0
So the roots of the equations (3.26) become
S12 = £B,s34 = i
So the solution of equation (3.17) is expressed as

W(x) = c;eP* + e B* + c3elf* + ¢ e 1%

where ¢4, ¢,, c3, C4 are constants

Form equation (3.28) W(x) can be expressed by sine and cosine functions

W(x) = c¢;(cosBx + coshfx) + c,(cosPx — coshfx) + c3(sinfBx + sinhfx)
+ ¢4 (sinPx — sinhfx)
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Aw?
From g* = £

_ EIg*

i = © = BEI/pA = (B)?VEI/pAT (330

0)2

w, W(x), is the natural frequency vibration of the beam and normal mode (characteristics

of the beams) respectively.

For any beam, there will be an infinite number of normal modes with one natural
frequency associated with it. The value of c; to c,is determined from the boundary

conditions equation (3.31). Since the railway car is assumed as a free-free end at both
ends take both free ends as boundary conditions.

The boundary condition is stated in equation (3.31).

EId*W(0) 0 d?w(0) 0
dxz dx?
EId*W(0) 0 d*w(0) 0
dx3 B dx3
(3.31)
EId*W() 0 d*w()
dx? B dx?
EI3W() 0 d*w()
dx3 dx3

Since at free end bending moment and shear force are zero by differentiating (3.22) for
boundary equations (3.31) it yields (3.32)

2
d ;/ZEX) = B? [c,(—cosPx + coshPx) + c,(—cospx — coshfx) (3.32)

+ c5(sinfx + sinhBx) + c,(—sinpx — sinhfx)]
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3
& :;ng) = B3 [c,(sinBx + sinhPx) + ¢, (sinBx — sinhPx) (3.33)

+ c3(—cosPx + coshPx) + c,(—cosPx — coshPx)]

d2wW(x) .
For rrcae 0,givesc, =0
d3w(0) (3.34)
dX3 = O, Cqy = 0

Soatx=0,c, andc, =0

For a non-trivial solution of the constants, C; and Cj3 since the Eigen mode functions is
orthogonal, the determinant formed by coefficients are equal to zero.

d2w(l, ) . . (3.35)
BT 0 = ¢4 (—cosBl + coshfl) + c5(sinfl + sinhfl)
d*w(l,t
% = 0 = c3(—cospl + coshfl) + c¢;(sinfl + sinhfl)
The above equation (3.35) when expressed in matrices form
[cl] [—cosBl + coshfl  sinfl + sinhfl — 0 (3.36)
C3l[ sinfBl+ sinhffl  —cosPl + coshfl

Since the Eigen function is assumed to be orthogonal this determinant of equation (3.36)
is equal to zero

d [—cosBl+coshBl sinfl + sinhpl —0 (3.37)

sinBl + sinhffl  —cospl + coshfl

cosfBlcoshfl—1 =10 (3.38)

Value of 3,1 = 0 for rigid body mode in case of free - free beam

So for it mode shape of the beam can be expressed as
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¢, (—cosBl + coshpl) + c3(sinfl + sinhfl) = 0 (3.39)
c3(—cosBl + coshpl) + ¢, (sinfl + sinhfl) = 0 (3.40)

From equations (3.39) and (3.40)

_ (sinBl+ sinhpD) (3.41)
©1=6 (—cosBl + coshpl)
= -cg Csinpltsinhph) c3(—sinpl + sinhpl)

—cosfl+coshfl

From equation (3.41) and (3.29)

Wi (x) = (sinBix + sinhix) — (sinBl — sinhfl)/(cosfl — coshpl)(cosfl (3.42)
— coshpl

where, equations (3.42) indicate the modal shape functions at k mode of bending

carbody, which it simplified form is described below

(sin Byl — sinhBgl) (3.43)
—cosh
cos B;1 — cos hf3kl (cos Byx = cos hx)

Wi (%) = sin Bgx + sinhfyx —

3.1.3. Equations of motion of passenger rail vehicle

The vertical motion of the vehicle is described by both the equations of bogie bounce and
pitch, vibration rigid modes in the car body and the equation of the first and second mode

of vertical bending of the car body.

The equation of motion of flexible the rail car body in the vertical direction [2, 34-37]

presented in Figure 3.1 is given by:

(3.44)

2

w (x,t) 9°w (x,1) 9%w (x,1)

BI* ) + Wl 4 m o = Z Fid(x — 1)
k=1
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Since the higher order modes of frequency have less impact on the vibration response
only the first two bending modes that are symmetrical and anti-symmetrical carbody

bending vibration movements are considered.

By substituting equation 3.1 into 3.44 , applying the separation of variables method, and
considering the orthogonal property of the Eigen function in the car body vertical
bending [30], the equation of motion turns into three two-order differential equations

with ordinary derivatives

2
Ze = Z Frex (3-45)
i=1
2
. L
Jebe = ) Fralle =) (3.46)
k=1
rrlka'c + kaTC + ki Te = z cmch(lk) (3-47)

i=1
where stiffness, damping, and the car body modal mass are given as follows.

(3.48)

m23—EI.’:f dxcm23—p1ff(dZ)dxmm23—mek2dx

Mp3,Cm23 ,and Ky, 3, are the mass, damping, and stiffness of the second and third

mode of carbody bending respectively.

Where, Elis bending module, m mass on length unit and 'n’ damping coefficient,
w(x,t) is displacement of a beam section (‘t) istime, o (.) is Dirac’s delta function,

and Fy represents the force due to the secondary bogie suspension.

Fie = —2K,c(W(ly, ©)—Zp1) — 2Coc(wW(ly, ©) — Zpy) — 2Kpe(W(l, D—Zpy)  (3:49)

— 2Cc(W(lz, 1) = Zp2)
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This force acts at the distancely, from the car body end

Derivations of the equations of pitch and bounce for rigid carbody as well as for rigid

bogie can be expressed as follows

1. Equation of motion of carbody for translation in the vertical direction

m.Z. = F; + F,
(3.50)
where,

Fp = —2K,c(W(ly, 1) = Zpp) — 2C,c(w(lz, t) — Zy)
F1 = —2K,c(W(ly, ) =Zp1) — 2C,c(W(ly, 1) — Zp1)

F1 and F, are the secondary suspension force due to bounce motion of front bogie and

rear bogie respectively.

mcZe = —2K,c(w(ly, )—Zp;) — 2Czc(W(l1»t) - Zbl) — 2K, (W(lz, ) =Zp;) —

. (3.51)
ZCZC(W(ZZJ t) - Zbl))
2. Equation of motion for rotation of the carbody
J6c = Fia. + Faa, (3.52)
]ce"c = (_ZKZC(W(lli t)_Zbl) - zczc(w(lp t) - Zbl)) ac
(3.53)

+(= 2Ky (Wloy ) ~Zaz) = 2Cae (Wl t) = Z2) ) ac

3. Equation of motion of front and rear bogies in the vertical direction
F; and F, are Right and left wheel bounce forces for front bogies and Fs and F

are right and left bounce forces for rear bogies
F3 = —2Kyp(Zb1 — &) — 2C(Zp1 — &) (3.54)

Fy = —2Kpp (Zpy — &) — 2C(Zp1 — &) (3.55)
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Fs = —2Kyp(Zpy — &) — 2Czb(zbz - 53) (3.56)

Fo = —2Kyp(Zoz — &) — 2C0(Znz — &4) (3.57)
mpzp; = F; —F3 —F, (3.58)
mbzbl = ZKZC(W(llﬁt)_Zbl) + Zczc(w(l1, t) - Zbl) - ZKZb(Zbl - El) (359)

— 2C(Zpy — &) — 2Ky (Zpy — &) — 2C50(Zpy — &2)
meDZ = FZ - F5 —_ F6 (360)

mypZp; = 2K,e(W(ly, ©)—Zp2) + 2C,e(W(12,1) — Zp,) — 2Ky (Zpz — &) (3.61)

— 2Cp(Zpy — &) — 2Ky (Zpz — &) — 2C4p(Zpy — &4)

letZy, + Zp, = Zb1,2:Zb1 + sz = Zb1,2»zb1 + Zyy = Zp12, Wy, t) + w(ly, t) (3.62)

= W(11,2:t) 61+ 8 =813, & +8 = E:i,3, §2+ 8 =824

MpZp12 = —2Cz (2212 — (&5 + €2,4) — 2Kop(2Zp12 — (G + &24))  (3.63)

+2C,c(W(ly2,t) = Zp12) + 2Ky (W(ly2, ) —Zp12)

4. Equation of motion for the pitch of the bogies

F, and Fg are Right and left wheel pitch forces for front bogies and Fq and F,, are

right and left pitch forces for rear bogies.

JbOp1 = Fap — Fgay (3.64)
F; = —2K5(ap8p1 — &) — 2C,p(apbp1 — &2) (3.65)
Fg = —2K,p(apBp1 — &) — 2Czp(apfp1 — &1) (3.66)
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Fg = —2bi(ab9bz - 24) - 2Czb(abébz - 24) (367)
F1o = —2Kzp(ap0pz — &) — 2Czp (apby, — &3) (3.68)
]bém = F,ap — Fgay (3.69)

JbOb1 = ap (_Zbi(abebl — &) — 2Cyp(apbps — E.z))

. . (3.70)
— ap(—2K(@p0p1 — &) — 2C,p(apOp1 — §1))
]bébz = Foap — Fypap (3.71)
JbOb2 = ap (_Zbi(abebz — &) — 2Cp(apbps — 5'4))
— ap(—2Kzp (ap0pz — §3) — 2Cz (apOpz — &3) (3.72)

let, 01 + Oy = Opy 2, éb1 + éb2 = éb1,2 é'b1 + é.bz = éb1,2

]béb1,2 = _Zaszb(zabebLz + 21,3 - 22,4) - 2abczb(zabebz + 513 - 52.,4) (3.73)

Finally, the equations of motions for the bounce of bogies and pitch of bogies

become the following,

MpZpg 2 + 2C5(2Zp1 2 — E1,3 - E2,4) + 2K;p(2Zp12 — &13 — §2,4)

ow(ly 5, t)
ot

(3.74)

+ 2Czc [2b1,2 - l + ZKZC[Zbl,Z - aW(lllz, t)] =0

]bébl,z + 2Czb ab(zab éb1,2 - ‘%;1,3 - %2,4) + 2Kk pay (Zab éb1,2—§1,3 - 52,4) (3.75)

The mass of a bogie is m;, and its inertia moment], = myi,%, where ‘i, is the bogie

gyration radius.

By substituting the (3.76) below into (3.51),(3.50),(3.74),(3.75). Those four coupled

equations above decoupled into six independent equations as follows

1
S1 =Zga; =05, =Ty;a, =T;;83 = E(Zb1 + Zy3);
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1
az = ;(eb1 — Op2);

Wo(11) = Wy (1) = u; Wi (1)) = —Wi(1p) = v
(3.76)

The movement equation at center carbody ( 6.(t) = 0) from (3.1) becomes

c0 (3.77)
W00 = Z() + ) W(T(®
k=1

For the case we only consider the second and third modes. Then we can write the bending
equation for center of carbody.

W t) = Z(0) + W,(0) T, () (3.78)
W(x,t) = Z(t) + W3 () T3(D) (3.79)

From the equation of car body equation (3.54), (3.79), and (3.81)

mcZ, = —2K,c(W(ly, )+w(ly, t) — (Zpy + Zpy))
— 2C,c(wW(ly, ©) + w(ly, t) — (Zpy + Zp2))
= —2K,c(2(zc(©) + Wo(DT2 (D) — (Zp1 + Zb2))
— 2C,(2(2.(0) + Wo(DT2 (D)) — (Zo1 + Zp2))

mcsl = _4CZC(S.1 + us'z - S'3) - 4KZC(SI + usZ - 53) (380)

From equation (3.47) and (3.76)

It becomes

MpypSy = —Chpp82—CaS; — 4C4c(S1 + us; — s3)

(3.81)
—4K,c(s1 + us; — s3)

For bogie bounce motion from equations (3.66), (3.76), and (3.78).

MpZpy, = _Zczb(zzl;l,z - (5.1,3 + 22',4) - Zbi(ZZbLz — (G153t 22,4))
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+2C,c(W(ly2,t) = Zp12) + 2Kye(W(ly 2, t)—Zp1 2)

mp,S3 = _zczb(sé - E) — 2K p(s3 — &) — 2C,c(s1 + usy — s3) — 2K,c(s1 (3.82)

+ us, —s3)

For pitch movement from equations (3.1), (3.56), and (3.79)

]céc =
(= 2K e (W11, ©)=Zpy) — 2C,c (WAL Y) = Zpy) ) ac + (—2K,e(W(12, )~ Zpz) —

2C,(W(2,8) = Zyy) ) ac.
]cd.1 = _zczcac(aca.l - Vfﬁfz + a.3) - 2chac(aca.1 - Vaz + 3.3) (3-83)

From equation (3.47), (3.79), and (3.82)

°w (x,t) +m 0w (x 1) _

4 W (X0
El(a )ﬂﬂ ax* ot at?

ox*

—2K,c(W(11,£)=Zp;) — 2C,e (W1, 1) — Zpy ) — 2Ky (W(12, ) —Zp3) —
2C,c(Ww(12,1) — Zp,)

Mp3ad; = —Cpza;—Kkmzay + 2C,cac(a.a; — va, + a3) (3.84)

+2a.K,c(a.a; —va, +ajz)

From equation (3.76) and (3.79)

]béb1,2 = —Zaszb(Zabil_z + 83— 22,4) - Zabczb(zabgbz + 51,3 - 52,4)

Jbds = —4Cypap(apas — &) — 4K pap(apas — §7) + 4C,cac(ad; — va, —a3) (3.85)

+ 4K cac(aca; — va, — a3)

The independent carbody bounce, carbody bending mode, bogie bounce equations due to
symmetrical excitations of the track that derived in (3.80),(3.81), and(3.82)

m.S; + 4c,.(s; +us, —s3) + 4K, (s; +us, —s3) =0

mm25"2+Cm25'2+Cm252 + 4CZC(S'1 + US.Z - 5.3) + 4KZC(51 + us, — 53) =0
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mbs.:% + 4'Czb(S.S - E+) + 4’bi(SS - E+) - 4’Czc(s.l + U-S.Z - S.3) - 4ch(51 + us; — 53)
=0

The independent carbody pitch, carbody bending mode and bogie pitch due to anti-
symmetrical excitations of the track from (3.83),(3.84) and (3.85).

ICal + 4'Czcac(aca.l - Vaz + a3) + 4chac(acal - Vaz + 33)
mm3a.é +Cm3a.2+km3a2 + 4CZCV(—E{1 + Va.z - a.3) + 4KZCV(_a1 + va, — ag) =0
Jpdz + 4Cyp (3.3 - 2.1_) + 4K,p (a3 — &) + 4Ccac(a; — va, —aay)
+ 4K, .a.(a; —va, —aa,) =0

, where m.and ], = m.ic? are the car body mass and inertia moment with i, its gyration

radius and.

State-space formulations
The motion equations for the car body and bogies make up a seven-equation system
with ordinary derivatives. The system can be matrix-like, written where M, C, K, are inertia
damping and stiffness matrices P and R, are displacement and velocity input matrices, with Zw
the vector of heterogeneous terms

Md + Cq + Kq = P[¢] + R[] (3.86)
Generalized state space form linear equations
AZ + BZ = F(t)

Note that the second order differential equations is changed to first order

differential equation in order to solve analytically

Then final equation is reduced to

_[C M _[K 0 _[PM®
A=l ol B=lg _ylend F_[P(t)
where,
m, 0 0 4C,, 0 0
M1=]0 mg, 0];C1:[ 0 4C,cv + Chpa 0 ;
0 0 my, 0 0 4C,p, + 4C,
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4C,.a.2

4K, 0 0 0 0
Ki=] 0 4K, v+ Ko 0 ;Plzl 0 ];Rlz 0
0 0 4K, + 4K, 4C,p —K,p
Je 0 0
0 0 Jb
C2
—4C,. — 4C,.a. 0 0
0 —4C,ca.v — 4C, (V)2 — 4Cuv + Cps 0
0 0 4C,ca. + 4C,.v + 4C,, + 4C,,
4K, ca.2 — 4K,V — 4K, ca, 0 0
K2 = 0 —4K,acV — 4K, (V)2 — 4K, .V + Cp3 0
0 0 4K,ca, + 4K,V + 4K, + 4k,
0 0
P’zz[ 0 ];PZz[ 0 ];
_4C2b _4bi
m. 0 0O O 0 01
0 my, 0 O 0 0
_ 10 0 m, 0 0 0
M=M1+M2= 0 0 0 J. 0 0
0 0 0 0 myz O
| 0 0 0O O 0 Jpd
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r4C,c

4c,cu+ Chp

4C,, + 4C,.

4C a2 — 4C, V —4C,a,

S O OO

[ —4K,, |

[&

—4c,av —4c, (V)2 —4C,V + Cpys

&R =

34

oS O OO

| —4K,, |

(81 &1

4C,ea, + 4C, V + 4G, + 4C,



0 0 0 0 0
4K,cu+ Ko 0 0 0 0
0 4K, + 4K, 0 0 0
0 0 4K, a2 — 4K,V — 4K, a, 0 0
0 0 0 —4K,a V. — 4K, (V)2 — 4K,V + k5 0
0 0 0 0 4K,cac + 4K,V + 4K, + 4k, |

The below equations include the excitation mode of symmetrical and the anti-

symmetrical movements

G+ 5T +E) G & % —8) (3.87)
4 & = 2 :

g =

The parameters of the car body bending vibration are the modal angular frequency and

the damping ratio.

(3.88)

Kma23 Cm2,3

Wm23 = |7 Cm23 =
Mm2,3 2\/ km2,3 My 3

To facilitate the analysis of vibrations, the damping ratio of the suspension levels is

considered uncoupled, as below

Ch,c (3.89)

G = 77—
V kb,crnb,c
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3.2. Track irregularities

The irregularities of AALRTs track are always measured along the line Easter-West
(Ayat-Torhailoch) and North-South (Kalit-Menelick 1) lines. If they find
during the measurement the worse deviation from the company standards, in the night
the maintenance of the track should be done on that track portion. In this work, only
the vertical ride comfort of AALRTS vehicle is considered. The sample of rail

irregularities used is shown in Figure 3.4and Figure 3.5 for the AALRT track.

The plot had 122 points measured during inspection and maintenance by AALRT at a
distance interval of 5m for each measurement. During inspection track level on up line

segment, the acceptance standard limit from reference rail is 0.004m.

The graph plotted using sampled irregularities was at a distance of 500 m. To use them
as irregularities inputs for the vibration equation of rail vehicle using MATLAB, the
graph was divided into 1000 segments and imported in MATLAB main code to
simulate the vibration responses of the vehicle (Appendix C Figure c. 2and Figure c. 3).
These segments allow the wheels to follow the path of the irregularities. Therefore, this
helps the wheels to follow all the points along with the irregularities. The track

excitations inputs are designed according to delay and wheel base and bogie base.

For the vehicle model in the Figure 3.1, the track excitations inputs vector is

&(t) £.(0) (3.90)
&2(D) _ &2(t— dy)
& () & (t— d2)
&4(0) §4(t— d3)

& (D) =

_Zab_

Where ¢, = T,q)z

—Zac;cbg = (2a, + 2a.)/v and v is the longitudinal running

v

velocity of the vehicle.
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Figure 3.4 the measured vertical track irregularities of AALRT at a) north-south and b)
East-west lines

3.3. Ride comfort Evaluations

There are many different evaluations standards in the world from them Sperling ride
index is briefly discussed here.

3.3 .1 Sperling’s Method

As Sperling’s method is concerned; the passengers’ perception of the vibrations
occurring during the running of the railway vehicle is based on the comfort index Wz.
The scale of values of the comfort index Wz and the significance of each value is
featured in Table3.1. Assuming that the spectrum of accelerations is a continuous
frequency function and the energy of vibrations is concentrated between 0.5 and 30 Hz,
the following. Figure 3.6 shows the frequency weighting function and highlights the fact
that the higher sensitivity of the human body to vertical vibrations is manifested in the
frequency interval of 3 to 7 Hz [11]. Equation 3.90 can be used to calculate the comfort
index Wz,
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Figure 3.5 vertical displacements of track irregularities in time domain a)E-W direction
track irregularities b) N-S line vertical track irregularities

o[ 30 (3.91)
W, = f a3(f)B3(fHdf
0.5

where a is the acceleration amplitude in cm/s 2, B represents the frequency

weighting function that expresses human vibration sensitivity, and f= ©w/2n

To assess the ride comfort at the vertical vibrations, the weighting function B comes

from

1.911f2 + (0.25f2)2 (3.92)

(1 — 0.277£2)% + (1.563f — 0.0368f3)2

B(f) = 0.588\/
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Table3. 1 Scale for the ride comfort index Wz[31].

Ride comfort index Wz Vibration sensitivity

1.0 Just noticeable

2.0 Clearly noticeable

25 More pronounced, but not unpleasant

3.0 Strong irregular, but still tolerable

3.25 Very irregular

35 Extremely irregular, unpleasant, and annoying
prolonged exposure intolerable

4.0 Extremely unpleasant; prolonged exposure
harmful

Weighting factor

107 107" 10" 10 10
Frequency [Hz]

Figure 3.6 frequency weighting B [12]
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CHAPTER 4
RESULTS AND DISCUSSION

In this chapter results, findings, analyses, and discussion of the study will be presented
and discussed. In the first section, the conversion, analysis, and curve fitting of track
excitations data will be discussed. In the second section, the factors such as the response
of vehicle vibrations at various speeds of vehicle, the secondary suspension damping
variations with speed, time-domain analysis, frequency response analysis, and evaluation
of ride comfort using Sperling ride index will be analyzed using MATLAB/Simulink
software’ and their results presented graphically and discussed one by one. In the third
section, all parameters analyzed in section two will be analyzed using Universal
Mechanism software for validations of MATLAB results and some additional futures of
dynamics of the vehicle of the results between the two software and validations. In the
final section, the results of optimization of suspension parameters for the improvement of

ride comfort will be discussed.
Validation

The simulated findings were compared to results acquired from acceleration
measurements gathered through actual testing to validate the software simulation results.
The findings of actual testing were obtained from the Research Designs Organization For
standardization, and now it's only a matter of chance [38].Over a straight track, the rail
vehicle traveled at a constant speed of 80 km/h is considered for validation. The data
collection process was composed of two parts. The record was established in first stage.
The record was set for a 2Km straight specimen run down track, and the record was
verified over a lengthy distance. In the second stage, you'll run around 25 kilometers. A
strain gauge accelerometer (Range: +1g &+2g; Frequency response: 25Hz; Excitation:
5V AC/DC; Sensitivity: 360 mV/V/g; Damping: silicon fluid). The acceleration data was
recorded in the time domain using National Instruments cards (Sampling rate: 100
Samples/s, Resolution: 12 Bit) and then transformed to the spectral domain using Fast
Fourier Transformations (FFT).
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Figure4.1 FFT for Vertical acceleration of car body using experimental test and
simulations

The results of the Fast Fourier transform of the vertical accelerations versus frequency is
shown in Figure 4.1 the results shows that the experimental result peak is 0.0362m/s? and
simulation peak was 0.0387m/s® the difference between the two is 6.5% relative error
between each other the result is only validated against the experiment for only first 30 Hz
frequency since the Sperling ride index measured with this range only the vertical
vibration result is validated due to the this study focuses on the vertical vibrations only.
Other than the peak frequency response there is some difference in the waveform due to

different factors.

» In practice, problems such as wheel flats, faults in the bearings of the wheel axle
sets, and other moving parts might occur with the aging process, resulting in
additional force inputs.

« It's also likely that there would be a time gap between random inputs
measurements of the track and vehicle acceleration readings, leading the track
profile to change.

* In both the real world and the simulation, the track irregularities aren't the same.
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4.1. Curve fitting of track irregularities

Sometimes, measured track irregularities data are difficult to work with. Because of it has
random and non-deterministic behavior. To deal with such a case there are various
international standards that estimate track irregularity based on different track quality.
This standard value is only used in frequency domain analysis which is designed in
power spectral density notation. It doesn’t describe perfectly the current AALRT track

conditions.

In the case of AALRT, the track defects are measured with a specified maintenance
schedule. To evaluate the behavior of such a track under different dynamic random
irregularities we need to design a generalized form of equation that estimates the current
track irregularities. From the measured data, by converting it into a time function and
convert it into generalized form of equation by curve fitting methodology then can use it
for numerical analysis as stationary random track excitation. To analyze, this issue, the
MATLAB curve fitting tool is used for converting existing random data into generalized
form of the equation. While transforming the data to fit the measurement data of the
system the curve fitting model have above 95 % of correlation with measured data (as
expressed by correlation coefficient). So to determine the behavior of the system within
the specified model from over 500m measured data 120 m track data is sampled in an
area where track conditions are worst (in AALRT when it is above 4mm amplitude). By
testing with a different curve-fitting algorithm, the sine functions at degree eight that
specified at (4.1) suits best the vertical irregular rail profile. This function has a
correlation coefficient ( R?) of 0.99. Generally, the acceptance range for curve fitting is

when the value of correlation coefficient is greater than 0.95 is best to use.

General model Sin8:

f(x) = assin(b;x+ ¢;) + azsin(b,x +¢;) + azsin(3x+c3) +
(4.1)
ausin(byx + c4) + assin(bsx + c5) + agsin(bgx+c;) +

a; sin(b;x + c;) + agsin(bgx + cg)
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where, ‘x’ is vertical profile track irregularity data.

Coefficients:
a; = 3593 by = 0.0167 ¢, = —0.5327
a,= 1815 b,= 0.0556 c,= 0.186
a; = 0.6803 by= 03018 «c;= 1114
a, = 08014 b,= 01746 c,= —0.06319
as = 05126 bg= 0.6124 cg=  1.455
ag = 03223 bg= 04833 = —1.023
a; = 09545 b, = 01178 ¢, = —0.3799
ag= 1089 bg= 02023 cg= 1.278
The goodness of fit:

SSE: 0.05425 R-square: 0.9977 where, SSE is steady state error

4F T T T 7
* vvs.u

—curve fitting of EW i

- - == Pred bnds (curve fitting of EW)

- - - - datal

RIRINTIN

Figure 4.2 Curve fitting of track irregularities of NS line using the sum of sine’s at
degree 8 and its residual.
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4.2. Numerical simulation results

In this section, the numerical simulation results of responses of vibrations and evaluations
of the ride comfort for the 2D vertical car model under different conditions will be
presented and discussed. The modeling and simulation signal flow charts in Simulink are
show in Appendix C. For evaluation of the ride comfort, Matlab code are presented in
appendix A. AALRT vehicle parameters are described in Table A. 1and Table A. 2 in the
appendix A.

4.2.1. The vehicle vertical vibration response at different vehicle speeds.

Speed is the main contributing factor of vibration in all types of vehicles. In rail vehicles,

the designer aims to increase the speed with reasonable safety and stability.

As shown in Figure 4.3 when the speed of vehicle increases from 20 km/hr to 80 km/hr,
the amplitude of car body bounce acceleration increases significantly with its root mean
square value. Therefore, the speed boosts the bounce vibration of the rigid car body,

bogie as well as elastic car body vibrations.

Bogie bounce vs speed change using matlab
T T T T T T T T T
20km /hr |—
- - - - 40km/hr
60km /hr
80km /hr | |

bogie bounce in mis?

time(s)

(@)
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carbody bounce acceleration at different velocity from matlab
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Figure 4.3 Symmetrical dynamic response of the vehicle at 20, 40, 60, 80 km/hr. of car
body bounce and bogie bounce

The pitching acceleration results, which are shown in Figure 4.4 indicate that the
maximum difference in amplitude between 20 km/hr to 80 km/hr of vehicle speeds are
0.0283 m/s? ,0.17635 m/s® and 0.29298 m/s® for carboy, flexible car body and bogies
respectively. These results show that the car body acceleration in the pitch plane is less
than the bounce response. As shown in the Table 4.4 the acceleration due to pitch motion
is lesser than the bounce for the car body and bogie while in the car body bending mode
it’s a little bit higher.

The rate of deviation of magnitude of vibration acceleration is greater in the bounce
movement than pitch because the change in vertical displacement of the car body is
greater than the rate of change of angular displacement.
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carbody pitch accelerations vs change in velocity using matlab
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Bogie pitch accelerations vs changes in speed using Matlab
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Figure 4.4 The symmetrical dynamic response of the vehicle at 20, 40, 60, and 80 km/hr.
of car body pitch and bogie pitch

4.2.2. Response of vertical vibrations of the vehicle at different damping ratio
The response of the vertical vibrations of the vehicle is evaluated under different
secondary suspension damping ratios at vehicle speed 20km/hr and load of 47325 kg

which are the normal working condition at AALRT and other primary and secondary

suspension parameters were constant.

As seen from Figure 4.5 while the damping ratio rises from 0.1 to 0.7 the response of car
body bounce falls in amplitude from 0.02436 m/s* to 0.01214 m/s®. But the bogie
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vibration response rises in amplitude significantly from 0.0062 to 0.0117 m/s°. It means
an increase of around 88.7 % for bogies and a decrease of 50.16% car body vibration
responses respectively. These facts show that an increase of the damping coefficient of
secondary suspension leads to an increase in the vibration amplitudes of the bogie, which
affects the stability of the car. Therefore, care must be taken while increasing the

damping coefficients of secondary suspension.

4.2.3. Response of the vertical vibrations of the railcar at different load conditions

AALRT operations are such that the number of passengers during peak hour is higher
than the one of standard operating conditions. Therefore, in order to evaluate this
condition the vehicle suspension parameter and its speed should be at normal operating

conditions as indicated in company operation manual.

Table4.1 Vehicle bounces and pitches vibration responses at different loading conditions

Carbody | Bending | Bogie Carbody | Bending | Bogie
mode mode
44320 0.0332 6.59e-4 0.058 6.3e-04 | 2.2le-4 8.74e-3
47900 0.0299 6.62e-4 0.0577 6.2e-04 2.24e-4 8.72e-4
59700 0.02493 6.73e-4 0.0566 6.0e-04 2.37e-4 8.71e-4
63000 | 0.02407 | 6.75e-4 0.0567 5.9e-04 | 24le-4 -

The results under the change in load as shown in Table 4.1 shows that the peak vibration
response of vehicle in both pitch and bounce motion for the car body and bogie as well as
its RMS acceleration decrease in small amount while the car body bending mode

vibration increases slightly.

Since the time domain doesn’t show the effects of loading briefly, the frequency response
of the system under different loads is estimated. From the several loading conditions,

where the maximum load is 63000kg the vibration response results are presented in
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Table4. 2 It shows that the peak frequency response amplitudes didn’t change with the

load for car body bending mode and carbody in a pitch vibration motion.

Table4. 2 Peak frequency response of Rail vehicle with respect to passenger loads

Load(Kg.) Bounce Pitch accelerations(RMS)(Hz)
accelerations(RMS)(Hz)
Rigid Carbody | bogie Rigid Carbody | Bogie
carbody | bending carbody | bending
mode mode
44735 4 4 4 0.5 2.5 0.5
47900 34 3.4 4 0.5 2.5 0.5
57900 3.4 34 4 0.5 2.5 0.5
6300 4 4 4 0.5 2.5 0.5

But for the rigid carbody its peak pitch accelerations frequency response occurs at 0.5Hz
while for flexible carbody it occurs at 2.5 Hz. This fact indicates that modeling the
carbody without flexibility changes human sensitivity to vibrations from medium
(discomfort) to high (motion sickness). But for bounce accelerations the peak frequency

response didn’t change because of vertical vibrations didn’t affect by the load.
4.2.4. Time-domain step response analyses of the vehicle vertical vibrations.

The vehicle model is linearized using linear system analyzer application available in
MATLAB/Simulink. The response of the system for a step input is checked and the

results are summarized in .
Table4. 3.
As seen from Figure 4.6 the smaller peak response shows less vibration effects on the car

body. Bogie peak response is seven times the car body peak response, which shows that
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the bogie components are subjected to the vibration, which affects the stability of the rail

vehicle which in turn may cause the wear and failure of the bogie parts.

The settling time of the carbody is greater than the bogie which indicates the damping
ratio in the primary suspension is greater than the secondary suspension. Because as the
damping ratio increases the ride comfort increases but the system goes unstable. The rise
time of bogie and car body vibration response zero means the damper has good damping
ability to transient vibration excited from the track irregularities. But, the vibration due to
bending car body mode is -0.00917 which indicates the carbody bending mode of

vibrations affects the vehicle vibrations responses.

Table4. 3 Step response characteristics for bounce movement of the vehicle

Carbody Bending mode Bogie
Peak response(m/s?) 1.3 -0.00917 8.1
Settling time(sec) 26 54 121
Over-shoot (%) Infinity Infinity Infinity
Rise time(sec) 1.44e-16 2.91e-16 0.0604

The step response of pitch vibration as shown in Figure 4.7 and Table 4.4 has the rise
time of car body bounce same as the rise time of bogie bounce motion. But, the rise time
of car body bending motion is greater than the rise time of bounce motion of rigid rail
car. Because of its elastic properties it takes a long time to initialize. It results in a slower
response than the two rigid body modes. All of them have lesser settling time, which
means the damping ratio is too small because we didn’t use the damper in pitch plane.

But, since pitch motion has some vertical motion that effects is get out in this result.
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the response of rigid and flexible car body hounce and bogie bounce for damipng ratio 0.1,0.3,0.5,0.7
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Figure 4.5 Change in vehicle response versus damping coefficient for symmetrical

bounce movement.

Table4. 4 Step response characteristics for the pitch movement of the vehicle

Carbody Bending mode Bogie
Peak response(m/s®) -0.293 0.107 5.94
Settling time(sec) 0.809 0.759 0.698
Overshoot (%) Infinity 1.54e+18 Infinity
Rise time(sec) 0 0.059 0

Generally, the time domain step response indicates that the bounce vibrations affect more

the ride comfort while the pitch vibration response has effect on the stability of the rail

vehicle.
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Figure 4.6 Step response characteristics of the bounce vibration of the vehicle.
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Figure 4.7 Step response of pitch vibration of the system

4.2.5. Frequency response analysis of the vehicle

The collected data is all in the time domain. However, because the vibration is transferred
through the suspensions to the passengers, and the influence of vibration on passengers is
contained all the time, what is more interesting is in the frequency domain. Therefore,
Fourier transformation is applied to the time signal to transfer it into the frequency
domain. By performing the Fourier Transform, the time signal is chopped into small
sections and each section is applied to get a periodic signal. Then Fast Fourier Transform
(FFT) is performed, and the signal is transferred into the frequency domain. From the

frequency band of the signal, the distribution of frequencies in the acceleration signal can
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be seen. Therefore, it provides information about frequencies where large amplitude of

acceleration appear.

The frequency response of the system is estimated from the linearized Simulink block by
using perturbed Gaussian random input on the Simulink/linear analysis toolbox. Gaussian
random input has amplitude of 0.001lm and the sample time 0.001s and number of
samples of 10000 then the sampled track data in the time domain will be transformed to
the frequency domain using Fast Fourier Transform algorithm (Figure 4.9).The result
obtained using frequency estimation is shown in Figure 4.10 and Figure 4.11.

The measurement was taken when the critical vibrations are at the car body center. The
pitch acceleration responses of the car body, car body bending, and bogie have peak
response at 4Hz. It means that according to 1ISO 2631, EN12 999, and the Sperling index
the human body is sensitive to low vibration frequency range between 3 to 7 Hz. Because
it’s between these ranges, it causes discomfort based on the magnitude and duration of
the vibration time for this vehicle. Hence, this frequency is within the range of the

resonance frequency of abdominal pain and respiration difficulties.
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Figure 4.8 Frequency domain response of the vehicle where ac is carbody accelerations,
ach are carbody bending motion and ab is bogie accelerations

As shown in Figure 4.8, at the higher frequency the peak frequency response decreases
for carbody bounce and it stabilizes to a certain value for the bogie bounce motion.

While during bounce vibration, accelerations peak response occurs at 0.5 Hz for car body

and bogie. But the car body bending mode, it occurs at 2.5 Hz. It indicates that the
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vibration due to bounce on the rigid car body and bogie causes motion sickness because it
occurs between 0.2-1 Hz range. Therefore, considering flexibility while modeling the car

body have significant change on the peak acceleration responses.
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Figure 4.9 Fast Fourier Transform of bogie bounce vibration accelerations at random
track excitation.
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Figure 4.11 Frequency responses of pitch accelerations at a) the car body, bending mode,
and bogie frequency responses b) the fast Fourier transform of the sampled track
excitations and the bogie pitch output. Ride comfort index for different speeds of vehicle.

4.2.6. Ride comfort versus variation in speed

The ride comfort of the vehicle at car body floor is measured using Sperling Index at
current measured irregularities of AALRT and designed track irregularities of European
standard under the different speed of the vehicle. The result of the r ide comfort index to

vehicle speed for standard track irregularities are shown in Figure 4.12

The ride comforts of the car body worsen with increasing speed when the vehicle speed is
around 20 km/hr for bounce vibrations Wz is 1.65. It means the current rail operation in”

clearly noticeable range “.In the case of pitch accelerations when the vehicle speed is at
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20 km/hr its WZ is 0.8, which indicates the pitch vibrations have a lower effect on ride

comfort than the bounce vibrations at the car body floor.

At 40 km/hr the bounce and pitch vibrations ride index are 2.2 and 1 respectively. It
means when the speed of the vehicle doubles the bounce and pitch accelerations effect on
the ride discomfort increases by 33% and 25% respectively. For the former type of
vibration, the level is on a “more pronounced but pleasant “and the latter is in the level of
“just noticeable”. In this range, the bounce vibration is felt by the passengers but doesn’t
affect the comfort, which tells us the maintenance team needs to be vigilant before a

further problem happens.

When speed triples from the first speed conditions at just 60 km/hr the Wz is 2.65 and
1.25 for bounce and pitch vibrations respectively. It indicates that as the bounce vibration
rises from 60 to 80km/hr ride comfort is deteriorated at a rate of 60.6%. This speed made
the ride comfort level “strong and irregular but still tolerable “.However, according to the
standards of the manufacturers, the ride index should be below 2.5 for AALRT service.
Therefore, when the speed rises above 50 km/hr the ride index will be above 2.5 that it
surpasses the allowable ride comfort index by the manufacturer. It means, to keep speeds
higher than 50 km/hr the track should be repaired to eliminate the current track

irregularities. Otherwise, the speed should stay below 50 km/hr.

When the speed is 80 km/hr and above, the bounce vibrations yield a ride comfort index
of 3.1 which is in a very irregular comfort index range, while for the pitch Wz is below

2 which means a level of pronounced but not unpleasant ride index.

. For vehicle speed above 80 km/hr the vibration due to bounce affects the system very
significantly. It is not recommended to use the vehicle speed above 50 km/hr within this

type of track irregularities.

Generally, the bounce vibrations are the major driver of ride discomfort for such vehicle
while the pitch vibrations don’t affect the ride comfort of the AALRT according to this

analysis results.
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Figure 4.12 change in ride comfort vs. the speed of the vehicle

4.2.7. Ride comfort versus secondary suspension damping ratio variations

In this section we evaluate the change in secondary suspension damping ratio from 0.1
t00.45 For 20 km/hr by keeping other parameters constant at three critical positions such
as at center of the carbody, above bogie front, and above rear bogie. The effect of
secondary suspension damping ratio on the ride comfort effects results for different

critical positions are shown below in Figure 4.13.

Between the damping ratios of 0.05 to 0.3, the variation on the ride comfort is greater.
But, between the damping ratios of 0.05 to 0.3, the variation on the ride comfort is
greater. When the damping ratio is below 0.1 both ride quality and ride comfort

deteriorates significantly. Therefore care must be taken while choosing the damping ratio.

.Between 0.07 to 0.1 the ride comfort and ride quality changes by 65.7% and 42.8 % but

above 0.3 the change is below 10%.
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Figure 4.13 Change in the ride comfort with damping ratio at different vehicle
Speeds using Mat lab/Simulink software

4.3. Multi-Body System Dynamic Simulation Results

Here we validated the results provided by a numerical simulation using a MATLAB, by
comparing them with the results provided by Multi-Body System (MBS) dynamic
simulation using Universal Mechanism (UM) software. Universal Mechanism software is
MBS software that studies the dynamics of rail vehicles and other machinery using
numerical computation [39]. In this paper, the software is used for studying the
secondary suspension parameter effect on the vertical dynamics of the light rail car under
technical specifications of AALRT rail vehicles. Each parameter that used for this
simulation is described under appendix A in the Table A. 1 and Table A. 2. The
passenger car was run on the track model created from gauge parameters corresponding
to AALRT service. The UIC rail profile and the S1002 wheel profile were used. The
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track model contains also measured track irregularities during the maintenance operation
at AALRT. The track is considered a rigid track. The vehicle was tested for speeds in

range between 20 km/hr and 80 km/hr. The software uses the park solver method for

numerical computations at 0.005 s step size and 500 m longitudinal track distance.

(b)

Figure 4.14 Rail vehicle model of a) wheelset b) bogie, and ¢) car body using Universal
Mechanism Multi-Body System dynamic simulation software
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The wheelset of the AALRT vehicle developed according to the dimension given in Appendix A.
All four wheelset are the standard type wheelset because the right and left vertical displacements

are taken as equal the final wheelset model expressed in Figure 4.14.

Bogie part is developed by using already developed bogie frame in the software then convert its
dimension according to the measurement of AALRT that explained in Appendix A then
connected to the primary and secondary suspension by considering the spring element as well as
damper are a linear element and also added the axle box to the wheelset and connecting the
wheelset with the bogie frame with primary suspension then the carbody and the bogie are

connected with secondary suspension element on the UM input window.

Before car body modeled on Universal Mechanism, modeled on the SOLID WORK software
according to specifications then integrates it with the universal mechanism models then connected
with two bogies as external subsystems. The car body model dimension parameter then modifies

it according to the AALRT car body sizes.

After the vehicle is modeled finally the track is designed and the designed vertical rail
profile explained below. Track inputs the already measured vertical rail profile value in
excel form is send to the track irregularities modeling part the universal simulation part

then convert to the track irregularities data .then track is considered as rigid track.
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Figure 4.15 Track irregularities along vertical rail profile

The rail profile is taken as UIC rail profile that is not defected and the left and right rail
profile have the same irregularities in the vertical direction and there are no rail
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irregularities in the lateral directions. The wheel rail contact as taken as Fast-Sim model

since, this contact model is simple and takes small computation time.

4.3.1. Response of the vehicle vibrations versus speed variations

In bounce motion, as the speed of the vehicle increases the bounce accelerations also
increase in magnitude and energy content. However, for pitch motion, at car body level it

does not vary significantly as bounce accelerations as speed varies.

Figure 4.16 shows that the multi-body system simulation results of carbody and bogie
bounce accelerations under AALRT current track excitation with various speed
considerations. The result from MATLAB/ Simulink and MBS has an average relative

difference of 9.5 % for car body and 7.25% for the bogie root mean square accelerations.
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b)
Figure 4.16 Multi-Body System simulation results: variations of bounce accelerations at
various speeds for a) bogie and b) rigid carbody.
The root mean square accelerations are used for comparing two software results. Because
it’s the main parameter that measures the energy content of vibrations, which used as the

main parameter for measuring the Sperling ride index of the vehicle.

At lower vehicle velocity, the car body vibration amplitudes from the numerical
simulation deviate from vibrations results provided by MBS simulation because the
wheelset dynamic effect was not considered in mathematical modeling. When the
acceleration is below 1 cm/s? there is a higher percentage of difference between the two

methods.

To achieve high accuracy all dynamic behaviors of the wheel-set need to be modeled.
However, for the ride comfort evaluations since the wheel and track flexibility doesn’t
have much effect on the vertical dynamics of the vehicle ignoring the two factors in this

study is acceptable.

Table4.5 Comparison of universal mechanism and Matlab/Simulink results for vehicle
bounce vibrations
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Velocity Universal MATLAB output for Average
(km/hr) Mechanism out-put bounce R.M.S Error (%)

for bounce R.M.S accelerations (m/s?)

accelerations(m/s?)

Bogie | Carbody Bogie Carbody Bogie rms | Carbody
20 0.082 | 0.00575 0.0862 | 0.0078 4.8% 20%
40 0.22 | 0.01034 0.218 0.0138 8% 5.5%
60 0.40 | 0.0194 0.364 0.0205 8.1% 5.36%
80 0.58 |0.023 0.53 0.0248 9.4% 7.25%

Whenever the value of bounce vibration is above 1cm/s® range of relative difference
between two methods falls below 10% which shows the modeling through study

assumption has good estimation accuracy for the ride comfort calculations.

As shown in Figure 4.17 and Figure 4.4 pitch vibrations accelerations of the bogies and
carbody have effects on vibrations root mean accelerations of less than 1rad /s when
using UM MBS as well as when using MATLAB/Simulink. Therefore, pitch vibration
effects have less impact on the ride comfort variation for such a type of vehicle.

%1073 car body pitch versus change in velocity from UM sofware
T T T T

20km/hr
- -~ — 40km/hr |-

60km/hr
———————— 80km/hr

2

pitch acceleration in m/s

time(s)

62



0.025 bogie pitch accelerations vs change in speed in Um software
RIPE T T T T

20km/hr
- = 40km/hr ||
60km/hr
-------- 80km/hr ||

0.02

0.015

0.01

2

0.005

bogie pitch in m/s

-0.005

-0.01

0.015 - ' i .
1

0.02 |- i 4
1

-0.025 1 ! 1 1 ! !
0

time(s)

Figure 4.17 Change in pitch vibration at various speed in car body and bogie using UM —
MBS software.

Generally, the results show that for high degree measurement accuracy, such as wheel-
rail contact, vehicle stability, and other parameters that affect the vehicle dynamics
should be included in the mathematical model. But if the system not needed a high degree
of accuracy such as an evaluations of bounce vibration effect on the ride comfort ignoring

wheelset dynamics parameters can be accepted.

4.3.2. Ride comfort versus speed variations at variable damping ratio and under
different track irregularities.

Using UM MBS software several track irregularities data are generated. From them the
responses of vehicles under two different types of track irregularities are tested. They are
the AALRT track under current irregularities and UIC bad track and their results are
presented in Figure 4.18 and Figure 4.19.

First test was carried out using current track irregularities data of AALRT on the UM-
MBS simulation environments. The results show that as the velocity increases from
20km/hr to 80km/hr, the ride comfort worsens by 58% when damping ratio of secondary
suspension is 0.2 under current AALRT rail vehicle track working conditions.

Fundamentally, whenever increasing the speed, always ride discomfort increases.
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Figure 4.18 the ride index of AALRT rail vehicles under current track irregularities at
various speeds and damping ratio of secondary suspension due to effect of bounce
vibrations.

When vehicle travels at 20km/hr ,60km/hr and 80km/hr and the secondary suspension
damping ratio increases from 0.1 to 0.2, 0.2 to 0.3, and 0.3 to 0.7 or each of speed
variables the Wz increases by (10% ,5% ,3% ), (9.2%,4.1%,2%) and (7%, 3%and 1% )
respectively. It indicates that increasing the secondary suspension damping ratio up to 0.3
will increase the ride comfort significantly. But, when it’s above 0.3 it does not have
significant effect on the ride comfort of the vehicle. Therefore, whenever designing
suspension damping ratio is always between 0.1 and 0.3 there can be a significant
improvement of the ride comfort. But, if it’s above that it doesn’t have a significant effect

on the reduction of ride discomfort.

The second test was carried out using the track irregularities data of bad UIC track
conditions and applying them to AALRT rail vehicle model. The ride comfort index
variation with respect to speed is shown in Figure 4.19. As the speed increases the
comfort will worsen. To reduce this, when damping ratio falls in the range of 0.1 to 0.3
almost there is significant improvement in the ride comfort. According to AALRT
vehicle ride comfort index should be below 2.5 when vehicle speed increases beyond 40
km/hr the vehicle bounce response is very irregular. While for the pitch vibrations the
vehicle is in comfortable range in the whole speed. For this vehicle under the current

assumption, the pitch vibrations have not affected the vehicle comfort.
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Figure 4.19 ride comfort versus the vehicle speed and different damping ratios when
track excitations UIC bad track.

4.4. Improvement of ride comfort

The improvement is need for decreasing ride discomfort by selecting optimum operating
conditions for the suspension parameters. It is done by utilizing MATLAB/SIMULINK
response optimizations analysis tool. Pattern search Algorithm with Latin hypercube
optimization method is used under 50 loop iterations. Four suspension parameters for
reducing the vibration accelerations are selected. Those are primary and secondary
suspensions damping and spring stiffness. Two uncertain conditions of vehicles are also
considered while performing improvement. They are the load of car body and the speed

of the AALRT vehicle because it is changed while operating the rail vehicle.
Objective functions

In order to reduce ride discomfort the RMS accelerations of the carbody floor should be
minimized. Since, the assumptions measurement of the ride comfort for this vehicle at
carbody floor. We made the signal output from the Simulink block RMS acceleration
become minimized below 0.01m/s"2 as an equation(4.1). The root mean Suspension
deflections response should be less than 0.028mm and 0.016mm for primary and
secondary suspension respectively according to AALRT vehicles standard. The
suspension deflections considered as constraints for the minimizations of the Rms

accelerations of vibrations at the carbody level.
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Where apms, G, Sprimary and Sgecondary areé root mean accelerations above rear bogie,

secondary suspension damping ratio, and root mean spring deflections for primary and

secondary suspensions.

Upper and lower limit for optimized and uncertain parameters are described in Table 4.6

and Table 4.7. For a mass of a carbody the tare and the overload conditions are

considered as lower and upper limit respectively but for velocity minimum velocity taken

as 20km/hr and maximum velocity as 72 km/hr.

Table4. 6 optimized parameters of suspensions

Parameter Description Lower limit Upper limit
Czb Primary  damping 10000Ns/m 20000Ns/m
coefficient
Kzb Primary spring 40000N/m 90000N/m
stiffness
Bzc Secondary spring 90000Ns/m 200000Ns/m
stiffness
Kzc Secondary damping 1500000N/m 3000000N/m

coefficient

66




Table4. 7 Uncertain variables while optimizations

Uncertain variables Minimum values Maximum
Velocity 20km/hr 80km/hr
Mass of carbody 15750kg 25750kg

Sensitivity analysis was done using MATLAB/Simulink to know the relationship
between the objective function or the RMS accelerations and the suspension parameters.
To do this, 50 uniformly random Gaussian values for each suspension parameters
selected and evaluated. Their results and statistical correlation are expressed in the Figure
4.20.

The results show that secondary suspension spring deflections are positively influenced
by mass and velocity of the vehicle and decreases with increasing the primary and
secondary spring stiffness. While the primary suspension spring deflection increases with
the velocity and mass of carbody but greatly reduced with primary suspension spring
stiffness. However, other parameters such as primary and secondary damping coefficient
and secondary suspension stiffness have less impact on the primary suspension

deflections.

The RMS accelerations of the carbody at above bogie front position are greatly
influenced by the primary suspension spring stiffness and damping coefficient while they
affect the primary and secondary suspension spring deflections. But, primary and
secondary suspension spring stiffness and damping coefficient have less impact on the
primary suspension deflections and RMS accelerations. Therefore, while doing

optimization this conflicting issue should be considered.

Table4.8 Optimized suspension parameters versus the original suspension parameters

Original suspension | Optimized suspension

Parameters parameters  in  the | parameters in the vertical

vertical directions directions
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Primary damping coefficient 16800 Ns/m 19976.2Ns/m

Primary spring stiffness 680000N/m 899569 N/m
Secondary spring stiffness 2200000N/m 1689936 N/m
Secondary damping coefficient | 120000Ns/m 160168Ns/m

The optimized results as shown on the Figure 4.21 and Figure 4.22 it significantly
increases the car body ride comfort and the ride quality at different vibrations critical
positions. The ride comfort is improved by 9.87%, 14.62% and 15.17% at center of car
body, above front bogie ,and above rear bogie respectively. The damping ratio of

secondary suspension is 0.234 it meets the criteria.

The ride quality also improved by 9.9%,17.97%,and 18.12% at the center of carbody

,above front bogie and aboe the rear of the bogie.
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Figure 4.20 Sensitivity Analysis statistical results.
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Figure 4.21 Optimized versus original ride comfort of AALRT vehicles.
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Figure 4.22 Optimized versus original ride quality of AALRT vehicles.

The change in each design parameters with corresponding iterations are shown in Figure
4.23.1t shows the parameters are converged after fifth iterations.
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Figure 4.23 Change in design parameters at corresponding iterations where Czb, Kzb,
Kzc, bzc are the primary suspension damping coefficient, primary suspension spring
stiffness, secondary suspension spring stiffness and damping coefficients.
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CHAPTER FIVE
CONCLUSION AND RECOMMENDATIONS
5.1 Conclusion

In this research analysis of the secondary suspension parameter effects on the ride
comfort is done for the AALRT vehicles. Several works of literature related to the topic
were reviewed. A mathematical model of the rail vehicle for one car, two bogies with

seven degrees of freedom that includes bounce, pitch, and bending car body is developed.

Before numerically solving the equations of motion of the vehicle, first, the rail track
irregularities data that were collected from the AALRT are converted to the mathematical
equations by using MATLAB regression tool. The regression model chooses a sum of
trigonometric sine functions of 8" order for a sample of 120m track random irregularities.
The regression coefficients yielded a correlation coefficient Of 0.997, which means a high

accurate regression model.

Then the responses of the vehicle to pitch and bounce vibrations at 20km/hr, 40km/hr,
60km/hr and 80km/hr have been analyzed. The results show as the speed increases the
vibration increases both in the pitch and bounce in each body mode. Frequency response
estimation is done to further study the vibration using MATLAB/Simulink system tool.
The results show that the vibrations that are caused by bounce motion are the main source
of motion sickness and ride discomfort at car body floor. But, pitch vibrations of the car
body and bogie, and car body bending mode motion are the source of ride discomfort.

However, they do not any peak frequency response that causes motion sickness.

The ride comfort of the car body is evaluated using the Sperling index and the result
shows that within assumptions made and current track conditions AALRT vehicles, there
is a good ride comfort condition. Then, we compared MATLAB results with the results
from UM MBS software for validating our mathematical model. At different speeds and
vibration modes, the two methods yielded a good agreement between their results.
Finally, optimizations are done using the Matlab design optimization tool for parameters
of vehicle suspensions under worst track conditions and the results show that the

optimized parameters reduce the ride discomfort significantly.
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5.2. Recommendations

This study methodology used to evaluate ride comfort using a Matlab by considering
half-car 2D vertical model, as well as multi-body simulations, shows it is possible to
analyze and evaluate the comfort range of other vehicles similar to AALRT under its

current track irregularity vertical conditions.

The ride comfort according to evaluations under current track irregularities is in a good
comfort range. No discomfort affects passengers that come from the vertical vibrations of
the under current assumptions of track irregularities of 120 m. It is recommended future

work be done on a whole track irregularities.

The current operations can increase the comfort the of the rail vehicles under current
track conditions using optimized suspension parameters. However, the effects of
optimized parameters must be tested against other dynamic performance such as
derailment indexes before being deployed into design. Also, this study recommends
company to use these optimized parameters by further test in its real track conditions to

work with in the worst-case scenario.
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APPENDIX

A. AALRT Vehicle specifications

Table A. 1 AALRT vehicle specifications

No Vehicle parameter Value
1 Track gauge 1.435m
2 Bogie base 10.8m
3 Wheel set base for motor bogie 1.9m
4 Wheel set base for trailer bogie 1.8m
5 Bogie mass for motor bogie 5120kg
6 Bogie mass for trailer bogie 3120kg
7 Car body A or B mass (front and rear car body) 17500kg
8 Car body movement of inertia along x direction 4375
9 Car body movement of inertia along y direction 8750
10 Car body movement of inertia along z direction 8750
11 Car body B mass 12325
12 Car B movement of inertia along x direction 3081.25
13 Car B movement of inertia along y direction 6162.5
14 Car B movement of inertia along z direction 6162.5
15 Bogie movement of inertia along x direction 1250
16 Bogie movement of inertia along y direction 1870
17 Bogie movement of inertia along z direction 2182

Front and rear car body length 11.800m

19 Middle car body length 3.600m
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20 Height car body including pantograph 3.750m

21 Width of car body 2.650m

22 Vertical mass center of Car body -0.9m

23 Vertical mass center of bogie -0.528m

24 Primary spring stiffness along z 170000N/m
25 Primary damping ration along z 4200Ns/m
26 Secondary spring stiffness value along z 550000N/m
27 Secondary damper z 60000Ns/m

Table A. 2 Load conditions of AALRT vehicles

Working Seating Standing Total capacity | Total weight

condition capacity capacity in (ton)
(person) (person) (person)

AW o 0 0 0 44

AW1 65 0 65 47.9

AW:2 65 189 254 59.2

AW3 65 252 317 63

B. Matlab Simulations

B1l. Matlab code

%% 1.track irregularities data
close all

clear

load Book2.csv

load Book1.csv

% load the vertical track irregularities data in North south direction

% load the vertical track irregularities data in East west direction

distance_ewx=Book1(:,1);

distance_nsx=Book2(:,1);

% east west longitudinal track distance

% north south longitudinal track distance
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y1=Book2(:,2)./100; % vertical distance at north south rail in mm

y2=Book1(:,2)./100; % vertical distance at east west rail in mm

v=80;

D=v.*(ones(1,length(v)));

V=D/3.6; %velocity of the vehicle in km/hr

timel=distance_ewx./ % Equivalent time in second of longitudinal distance(ns) by t=s/v

taking as a constant velocity

time2=distance_nsx./V; % Equivalent time in second of longitudinal.... %distance(ew) by
t=s/v taking as a constant velocity

trir_d1=[timel,y2];

trir_d2=[time2,y1];

plot(timel,y2,'b-")

grid on

legend(‘track irregulaties at time domain in NS direction’)
xlabel('time in seconds’)

ylabel ('verticle displacement in mm’)

figure()

plot(time2,y1,'r-")

legend(‘track irregulaties at time domain in EW direction’)
xlabel('time in seconds")

ylabel (‘verticle displacement in mm")

figure()
%% 2.Equation of curve fitting

%% 2.Equation of curve fitting result for Measured Random irregularities of AALRT
% the result of sine at degree 8 curve fitting equation

al = 0.005159; % constants of sin 8 function
bl=1.131,

cl =0.299;

a2 = 0.002746;

b2 =2.319;

c2 =0.5805;

a3 = 0.0006797;

b3=11.34;

c3 =0.9565 ;
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a4 =0.0006438 ;
b4 = 4.521,

c4 =-2.632;

a5 = 0.0002434;
b5 = 45.44;

c5 =-1.676;

a6 = 0.0004685;
b6 = 22.49;

c6 = -1.058;

a7 = 0.0004681,
b7 = 13.34;

c7 =-0.3326;

a8 = 0.0003131;
b8 = 8.597;

c8 = -2.155;
x=0.01*(0:1000)";
f=0.5:1:30;

B1=0.588*sqrt((1.911*.A2+(0.025*F.A2) ~2)./((1-0.277*f./2).A2+(1.563*f-
0.0368*f.13)./2));

df=f(2)-f(1);

C=(x*(ones(1,length(x))));

B=C.*v;

A = al*sin(b1*x+cl) + a2*sin(b2*x+c2) + a3*sin(b3*x+c3) +...
ad*sin(b4*x+c4) + a5*sin(b5*x+c5) + a6*sin(b6*x+c6) + ...

ar*sin(b7*x+c7) + a8*sin(b8*x*+c8);

simin =[B A];

plot(B,A)

%% 3.parameters of AALRT for analytical equations
mc=17500; %mass of car body

mb =8000; %the total mass of bogie 1 and 2

Czb=16800; %damping coefficient of vertical primary suspension
Kzb=680000; %stiffness coefficient of vertical primary suspension
bzc=120000; %damping coefficient of vertical secondary suspension
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Kzc=2200000;
mmc = 352000;
kmc=89*10"6;
bmc=53.1*10"4;
bmb=53.1*10"5;
kmb=89*10"6;
mmb=mmc;
wi=8.36;

L=11.8;

X_i=5.9;
mg=3250;
ac=10.8/2;
ab=1.9/2;
E1=3200000000;

ib=0.8;ic=7.6;
bogies

Jb=0.5* mb.*( ib)"2;
Jc = 0.5* mc.*(ic)"2;

%stiffness coefficient of vertical secondary suspension
%mass of car body bending moment at mode 2.
%stiffness coefficient at mode 2
%damping coefficient at mode 2

% mass, stiffness and damping coefficient at mode3
% natural at frequency at i bending mode in rad/s
% longitudinal length of the car body in m

% Eigen function of car bending moment

% longitudinal distance between two bogies in m
% Wheelbase distance in m
% bending module of car body
% radius of curvature of the carbody and the

% moment of inertia of bogie 1 and 2
% moment of inertia of car body

dcs = (bzc/4)./ (2*(Kzc/4 * mc).~0.5); % damping ratio of secondary suspension
dcb = (Czb)/ (2*(Kzb/4 * mb)"0.5); % damping ratio of primary suspension
dmmc = (bmc)/ (2*(kmc * mmc)"0.5);

clear bzc

dcs=0.6

bzc =4* dcs*(2*(Kzc/4 * mc).~0.5); %damping ratio of the car body

Bi=sqgrt((wi.*2.*mg./El));

Xi=sin(Bi.*x_i)+ sinh(Bi.*x_i)-...

((sin(Bi.*L)- sinh(Bi.*L))./...
(cos(Bi.*L)-cosh(Bi.*L)))....

*(cos(Bi.*x_i)-cosh(Bi.*x_i)); % Eigen function of the rigid car body bending

mode

%0% Simulink results
sim(‘symmetrical.sIx’)

% calling Simulink blocks
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Ac_1 =ans.Acbl, %Dbounce accelerations data

t =Ac_l.time;

ach_cb_1 =Ac_l.signals.values(:,1); %bounce accelerations of carbody

acb_bm =Ac_1.signals.values(:,2); %bounce accelerations of bm car body

acb_b =Ac_1l.signals.values(:,3); %bounce accelerations of bogie

Ac 2 =ans.Acp; %calling pitch accelerations data

acp_cb_1 =Ac_2.signals.values(:,1); %pitch accelerations of carbody

acp_bm =Ac_2.signals.values(:,2); %pitch accelerations of bm carbody

acp_b =Ac_2.signals.values(:,3);  %pitch accelerations of bogie

plot(t,acb_cb_1,t,ach_bm,t,ach _b)

xlabel(‘time(seconds)’)

ylabel('bounce acceleration in m/s"2")

legend (‘carbody’,'bending mode vibration','bogie’)

figure(2)

plot(t,acp_cb_1,t,acp_bm,t,acp_b)

xlabel(‘time(seconds)")

ylabel('pitch acceleration in rad/s"2")

legend (‘carbody’,'bending mode vibration','bogie")

Fs=1000; %sampling frequency of the signal

signal= cat(2,acb_cb_1,acp_cb_1); % pitch and bounce car body......
%accelerations signal

grid on;

[WZ, WR] = sperling(signal,Fs) % ride quality and ride comfort ....
% measuring functions

function [wz, wr] = sperling(signal,fs)

%This function calculates the sperling ride index value by the method

%

%SIGNAL is the acceleration data in m/s2, for which Wz ride index to be
%calculated.

%

%FS is sampling frequency.

%
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%WZ is the ride index comfort value.
%WR is the ride quality factor.

f=zeros(1,246);

Bw=zeros(1,246);

Bs=zeros(1,246);

for ij=4:246
f(ij)=ij*1000/8192;

%**********************************************************************

% Ride comfort weightening factor for
% horizontal direction
% of the acceleration

%**********************************************************************

Bw(ij)=0.737*((1L.9LL*F(ij)*2+(0.25*F(ij)*2)*2)/ ..
((1-0.277*f(ij)*2)"2 + (1.563*F(ij)-0.0368*f(ij)"3)"2))"0.5;

%**********************************************************************

% Ride comfort weightening factor for
% vertical direction
% of the acceleration

%**********************************************************************

Bs(ij)=Bw(ij)/1.25;

e e ek ek ek e e e ek ek ek e e ek ek ke e ek ok
aa = f(i));
bb =(1 - 0.056*aa"2)"2;
cc= ((0.645*aa)"2 )* (3.55*aa"2);
dd = (1- 0.252*aa"2)"2 ;
ee = (1.547*aa - 0.00444*aa"3)"2 ;
ff =1 + 3.55%aa"\2;
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%**********************************************************************

% Vehicle ride quality

%**********************************************************************

B(ij) = 1.14*(( bb+ cc )/((dd +ee)*ff))"0.5;
end
hold on;
plot(f(4:end),Bw(4:end),'r");
plot(f(4:end),Bs(4:end),'g);
plot(f(4:end),B(4:end),'b");
set(gca, fontsize',18)
xlabel(‘frequency([hz]’);
ylabel(‘weghtininig frequency function’);
hlegl = legend('weghtining for horizontal','weightining for vertical',' ride quality');
set(gca, fontsize',24)
title(‘weightining functions’);
% Freq = w/2*pi;
%semilogx(f,20*1og10(Bs),'m’);
%semilogx(f,20*log10(Bs),'m");
% plot(f(4:end),Bw(4:end));
% xlabel('frequency(hz)";

fora=1:2
sum=0;sum2=0;
[Pxx,~] = pwelch(signal(:,a),[],[1,8192,fs);
for ij=4:246
if (a~=3)&&(a~=4)&&(a~=9)&&(a~=12)&&(a~=15)
Pxx2(ij)=2*Pxx(ij+1)*(Bs(ij)*Bs(ij));
else
Pxx2(ij)=2*Pxx(ij+1)*(Bw(ij)*Bw(ij));
end
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end
for ij=4:246

Pxx3(ij)=2*Pxx(ij+1)*(B(ij)*B(ij));
end
for ij=4:246

sum = Pxx2(ij)+sum;

sum2 =Pxx3(ij)+sumz2;
end
% A factor of 10000 is applied for conversion from m/s"2 to cm/s"2
% 1000/8192 is df or the discrete frequency step used in integration
integrall = sum*1000/8192*10000;
integral2 = sum2*1000/8192*10000;
wz(a) = integral1°(1/6.67);
wr(a) = integral2”(1/6.67);

end
C. Simulink Block

simulink model of vehicle response under bounce and pitch vil by i track irreg: i

; At |
|
» D
|
1
1
.| A |
oo esultof bogie Feable carbodyand carb
+ ‘ l »
T
| 1 »
i

Figure c. 1 Simulink block of vertical vibrations of the carbody, bending mode carbody,
and bogie pitch and bounce vibrations
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Bounce random track irregulaties

Pitch track irregularities

wheel bounce displacement

Front bogie front wheel 1 track excitation

Delay=ab/velocity

N\ fe

trir_d2

Front bogie wheel 2 track excitations

Delay in time=ac/velocity

Rear bogie wheel 3 track excitations

i —

delayin time =(ac+ab)/velocity

Rear bogie2wheel 4 track excitations

J\/

trir_d2

track excitations at wheel 1 front bogies

wheel pitch displacement

Delay=ab/v

Delay=(ac/v)

trir_d2

track excitations at wheel 2 front bogies

T ]

track excitations at wheel 1 rear bogies

Jb

delay=(ac+al

b)iv

trir_d2

track excitations at wheel 2 rear bogies

i1

Figure c. 3 velocity excitation of the track input
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Symmetric excitation bounce vibration for carbody, bending carbody mode,bogie

secondary suspension sifiness  +FZ°

Kze) i

ddg1 dql
accelerations velocity XalLper /i :
q
I.ﬂ ' ‘-]l?‘ displacements

CAR BODY BOUNCE ACCELERATION
D

‘

CAR BODY BENDING MODE ACCERELARATION
1 q2
doq2 5 dq2 displacements

acceleraions velocity

¥ 3 )
\ BOGIE BOUNCE ACCELERATION
1 >
i 4993 * ] dg3 3
acceleraions . 4
velocity displacements

W |

Czb

primary suspension stifiess ~ 4°Kzb

&

primary suspension damping

Figure c. 4 symmetrical excited bounce vibrations of the vehicle.
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pitch vibrations model
ME -
n|

i pea (D)
T sccaloations J T elacity ) oy car body bending made pitch acoslerati

Figure c¢. 5 Simulink block for Anti symmetrical excitations of the vehicle pitch
vibrations response.
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D. Universal Mechanism software programs

~ - Identfiers

is

- 2z
- 3=
S —
S
- 62
e
- 81
G —
- 10

wvO

my__car.vO
my__car.BrakingForce
my_car.bogiel_x
my_car.bogie2_x
my_car.xc
my_car.zc
my_car.betal
my__car.mcarbody

: my_car.Bogiel.vO

-11: my_car.Bogie l.rr

-- 12: my_car.Bogie 1. wheelbase
- 13: my_car.Bogiel.x1

-19: my_car.Bogiel.y1

e B
- 16
- 17: my_car.Bogiel.cx1

-~ Sz

:my_car.Bogiel.h1l
: my__car.Bogie l.PrimaryStaticForce

:my_car.Bogiel.cy1l
:my_car.Bogiel.cz1
:my_car.Bogiel.x2

---21: my_car.Bogiel.y2
- 22: my_car.Bogiel.z2z2

: my_car.Bogiel.h2

- 29: my_car.Bogiel.betal
e

my_car.Bogiel.dxy1l
: my_car.Bogie 1.SecondaryStaticForce

- 27: my_car.Bogiel.cx2

:my_car.Bogiel.cy2
: my_car.Bogiel.cz2
:my_car.Bogiel.x3

my__car.Bogie1.>x3

my_car.Bogiel.y3>3

my__car.Bogie 1. length>3
my_car.Bogiel1l.=z3

my__car.Bogiel.y3

my__car.Bogiel.=z%

my__car.Bogie 1. length<s
my__car.Bogiel.=z1

my__car.Bogie l.beta2

my__car.Bogie 1. mcarbody
my_car.Bogie 1l.dxy2

my__car.Bogie 1. WheelSetl.mwset
my_car.Bogie 1. WheelSetl.ixxwset
my_car.Bogie 1. WheelSetl.iywset
my__car.Bogie 1. WheelSetl.axielength
my_car.Bogie 1. WheelSetl.y axiebox
my_car.Bogie 1. WheelSet2 . mwset
my__car.Bogie 1. WheelSetZ.ixwset
my__car.Bogie 1. WheelSet2.iywset
my__car.Bogie 1. WheelSet2. axielength
my__car.Bogie 1. WheelSet2.y_axiebox
my__car . BogieZ2.vO0

my_car.BogielZ.rr
my_car.Bogie 2. wheelbase
my__car.BogieZ2.>x1

my__car.BogieZ2.yv1

my_car.Bogie2.h1

my__car.BogieZ. PrimaryStatcorce
my_car.BogieZ2.cx1
my_car.BogieZ.cy 1
my_car.BogieZ.cz1
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- 82z
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my_car . .BogielZ2.x2
my_car.BogielZ2.y2
my_car . BogielZ2.=z2
my_car.Bogie2. h2
my_car.BogieZ2.beta 1

my_ car.BogieZ2.dxy 1
my_car.Bogie2.SecondaryStatcForce
my_car. . BogieZ2.cox2
my__car.BogieZ2.cy2
my_car.BogielZ2.c=2
my__car . BogieZ2.x3
my_car.BogielZ2.y3S
my_car.BogieZ2. . length>3
my_car . .Bogie2Z2. =23
my_car . BogielZ2.y3
my_car Bogie2Z2. =3
my_car.BogieZ2. betal2
my_car.BogieZ2 . mcarbody
my_ car.BogieZ2.dxy2
my_car . BogielZ2. length<s

s my__car . .Bogie2. . WheelSetl . mwwset

my_car.Bogiel2. WheselSetl.ixwset
my_car.Bogiel2. WheelSetl.iywset_|
my_car.Bogiel2. . WheeselSetl.iywset_r
my_car.Bogiel2. WheelSetl.axelength
my_ car.BogielZl. . WheelSetl.y axiebox
my_car.BogielZ. WheselSet2 . mwset
my_car.Bogiel2. . WheelSet2.ixwset
my_car.BogielZ. . WheelSet2.iywset_|
my_car.BogielZ2. WheelSet2.iywset_r
my _car.Bogiel2. WheelSet2. axislength
my _car.Bogie2. . WheeselSet2. v  axiebox

A

Subsystems

- 1 my_car

- 2: my_car.Bogiel
3: my_car.Bogie2
-~ 4: my_car.Bogie 1.WheelSet1
5: my_car.Bogie 1.WheelSet2
- 6: my_car.Bogie2.WheelSet1
- 7: my_car.Bogie2.WheelSet2

T o o
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v -Images

answm\lmmbwwo—ﬂ

RBEBEYGLE

PITHEETT

: my_car.bottom
:my_car.partl

: my_car.part2

: my_car.middle

: my_car.middle_gray

: my_car.middle_darkblue
: my_car.right_eye

: my_car.left_eye

: my_car.side_wind

: my_car.front_wind

: my_car.frond_wind1

: my_car.eye

: my_car.rubber1

: my_car.Carbody

: my_car.Bogie 1.5pringGO

: my_car.Bogie 1l.Damper

: my_car.Bogie 1. AirSpringGO

: my_car.Bogie 1.FrameGO

: my_car.Bogie 1.SecondarySpringGO
: my_car.Bogie 1.WheelSet1.goWSet
: my_car.Bogie 1.WheelSet2.goWSet
: my_car.Bogie2.SpringGO

: my_car.Bogie2.Damper

: my_car.Bogie2. AirSpringGO

: my_car.Bogie2.FrameGO

: my_car.Bogie2.SecondarySpringGO
: my_car.Bogie2.WheelSet1.goWSet
: my_car.Bogie2.WheelSet1.goWheelRight
: my_car.Bogie2.WheelSet2.goWSet
: my_car.Bogie2.WheelSet2.gowheelRight

my_car.Car body

: my_car.Bogie 1.BogieFrame

: my_car.Bogie 1.WheelSet1.WSet

: my_car.Bogie 1.WheelSet1,WSetRotat

: my_car.Bogie 1. WheelSet2.WSet

: my_car.Bogie 1.WheelSet2, WSetRotat

: my_car.Bogie2.BogieFrame

: my_car.Bogie2.WheelSet1.WSet

: my_car.Bogie2.WheelSet1.WSetRotat

- 10: my_car.Bogie2. WheelSet1.WSetRightWheel
- 11: my_car.Bogie2.WheelSet2.WSet

- 12: my_car.Bogie2.WheelSet2.WSetRotat

- 13: my_car.Bogie2. WheelSet2. WSetRightWheel
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v -Coordinates

- 1: my_car.jCar body(1)

-~ 2: my_car.jCar body(2)

-~ 3: my_car.jCar body(3)

- 4: my_car.jCar body(4)

- 5: my_car.jCar body(5)

- 6: my_car.jCar body(6)

- 7: my_car.Bogie 1.jBogieFrame(1)

- 8: my_car.Bogie 1.jBogieFrame(2)

-~ 9: my_car.Bogie 1.jBogieFrame(3)

- 10: my_car.Bogie 1.jBogieFrame(4)

- 11: my_car.Bogie 1.jBogieFrame(5)

- 12: my_car.Bogie 1.jBogieFrame(6)

- 13: my_car.Bogie 1.WheelSet1.jwSet(1)
-~ 14: my_car.Bogie 1.WheelSet1.jwSet(2)
-~ 15: my_car.Bogie 1.WheelSet1.jwSet(3)
-~ 16: my_car.Bogie 1.WheelSet1.jwSet(4)
-~ 17: my_car.Bogie 1.WheelSet1.jwSet(5)
: my_car.Bogie 1.WheelSet1.jWSetRotat(1)
: my_car.Bogie 1.WheelSet2.jwSet(1)
: my_car.Bogie 1.WheelSet2.jWSet(2)
my_car.Bogie 1.WheelSet2.jwSet(3)
my_car.Bogie 1.WheelSet2.jwSet(4)
my_car.Bogie 1.WheelSet2.jwSet(5)
my_car.Bogie 1.WheelSet2.jwSetRotat(1)
my_car.Bogie2.jBogieFrame(1)
my_car.Bogie2.jBogieFrame(2)
my_car.Bogie2.jBogieFrame(3)
my_car.Bogie2.jBogieFrame(4)
my_car.Bogie2.jBogieFrame(5)
my_car.Bogie2.jBogieFrame(6)

SUBNNBENNEEEE

31: my_car Bogie2. WheelSet1.jWSet(1)

-~ 32: my_car.Bogie2. WheelSet1.,jWSet(2)
33: my_car.Bogie2.WheelSet1.jWSet(3)

~35: my_car,Bogie2. WheelSet1.jWSet(5)
- 36: my_car.Bogie2. WheelSet1,jWSetRotat(1)

37 my_car.Bogie2. WheelSet1.jWSetRightWheel(1)

- 38: my_car.Bogie2 WheelSet2,jwSet(1)

- 39: my_car.Bogie2. WheelSet2.jWset(2)

- 40: my_car.Bogie2. WheelSet2,jWSet(3)

- 41: my_car Bogie2. WheelSet2,jWSet(4)
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v -Bi forces
- ‘- 1: my_car.Bogie 1.PrimaryVerticalDamper 1L
- 2: my_car.Bogie 1.PrimaryVerticalDamper 1R
-3: my_car.Bogie 1.PrimaryVerticalDamper 2L
- 4: my_car.Bogie 1.PrimaryVerticalDamper 2R
- 5: my_car.Bogie 1.SecondaryLongDamperL
- 6: my_car.Bogie 1.SecondaryLongDamperR
7: my_car.Bogie 1.SecondarylLateralDamper
8: my_car.Bogie 1.SecondaryVerticalDamperL
9: my_car.Bogie 1.SecondaryVerticalDamperR
10: my_car.Bogie2.PrimaryVerticalDamper 1L
-~ 11: my_car.Bogie2.PrimaryVerticalDamper 1R
- 12: my_car.Bogie2.PrimaryVerticalDamper2L
- 13: my_car.Bogie2.PrimaryVerticalDamper 2R
- 14: my_car.Bogie2.SecondaryLongDamperL
- 15: my_car.Bogie2,SecondaryLongDamperR
- 161 my_car.Bogie2,SecondaryLateralDamper
- 17: my_car.Bogie2.SecondaryVerticalDamperL
- 18: my_car.Bogie2.SecondaryVerticalDamperR

v -Linear forces

- 1t my_car.Bogie 1.PrimarySpring 1L

- 2 my_car.Bogie 1.PrimarySpring2L

- 3t my_car.Bogie 1.PrimarySpring 1R

- 4: my_car.Bogie 1.PrimarySpring2R

-- 5 my_car.Bogie 1.vertical secondary spring L
- 6: my_car.Bogie 1.vertical secondary sprng R
- 7+ my_car.Bogie2.PrimarySpring1L 1

- 8: my_car.Bogie2.PrimarySpring 1R

- 9: my_car,Bogie2.PrimarySpring2L

- 103 my_car.Bogie2.PrimarySpring2R

- 11: my_car.Bogie2. AirSpringL

- 12: my_car.Bogie2. AirSpringR

v »TjForoes
i e 1: my_car.Braking force
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