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ABSTRACT

The application of Model Reference Adaptive Con{{tdRAC) for train dynamic braking is
investigated in order to control dynamic brakingcts while remaining within the allowable
adhesion and coupler forces. This control methama @ccurately determine the train braking
distance. One of the critical factors in Posifirain Control (PTC) is accurately estimating train
braking distance under different operating condgio Accurate estimation of the braking
distance will allow trains to be spaced closer thge with reasonable confidence that they will
stop without causing a collision. This study depsl a dynamic model of a train consist based
on a multibody formulation of railcars, trucks (lbeg), and suspensions. The study includes the
derivation of the mathematical model and the resoita numerical study in Matlab. A three-
railcar model is used for performing a paramettidyg to evaluate how various elements will
affect the train stopping distance from an inispleed. Parameters that can be varied in the
model include initial train speed, railcar weightheel-rail interface condition, and dynamic
braking force. Other parameters included in thel@h@re aerodynamic drag forces and air
brake forces.

An MRAC system is developed to control the amountwrent through traction motors under
various wheel/rail adhesion conditions while brakirMinimizing the braking distance of a train
requires the dynamic braking forces to be maximmétiin the available wheel/rail adhesion.
Excessively large dynamic braking can cause wloadiup that can damage the wheels and rail.
Excessive braking forces can also cause largeldadfs at the couplers. For DC traction motors,
an MRAC system is used to control the current sedplo the traction motors. This motor
current is directly proportional to the dynamic brg force. In addition, the MRAC system is
also used to control the train speed by controllimg synchronous speed of the AC traction
motors. The goal of both control systems for D@ AT traction motors is to apply maximum
available dynamic braking while avoiding wheel lopkand high coupler forces. The results of
the study indicate that the MRAC system signifibanitmproves braking distance while
maintaining better wheel/rail adhesion and couglgnamics during braking. Furthermore,
according to this study, the braking distance caratcurately estimated when MRAC is used.
The robustness of the MRAC system with respecifterdnt parameters is investigated, and the
results show an acceptable robust response behavior
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Chapter 1

Introduction

1.1 Overview

Railway vehicle systems have been gainingemioterest over the past few decades.
However, the study of the dynamics of railway védgds complicated, and it can be conducted
from different points of view depending on the st interest. Railway vehicle braking is one
of the most critical subjects that contributes tamlan safety, equipment design and cost
effectiveness. There are numerous research psdjeat are related to train braking. The study
of railway vehicle braking is important to investtg in-train forces, ride comfort, safe operation,
braking distance and time, and vehicle speed. Muagi¢he longitudinal dynamics of trains is
important to understand the behavior of rail vedsalvhile in operation. This can also help with
better understanding the effects of braking formed other forces and moments that resist the
forward motion of the train. Improving dynamicakimg forces results in shorter train stopping

distance.

Train speed control and train braking diseaestimation are required to prevent train-to-train
accidents. This is one of the most importantaoeador applying positive train control (PTC)
technology to the railway network. PTC is a GPSdabhtechnology that is designed to prevent
train collisions and derailments, and to contralrtrmovements along the track. PTC systems
were being voluntarily installed by some comparpesr to October 2008. A recent act by
Congress, called the Rail Safety Improvement A@Gi8 (RSIA), mandates the implementation
of such systems. This act includes the widespnesidllation of PTC systems by December
2015 [9, 26]. The U.S. railroads are currently kg on PTC system development, and some
are adapting their individual PTC systems to insee@nteroperability [9]. PTC requires
understanding the longitudinal train dynamics whdeerating on the railway network.
Modeling and investigating the longitudinal traigndmics and the train motion resistance are

some of the key factors for successfully implenmen®TC.



1.2 Objectives
The primary objectives of this research are

1. to model longitudinal train dynamics using multilyodynamics formulation, including
train braking dynamics;

2. to perform a parametric study to better understama various elements affect the train
braking distance;

3. to use the train model for closed-loop control bé tdynamic braking forces by
controlling DC traction motor current; and

4. to use the train model for closed-loop control bE tdynamic braking forces by

controlling the synchronous speed of the AC tractiwtor.

1.3 Research Approach

The approach of this research is describddllasvs. First, a two-dimensional train model is
developed using multibody dynamics formulation. eThodel includes all forces and moments
that resist the train motion, beyond braking forcasd the general equations of motion are
applied to each railcar within the train. The mddehen verified by comparing the simulation
results with a model developed in SIMPACK, whichaisoolbox that can be used to perform a
multibody simulations. Next, a parametric studypesformed to investigate the train braking
distance under different operating conditions. €&ach operating condition, the train braking
distance and time needed to stop the train armatgd. The dynamic model is used to develop
a closed-loop control of the dynamic braking forceghe Model Reference Adaptive Control
method is used to enable adapting the dynamic mgafirces for minimizing the braking
distance. The MRAC method actually adjusts theenirsupplied to the DC traction motors
which directly adjusts the dynamic braking forc&hen the same control method is used to
control the dynamic braking force by controllingeteynchronous frequency of the AC traction
motor.



1.4 Main Contribution

This research focuses on the application BIN@ for better controlling wheel-rail interface
dynamics and longitudinal train forces in ordebtimg a moving train to stop without exceeding

the maximum wheel longitudinal creep forces oralewable inter-train dynamics.
The main contributions of this study are:

1. to provide an extensive study of MRAC for contnmadjilongitudinal train dynamics;

2. to develop a first study of its kind (to the be$tomr knowledge) of a relationship
between creep forces, creepages, and the brakmggetdor different weights of the
locomotive using the longitudinal train dynamic refdnd

3. to extensively study the interaction between dymaimiaking control and dynamic

braking provided by the traction motors.

1.5 Document Outline

The document is organized as follows. Chateresents a background of wheel/rail
mechanics and adhesion dynamics, train motionteggies, and train braking, as well as a brief
background about Model Reference Adaptive Contrethmd. It also includes a literature
survey of past studies related to longitudinalntrdiynamics and train braking control. In
Chapter 3, a model that represents the longitudireh dynamics is developed, and the
equations of motion are written for each railcathim the train. Chapter 4 presents the
simulation results of the developed dynamic mooheluding a parametric study on the effects
of different parameters on the train braking distan Chapters 5 and 6 present the use of the
Model Reference Adaptive System developed to cbiite dynamic braking forces using DC

and AC traction motors, respectively.



Chapter 2

Background

2.1 Introduction

Modeling of railway vehicle dynamics is a qaioated problem in engineering and research,
and it depends on the research goals and the nigj@ftthe study. For instance, if ride comfort
is the main objective of the research, then medahmiomponents that cause vibrations should
be studied. Also, if the bogie and wheelset desigads improvement, detailed modeling of
these components will be needed. In this studyldhgitudinal train dynamics will be studied
to estimate and minimize the braking distance eftthin. Because studying the braking forces,
the coupler forces, and the braking distance isnoain objective, only train motion along the
track is considered. All motion resistances, wiha#l mechanics, and railway vehicle
components that are needed to study the longitutliaim dynamics will be discussed in this
chapter, along with wheel/rail mechanics thatudel creepages and creep forces. All forces
that affect the longitudinal train dynamics will beluded in our discussions, including coupler
forces, braking forces, propulsion resistance, @raésistance, and curving resistance.
Additionally, this chapter includes a review of adlél Reference Adaptive Control method that
will be used to control train braking. Finallyreview of past research related to longitudinal

train dynamics will be presented.
2.2 Wheel/Rail Mechanics

The interaction forces between the wheelthedail have a significant effect on the dynamic
behavior of the railway vehicle. Adhesion, creapd wear can significantly affect the railway
vehicle dynamics. The adhesion depends on theasrfoughness and environmental
conditions. Creep forces depend on the dimensibtise wheel and the rail profile, as well as
the materials of the wheel and the rail. In ordecalculate the creep forces, wheel/rail contact
mechanics must be studied. When two bodies aledrolver each other while pressing against
each other, the contact area is elliptical in shapd semiaxesg, b), as proven by Hertz's static

theory. The semiaxes,(b) depend on the geometry and the materials ofwbebbdies [1].
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In addition, when the two bodies do not htheeexact same velocities, the terreepage or
creep is used to define the difference ratio. Two cegggs are defined: the longitudinal creepage
(¢x), and the lateral creepagg ). Another termspin creepage ¢, is also defined as the two
bodies rotate about an axis perpendicular to tméaco area [2]. For a wheel and rail, the terms

are defined as:

actual forward wheel speed—pure rolling forward wheel speed

fx - pure rolling forward wheel speed
é __actual lateral wheel speed—pure rolling lateral wheel speed 2

y - pure rolling forward wheel speed ( '1)
é __angular speed of the wheel—angular speed of the rail

sp —

pure rolling forward wheel speed

Figure 2.1 shows a sketch of the creep, creep doaad creep moments. Since the wheel and
rail are elastic bodies, the contact ellipse haBparegion and adhesion region. Sliding occurs
when the contact ellipse entirely becomes a slgore In other words, when there is not

enough adhesion between the two bodies, they hpllxsth respect to each other [2].

Normal Load

Spin Creep Contact Region
Moment __\

/ Lateral Creep Force

Lateral Creep

Longitudinal Creep

Longitudinal Creep Force

Direction of
Motion

Figure 2.1 Creep forces and moments [2].

2.2.1 Whedl/Rail Contact Ellipse

The semiaxes(b) of the contact ellipse depend on the geometrthefwheel and the rail

profile. According to Hertz’s theory [1], the semx&s can be calculated as



[?,nN(K1 + KZ)]1/3
a=m|————-
K3

4
(2.2)
_ [?,nN(K1 + KZ)]1/3
- " 4K,
whereN is the normal load at the wheel/rail contak}., K, andK; are defined as
1-—v2 1—v?
K; = , K=
1 nE,, 2 nE,
(2.3)
111 1 1 1
Ki=zs|l=mt+wt+t5+t=

where

E,,, E, = Young's modulus of elasticity of the wheel ahd tail, respectively (N/f)
Vw, V- = Poisson’s ratio for the wheel and the rail, szspely

R} = principal rolling radius of the wheel (m)

R} = transverse radius of curvature of the wheelilerat the contact point (m)

R] = principal rolling radius of the rail (m)

R} = transverse radius of curvature of the rail peddit the contact point (m)

These radii are shown in Figure 2R, is defined as
1/2
1+12+1+12+21 (L 1 2/ (2.4)
re'ry) T\mtw) TR TR &R |

wherey is the angle between the normal planes that cmlg%aiandR—lr . Coefficientsm andn
1 1

K_1
L)

depend on the ratif, /K5. They are functions @ and can be determined from Table 201can

be defined as

0 = cos™! (K,/K3) (2.5)



Figure 2.2 Principal radii of curvature for wheel and rail [3].

Table 2.1 Coefficientam and n for different values of @ [1].

6(deg) m n 6(deg) m n 6(deg) m n

0.5 61.4 0.1018 10 6.604 0.3112 60 1.486 0.717

15 36.89 0.1314 20 3.813 0.4123 65 1.378 0.Y59
2 27.48 0.1522 30 2.731 0.493 70 1.284 0.802
3 22.26 0.1691 35 2.397 0.530 75 1.202 0.846
4 16.5 0.1964 40 2.136 0.567 80 1.128 0.893
6 13.31 0.2188 45 1.926 0.604 85 1.061, 0.944
7 9.79 0.2552 50 1.754 0.641 90 1.000 1.000
8 7.86 0.285 55 1.611 0.678

Because the wheel and rail are made outeef,ghe Poisson’s ratio and Young's modulus of

elasticity are the same for both. For this stuidig, assumed that the wheel profile is conical and

the track is tangent, thus boff})’ and R becomeco. Only longitudinal train dynamics is

considered in the dynamic model. This means thigtreasonable to assume tifat= 0. By

using these assumptions, Equations (2.3) are rddoce

1—v
K1=K2= 7'[E
K_1 1+1 (2.6)
37 2|RY R}



(2.7)

2.2.2 Creep Forces

There are various rolling contact theoriesthie literature that calculate longitudinal and
lateral creep forces at the wheel/rail interfacem8& of the more useful theories are Kalker’s
linear theory, Kalker's empirical theory, Johnsamd avermeulen’s model, and the Heuristic
nonlinear model [2]. Kalker’'s theories are ofteredidor rail dynamics studies. Johnson and
Vermeulen’s theory is less accurate but has greatglicity [1]. Kalker has two main theories:
Kalker's empirical theory and Kalker’s linear thgoKalker’'s empirical theory will be adopted
in the study and will be explained later in thistgen. Kalker’s linear theory is used to calculate
the creep force and is mostly applicable for sro@dkepages. For the longitudinal direction of a

train model, Kalker’'s creep coefficient can be defl as
whereG is the shear modulus of rigidity, aig, is the creepage coefficient that is dependent on

Poisson’s ratio and the rat{a/b), as shown in Table 2.2. The longitudinal creepdacan be

caculated as
For = frx (2.9)

Table 2.2 Kalker creepage coefficientC, for different b/aratios and Poisson’s ratios [1].

Cn
g=bla v=1/4 v=1/2
1.0 4.12 5.20
0.9 4.22 5.30
0.8 4.36 5.42
0.7 4.54 5.58
0.6 4.78 5.80
0.5 5.10 6.11
0.4 5.57 6.57
0.3 6.34 7.34
0.2 7.78 8.82
0.1 11.7 12.9




Kalker's empirical formula gives the value of thermalized creep force as

Fer| _ {fl(r)el +f()e; <1 (2.10)
uN e, T>1
where
(@) = ;‘E cos~'t,
@ =1-(1+3)VT=12,
e = (Ei+nj)/t,
ez = (§xi+ &) /JEE+EF,
i,j = unit vector in thecand y directions, respectively, (2.11)
__ mabGéy
¢ = 3uN¢g '
nabGéy,
"~ 3uNy,

G is the shear modulus of rigidity (Nfin¢ andiy, are Kalker's normalized longitudinal and
lateral coefficients, respectively, which are degmmt on Poisson’s ratio and the ratig'b), N is
the normal load, and is the wheel/rail adhesion coefficient. Table &®ws the values of the
coefficients¢p andiy,; as functions of the ratia/lb and Poisson’s ratia;. Figure 2.3 shows the
normalized creep force versus In this figure, Johnson and Vermeulen’s expeniseare

compared with Kalker's empirical theory and showyweose results.



Table 2.3 Normalized longitudinal and lateral Kalke’s coefficients [1].

¢ =y ¢ I

=1
Il
[}
a
{l
[,
=]
]
[
S
I
S
Q
Il
[0

(aib)

0.2 0.9686 0.7377 0.5068 0.9574 0.9461
0.4 0.9205 0.7151 0.5096 0.8958 0.8711
0.6 0.8719 0.6893 0.5066 0.8366 0.8012
0.8 0.8267 0.6633 0.5000 0.7834 0.7401
1.0 0.7854 0.6381 0.4908 0.7363 0.6872

0.2 0.4095 0.3633 0.3171 0.3533 0.2971
0.4 0.5755 0.4933 0.4112 0.5138 0.452]
0.6 0.6740 0.5645 0.4549 0.6151 0.5562
08 0.7393 0.6086 0.4779 0.6852 0.6301

1.0 7f4 (4 — 3o)nflo (4 — o)njla
IFl
™™
- s
-7 t f2
0.9 e ~
JOHNSONY VERMEULEN~, 1
0.8 THEORY I
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Figure 2.3 Kalker's empirical theory [1].

In the case of a two-dimensional analysistie& and longitudinal directions are considered.

This means that lateral direction is neglectednc&ionly the longitudinal creep force will be
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calculated, Kalker’'s empirical theory can be sitigdi. This simplification will give the same

results as previously shown in Figure 2.3. Thep$ifrad expressions are

1

fi(®) = %T cos™ 't

fo(1) = 1—(1+%12)v1—r2 ,
er=1, (2.12)
ey = i,

_ ¢ _ mabG&y _. _ _
r—f——ww sincen = ¢, = 0.

2.2.3 Whedl/Rail Adhesion Coefficient

The wheel/rail adhesion coefficient is aféetby various factors, which include (but are not
limited to) speed, wheel and rail wear, rail sugf@ondition, and track irregularities. The most
significant factor is surface contamination by eater, and dirt. Wheel speed is also a critical
factor [2]. Figure 2.4 shows an example of theesdin coefficient as a function of train speed
for different wheel/rail conditions. Figure 2.508ts a comparison of true and average adhesion

coefficients as a function of speed for EMD’s SDld&motive.

35
30 —
—— | Dry Rail-Sanded

25 g

= T .

& ™~ Dry _Rall-&llghtly Contaminated
ok 2 \__-____I[ Surf‘acc/Good[Ra:l Jom:s 1'

- ﬁ ¥ | T T
~— Dry Rail-Moderately Contaminated
15 s [ Surface/Poor Rail Joints
) = B = ——ve—
.- [

E ﬁ\
10F 8 Wet Rail

Q
05

Note; These Curves are Representative of Tangent Track
lwith Rail Joints, Curved Track would be Lower.
! i ] | ]
5 10 15 20 25 30 35 40 45 50

Speed-MPH

Figure 2.4 Adhesion coefficient versus speed forftirent wheel/rail conditions [2].
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Figure 2.5 Adhesion coefficient versus speed for EBs SD-45 locomotive [2].

2.2.4 Wheel Lockup

Wheel lockup is also known as wheel skid. Wheekiop can damage the wheelset and the
rail. The normalized creep force can determine tidrewheel lockup occurs or not. The
normalized creep force is calculated as the creegefdivided by the wheel normal (vertical)
load. The conditions that identify wheel lockum dze written as

F,
- >1 wheel lock-up
uN

. (2.13)

N <1 wheel rolling condition

whereN is the normal force (N) andis the wheel/rail adhesion coefficient [1, 10].

2.3 Longitudinal Train Dynamics

When longitudinal train dynamics are studithe, motion of the rolling stock along the track
is considered. The study of longitudinal train dymas includes the train motion as a whole and
any relative motions between the railcars [4]. Wiiee railcars are subjected to compressive
forces, they are in thieuff load condition. In contrast, when they are subjectetenhsile forces,
they are in thedraft load condition [1]. Longitudinal train dynamics are ior@nt in

investigating ride comfort, rolling stock desigmupler design, and braking control design [4].
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In addition, a longitudinal dynamic model is abdestudy coupler forces, speed, distance, and
time relationships [1]. Forces that are considenetthe longitudinal direction include dynamic
braking at the locomotives, train air braking, irgl resistance, aerodynamic drag, curve
resistance, and grade resistance. Next, a briekgbaund on coupler components will be
covered. All forces that are included in longinali train dynamics will also be briefly

discussed.
2.3.1 Coupling Components
2.3.1.1 Coupler

The coupler is a component that connectsréiloars together. Several coupler designs are
available in the industry. In Figure 2.6, a typicalpler is shown. The couplers between railcars
have clearances, and the summations of these wb=srare calledoupler slack. The coupler
slack is important to help the locomotives stariptdl the train, and it develops compressive
forces during braking. If the braking is appliectessively, it can lead to broken couplers, and

consequently, train derailment [1].

1

l’ll llll1'u }I

Figure 2.6 Typical design of the coupler [1].
2.3.1.2 Draft Gears

Draft gears function as longitudinal shocks@bers during train operations. They are
generally installed on each railcar in series with underframe. When the coupler forces are
transmitted to the draft gears, they change theatiMength of the draft gears. When the draft
gears are subjected to excessively large coupteedpthey reach their maximum displacement

and become solid. The coupler forces are thercttiréransmitted to the railcar underframe.
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Generally, draft gears use dry friction to absohock energy [1]. Figure 2.7 shows a

conventional draft gear that is connected to thgomaunderframe.

Knuckle ’

Figure 2.7 Conventional draft gear [4].

Coupler Shank

1]
Draft Gear Unit - I
1

2.3.1.3 Cushioning Devices

A cushioning device is another type of londihal shock absorber. In this type of device,
viscous damping is used to absorb shock energyshibek energy that is caused by compressive
coupler forces is converted into pressure and hgdbrcing fluid into cylinders. There are

several designs of cushioning devices currentlgdpased in the industry [1].
2.3.2 Dynamic Braking

The traction motors at the locomotive axleswsed to start and accelerate the train along the
track, and they provide power to drive the wheslseThe mechanical energy of the rotating
wheelsets can be converted into electrical eneygysing the traction motors to slow down the
train. If the traction motors are electrically octed so they act as generators, they use the
turning wheelsets to generate power, and consdgueatiuce the speed of the train. This
process is calledlynamic braking. The generated current can be passed throughmla dfa
resistors that dissipates the power as heat, cotynecatied rheostatic braking. The generated
power can also be stored back into the railway paueply and is calledegenerative braking
[5]. Early locomotives used DC traction motorscontrast to newer locomotives that have AC
traction motors.  Dynamic braking using DC and A@ction motors is discussed in the
following sections.

2.3.2.1 DC Traction Motors

For DC traction motors, dynamic braking far@re directly related to train speed. They are
limited by current supplied to the traction motatdow speeds, while at higher speeds, they are

limited by motor voltage and commutator limits.glie 2.8 shows an example of the dynamic
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brake characteristics for a DC traction motor. cliom force is applied using throttle settings

(notches) in the control cabin, while dynamic brakis usually applied using continuous control

lever rather than notches [4]. An example of dymabraking with four level positions using a

DC traction motor is shown in Figure 2.9. In tetady, a piecewise linear function is fitted to

the curve to represent the amount of dynamic bgpé&ffort.

A Current Lirited |
oiage Cmina
It imited
/A Volage Limited |

Braking Force, kKM

Figure 2.8 Example of dynamic braking versus speedd].

250

2 20 A AN\

g Vi //\\\;/\/\/\\

_g 100 /\v/\/\/'\ \\\\
& 50 i, h\\\“*

Figure 2.9 Dynamic braking forces for four control positions at a range of train speeds [4].

Velocity, kph

For DC motors, the braking torque is directly rethto the armature current, This relationship

can be expressed as

Tap = ktl

15

(2.14)



wherek, is the motor torque constant. Figure 2.10 illatgts how a DC motor applies dynamic

braking to the wheelset. The equation that goveéragenerated voltage can be written as

y
Ly R, (2.15)

va:eb-l'LaE

wheree,, is the back emf generated in the armature, expdess
ep = kew, (2.16)

k. is the back emf constarR, andL, are the armature resistané® @nd inductance (H), and
w, is the angular velocity of the rotor [23]. Therature current can be controlled so that the
desired dynamic braking torque can be achievede lirhitations on controlling the current

depend on the traction motor characteristics, awslearlier in Figure 2.8.

%)

Figure 2.10 DC motor and applied dynamic braking toque to a wheelset [23].

2.3.2.2 AC Traction Motors

For AC traction motors, dynamic braking fa@e related to train speed and motor power.
They are limited by the motor voltage at low speeatsd by motor power at higher speeds.
Induction motors are the most common type of ACtioa motors in locomotives. The
rotational speed of the wheelset can be contrdbedhanging the synchronous mechanical
angular speed of the traction motor, which is adigd by varying the frequency of the applied
armature voltage [27]. Figure 2.11 shows a sinmpézhanical illustration of how AC traction

motors work while accelerating and braking. Matgrior accelerating occurs ibg, the

16



synchronous speed of the motor, is greater tharthe rotor speed. On the other hand, dynamic

braking occurs whew is less tham,..

wS
Stator. \

Figure 2.11 Simple sketch of an AC motor.

The electrical excitation frequency can be cal@dads

poles
We = o Ws

W, (2.17)
fe= 5 (H2)

where w, is the electrical excitation of the motor. Tha s¥f the rotor,s, which defines the
difference between the synchronous speed and thiesjeeed can be expressed as

go GO (2.18)

Figure 2.12 shows the induction motor torque-stipsze in motoring and generator regions. As
mentioned earlier, dynamic braking is applied whgnis less thanw,, implying negative slip,
and consequently applying torque in the oppositection of the rotor rotation. The continuous
braking torque is applied at a very small slipaatvhere the torque-slip relationship is linear.
Continuous braking torque cannot be applied afp#ek torque or at high slip ratio. To control
the applied torque, slip ratio is varied to have desired amount of torque. This means dhat

must be controlled by varying, (or f,). In this case, the slip can be expressed as:

2 oles

_poles e~ @ we—F— o (2.19)
poles e v
poles
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4 Torque

Motor

Motor Generator
region region

Generator

1 1 | 1 | ) 1 l 1 1 L
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Slip as a fraction of synchronous speed

Figure 2.12Induction motor torque-slip curve for motor and generator region [27.

Figure 2.13 showshe tractive and braking effc diagram fortraction motors on EMD"
SD90MAC locomotive witttotal 4300 hpThis diesel electric locomotive uses f-pole squirrel
cage, thregehase induction mots [28]. The braking effort plot can besed to simulate the
maximum dynamic braking for with the AC traction motorNote that AC traction motors c:

apply dynamic braking at low speeds whereas DC niwtiking fades quickly at low spe«[5].

750 1+ e Tractive effort

700 - — Braking effort

Tractive / Braking effort [kN]

0 10 20 30 40 50 60 70 80 90 100 110 120 130
Speed [km/h]

Figure 2.13 Tractiveand braking effort diagrams for Siemens SD9OMAC wih 4300 hy [28].
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2.3.3 Air Brake

An air brake is also known as a pneumatic &rak which compressed air is used to apply
brake shoes to the railcar wheels along the tralime air is compressed by a motor-driven
compressor at the locomotive. The air brake istrolad using an actuator valve at the
locomotive cabin, allowing air to be compressedha brake pipe or released from the brake
pipe. The brake pipe runs along the train andmected by hoses between vehicles to provide
flexibility. Reducing air pressure in the brak@@icauses spring force to apply brake shoes on
the wheels while maintaining air pressure causakebrelease [5]. For some types of trains, a
distributor valve, sometimes called a triple valiee|ocated at each railcar, and it senses the
brake pipe pressure. If the brake pipe pressui fae triple valve allows air to pass from the
reservoir to the brake cylinders to apply the brp&ds. If the brake pipe pressure increases, the
triple valve releases the brake cylinder pressacethe brake pads are released from the wheels

by a spring. More details on the function of aihke application can be found in [5].

Since an air brake system is basically a fluid dyicasystem, there is a time delay in releasing
pressure along the pressure pipe for long traiRer a train that is 700 m long, the brake
application may start at the last railcar as muel g@econds after the initiation of the air brake
application. In some cases, this causes sevetk algion near the locomotive. Distributed
locomotives are used to avoid such problems [4pn air brake is not usually applied at high

speed since it causes heat damage to the wheels.

2.3.4 Propulsion Resistance

Propulsion resistance includes rolling resistaand aerodynamic drag. It can be calculated

using the Davis formula [6] which can be written as

R =A+ Bx + Cx? (2.20)

where

A = Journal resistance coefficient which dependsadoar weight and number of axles. It is

independent of train speed.

B = Flanging resistance coefficient which dependfanging friction and the train speed.
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C = Aerodynamic drag coefficient which depends anghape and the speed of the train.

The last term of the Davis formula represents th®@adynamic drag. Table 2.4 shows several
versions of the Davis formula for calculating prtglon resistance in freight trains. Recent
developments have been made to these coefficiasrding to high speed trains, modern
equipment, and truck design. According to the Aco@sr Railway Engineering and
Maintenance-of-Way Association (AREMA), the CanadMational version of Davis formula

has shown very good results [6], and it can beesg®d as

Rr=15+="+0.03 %+ %2 (Ib/ton)
10000 W (2 21)
Rr =0.75 + 222 1 0.0305 % + jozzocv‘; 2 (N/tonnes)

where
W = total weight of the car (tons or tonnes).
A = cross sectional area of the cfif prm?).
n = number of axles.
x = train speed (miles/hr or m/s).
Rr = propulsion resistance (Ib/ton or N/tonne).

Tonne is equal to 1000 kg or 2240 Ib, and ton isaétp 2000 Ib. The AREMA manual states
Equation (2.21) in Ib/ton. In this study, the et that is stated in N/tonnes is developed so
that all units are standardized according to th&imsystem. For example, if we have a 4-axle
railcar that weighs 40 tons (36.288 tonnes) withgpeed of 30 miles/hr (13.4112 m/s) and it has
a cross-sectional area of 158 (13.935m?), the propulsion resistance can be calculateaith b

unit systems as follows:

LetC = 5,
Rr=15+2840.03 (30) + 5459 _ 30y2 _ 588 Ib/ton
10000 (40)
Rr =075+ 222 1+ 00305 (13.4112) + 222 (5)13935) 113 4112)2 = 2.92 N/tonnes

1000 (36.288)
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2.920 N/tonnes= 2.92 x

1.1023 ton/tones

= 5.84 Ib/ton

This gives similar results with a negligible errdNote that the rollingesistance values are ve

small. The rollingresistance can be around - 18 Ib/axle (32 -36 N/tonne)[6]. Table 2.5

gives the values of coefficient and areaA, that are used with the Canadian National t

resistance formula.

Table 2.4Different versions ofthe Davis formula for calculating propulsion resistanci [4].

Modified Davis equation (U.S.A.)

French Locometives

French Standard UIC vehicles
French Express Freight
French 1{} tonne/axle

French 18 tonne/axle

German Strahl formula

Broad gauge (i.., 1.676 m)
Broad gauge (i.e., ~1.0 m)

21

K,[2.943 + 89.2/m, + C.0306V + 1.741kqV *(m,n))
K, = 1.0 for pre 1950, 0.85 for post 1950, 0.95
container on flat car, 1.05 trailer on flat car,
1.05 hopper cars, 1.2 empty covered auto racks,
1.3 for loaded covered auto racks,

1.9 empty, uncovered auto racks

k,q = 0.07 for conventional equipment, 0.0935
of containers and 0.16 for trailers on flatcars
0.65mgn + 130 + 0.01maV + 0.03V*
9.81(1.25 + V6300)

9.81(1.5 + V242000...2400))

9.81(1.5 + V21600)

9.81(1.2 + V/4000)

25 + KV + AVY10 &k = 0,05 for mixed freight
trains, 0025 for block trains

9.81[0.87 + 0.0103V + 0.000056V*]

9.81[2.6 + 0.0003V%]



Table 2.5C coefficient and areas for use with the Canadian Nebnal train resistance formula [6].

Type of Equipment C Coefficient (Squ:rr:al-'eet)
Box Car 49 140
Bulkhead Flat (loaded) 5.3 140
Bulkhead Flat (empty) _ 12.0 140
Coal Gondola (loaded) 42 105
‘[Coal Gondola (empty) 12.0 105
-|Cavered Hopper : 7.1 125
Tank Car 5.5 95
Standard Flat Car (without trailers) 5.0 25
Standard Flat Car (with trailers) 5.0 125
Caboose 5.5 145
Conventional Passenger Coach 35 130
Modern Lightweight Passenger Equipment 2.0 110
Leading Freight Locomotive 24.0 160
Multi-level Auto Transporter (open) 12.3 150
Multi-level Auto Transporter (closed) 7.1 170
2.3.5 Grade Resistance

The grade resistance is also called gravitaticesistance. If a train goes up a hill or down a
hill on the track, the weight of each car shoulddoasidered in calculations of forces. The
gravitational forces can affect the longitudinalinr dynamics when the train goes up a hill or
down a hill. Figure 2.14 shows how the grade taste can be calculated. Only the component

that is parallel to the car body is considered [4].

— 8 mg.coso

Figure 2.14 Car weight resolved parallel and normato the car.
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2.3.6 Curving Resistance

There is an additional train resistance causedhe train motion on a curved track. This
resistance has been studied and approximatelyatedwith and without wheel/rail lubrication.
According to the AREMA manual, it is about 0.8 tmt per degree of curvature without
lubrication. In other words, it is similar to a deaof 0.04% per degree. Rail lubrication reduces
curve resistance by as much as 50%. All thesargstans can be applied for curves up to 9
degrees. The resistance is reduced by 7 Ib/tonuives that are above 9 degrees [6]. There is

an equation provided in [4] that estimates the ingrvesistance and it given by

Fery = 6116/R ey (2.22)

whereF,,,, is in Newtons per tonne of car mass, dhd, is the curve radius of the track in

meters.

2.4 Model Reference Adaptive Control

The purpose of Model Reference Adaptive GHNEMRAC) is to develop a closed loop
controller that can update its parameters to changeesponse of the system. In this study,
Model Reference Adaptive Control is applied usihg MIT rule, which is used to provide
update rules for the adaptive parameters in théraiter. The output of the system and the
output of the reference model are compared, andether is used to update the control
parameters. The characteristics of the referenodeimcan be chosen to have the desired
response. Figure 2.15 gives a schematic diagramwfMRAC is applied. The feedback loop,
which is composed of the process and the contrefieralled the inner loop. The other feedback

loop, which contains the controller parametersaited the outer loop [7].
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Figure 2.15 Model Reference Adaptive System (MRA$Y].

There are two methods to apply the adaptmaroller: the MIT rule and the Lyapunov
theory. The MIT rule is the original approach tadé¢l Reference Adaptive Control. The
Lyaponov theory is applied in cases where themmiguarantee of a stable closed-loop system if
the MIT rule is used [7]. In this study, the Mltile is applied to the longitudinal train dynamic

system and it gives stable responses. The MITwillée presented in the following discussion.

The difference between the system output thedreference model output is the tracking

error, expressed as
€=Yp— ¥Ym (2.23)

Using this error, a cost function of the controfgraeters can be formed. These parameters are
updated according to the choice of the cost functi@ typical cost function can be written as

1) = 5¢%(0) (224)

where g is the parameter that is updated inside the clbetrdhis parameter is updated while
minimizing the cost function that is related to #reor. The change ihmust be in the negative
direction of its gradient. This means that theng®aing is proportional to the negative change
of J.
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dp a de

at = Vo

(2.25)

This relationship is known as the MIT rule. Them%d—: is known as the sensitivity derivative

[7]. The controller is assumed to have both arpada feedforward ¢,) gain and an adaptive
feedbackward ¢¢,) gain. For this assumption, the error functionstnibe rewritten to include

both gains.

U= Q1Uuc — P2 Yp
e =Yy~ Ym = Gpu — Guu,

e = Gp((pluc — @2 yp) — GmUc

€= (‘ple - Gm)uc — Gp92Yp (2.26)
de G de G

—_— u , - =

do, ¢ do, T

G, is the transfer function of the system plant, apdis the transfer function of the reference
model.G is assumed in the above equations for the semgitigrivatives since the plant transfer
function is usually not known [8]. The closed-looparacteristics can be substituted for the

plant characteristics. It can be assumed that

de _ (aymS+aom)

dey  (s2+ayms+agm) ©

de (a1mS+aom) (2.27)
de,  (s2+ayms+aom) P

Then, applying the MIT rule,

% _ —yed—e -y (alms + aOm) Uc
dt do, (s2 + ayms + agm) (2.28)
de, de (a1ms + agm) W

dt - e do, —Y (5?2 + ayms + agm)

wherey is a constant and is called adaptation gain. &laee methods for determining the

adaptation gain if the system transfer functionkmwn [7], but in most cases, such as
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longitudinal train dynamic system, the transferdtion is difficult to obtain. Increasingresults

in faster adaptation and consequently quicker sysesponse. However, this may cause system
instability. Decreasing results in slower adaptation and consequentlydongsponse time [8].
Figure 2.16 shows details of how MRAC is applieteTeference model characteristics can be
chosen according to the assumptions that= ao,, = w? anday,, = 2éw. More information

on the simulation of the adaptive systems usingNH€& rule and the application of a PID
controller using MRAC can be found in [31] and [32]

Reference Model

R by Ym
1 os24agm s+ ag
u
¢ Plant BBy
e
N A1mS + Aom 1S + Aom
T s+ ayms +agm %2+ aymS + agm

Figure 2.16 Block diagram of MRAC applied to a systm [8].

2.5 Review of Past Research

Wheel/rail contact creepages and creep foatesimportant in understanding the railway
vehicle dynamics. For safe train operations, whaehdhesion conditions are very important to
consider when studying creep forces in order todawdeel skid during braking. In [10], Polach
studied an advanced creep force model for railwetyicte dynamics when running on adhesion
limit. In his study, he considered the influencelmigitudinal, lateral, spin creepages, and the
shape of the contact ellipse on the railway vehilytaamics. He also considered the friction

coefficient for dry and wet conditions and it issasied that it is fixed for each simulation.
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Polach found that large creep forces mainly ocouthe longitudinal direction at the time of
traction or braking. Measurements were modeledier types of locomotives under different
weather and wheel/rail conditions. In [11], estioa of the wheel/rail adhesion coefficient was
studied under different wet conditions using twods of twin-disc rolling contact machines. The
boundary friction coefficient is estimated to betlie range of 0.20 — 0.45. The results roughly
agreed with the field test results of the Japai@sekansen vehicle. Also, adhesion tests under
various speeds and contamination conditions wergdsout using a full-scale roller rig in [12].
The results conclude that the adhesion coeffidiasthigh values for dry and clean surfaces and
does not change much for all ranges of speedsalsdt has low values for oil contamination
conditions and does not change much for all ramgfespeeds. In [13], rolling contact
phenomena, creepages on wheel/rail contact, arep d@ce models for longitudinal train
dynamics are presented. The models were validaitidthe tilting train, Hanvit-200. It is also
shown in this paper that the proposed models deetabanalyze the dynamic behavior of the
brake and skid characteristics. Zhao, Liang, amcidki [29] have proposed an approach to
estimate the creep force and creepage betweenhbel and rail using Kalman filter. Then, the
friction coefficient is identified using the estited creep force-creepage relationship. To

simulate the system, the authors have developedithematical model that includes an AC

motor, wheel, and roller. In [30], the authoes/é presented an estimation method for wheel
rail friction coefficient using values that includengular velocity of the wheel, the moment
generated by the braking force and the moment gty the wheel load. The proposed

approach is based on an adaptive observer metabdgtimates the unknown parameter.

Freight trains have two types of braking met pneumatic braking and dynamic braking
(discussed previously). There are several modelspmeumatic brakes, and the study of
pneumatic brake models requires modeling and desfigimake pipe, triple valve systems, and
other pneumatic brake elements. In additiongguires the study of fluid flow dynamics.
Research is still on going regarding pneumatic ératlodeling and improvements. Tadeusz
Piechowiak discussed and verified some pneumati&ebmodels [14]. Also, he developed a
simulation method for pneumatic brakes that inctude viscosity, brake pipe branches, heat
transfer, and pipe and cylinder pressures [15].her& is substantial research on wheel slip
prevention through controlling pneumatic brake ésrc Nankyo, Ishihara, and Inooka [33] have

studied control performance of a pneumatic brakkiding its nonlinear property and dynamics.
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They developed a mathematical model for the brak@mber, and used it to improve train
deceleration by applying a feedback control methddwu, Haitao, and Yanfen [34] have

developed a longitudinal dynamic model for a 20,689 heavy-haul train operating in the

DaQunlink line to analyze the in-train forces whideaking. They highlight the problems in

using synchronous air brake control and proposeguasynchronous brake control in further
studies for eliminating these problems. Wu, Chem, &nd Cheng [35] have proposed a train
simulation model that includes adhesion coefficigmteumatic unit, and a simple longitudinal
train model for heavy-haul freight trains. A dewaktion-oriented control method is included in
the model for an Electronically Controlled PneumgftCP) brake in order to reduce high
coupler forces between vehicles.

The function of anti-skid control in trairsdifferent from the antilock braking system (ABS)
used in automobiles. For passenger trains, allelgshalong the train are equipped with
pneumatic brakes. In-train forces must be conettlevhile braking. Pneumatic brakes
experience delays in the application at rear oaspgecially for long trains. Additionally, the
mechanism of the pneumatic brakes and the brakesstye different. Some research has been
done on improving anti-skid control of pneumatiek®s. More information on pneumatic brake
control can be found in [36 — 38]. For freighditrs, which were the main focus in this research,
pneumatic brakes are applied only at low speedsless than 10 km/hr, and in emergency
situations. For anti-skid control, dynamic brakifagces must be controlled which do not

depend on brake shoes like pneumatic brakes.

Less research has been done on wheel slgctdet and prevention using traction motor
control. Gissl, Glasl, and Ove have presentedpanoach for adhesion control in traction based
on the input motor mechanical speed and motor tofqu a three-mass model (motor and two
wheels) [39]. The controller detects the differeibetween the motor torque and estimated load
torque. This difference is limited to a certair{specified value. The torque load is estimated
based on motor torque and the rotational speedeofmiptor. Four phases of controller operation
are studied: increasing motor torque, motor torexeeeds load torque, motor torque is below a
given threshold, and motor torque is below loadjuer For example, the controller reduces
motor torque when the observed load torque decsdaslew its allowable limit. The accuracy

of the estimation of load torque is not efficientthis controller. Also, the developed dynamic
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model is not realistic since there are no bogiesadnody included. In addition, the controller is

based on a pre-determined threshold that usessamasd peak adhesion coefficient.

Matsumoto, Eguchi, and Kawamura [40] haves@néed a re-adhesion control method for
train traction. This control method was for a $saigverter-multiple-induction-motors drive
system. It adjusts the accelerating torque accgrtinthe estimated adhesive forces between
wheel and rail. Two models of adhesive force asimed based on two wheel-rail conditions.
These models are used in the control method irr doderevent wheelset slipping. The controller
searches the peak adhesive force in one of themassumodels and adjusts the torque
accordingly. The problem is that the unstabledaoon is very close to the peak adhesive force.
This leads to problems in the controller robustneBsrthermore, the assumed adhesive force
models did not include all wheel-rail conditionsThe control method takes wheel speed
measurement from one wheelset and uses a singdetenywhich means that the currents that
pass through the traction motors are identicalthéfe is a sudden reduction in the adhesion at
one of the wheel-rail contacts, this may cause Woek&up. The study was targeted toward the

Shinkansen, the fastest bullet train in Japan.

For locomotives with DC traction motors, tbenventional method of detecting wheelset
slipping is by connecting two armature windinggshs traction motors of the bogie. If a slipping
occurs at one wheelset, the connection detecteaafice in the potentials. In this case, a lamp
or sound signal informs the train engineer. Thgirexer then interrupts the excitation of the DC
traction motor to stop the slipping for a shortéimif there is a low adhesion short section on the
track (lubricated rail), the slipping is going tms. If the slipping does not stop, sand is applied
at the wheel-rail contact leading edge to increstigesion. The train engineer has to continue
interrupting the excitation of the DC traction motfoslipping continues, which usually happens.
This may cause excessive in-train forces and leaderailments [41]. To overcome this
problem, the slipping can be determined by meagutie armature currents of all traction
motors. The variation of the traction motor’'s atuna current is the signal for the slipping
control. The maximum current of all traction matas determined and compared in a pulse
gating unit with a signal from a separately excigggherator’'s voltage sensor. This allows
maintaining fixed voltage for a very short timearder to stabilize motor load characteristics

during the dynamic process when the wheelset ssdiiping [41]. A disadvantage in this
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control method is that it does not put the wheilf@ntact mechanics into consideration. This
means it works only when it detects slipping or wiilee wheel starts to slip, which may still

cause damage to the wheels especially in freigimgwhere wheels are under heavy loads.

In [42 and 43], the authors have propose@-adhesion control scheme that blends two
conventional methods: motor current control an@ sleed control. If one fails the other is
activated. If both fail (usually when all wheelge asimultaneously slipping), the estimated
acceleration criterion control is activated. Tostrol scheme is based on the estimation of the
reference speed of a bogie. The reference spestisated using speed sensors on two axles of
a bogie and two axles on an adjacent bogie, artleis compared with an extra train speed
indicator. If the reference speed is less thanwheel speed from the speed indicator, it is
allowed to increase according to the estimated &aceleration. If the reference speed is greater
than the wheel speed from the speed indicators ialiowed to decrease according to the
estimated train acceleration. The authors havdiegrthe proposed control method using a
downscaled simulator. The results show the perfoomeof the control method with a lot of
oscillations. Also, it takes time to regain adhasid3ased on these results, this control method
may not be efficient in high-speed trains as predos In addition, it is mainly based on
estimation of the train reference speed and tragelaration, using wheel speeds and a speed
indicator.

Watanabe and Yamashita [44] have presenteahislip re-adhesion control method using
vector control without speed sensor. Their metfomiises on the current from each induction
motor for multiple motor drive systems with one emter, and it detects the torque current
differences between two induction motors by settnthreshold. If the assumed threshold is
reached, the controller reduces current to botbtitna motors uniformly since there is one
inverter. A fixed threshold of 30 Amps is assunfed all simulations. This is not realistic
however because the threshold should be a funofi@peed. Also, the study includes only a
sudden drop of 10% of adhesion force that is nfficgent to prove the efficiency of the control
method.

Mei, Yu, and Wilson have proposed a new aggmdor wheel slip control [45]. The study is
based on the detection of torsional vibration @ftreelset when slipping. Considering the shaft

elasticity, a simplified model that consists of doamt modes of the wheelset is developed to
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investigate slip detection and re-adhesion schermbe natural frequency for a wheelset is
typically in the range of 60 Hz or higher. The slation results show torsional vibrations when
there is a sudden drop in the adhesion. The authm@ntioned that the study provides an
excellent wheel slip detection idea, but in praeiicrequires measurement of the motor torque.
Furthermore, they state that mounting strain gaugesixles would have many challenges in
terms of sensor reliability and signal transmissiofhe study develops a Kalman filter to
estimate torsional vibration using speed of tractmotors and a linear creep force-creepage
curve. Simulation results show that the controlrapph can reduce motor torque when detecting
the estimated torsional vibration. The re-adhesoachieved in about 1 - 3 seconds depending
on the operating conditions. The authors concthdebetter estimation of torsional vibrations is

needed for their proposed method, along with erpental verification.

A railway vehicle model can be developed gsidifferent multibody formulation
methodologies, such as Newton-Euler formalism g@réaage’s formalism [48]. The formulation
methodology used to model the train can be choseed on the research objectives. A
longitudinal train dynamics model is a two-dimemsibmodel that is used to study the forward
motion of the train. This model includes all fordbanotion resistances such as braking forces,
and grade, curving, and propulsion resistanceserefbre, the multibody formulations of the
longitudinal train model is usually developed ushgwton’s law and is applied to rigid bodies
connected by springs and dampers. Since this $aalges on the train braking forces and the

train stopping distance, only the longitudinalrdiynamics model is considered.

Longitudinal bogie dynamics were studiedif][using an experimental method to evaluate
the effects of the braking torque. A 24 m long kra@s used with a maximum bogie speed of 4
m/s in the experiment. Two levels of pneumatickiog efforts were used to evaluate the
braking torque and braking skid. In addition, &edion, speed, and traveled distance were
studied during braking. A simple model of the ltadinal dynamics of a long freight train was
developed in [17]. The authors considered railearkimped parameters in the model, with only
pneumatic braking included. The propagation ofspuee signals along brake pipe was also
included in the model. In [18], a railcar modelsmdeveloped to study wagon body pitch,
derailment, and wheelset skid during braking. Thadel showed that suddenly applying large

braking or traction forces can cause wheel skidsoAit is mentioned in the study that track
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defects play an important role in increasing railgiich. On a defective track, large braking or
traction torques exerted on the wheelset may catigel-unloading. Ansari, Esmailzadeh, and
Younesian [19] conducted a comprehensive paransttrity on longitudinal dynamics of freight

trains. A non-linear model was developed for taiiwiay vehicles connected by automatic
couplers. The parametric study investigates hderéint parameters affect the longitudinal

train dynamics. Parameters that were varied iredwgpring stiffness and damping coefficient of
the automatic coupler, operational speed, and a@t&n or deceleration. Also, effects of

different load distribution patterns on longitudirigain dynamics were studied. Effects of an
empty railcar location in a train and placemenasiecond locomotive were discussed. All types
of retardation forces, including braking forcesrevencluded in the model. This study can help

with coupler design and safe train operations.

A PC-based tool was introduced in [20] tocaldte the train braking distance for different
train types. Train mass, braking effort, and gresistance were considered. However, there
are limitations to using this tool since it makémnifying assumptions. This tool is a good
concept to estimate the braking distance, butataesignificant improvements. A Hardware-In-
Loop (HIL) system was built for the braking systefithe Korean High-Speed Train in [21]. A
DSP board was used in the HIL system to obtain-tree simulations. Two-dimensional
dynamic equations of seven-railcar model were aperl. Real-time simulations included
several types of braking to investigate the adimemits, and braking distance and ride comfort
were discussed in the paper. Real-time simulatieere presented in [22] to analyze the braking
performance of railway vehicles using an HIL systefine dynamic model of a railway vehicle
was developed, including carbody, bogies, wheelsatsl creep forces. The HIL system is
composed of a DSP board to run the dynamic modilr@al hardware components of an anti-
skid control unit (ASCU). The ASCU estimates tleguired braking forces according to anti-
skid logic. The validity of the HIL system was \f@&d by comparing the HIL system results

with the off-line simulation results that had cargtbrake forces.

We have seen that each group of researchsrfobused on longitudinal train dynamics from
different perspectives. The study of the longitaditrain model leads to a better understanding
of the effects of various conditions and differegtiardation forces on the train dynamics. Once

the behavior of the longitudinal train dynamicsarsglyzed and understood, the control design
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can be applied. One of the recent developmentgiiway networks is using positive train
control (PTC), which is a predictive collision agance technology that uses GPS to control the
traffic on the U.S. railroad network. The spacofgtrains in PTC is based on estimating the
stopping distance of each train. Often, trainssp@ced apart conservatively (farther than may
be needed) in order to positively ensure that thidlycome to a stop without colliding. The Rail
Safety Improvement Act (RSIA) has mandated the spdead installation of PTC systems by
December 2015 [9]. In this study, estimation afrtrbraking distance under different operating
conditions is investigated. Traction and braking #ne most critical reasons for wheel lockup
and high coupler forces. It is reasonable to asstmaemaximizing the braking forces leads to
minimizing the train braking distance. The probdethat are associated with maximizing
braking forces may include high creep forces thay mause wheel lockup, and high coupler
forces that may lead to derailment of railcars.

2.6 Research Justification

Dynamic braking forces can be controlled stiltdt maximum braking effort is achieved
while avoiding wheel lockup and high coupler forcd$ this control strategy is achieved, the
train braking distance is minimized, allowing traspacing to be minimized and track line
capacity maximized. The vast majority of past mEsdconsider wheel slip detection and
preventionafter wheels start slipping. Such an approach does@mgssarily take advantage of
maximum available dynamic braking before wheel lapk MRAC is best suited for achieving
maximum dynamic braking while eliminating wheel kagp and other requirements, such as
limiting coupler forces during braking. The refece model can be chosen based on the
available braking effort and adhesion coefficiemattcan vary while maintaining acceptable
coupler forces. In other words, the train brakbehavior follows a reference model that is
designed with train operating considerations tauemgnproved train braking. In addition, since
the reference model is known, train braking distaoan be estimated a priori. Implementing
MRAC in future collision avoidance systems, such REC, can further improve their
performance during braking and most likely lead closer spacing of trains with higher
confidence.
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Chapter 3

Longitudinal Train Model

3.1 Introduction

The longitudinal dynamic behavior of a train isuadtion of brake forces, track geometry,
wheel/rail interaction forces, propulsion resisenand railcar connection forces. A multibody
formulation of the train longitudinal dynamics résun a set of differential equations for each
carbody, truck, and wheelset. When consideringitadinal train dynamics, most researchers
ignore the vertical and lateral movements, as ag&lhe suspension forces, such as in references
[1], [4], [18] and [19]. In this study, a two-dimsional analysis of the train will be performed
that includes the vertical motion and all suspemdmrces in order to have a more realistic
model. In this chapter, the kinematics of thentraodel will be presented. Then the equations of
motion of the carbody, truck, and wheelset willdeveloped. General equations of motion for
any carbody, truck, and wheelset will be statethsy can be applied to any train with different

numbers of railcars.
3.2 Kinematics

A train model with several freight cars is shown Rigure 3.1. The first lead unit is
considered as a locomotive with six wheelsets. dther units are freight railcars with four
wheelsets each. Only the dynamics along the lodimial &) and vertical £) directions are
considered in this model. The dynamic equatiomseéxh railcar and locomotive are derived.
Two adjacent car bodies are connected by a cotipi¢is modeled as a coupler slack, a spring
and a damper. The car bodies’ connections canb&soodeled as a simple coupler without the
coupler slack. Both coupler models will be consedeand compared. The car bodies are
connected to the trucks by springs and dampetseir andz directions. Each truck is connected
to the wheelsets by springs and dampers irxtledz directions. For the purpose of this study,

two assumptions are made:
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(1) the track is tangent, which means grade andeawsistances are ignored, and

(2) the wheelsets do not lose contact with theinathe z direction, i.e., they do not lift off the

rail vertically.

X
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-
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00 00 00 00 00 00 00 00 00 00 00 000 000

Figure 3.1 Longitudinal train model.

The first unit, which is the locomotive, can be raledl as a mass connected by springs and
dampers as shown in Figure 3.2. The car bodynsexed to the front and rear bogies, and is
also connected to the railcar behind it by a caupkeach bogie is connected to three wheelsets.
The suspensions connect the wheelsets and truekaites as shown in Figure 3.3. The car

travels in thex direction, and the positivedirection is downward.

Figure 3.2 Simple sketch of a train single car mode
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Figure 3.3 Front view of the train model.

3.3 Equations of Motion

3.3.1 Car Body Equations of Motion

)
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Figure 3.4 Free body diagram of the car body.
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Using the free body diagram in Figure 3.4h@x, z, andf directions,

my¥, = _Fflb _Frlb _Fc%a _Ft%rag
mlil = _R]}b - R%b + mlg (3.1)

L6, = (Ffy +F)-h +(RYy —Rfp)-Li +Fy by

wherem; andl; are the mass and the mass moment of inertia dbtmnotive, respectively.
F, is the first coupler forcd?(%mg is the aerodynamic drag force that is assumee t@pplied at
the carbody center of maelé;}b, FY, R}b andR}, are the secondary suspension forces of the

front and the rear bogie that act on the locomotiféne superscript 1 represents the first unit
which is the locomotive. The subscrigbsandrb represent the front bogie and the rear bogie,

respectively. The suspension forces of the frodtthe rear bogies can be expressed as:

Ff:‘Lb = kas(xl - x}b) + 2Cx5(561 - X}b)
Frlb = kas(xl - xrl'b) + Zcxs(xl - x‘rl'b) (3 2)
R}b = 2kzs(Zl + 146, — Z}b) + 2025(21 + L6, — Z']}b)

Ry, = 2ky(zy — 146y — 253) + 2¢,5(21 — L6y — 23,)

wherex,, z;, and@, are thex andz locations, and the pitch angle of the Iocomoti\xéb, Xk,
z}b, andz}, are thex andz locations of the front and the rear bogids,, c,s, ks, andc

represent the secondary suspension springs andedampthex andz directions. If the coupler
slack is considered, the coupler force can be sspbas

Fp = kep (g — x2) + ccp (% — %) ifx; —x, >0 (draft)
FL%, =0 |f X1 — Xy = _Sk (33)

Fp = kep(xy — x5 + sk) 4 cop (X — %) if %3 —x, < —sk  (buff)

where sk is the coupler slack length, is thex location of the second railcak., andc,

represent the coupler spring and damper. If th@leoslack is not considered, the coupler force
can be written as

37



F&’ = kCP(xl - x2) + Ccp(xl - 552) (34)

General equations of motion for all car bodies lbamvritten as

mX; = _Ffib_ rib+FCip_1_Fcip_F¢§rag
m;% = —Rf, — Riy + mug (3.5)

1:6; = (Ffp + Ffp).-hy + (RYy — Rpp).- L+ (Fl — F5t) . hy

where i represents the car number in the train. The gérfermulations of the secondary

suspension forces can be expressed as

Ffi,, = 2k (x; — x},,) + 2c,s(%; — x}b)
rib = kas(xl - x%b) + zcxs(xl - x%b)

- : L (3.6)
Ry = 2k,s(z; + 1;6; — zfp) + 2¢,5(2; + 1,6; — 2})

Riy = 2k,5(z — 1i6; — 2}y) + 2¢,5(2; — 1:6; — Z7p)

For the coupler forces, if the superscript 1 = 0, Fcip‘1 = 0. Also, if i = total number of
cars,FCip = 0. The general equation for the coupler forced whe slack model can be written

as

Fly = kep (X — Xi41) + Cop (ki — Xi41) ifx; — x4, =0
Fclp =0 if Xi — Xi4+1 > —sk (37)

cip = kcp(xi — Xj41 T Sk) + Ccp(xi - 9'Ci+1) if Xi — Xit+1 < —sk

Whereas the general equation for the coupler fornac®ut the slack model can be written as

Fclp = kcp(xi — Xi41) + Ccp(xi — Xit+1) (3.8)
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3.3.2 Bogie Equations of Motion
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Figure 3.5 Free body diagram of the bogie.

The wheelsets are in contact with the rail #rere is no relative motion between the wheel
and the rail in the direction. First, the front bogie of the loconwetiis considered. Using the

free body diagram in Figure 3.5, the equations ofiom can be written as

mbjé)}b = Fflb _Fv%/sl _Fv}/sz _Fv%/ss
mbzflb = R)}b - R\}vsl - R\}VSZ - R\}vs3 +mpg (3.9
Ibé]:‘lb = Fflb hy + (Fs1 + Fasa)hs + (Riyss — Ris)lo

wherem,, andl, are the mass and the mass moment of inertia dbdges. F,,s1, Fiys2, Fiwsas
R,s1, Rys2 @ndR,,;; are the primary suspension forces. The subsasipt, ws2, andws3
represent the first, second, and third wheelsespactively. The primary suspension forces can
be expressed as
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Fpsi = kaps(x}fb - xl}vsl) + zcxps(jc}b - kam)
Fusa = kaps(x}b - x‘}vsz) + zcxps(jcjlcb - k\}zsz)
Fhss = kaps(x}b — Xpe3) + Zcxps(jcjlfb — Xps3)
Riys1 = 2kyps(2}y + 120f5) + 2¢, (z}b + lzé}b) (3.10)

1 1 -1
RW52 = ZkZpS 'Zfb + 2CZpS .Zfb

.1 -1
Ryss = Zkzps(z}b - 129}1%) + 2¢4ps (Zfb - lzgfb)

Similar equations of motion for the rear bogie t@nobtained where the subscriptsl, ws2,
ws3, andfb are replaced withws4, wsb, ws6, andrb, respectively. The general equations of

motion for all front bogies of all cars can be tait as

k
vi = i Fi
MpXsp = L'rp wsj
j=1

. & (3.11)
myZ, = Rpp, — z Rysj + mpg
j=1
Iyt = Ffy hy + (Fss1 + Fasi)hs + (Risic — Riys1) Lz
and for all rear bogies of all cars
2k
vl _ i i
MmpXpp = Frp — Z Fsj
j=k+1
(3.12)

2k
s _ pi i
MpZrp = Ryp — Z Rysj +mMpg
j=k+1

Ih07p = Fiy hy + (Fusgeeny + Fusio)hs + (Riuscziy = Risgern) Lz

wherek is 3 for the locomotive, and 2 for all other frieigars.
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3.3.3 Wheelset Equations of Motion

ws

Wyys
Ziys \

Figure 3.6 Free body diagram of the wheelset.

Consider the first wheelset of the locomotawred apply Newton’s law to the free body

diagram in Figure 3.6. The equations of motiothefwheelset can be written as

=1 _ pl 1 1
MysXws1 = Fwsl - Frr + 2Fcr1

mwsza/sl = Z F,=0=ms9 + Ra/sl - Nl}vsl (3.13)

1 1
= Nwsl = Rwsl +my,g
1

Lysys1 = _M;r - ZFgrer ~Tab ~ Tab
whereF..andM,., are the rolling resistance force and momépt, represents the creep force at
one wheel/rail contact location for th& Wheelset, N\, is the normal force at the wheel/rail
contact point for the first wheelset,, represents the dynamic braking torque, ang
represents the air braking torque,, s, 1,5, andry are the mass of the wheelset, mass moment of
inertia of the wheelset, and the nominal radiuthefwheel, respectively. It is assumed that the
wheel/rail adhesion coefficient is identical in bahe right and left rails. This means that
creepage forces are identical on both wheels osdhee axle. The equations of motion for the
remaining wheelsets can be written by replacingstiiescriptwsl with ws2, ws3, ws4, wsb, or
ws6. The equations of motions of the wheelsets utlikersecond and third car do not include
dynamic braking torque since this braking torque caly be applied to the wheelsets under the

locomotive. The general equations of motion fbmédeelsets can be expressed as
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mwsj.civsq = Fll/vsq - Flrr + 2Flcrq
N\fvsq = R\Evsq +my.g (3.14)

N i i
LysWysq = M., — 2Fcqu'O —Tab — Tab

whereq represents the sequence number of the wheelseysg from 1 to 6 for the locomotive

and from 1 to 4 for the railcarsy,, is zero for the freight cars.
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Chapter 4

Simulation and Parametric Study

4.1 Introduction

First, all numerical assumptions, system progs, and force evaluations will be stated.
Then the dynamic train models that are with andhavit coupler slack will be compared. Next,
the developed model will be compared with a tramded in SIMPACK. Since there is no data
available in the literature to compare the resutis, model will be verified against SIMPACK.
Then the dynamic model of a train that includes¢hrailcars will be used to perform a
parametric study to evaluate how various elemeiitaffect the train stopping distance from an
initial speed. Parameters that can be varied enntiodel include initial train speed, railcar
weight, wheel-rail interface condition, aerodynandrag, and dynamic braking force. In

addition, the effect of different numbers of raiavill be investigated.

4.2 System Properties and Force Evaluation

For the model comparison and the parametric stadiree-car train model is considered as
shown in Figure 4.1. The general equations of omothat were developed in Chapter 3 can be
applied to this model. Table 4.1 states the reduparameters and coefficients to solve the

dynamic equations. Other forces and assumptiolh®avpresented in the following subsections.

‘;9
z
-

0[0) 00 00 00 000 000

X

Figure 4.1 Three-car train model.

43



Table 4.1 System properties and coefficients.

Kyps 9.0x 10° N/m Kzps 5.9% 10”7 N/m
Cxps 3.5x 10* N/m.s Caps 4.0x 10° N/m.s
ks 6.0x 10° N/m ks 5.5%x 10* N/m
Cxs 1.5% 10° N/m.s Czs 1.0x 10* N/m.s
kep 1.0x 10 N/m m; (locomotive) 190,500 kg
Cep 4.0x 108 N/m.s | m,, ms (loaded freight cars)] 130,000 kg
Iy 8m m,, m3 (empty freight cars) 27,000 kg
I 2m I, (locomotive) 1403 kg.m
hy 1m I,,1; (loaded freight cars) 1000 kg.M
h, 05m 1, I; (empty freight cars) 800 kg.ni
hs 0.3m Bogie mass 1500 kg
hy 0.3m Bogie mass of inertia 219 kg.m
Ry 0.5m Wheelset mass 500 kg
RY (conical profile) o0 Wheelset mass of inertia 125 kg.m
R} (tangent track) ) A, Area (locomotive) 160 %t
R} 0.2m A, Area (freight cars) 1407t
C coefficient(lcomotive) 24 C coefficient (freight cars) 4.9

4.2.1 Propulsion Resistance

Propulsion resistance includes rolling resise and aerodynamic drag. The Canadian
National version of the Davis formula (see seca®4) will be used. The formula units were
originally in the English system, but were then \eamed into the Metric Systems. The
aerodynamic drag can be calculated separately.farmeula can be modified to apply to each

wheelset and can be rewritten as:

Rr = Rpr + Rarag (4.1)
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where R, is the rolling resistance in N/tonne, aRg,,, is the aerodynamic resistance in

N/tonne. Rolling resistance for each wheelset @odbiculated as

9.02

Ryr = 075 + =

+ 0.0305 x,,; (N/tonne) (4.2)

where W, is weight on each wheelset in tonnes. The rolliegistance force can then be

expressed as

F., = 0.75W, s + 9.02 + 0.0305 W, %,,s (N) (4.3)

Also, R4rq4 Can be calculated as

2.22CA .o
1000 W

Rarag = (N/tonne) (4.4)
Since aerodynamic drag is calculated for eachthariotal weight of the car in tonnes is used.

The aerodynamic drag for each car can be expressed

i 2.22CA .
Férag =~ 1000 xiz (N) (4.5)

4.2.2 Creep Force

Since only the longitudinal creep foved be calculated, Kalker's empirical theory can
be simplified, and Equations (2.12) can be usedurE 4.2 shows the normalized creep force

after simplifying Kalker’'s empirical formula; it gés the same results as in Figure 2.3.
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Figure 4.2 Kalker's empirical theory applied to thelongitudinal direction only.

4.2.3 Dynamic Braking

As mentioned earlier, dynamic braking is oapplied at the locomotives. For DC traction
motors, based on the design curves which were geovin Figures 2.8 and 2.9, one can simulate
dynamic braking by fitting a piecewise linear fuoatto the curves. Figure 4.3 assumes the
dynamic braking torque versus train speed at tdiferent control positions. This braking
torque is applied at each wheelset under the loteeoThe highest braking effort can be
considered as maximum braking (highest controltmrgi while the lowest braking effort can

be considered as minimum braking (lowest contraitpm).

For AC traction motors, if we look at the kirg force plot in Figure 2.13 where the force

changes from constant to a curve, we can compatm#ximum power at each axle as follows

510,000 N x 27000%
Sec
3600°5¢
_ hr B (4.6)
P = — 638 kW
max 6 axles
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which gives the maximum power that can be providgdhe motor as shown in [28]. This
means that for each axle, the maximum braking ®that can be provided at each axle is
510,000 N X 0.5m

Tab,max — 6 axles = 43 kN.m (47)

To calculate the maximum braking torque at each #d high speeds (greater than 27 km/hr),

Pmax (W)
0 oy(rad]s) o

------ 3rd position  sssmssssss 2nd pOSition = e 1st position
35000
30000 :
T :
2 25000 : 5
o :
] ; \ .
s 20000 S
- : ..
% :
& 15000 7/ \\
£ ]
] . .
£ 10000 el
5000 - \
O T T T T T T T T

0 15 30 45 60 75 90 105 120
Speed (km/hr)

Figure 4.3 Assumed DC motor dynamic braking torqudor model simulation.
In the model comparison and the parametnayst only DC traction motors will be
considered to estimate the train braking distance.
4.2.4 Air Brake

The air brake is applied at each wheelset, fotdbemotive and the freight cars, as a braking
torque. Since this type of braking applies frintiorce on the wheelset, applying it at high speed

may cause heat damage to the wheelset. In allaiions (except slack model comparison), it is
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assumed that it is applied at speeds less thamIar Kk It is increased gradually until maximum
air braking of 5,000N.m at a speed of 5 km/hr. It is then fixed until thein comes to a
complete stop. In the simulation, the air brakegplied only when DC traction motors are used
since its dynamic braking fades at low speeds. n#f&dors, on the other hand, provide very good

dynamic braking at low speeds.

4.3 Coupler Slack Model Comparison

The dynamic train model developed earliesimulated with and without coupler slack,

using the coupler force equations stated in Chaptén the simulations, the coupler slack length
is3cm (l% in) . DC traction motors are considered, loadmltars are used, and the dynamic

braking is fixed at the second position. The atitspeed is 54 km/hr. For this specific
comparison, it is assumed that air brakes are eg@t a speed less than 22 km/hr, and it is
gradually increased until it reaches a maximum,006N.m at a speed of 12 km/hr. It is then
kept constant until the train comes to a complétp.s The results are compared with the train
model in which the coupler slack is ignored. Fegdr4 shows the distance traveled for both
cases. The difference is about 2.0 m (or 1%) stadice, with the slack causing a slightly larger
braking distance. Figure 4.5 shows the train sgeedboth cases. In the first case, the slack
action response causes a deviation to the speedsthather highlighted in Figure 4.5. The
deviation is caused by the inter-train dynamic ésrcaused by the coupler slack (or deadband)
when a change in force state (going from tractmhraking) occurs. Because the two responses
are nearly identical, the train model without caunptlack will be considered in all simulations

later in order to reduce the computational timeunexgl for the models.

48



250

I T T T
| | | N w/ slack
l l l l —w/o slack
200 ,,,,,,,,,,, : ,,,,,,,,,, 4‘ ,,,,,,,,,, J‘f ,,,,,,,,,, L o g ‘--- APTTE T
Ews0 e e AR
() | | | |
o | | | | |
c | | | |
8 1 ! ! l :
Q 100 ”””””” < N
= l l l l
o i 7777777777 ﬂ: 7777777777 % 7777777777 :k ...........................................
0 : : : : :
0 5 10 15 20 25 30
Time (sec)
Figure 4.4 Distance travelled by the train for casewith and without coupler slack.
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Figure 4.5 Train speed for cases with and withoutaupler slack.

4.4 Model Verification

To verify the dynamic equations, SIMPACK is usedsimulate three railcars as shown in
Figure 4.6. Loaded railcars are used, and therdiynhraking is fixed at the first position using
DC traction motors to bring the train to a stopmir@2 km/hr. The first car is the locomotive

with six wheelsets, and the other railcars have feheelsets each. All are connected with
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simple couplers. Furthermore, all primary and sdeoyn suspensions, and the propulsion

resistance are included in this model.

Figure 4.7 shows the air brake model in SINDRAvhere the air brake is applied at 15 km/hr
(4.17 m/s), gradually increased to 5000 N.m at 3hkr(iL.39 m/s), and kept constant until the
train stops. Figure 4.8 shows the dynamic brakmglel in SIMPACK where it is fixed in the
first position. In Figure 4.9, the simulation riésishow the distance travelled and the train speed
versus time. The stopping distance is 489 m. Tdmesoperating conditions are used when
simulating the model discussed earlier in Matl&mure 4.10 shows that the train has travelled a
distance of 493 m, for an error of less than 1%wbeh the two simulation models. It is
suspected that the small error is due to slighiferent wheel/rail contact mechanics in

SIMPACK, compared to Kalker's empirical model thats adopted in the developed model.

=5 SIMPACK 8904a - Model Setup: 3car_model_1 ** Academic license ** l‘:" =] "-"‘"!|
File Edit View Info Globals Elements Calculation Animation Help

EPELHG Y ARADT D ok b S8

=2

N RFELDHERE S & 8§ =D BT

%2

=
<

@n

Figure 4.6 Three-railcar train model in SIMPACK.
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Figure 4.7 Air brake model in SIMPACK.

Figure 4.8 Dynamic braking model in SIMPACK.
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Figure 4.9 Distance travelled and speed versus tinfieom SIMPACK.
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Figure 4.10 Distance travelled and speed versus terfrom Matlab.
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4.5 Parametric Study

Matlab is used to solve all the equations with imam time step of 0.001 second. All
assumptions and initial conditions will be statedier each case for different weights, dynamic
braking efforts, initial speeds, aerodynamic dragéds, and wheel/rail adhesion condition. For
the purpose of the parametric study, the dynanakibg is fixed at an assumed position for each
simulation. The dynamic braking is applied aftee @@cond of the simulation to determine how
the system behaves before and after the applicafidhe brake. The delay also represents the
delay in applying the dynamic brakes by the traigieeer. Additionally, the torque is applied
gradually such that a quarter of the torque amasimtcreased in each second until the total
braking torque for the initial speed is appliedha end of the fifth second.

4.5.1 Different Weights

Two different weight conditions for the rails are used in the simulation: empty freight cars
and loaded freight cars (see Table 4.1). The latime mass is fixedyy = 190,500 kg. The
dynamic braking is fixed at thd%position, and the initial speed is 54 km/hr. Feyd.11 shows
the distance travelled by the train versus time.the case of the loaded freight cars, the train
needs 258 m distance to stop, while in the cagsheoémpty freight cars, the train needs 197 m
distance to stop. The more weight the railcars htheslonger the distance and the time that are
needed by the train to stop. The correspondingdpersus time relationships are shown in
Figure 4.12.
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4.5.2 Different Dynamic Braking Efforts

The three different dynamic braking positi@me used in the simulation for loaded railcars
with an initial speed of 54 km/hr, as per Figur8.4Figure 4.13 shows the distance traveled by
the train using the three dynamic braking positidesned earlier. Notice that the more dynamic
braking is applied, the less distance is travelgdihe train. The dynamic brake plays an
important role in the travelled distance neededaftrain to come to a complete stop. The speeds

for these conditions are shown in Figure 4.14.
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Figure 4.13 Distance traveled by the train for diferent braking forces.
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Figure 4.14 Speeds versus time for the train for ffierent braking forces.

4.5.3 Different Initial Speeds

Changing the initial speed significantly atfethe stopping distance since it depends on the
dynamic braking provided at that speed. In thisutation, loaded railcars are used. Also, the
dynamic braking is fixed at thé®position. Figure 4.15 shows the speed versus pilots for
different initial conditions. In Figure 4.16, wran see that the difference between distances
traveled for the 90 km/hr case and the 72 km/he daslarger than the difference between

distances for 72 km/hr and 54 km/hr cases.
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Figure 4.16 Distance travelled by the train for diferent initial speeds.
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4.5.4 Aerodynamic Drag

The model is exercised with and without agnaginic drag forces to determine the difference
in the distance travelled by a train. The simolatis run for an initial speed of 90 km/hr. The
dyanmic braking is set to thé%position, and loaded railcars are consideredurgig.17 shows
the difference between the distance travelled leytthin with and without aerodynamic drag
forces. The stopping distance for the case tledtides the aerodynamic drag is about 2 meters
shorter than the case with no aerodynamic dragis fteans that aerodynamic drag does not

have a significant effect on freight trains siniceyt do not run at high speeds.
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Figure 4.17 Distance travelled by the train with ad without aerodynamic drag.

4.5.5 Whedl/Rail Condition

The wheel/rail condition is very important to catesi before applying dynamic braking in
order to avoid wheel lockup. Dividing the longiinal creepage force by the wheel load yields

the normalized creepage force, which can easikglaged to the wheel lockup condition as:
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F,
- >1 wheel lockup
uN

F, . .
ﬁ <1 wheel rolling condition

whereN is the normal force angis the static friction coefficient. Let's assumease where the
friction coefficient is fixed at 0.4, the initiapsed is at 54 km/hr, and the railcars are loaded.

is assumed that the dynamic braking position isdiin each simulation. Figure 4.18 represents
the normalized creepage force with time at the fiveeelset.
braking positions can be applied safely underdbdisesion condition. However, if the wheel/rail
adhesion condition is poor (i.e., wet, icy, or ailyl surface), wheel lockup must be considered
when applying dynamic braking, since the coeffitiehfriction is reduced. Let's assume a

second case where the friction coefficient is fis¢@.2 with the same initial speed and weights.

As shown

force that is close to unity. The maximum normedizreepage is about 0.78 when applying the
2" position braking, which means that th& position dynamic braking can minimize the

stopping d
depending

responds quickly in the first few seconds. Thibaesause dynamic braking is gradually applied

in Figure 4.19, the third position of dyne braking results in normalized creepage

istance safely. The amount of dynamakibng force should be chosen carefully
on the wheel/rail adhesion condition. tidéothat the normalized creepage force

to the wheelsets.

1

© o o
N o fe’)

©
[N

Normalized creep force, Fcr/mu*N

We can see that the dynamic
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---3rd position
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Figure 4.18 Normalized creepage force using diffent braking forces for 4=0.4.
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Figure 4.19 Normalized creepage force using diffent braking forces for 4=0.2.

4.5.6 Number of Railcars
The developed model can easily be used féerdnt numbers of railcars. Loaded railcars

are considered in the simulations with initial spe# 54 km/hr. It turns out that adding more
Figure 4.20 shows the

railcars has a significant effect on the stoppimngtathce of a train.
distance travelled for three, five, and eight @i the dynamic braking is fixed at the second

position. The stopping distance is about 258 maftnain consisting of three cars, 378 m if five

cars are considered, and 555 m for a train congisii eight cars.
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Figure 4.20 Distances travelled by a train with thee, five, and eight railcars.
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Chapter 5

MRAC of Dynamic Braking Forces

5.1 Introduction

This study augments the adhesion controlegystthat are used in the railroad industry.
Most of the current adhesion control algorithms wseiations of proportional-integrative-
derivative (PID). The MRAC method suggested is study provides a more advanced method
of allowing the traction motors to deal with thendynic variations that can occur during train
operation. In this control method, the dynamickbrg force is controlled so that the system
output can imitate the reference model. The ref@emodel is designed based on multiple

factors.

In this chapter, the MRAC is applied to the traiadal to control the dynamic braking forces
while preventing wheel lockup and excessively lacgepler forces. First, the train system
model used for control purposes will be describddhen, the MRAC system and the method
developed to apply it to the train system output e presented. All required coefficients,
constants, and assumptions will be stated. BothaB€ AC traction motors will be considered.
Motor torque will be controlled by adjusting ther@nt in DC motors, and electrical excitation
frequency in AC motors. Random adhesion coeffisienill be considered to evaluate the

performance of MRAC.

5.2Train Model

The train model is shown in Figure 5.1, with oneolmotive and three freight cars. The
model is set up such that it can be used to inyagtithe three coupler forces between all units.
The general equations of motion that were developéthapter 3 can be applied to this model.
All required parameters and coefficients neededdéiving the dynamic equations are as shown
earlier in Table 4.1. Propulsion resistance, creepes, and air brake are evaluated in Section
4.2.
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Figure 5.1 Four-railcar train model.

5.3Control Model

In this section, we will describe MRAC moddlirst, the available dynamic braking for both

AC and DC traction motors will be discussed, arghtthe control strategy and MRAC system
will be described.

5.3.1 Dynamic Braking

As mentioned previously, dynamic braking mdyoapplied at the locomotive since it is the
only unit with traction motors. The total dynanbcaking force depends on the number of
traction motors, the amount of electrical currengxcitation in the motors, and train speed. It is
assumed that the locomotive has six traction mdetsaction motor on each wheelset) that can

be controlled independently of each other. The gae for Siemens locomotive, which will be
assumed for both AC and DC motors, is 1:5.19 [28].

5.3.1.1 AC Motors

In AC motors, the applied torque is limiteg the power provided by the motor at high
speeds, and is limited by the motor voltage atdpeeds, as shown previously in Figure 2.13 for
an SD90OMAC locomotive with 4300 hp. Looking at theaking force plot where the force

changes from constant to a curve, we can compatm#ximum power at each axle as

510,000 N x 27000%
3600%
P = = 638 kKW
max 6 axles
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which gives the same maximum power that can beigeovby the motor as in [28]. This means
that for each axle, the maximum continuous brakamgue that can be provided at each axle is
510,000N x 0.5m

Tdb,max = 6 axles = 43 kN.m

where 0.5 m is the wheel radius. To calculatenth&imum braking torque at each axle for high

speeds (greater than 27 km/hr),

T 0y (rad/s) )

Figure 5.2 shows the calculated braking torque daze the available information for an
SD90MAC locomotive with AC traction motors. Noteat if 43000 N.m is divided by the gear

ratio, 5.19, it gives 8258 N.m, the maximum motogtie.

9000
8000 \

7000 \

6000 \

5000 \

4000 \

3000 \\
2000

1000

Braking Torque (N.m)

0 T T T T 1
0 25 50 75 100 125

Train Speed (km/hr)

Figure 5.2 Available torque for each AC motor in Sémens SD90MAC.
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As mentioned previously in Section 2.3.2I% tontinuous braking torque is applied at a
very small slip ratio, where the torque-slip radathip is linear. Using Figure 2.12, we assume a
maximum slippage of 5% to reach the maximum cowtirsubraking torque. Figure 5.3 shows a
linear relationship between the motor torque amgirstios that are less than 5%. The maximum
motor torque is 8258 N.m at a 5% slip ratio. Thgpsge is a function of rotor speed frequency
and the electrical excitation frequency of the motdhe rotor speed frequency can be measured
by a wheelset speed sensor while considering the g#io. In the control model, knowing

dynamic braking allows one to determine the slifpordfrom Figure 5.3) and the electrical

excitation frequency.

9000
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7000 / /
6000 /
5000

E /
S~

=3

84000

g

[

23000

=)

=

2000 /
1000

0 -0.01 -0.02 -0.03 -0.04 -0.05
Slip ratio

Figure 5.3 Linear relationship between motor torqueand very small slip ratios.
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5.3.1.1 DC Motors

The braking torque that is applied by a DQaonds directly proportional to the current that is
provided to the traction motors, as expressed umkogn (2.14) where motor torque constant,
is assumed to be 15 for the simulations. Additiypahe motor current is limited according to
the traction motor design characteristics. In Fegb.4,three regions are shown. The first and
third regions are commonly referred to as “voltéigeted.” The middle region is referred to as
“current limited.” The voltage-limited region inaes low train speeds at which the armature
rotational speed generates currents far below thgimums tolerated by the motor. It also
includes very high train speed in which the cumseate intentionally kept low (inversely
proportional to the train speed) to insure that high armature speed does not cause braking
torques that are too large to be tolerated safglyhb motor's mechanical components. The
current limited region represents moderate spetdghigh the currents are maxed out by the
maximum current that can be passed through thermatbout any detrimental effects on the
traction motor. In Figure 5.4, note that the maximcurrent is 552.3 Amps. If this is multiplied
by the motor torque constant, 15, and the geao,r&til9, the result is 48\N.m, which is the

maximum continuous motor torque assumed.
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Train Speed (km/h)
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= N w
8 8 8
I~

\/\

o

Figure 5.4 Maximum allowable current supplied to the traction motors at different train speeds.

66



5.3.2 Control Strategy

Two measurable values will be used in thetrocbrstrategy: the rotational speed of each
wheelset, and the actual forward speed of the wheelAs mentioned in Section 2.2, these are

important for calculating the longitudinal creepagdich can be expressed as

g, = Yws ™ Rustus (5.2)
Vs

where V,,; is the actual forward speed of the wheelsg}, is the rotational speed of the
wheelset, an®, is the wheel rolling radius. Simulations are fanfixed wheel/rail adhesion
coefficients in order to study the relationshipvizen the creepages, the applied braking torque,
and the normalized creep force. In the simulatitims weight of the locomotive is assumed to
be 190,500 kg, and the dynamic braking torque dieg until slipping occurs. Figure 5.5
shows the applied braking torque versus creepagélifierent values of wheel/rail adhesion
coefficients. Note that the higher the adhesioaffa@ent allows more braking torque to be

applied before the wheel starts to slip.
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Figure 5.5 Dynamic braking torque versus longitudiral creepage for different wheel/rail adhesion
coefficients.
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Figure 5.5 implies that the slope of each gkcreases as the braking torque increases, with

wheel slippage starting at zero slope. The slopaigon can be calculated as

deb
S =
T oag,

whereS; defines the torque/creep ratio. The normalizeggrforce versus torque/creep ratio is

(N.m) (5.3)

then plotted for the three different wheel/rail agion conditions in Figure 5.6. The three plots
give almost identical results, indicating that th@rmalized creep force is independent of the
adhesion coefficients during dynamic braking foatttspecific weight of the locomotive.

However, if different locomotive weights are usétk relationship results in different plots as
shown in Figure 5.7 for three different locomotweights. The plot shows that for heavier

locomotives, a larger normalized creep force cagdyerated at a given torque-creep ratio.

o
oo

o
o

o
~

o
[N)

Normalized Creep Force, Fcr / mu*N

Figure 5.6 Normalized creep force versus torque-cep rate for different wheel/rail adhesion coefficiats.
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Figure 5.7 Normalized creep force versus torque-cep rate for different locomotive weights.

N can be divided by, and a new relationship is established, whéf§; can be defined as
the normal-load-torque-creep ratio. Figure 5.8wshthe normalized creep force versugS,
for the 190,500 kg locomotive under different wiiel adhesion conditions. This is repeated
for the 190,500 kg locomotive to make sure thatplms give identical results ¥/S; is used.
Figure 5.9 shows the normalized creep force velsiss for different locomotive weights. The
results are nearly identical, concluding that treenralized creep forcek,,./uN, and N/S;
relationship can be used in the control model.addition, the established relationship can be
used if there is a change in the wheel/rail norioatl because of weight transfer while braking
or because of fuel weight reduction.
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Figure 5.8 Normalized creep force versud/ /Sy for different wheel/rail adhesion coefficients.
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Figure 5.9 Normalized creep force versudy /Sy for different locomotive weights.
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5.3.3 MRAC System

The system output that must be controllethésnormalized creepage forég,/uN, which
can be obtained from the established relationshipigure 5.9 using the measurable valig,
Sr. The normalized creep force should not exceeor 11Q0%) in order to prevent wheel lock-
up. This is described in Equation (2.12). Thete@mmethod can be applied to both DC and AC
traction motors depending on what type of locon®ts/used in the simulations. The purpose of
this control is to adjust the current providedhie DC traction motors or the voltage excitation
frequency of the AC traction motors such that thaximum allowable dynamic braking is
achieved without locking up the wheels or genegalamge coupler forces that cause damage or
derailment. This results in minimizing the stogputistance of the train within the limits of the

wheel/rail conditions and the available torque fritva traction motors.

Details of how MRAC is applied are describedSection 2.4, and Figure 5.10 shows the
block diagram for MRAC for convenience. The oufpgt, represents the normalized creep
force, ym represents the reference model output, apdrepresents the desired values of the
system output. First, the desired values for g#ference inputs should be determined. Three
factors must be considered to design the behaVigystem output: adhesion coefficient, coupler
forces, and available dynamic braking from thettoecmotors. Wheel/rail adhesion coefficients
decrease at higher speeds, as shown previouslygimes 2.4 and 2.5. Increasing dynamic
braking at high speed can result in high couplecds. Gradually increased dynamic braking
along with the decreasing train speed can prevergssive coupler forces. Additionally, the
amount of available dynamic braking that the t@ctmotors can provide becomes lower at
higher speeds. These factors are all speed-depenBased on these factors, the desired system
output is designed as a function of train speeghasvn in Figure 5.11. To include a small
amount of design factor, the maximum value of themalized creep force is selected to be 0.75

as opposed to 1, which is theoretically achievable.
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Figure 5.10 Block diagram of MRAC applied to a systm [8].
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Figure 5.11 Desired values of the normalized credprce versus train speeds.

Now, the reference model characteristics nhestdetermined. In order to design the

reference model, it is assumed that, = 2{/w, and ay,, = b,, = 1/w?2. Three different
characteristics are considered and simulated teshigate the reference model responsg: (
w, =1and{=0.7, (b) w,=5and{=0.7, and ¢) w, =1 and{ = 0.3. The results are

shown in Figure 5.12 for high speeds, and in Figude for moderate speeds. Note that the
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second model results in the best response witlgkgitde overshoot. The second model allows
the reference model output to have results sinhilahe desired reference input. This is chosen
for all subsequent control model simulations. Aswn in the control diagram, the control

model gains are based on the error between theenefe model output and the system output.
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Figure 5.12 Reference model responses versus speasisg different design characteristics for high speds.

o
(0 0]
©
0
®
(o]
g

o
o)

o
o

...... - —Reference Input

Reference Model of Fc/mu*N

0.4 N e B
; ! ! | A . omega =1, zeta=0.7
| | | | —omega =5, zeta=0.7
0 ZF ,,,,, L Lo Lo L —--—-omega=1,zeta=0.3| |
0 1 1 1 1 1 1 1
50 45 40 30 25 20

35
Speed (km/hr)
Figure 5.13 Reference model responses versus speesisg different design characteristics for moderag

speeds.
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As mentioned earlier in Section 2.4, incregsy results in faster adaptation and
consequently a quicker system response. Decregsimgsults in slower adaptation and
consequently a longer response time. In this obntodel,y is chosen as 500 for an acceptable
system response. Because the system outputyckadlels the reference model output that is
designed for safe braking, safe train braking bélachieved. The coupler forces will be plotted
to make sure that they are within the acceptabfetdi According to coupler design, the
maximum allowable coupler force is set at 1,100(RAL7 kips) which is determined to be below
the limit causing coupler damage or derailment2l, To reduce the computational time, one
controller will be used for the first wheelseet adéntical dynamic braking torque will be

applied to all locomotive wheelsets.

5.4 Simulation and Results

For all simulation runs, the initial speedfiied at 90 km/hr (approximately 60 mph), the
locomotive mass is 190,500 kg (approximately 420,80, and each freight car mass is 130,000
kg (approximately 286,000 Ib). It is assumed #atocomotive wheelsets are motorized with

DC or AC traction motors. Two cases are considered

1) the wheel/rail adhesion coefficients are changeti tume traveled in order to evaluate
the MRAC performance under different wheel/rail ditions, and
2) the wheel/rail adhesion coefficients are changedlomly according to the distance

traveled along the rail.

The simulation results will be presented for eaabecby showing the controlled motor current

for DC motors, and the controlled voltage excitatikequency for AC traction motors.

5.4.1 Case 1: MRAC Performance

Figure 5.14 shows the assumed wheel/rail fiddhecoefficient,., versus time. There are
sudden changes im every seven seconds in order to simulate raitidmcchanges that are
assumed to occur during braking. The results &ohaype of traction motor are discussed in the

following sections.
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Figure 5.14 Adhesion coefficient versus time.

5.4.1.1 DC Motors

Figure 5.15 indicates that MRAC is able tquatithe motor current rapidly to accommodate
the changes occurring at the rail. The dynami&ibgatorque, which is directly related to the
motor current, is shown in Figure 5.16. The measler system outputy /Sy, is plotted versus
time in Figure 5.17. Using the relationship estdidd in Figure 5.9, the normalized creep force
is plotted and it is maintained closely as the giesil reference model output, as shown in Figure
5.18. The coupler forces are shown in Figure Gridicating that the Lcoupler has the highest
force because of the buff loads due to the thridgara behind the locomotive. Th& 8oupler
force is the lowest because it is subjected tabothfé load of only one railcar. This means that
couplers that are closer to the locomotive areesatbgl to higher forces than those farther away
from the locomotive during braking. The highesugler force of 240kN is considerably
smaller than the coupler design limit. Figure 552d Figure 5.21 show the distance travelled by

the train and train speed, respectively, versus.tim
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Figure 5.15 Controlled motor current versus time usig DC motors.

4
4xlO

Y N [ A A I N———_ o
I I [ | I loe)
I I | I I
I I I I I I
I I I I I I I
I I I I I I I
I I I I I I
I I I I I I I
I I I I I I I
Lo =N ) (R o
| | | | | | | N~
I I I I I I
I | I I I I I
I I I I I I I
I I | I I I I
I I I I I I
I I I I I I I
I I I I I I I o
e e B M Vi et e el
I I I ) I I I ©
I I I I I I I
I I I I I I
I I I I | I I
I I I I I I I
I I I I I I I
I I I I I I I
A S VA O A o
| | | | | | | Lo
I I I I I I I
I I I I I I I
I I I I I I I
I I I I I I I
I I I I I I I
I I I I I I I
I I I I I I I o
P —mm———d - - - -t - - - - - A - - ==\ - - - — --=-—
I I I I I I <
I I I I I I I
I I I I I I I
I I I I I I I
I I I I I I I
I I I I I I I
I I I I I I I
I | I I | I I o
I . N ™
I I I I I I |
I I I I I I
I I I I I I |
I I I I I I I
I I I I I I I
I I I I I I I
I I I I I I I o
T T | A
I I I I I I I N
I I I I I I |
I I I I I I |
I I I I I I
I I I I I I
I I I I I I |
I I I I I I |
| I I I I I | o
i i Bt Mt el Bt et Sty —
I I I I I I
I I I I I I 1
I I I I I I I
I I I I I I I
I I I I I I I
I I I I I I I
I I I I I I I
| | | | | | | o
Lo ™ L0 AN L0 i Lo o
™ N — o
a

(wrN) anbio] Bunelg siweuk

Time (sec)

Figure 5.16 Controlled dynamic braking torque versis time using DC motors.
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Figure 5.17N /Sy versus time using DC motors.
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Figure 5.18 Normalized creep force and reference ndel output versus time using DC motors.
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Figure 5.20 Train braking distance versus time usig DC motors.
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Figure 5.21 Train speed versus time using DC motors

5.4.1.2 AC Motors

Figure 5.22 indicates that MRAC is able tguatithe dynamic braking torque rapidly to
accommodate the changes occurring at the rail. mdter excitation frequency, which is based
on the motor slip ratio, is shown in Figure 5.ZBhe excitation frequency is magnified at two
selected times in Figure 5.24 to show the adju$tequency when the motor torque needs
adjustment in the control model. The measurabd¢esy outputN /Sy, is plotted versus time in
Figure 5.25. Using the relationship establishedrigure 5.9, the normalized creep force is
plotted and is maintained close to the designesteate model output, as shown in Figure 5.26.
The coupler forces are shown in Figure 5.27, windicate that the highest coupler force of 250
kN is considerably smaller than the coupler designit.] Figures 5.28 and 5.29 show the train

braking distance and train operating speed, resjedgtversus time.
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Figure 5.22 Controlled dynamic braking torque versis time using AC motors.
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Figure 5.26 Normalized creep force and reference ndel output versus time using AC motors.
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Figure 5.28 Train braking distance versus time usig AC motors.
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Figure 5.29 Train speed versus time using AC motors

The difference in the train braking distarfoe DC and AC traction motors cannot be
compared since the available braking effort at Epeeds for both motor types is different.
Additionally, pneumatic brakes are applied at Igveeds in the simulations when using DC

motors.

5.4.2 Case 2. Wheel/Rail Adhesion Coefficient Change with Distance

Figure 5.30 shows assumed wheel/rail adhesiefficient,u, versus distance on the track.
The adhesion coefficient changes randomly betwégm dnd low values along the track. Next,
the results will be shown for each type of tractiotor.

0.36

0.34F -~ Nt /N

Y e e e A N i e

03/ T

028-------f----"“"“""-~-bmm X e N\

0.26F————f--m e AN NS

Adhesion Coefficient

0.24F——f e

0,22~

0.2

1500

Distance (m)

Figure 5.30 Adhesion coefficient versus distance dhe track.
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5.4.2.1 DC Motors

MRAC is able to keep the normalized creepédorery close to the reference model output as
shown in Figure 5.31. At low speeds, the normdlizeeep force decreases since the available
braking torque decreases. The simulations argstbpt 0.7 km/hr since the computational time
is very long to decrease the train speed to a cete@itop. The measurable system outpit,

Sr, is plotted versus time in Figure 5.32. MRAC igleato adjust the motor current to
accommodate the changes occurring at the rail @srsin Figure 5.33. The dynamic braking
torque, which is directly related to the motor emtr is shown in Figure 5.34. In Figure 5.35,
the coupler forces are plotted versus distancerevtine first coupler has a maximum of 240
force. The distance travelled by the train is agpnately 1371 m (1500 yards) as seen in Figure

5.36. The train speed versus time is also plottédgure 5.36.

0.8 \ \
! ! — System Output
%0'6"""7"7""""7 77777 ---- Reference Model Output | 7 ! N
EQ04r—- Tt [ T VT S T I
oz  — — o T s R
. . ; ; ; ; ; ;
0 200 400 600 800 1000 1200 1400
Distance (m)

0.8 | { [ ‘ [aroos -
=06~ I SR SEEREEE B \
5 l l l ‘ l l l l
E04F-—--- AT ST e T R S it i
LBL02~~~~: 77777 T o — System Output | B

' i | | | - Reference Model Output
| | | | | | | |
%O 80 70 60 50 40 30 20 10 0

Speed (km/hr)

Figure 5.31 Normalized creep force and reference ndel output using DC motors.
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Figure 5.35 Coupler forces versus distance and spkasing DC motors.
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Figure 5.36 Distance travelled by the train and tran speed versus time using DC motors.

5.4.2.2 AC Motors

Figure 5.37 indicates that MRAC is able tefke¢he normalized creep force very close to the
reference model output. The measurable systenuQWpsS;, is plotted in Figure 5.38. MRAC
is able to adjust the dynamic braking torque rgpidlaccommodate the changes occurring at the
rail, as shown in Figure 5.39. The motor excitafiequency, which is based on the motor slip
ratios, is shown in Figure 5.40. The coupler fercghown in Figure 5.41, indicate that the
maximum coupler force of 24kN is much smaller than the coupler design limitaiil braking
distance and train speed versus time are shownigard=5.42. The stopping distance is
approximately 1415 m in this case.

88



I I
z o6--------""""""""""-"--- =+ Reference Model Output [~~~
E 04l ‘— System Output | .~
) 1
I-L0.2"""""""""""7 ******************* Tttt
. iz ; |
0 500 1000 1500
Distance (m)

0.8 | | | | | | 1 L
*20.67———————1 ******* oo P S i e oo
50.4 fffffff 4: fffffff i fffffff M b --== Reference Model Output [-----
L“L’o.z————————} 77777 l""""i 7777777 i 777777 :—Syster:nOutput: S

¥ | | | | | | | |
%O 80 70 60 50 40 30 20 10 0

Speed (km/hr)
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Chapter 6

Robustness of the MRAC system

6.1 Introduction

In this chapter, the MRAC system robustnedls e studied. In order to do this, the
solution to control system problems such as inpat @utput disturbances using MRAC will be
investigated. Train system parameters will be gbkdnrapidly to investigate the MRAC
system’s ability to resist these changes and adaptol parameters without changing the initial
conditions of the train operation. System paramsetfeat will be varied include coupler forces,
primary suspension forces, longitudinal creepagenal load, and braking torque. Only the AC
traction motor will be considered in this chapt&igure 6.1 illustrate the input and output of the
train system. The input starts with the motor etwn frequencyf,, which determines the
braking torque. The output of the train modelNgS;, which is used to determine the
normalized creep forcdy,./uN. In the results, the inputs and outputs of thetesy will be

plotted and discussed.

y

fe Braking Torque Train Model N/Sr

\ 4
A 4

\ 4

Figure 6.1 Block diagram of the train system inputsaand outputs.

6.2Simulations and Results

Random wheel/rail adhesion conditions arelus&dhesion conditions, shown previously in
Figure 5.30, will be considered in the robustneagys The initial speed is 90 km/hr and the
weight of the locomotive is 190,500 kg. In the MRAystem, the same reference model input is

used as previously shown in Figure 5.11.

6.2.1 Coupler Stiffness and Damping

The coupler stiffness and damping are suddenlyaedi and increased by 25%, as illustrated

in Figure 6.2. These changes in the coupler foatesassumed to study the robustness of the
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controller with respect to in-train forces. Fig@@& shows that the motor frequency and braking

torque are not affected by the sudden changesirdhpler stiffness and damping. Figure 6.4

shows that, similarly, the output of the systermdid affected by sudden changes in coupler

stiffness and damping, and normalized creep foigeguN, closely follow the reference model

output response.
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Figure 6.2 Sudden changes in the coupler stiffneasid damping.
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Figure 6.4 Train model outputs.

6.2.2 Primary Suspension Stiffness and Damping

Primary suspension stiffness and dampingredeced and increased by 25% in a square-
wave function, as illustrated in Figure 6.5. Thamges are not meant to suggest that such rapid
changes in suspension stiffness and damping cgrehap practice; they are merely intended to
illustrate the system response robustness in gmepce of-25% error in the suspension model.
Figure 6.6 shows that the motor frequency and hatorque are slightly affected by the sudden
changes in the primary suspension stiffness ancuign The MRAC is able to accommodate
these changes in less than 4 milliseconds, as slwigure 6.7, where the motor frequency
plot is magnified at two time positions when thelden changes occur. The outputs of the
system are slightly affected by the sudden charageshown in Figure 6.8, afig./uN response

closely follows the reference model output response
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Figure 6.5 Sudden changes in the primary suspensiatiffness and damping.
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6.2.3 Creepage

Longitudinal creepage is suddenly reducediaci@ased by 20%, as illustrated in Figure 6.9.
This means that the wheel rotational speed is sugdianged at 15, 30, 45, and 60 seconds
during the simulation. This may also representisacchanges in the actual rolling radius of the
wheel. Figure 6.10 shows that the motor frequaaray braking torque are slightly affected by
the sudden changes in longitudinal creepage. MRA@ble to accommodate these sudden
changes, and the system goes back quickly to ndyetadvior in a few milliseconds as shown in
Figure 6.11, where the motor frequency plot is nifsgghtwice when sudden changes in traction
occur. The outputs of the system are slightlycée by the sudden changes, as shown in Figure

6.12. The normalized creep forcé&s,/uN, closely follow the reference model output.
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6.2.4 Wheel Normal Load

Similar to the earlier robustness evaluatiohe wheel normal load is suddenly reduced and
increased by 20%, as shown in Figure 6.13. Intjw@cthe changes can be caused by track
irregularities and suspension force variationsguf@ 6.14 shows that the motor frequency and
braking torque are slightly affected by the suddeanges in wheel normal load. MRAC is able
to adjust to changes in less than one second,cagnsin Figure 6.15. The motor frequency plot
is magnified at two time positions when the suddeanges occur. The output of the system is
slightly affected by the sudden changes as showhigare 6.16, and the normalized creep

forces,F.,./uN, closely follow the reference model output.
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6.2.5 Braking Torque

The dynamic braking torque is suddenly redumed increased by 20%, as shown in Figure
6.17, representing sudden changes in motor exaitétequency and motor torque. In addition,
changes in track gauge can cause the wheels taloser to the flange (larger wheel rolling
radius), or farther from the flange (smaller whealing radius), resulting in a decrease or
increase in wheel rotational speed, respectivélfis variation in track gauge may affect the
motor braking torque since it depends on the sgépdatio. The sudden changes are reflected
in the rotational speed of the wheel as shown guffé 6.18. MRAC is able to adapt to the
changes in less than one second, and braking toegpuemes normally. Figure 6.19 shows a
magnified motor frequency plot at two time posisowhen the sudden changes occur. The
system output is slightly affected by the changes] the normalized creep forces, /uN,

closely follow the reference model output, as shawfigure 6.20.
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Chapter 7

Final Discussion and Conclusions

7.1Summary

Longitudinal train dynamics were modeled gsia multibody dynamics formulation,
including train braking dynamics. A parametricdstwas performed to better understand how
various elements affect the train braking distantiee application of Model Reference Adaptive
Control (MRAC) for train dynamic braking was inviggtted, which may reduce train braking
distance (and time to stop) by achieving maximulowalble dynamic braking while remaining
within the maximum allowable adhesion and coupbecdés. The MRAC system was developed
to control the amount of current through the t@ttmotors under various wheel/rail adhesion
condition while braking. For DC traction motoreetMRAC system was used to control the
current supplied to the traction motors. This matarrent is directly proportional to the
dynamic braking force. In addition, the MRAC syste/as also used to control the train speed
by controlling the synchronous speed of the ACtioacmotors. The goal of both control
systems of DC and AC traction motors was to maxéngignamic braking while avoiding wheel
lockup and high coupler forces. The results indidathat the MRAC system significantly
improves train braking while maintaining better wheil adhesion and coupler dynamics
during braking. Furthermore, the braking distaoae be estimated when MRAC is used. The
robustness of the MRAC system with respect to dhffe parameters was investigated and the

results showed an acceptable robust response behavi
7.2Final Discussion

In this study, the grade and curving resistarwere not included in the simulations, because
they depend on the track geometry. If the tracknaetry is known, track resistance can easily
be implemented in the model. The developed traodeh can be used for any number of
railcars. Based on the developed dynamic modelirtin braking distance can be estimated if
the weights, initial speed, number of railcars, athail condition, and braking forces are known.

The MRAC enables estimation of the train brakingtatice, thereby using maximum track line
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capacity while avoiding train-to-train accident&ccording to this study, the critical factors that
contributes to increasing train braking distancep@r wheel/rail adhesion. If wheel/rail
adhesion conditions are different on both railsofkn assplit x), then the effective adhesion
coefficient is the average of the two rails. Thepmsed control method can accommodate split
1 conditions since the established parameter, neloaditorque-creep ratio N(/S;), Is

independent of the adhesion conditions.

There are different ways of improving wheasl/radhesion. The most common way to
enhance adhesion is to apply sand at the leadigg eflthe wheel-rail interface in order to
increase the coefficient of friction at the wheeDuring autumn, accumulation of dirt and
pressed leaves on top of the rail can also sigmifly reduce wheel-rail adhesion. High-pressure
water-jet blasting with sand, or high-power laseming is often used to remove any hard layer

buildup on the rail [4].

MRAC can adapt to changes in locomotive dpggaconditions, available dynamic braking
effort, coupler design, and available wheel/ralh@glon conditions in real time to provide better
braking performance than non-adaptive controlletgsh as PID control.  Implementing the
MRAC allows the braking output to closely followetkdesigned reference model. Consequently,
estimating train braking distance can be a pramgbling trains equipped with PTC to be spaced

closer together with more confidence in order tximée track capacity.
7.3Conclusions
The main findings of this study are:

1. Model Reference Adaptive Control (MRAC) can ea&iyimplemented in locomotives
to significantly improve dynamic braking in termstaking advantage of the maximum
available braking from the traction motors withoexceeding wheel-rail adhesion
(locking up the wheels) and allowable coupler fsrce

2. A parametric study of a train shows that MRAC canused to accurately determine, a
priori, train braking distance under different cgtérg conditions, such as weights, initial
speed, and number of railcars, thereby, enabliogecltrain spacing for applications such
as Positive Train Control (PTC).
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3. The established relationship between the normalkizeep force and normal-load-torque-
creep ratio § /Sy) is independent of the wheel-rail adhesion coadijtiwhich is usually
unknown. This indicates that the performance ofAdRs independent of any changes
in wheel load that may be occur because of weigimister during braking or fuel weight
reduction.

4. MRAC is able to perform robustly in cases where tten parameters cannot be
estimated accurately, or are changed during tra@ration by events such as a change in

the wheel-rail traction condition, wheel load, matarque, or wheel diameter.

Future work is suggested to include improvetna# the reference model design depending
on actual field data, as well as to include expernta to verify the proposed control method.
Additionally, it may include comparison with othalaptive control methods.
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Appendices

1. Main Simulink block diagram for the parametric stud
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3. Simulink locomotive block diagram (carbody, frontr&ar bogies, and six wheelsets).
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4. Simulink block diagram of the powered wheelsetatlbcomotive.
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Simulink block diagram of the force evaluationla powered wheelset.
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6. Main Simulink block diagram of the MRAC system wili€ traction motors.
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7. Main Simulink block diagram of the MRAC system wWAIC traction motors.
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