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Abstract

Modern railways systems nowadays has been subjected to extensive research and
development. Researchers’ attention are increasingly paid to various topics ranging
from planning and operation of the whole traction network to more specific aspects of
the train itself such as train trajectory, predictive control, train stop control, braking
strategy, etc. Whether the focus is on a bigger scale of energy management to a local
scale of different algorithms for automatic train operation (ATO), the ultimate goal
is to optimize the aspects of energy efficiency, punctuality and passenger comfort.
The first step to such a big chain of researches is to model the mechanical - kine-
matic behavior of the train as well as to figure out how the train is controlled with
respect to time, speed and distance. This master thesis will firstly cover a review of
train model, afterwards a number of control loops will be implemented and simulated
by Matlab. Different conditions of the railroad and various constraints in train’s
characteristic parameters will be taken into account when simulating the model and
discussed thereafter. Though not necessarily being state of the art of train control,
the simulator is useful for characterizing the mechanical behavior of the train, whose
resulting variables will be integrated into a traction network solver to verify and form
a full train traction system simulation towards the later part of the thesis. Since the
power flow electric solver is very complex, the goal of the thesis is to have a fast and
simple train simulators, rather than very accurate and using complicated algorithms.

Thesis Supervisor: Pablo Arboleya Arboleya
Title: Associate Professor






Acknowledgments

For my master study and this thesis in particular to be completed, I would like to
express special thanks to all the professors who have taught me in all the courses for
their guidance, especially professor Pablo Arboleya Arboleya, who is the supervisor
of this thesis. Besides, I would also like to thank my family and friends for their

support which give me great encouragement during the whole master course.






Contents

1 Introduction to train modeling and control
1.1 Train modeling review . . . . . . . . ... ...
1.1.1 Single mass model . . . . . ... ... ..o
1.1.2 Cascade massmodel . . . . . .. ... ...
1.1.3 Othermodels . . . . . .. .. ... .. .. ... ..
1.2 Control problems . . . . . . . . ...
1.3 Objective of the thesis . . . . . . . .. ... ... ... ... .....

2 Single mass modeling and controlling schemes
21 Themodel . . . . . . . .
2.1.1 Theequation . .. .. .. ... .. ... ... ... ...,
2.1.2  Modeling constraints . . . . . . ... ... ... ...
2.1.3 The complete model . . . . .. ... ... ... ...
2.2 Control schemes and implementation . . . . ... ... ... ... ..
2.2.1 Speed control . . . . ...
2.2.2  Distance/Position control . . . . . ...

2.2.3 Trajectory generating scheme . . . . . . ... ... ... ...

3 Simulation and discussion
3.1 Simulation platform and data . . . . . . .. ... ... ... ... ..
3.2 Simulation result . . . . ...

4 Integration with electric simulator

7

15
16
16
17
18
19
20

23
23
23
25
27
28
28
28
29

31
31
33

49



4.1 Electric simulator overview

4.2  Linking up with train simulator . . . . . . ... ... ... ... ...

5 Conclusion and future development

A Simulation data for electric simulator



List of Figures

1-1

2-1
2-2

2-3

2-5
2-6

3-1
3-2

3-3
3-4

3-5

3-6

3-7

Block diagram of cascade mass model and forces diagram acting on

one mass (only forces in or opposite to traveling direction are shown). 18

Single mass model force diagram . . . . .. .. ..o 24

An example of traction force curve versus speed from ABB motors and

generators. . . . . ... L. 26
Train speed control scheme . . . . . . . . . ... .. ... ... .... 28
Cascade control scheme . . . . . . . . . ... ... 29
Sole distance control scheme . . . . . . ... ... 29
Trajectory generating scheme . . . . . . .. ... ... ... ..... 30
Generated speed, distance curves and power consumed /regenerated . 34

Train acceleration, jerk and traction/braking force using trajectory

generating scheme . . . . . . ... Lo oL 34
Resistance forces during the trip . . . . . .. ... ... ... ... .. 35
Resulting speed, traveled distance and train power using speed control
scheme . . . . ... 36
Resulting acceleration, jerk and traction/braking force using speed con-
trol scheme . . . . . . .. 37
Resulting speed, traveled distance and train power using distance cas-
cade control scheme . . . . . . . . ... L 38
Resulting acceleration, jerk and traction/braking force using distance

cascade control scheme . . . . . . . . ..., 39



3-8 Resulting speed, traveled distance and train power using sole distance
control scheme . . . . . . . ...
3-9 Resulting acceleration, jerk and traction/braking force using sole dis-
tance control scheme . . . . . ... ...
3-10 Resulting speed, traveled distance and train power using speed control
scheme (with 1000-ton train) . . . . . . ... ... ...
3-11 Resulting speed, traveled distance and train power using cascade dis-
tance control scheme (with 1000-ton train) . . . . . . . .. ... ...
3-12 Resulting speed, traveled distance and train power using sole distance
control scheme (with 1000-ton train) . . . . .. ... ... ... ...
3-13 Resulting speed, traveled distance and train power using cascade dis-
tance control scheme with traction machine capacity of 10 times less .
3-14 Resulting speed, traveled distance and train power using cascade dis-

tance control scheme with traction machine capacity of 10 times less .

4-1 General configuration of traction networks in the world [39]. . . . . .
4-2  Topology of the simulated electric traction network [39]. . . . . . ..
4-3 Adjacency matrix of the whole network [39]. . . . . . ... ... ...
4-4  AC subsystem diagram . . . . . ... ... L
4-5 DC subsystem diagram [39] . . . ... ...
4-6 Braking squeeze control diagram . . . . . . . ... ...
4-7 Link node model . . . . . . ...

4-8 Train node result at 500th second instant (distance cascade control

4-9 DC substation node result at 500th second instant (distance cascade
control scheme). . . . . . ... Lo
4-10 Link node result at 500th second instant (distance cascade control
scheme). . . . . ...
4-11 AC substation node result at 500th second instant (distance cascade

control scheme). . . . . . . ... oL

40

41

42

43

44

46

47

50
51
52
95
o6
99
60

61

61

61



4-12 DC line result at 500th second instant (distance cascade control scheme).
4-13 AC line result at 500th second instant (distance cascade control scheme).
4-14 Link line result at 500th second instant (distance cascade control scheme).
4-15 Train node voltage and current (speed control scheme). . . . . . . . .
4-16 Train node voltage and current (distance cascade control scheme). . .
4-17 Train node voltage and current (sole distance control scheme). . . . .
4-18 Train node voltage and current (speed control scheme with 1000-ton
train). . ...
4-19 Train node voltage and current (distance cascade control scheme with
1000-ton train). . . . . . ..
4-20 Train node voltage and current (sole distance control scheme with 1000-
tontrain). . . . ...
4-21 DC line current from node 7 to train. . . . . . . . . ... ...

4-22 Slack bus generation level. . . . . . . .. ... L.

11

62
63
63
64
64
65

65

66



12



List of Tables

3.1

4.1

Al
A2
A3
A4
Ab

Train parameters . . . . . . . . . ... ... 33
Edge enumeration . . . . .. ..o Lo 53
General parameters . . . . . .. ..o 71
AC line parameters . . . . . . . . . ... 73
DC line parameters . . . . . . . . .. ..o 73
Link line parameters . . . . . . . . . .. ... 73
AC node parameters . . . . ... ... 75

13



14



Chapter 1

Introduction to train modeling and

control

Like other sectors, global saving in energy has becoming crucial in transportation
sector for years. Among them, railway is always an essential mean of transportation
which has the advantage of economic cost as well as the unique reliability and punc-
tuality. As the result, massive research and developments have been made on the
railway system, which comprises of various interesting topics in itself. As the electri-
fication of trains has been firmly replacing the diesel locomotive counterpart due to its
environmental friendliness and high energy efficiency, researchers and engineers nowa-
days are trying to optimize the railways traction network through different aspects
such as the power supply network or the train control methodology. Like any other
problem, the first step of all these studies is to model the controlled object, which is
the train in this case. Several existing train models in literature are presented in the
the first section of chapter 1. Afterwards, different train control problems will also
be reviewed in the second sections, among which the basic control scheme will be the
focus point of the thesis.

Details of the chosen train model and the control algorithms including speed
control loop, sole distance control loop and cascade control will be presented in chapter
2. The modeling and control will be implemented based on Matlab environment.

Next, chapter 3 will discuss the train simulation results and comment on important
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aspects regarding the performance of the control schemes.
Finally, chapter 4 will integrate the result obtained from the train simulation
with the electric traction network solver developed in other work to form a complete

railways traction system simulation.

1.1 Train modeling review

1.1.1 Single mass model

The most common and prevalent train model used among researchers is the single
mass model due to its clear physical principle. It is generally based on the second

Newton’s law applied to one object and can be briefly summed up below:

dt (1.1)

where s is the traveled distance or the position of the train, v is the the speed,
F is the controlled traction or braking force, and R represents different kinds of
resistances including rolling resistance between the train and the rail roads, the aero-
dynamic resistance that depends on the train speed and the resistance upon railroad
characteristics such as the gradient and the curvature. To be more general, some
papers also consider the rotating mass to the equation, multiplying a factor of p to
the mass of the train [1]-[3].

There is another variation of these equations where the authors want to relate

directly the position and the speed of the train as following [4]-[5]:

ﬁ 1
ds v

dv  F — R(s,v) (1.2)
m— =

ds )

Either way, the controlled variable F, in most of the cases, is directly derived from

the speed control of the train. This will be the model used in this thesis and the
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details of the equation’s elements will be clearly illustrated in the next chapter.

1.1.2 Cascade mass model

For heavy haul train modeling, a cascade mass model brings a better representation
of the internal dynamic of the train. The interaction forces between adjacent cars
can change the whole picture with the possibility of more energy waste and train
damages. The cascade mass model considers the train as a string of masses, which
normally represents the train’s cars. The general equations for this model can be

expressed as following [6]-[7]:

Ty =0 — Vi, =1,...n—1

(1.3)
mlvz = E + Fini_l - Enz - Rlvz = 17 ey

where m; and v; are the mass and speed of the ith car, respectively. z; is the
relative displacement between the ith and the (i-1)th car. F; is again the controlled
force, either the traction or braking force. R; denotes all the resistances act on the
ith car, including sources of rolling resistance, aerodynamics, gradient and curvature.
F;,, is the in-train forces between the ith and the (i+1)th car, allowing to study the
internal interaction of the train. Fj,, normally is a function of the displacement as

well as the difference in speed of two successive cars, which can be written as:

Fi, = kiTin, + diZip,;, Finy = Fip,, = 0 (1.4)

It can be seen that the optimization problem would face difficulty due to the
non-linearity of equation (1.3) brought by the presence of v? and other terms not
dependent on v. [7] proposes a linearized model by neglecting the damping effect d
in (1.4) and introducing a new controlled variable F} = F; — R! that group all the
elements in the resistance forces that cause non-linearity to the equation into R..
Details of related algorithms, however, will not be further mentioned here to avoid

digression. Applications of the studies based on cascade mass model can be seen in
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mentioned references. Block diagram and forces diagram of the cascade model are

shown in Figure 1-1 (with forces in other direction than the traveling path not shown).

Figure 1-1: Block diagram of cascade mass model and forces diagram acting on one
mass (only forces in or opposite to traveling direction are shown).

1.1.3 Other models

In [8], the train was considered as a black box - an unknown system and character-
ized by interpolation and curve fitting from the acquired data through the on-board
monitoring system, which include the absorption and traction data. Using genetic

algorithm, its objective function can be expressed by:

F(tl,‘..,t'y) :E(tl,...,t7) XT;got (15)

where t1,...t; are the intervals for each traction condition, defined as: Maneuver,
Series, Parallel, Reduced Field 1, Reduced Field 2, Reduced Field 3, and Coasting.
E(ty,...,t7) is the energy consumption obtained from measurement data and T}, is the
total trip time. Genetic algorithm is a method used for optimization of system with
or without constraints, based on the biological natural selection [8]. The optimization
goal, in this case, is to jointly minimize the trip time and the consumption.

In another study, [9] uses a fuzzy model to implement a train control optimizing

the energy conservation, passenger comfort and traveling time. Such a model is based
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on a multiple input - single output scheme: If U; is B;; AND Us is B, AND ... AND
U, is B;, THEN V' is D;, where 1 = 1, ..., m is the number of rules and r is the number
of inputs. B;; and D; are the membership functions of the inputs and outputs. This
type of modeling also uses the data obtained from the train to create a dynamic
model. The use of fuzzy modeling technique are also used in [10]-[11] in development

of automatic train operation control.

1.2 Control problems

Generally in a railway systems, there are two main sub-systems that need to be
managed and controlled: the train itself which normally includes the traction machine,
and the electrical traction network. In literature, these two parts are often decoupled
and studied separately. In this thesis, the subject also center on the train system
only, with the kinematic modeling and simulation of the train. The electric simulator
of the traction network will also be mentioned towards the last chapter, before being
coupled with the train simulator to check the solver operation.

Regarding particularly the train control problems, there are a number of main
research topics. The most popular one is the study of optimal trajectory for trains,
either controlled by the driver or the automatic train operation (ATO). This is nor-
mally modeled as an optimization problem with a range of objectives such as energy
efficiency, punctuality, riding comfort, train stop accuracy. The methods used for
such an optimization problem can be maximum principle based, heuristic, dynamic
programming, or sequential quadratic programming methods. Most of the time the
optimal speed profile is realized in acceleration - constant speed - cruising - deceler-
ation sequence. Examples of these studies can be seen in [2], [3], [16]-[27]. Among
that, the train stop control and the braking strategy with regenerative capability can
also be big problems by themselves. In an ideal and simple train network, the train
operator or the ATO system will follow the calculated speed profiles (usually in a
form of speed curve vs position), which can be along the whole distance between two

stations or on local sections divided based on the track characteristics, and punctual-
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ity is normally achieved. However in a complex systems, conflicts may arise anytime
not only from the train itself but also from other trains in a busy network or from
traction grid disturbances and constraints. That leads to the requirement to have real
time control, somehow updating the control action to compensate for the deviation
or to completely solve a new optimization problem in real time to adjust the speed
profile. This scheduling problem has been solved under methods such as using predic-
tive model predictive control, branch and bound algorithm, tabu search, Lagrangian

heuristic, genetic algorithm, differential evolution, simulation, etc [28]-[37].

1.3 Objective of the thesis

In another work, a railway electric traction network was modeled and simulated to
solve the power flow problem of the system. The trains are considered as moving loads,
with both position and power changing over time. In order to simulate a complete
system, we need a train simulation which gives the train position and power as the
result. This motion cannot be arbitrary or too simple (such as a train running with
constant speed), but has to resemble the motion of real trains as much as possible.
Moreover, a simulation platform has to be implemented such that it has capability to
simulate any custom motion needed (ie., changes in trajectory, track condition, etc).
Therefore, a train control that simulates the behavior of either the driver or the ATO
system is going to be done in this thesis.

Those optimal control schemes mentioned previously, however, is not the focus
of the thesis. In this study, since the goal is only to characterize the motion and
consumption of a train in order to integrate it with the electric traction network, we
will use classic PID control schemes with the speed or the position as the main control
variable having a preset trajectory versus time. The electric simulator is generally
rather complex, therefore we want the train simulator to be fast and simple, instead
of using state of the art algorithm and producing very accurate simulation. Three
control strategies will be proposed and implemented. Results obtained by simulation

will be compared among three strategies. Details of the control schemes will be
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elaborated in a later part.

Eventually, the resulting data from the train simulator will be passed to the electric
simulator to complete the whole railways traction network simulation. Effect of each
control strategies will also be looked at. The purpose of this integration, in the scope
of this thesis, is only to check the basic operation of the electric solver. Therefore, no
further consideration is paid to real time operation affecting aspects such as voltage

constraint or train over current protection.
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Chapter 2

Single mass modeling and

controlling schemes

2.1 The model

2.1.1 The equation

As mentioned in chapter 1, in this thesis we will use the single mass model, whose
diagram is depicted in Figure 2-1. The resistance forces in R from equation 1.1

includes:
- F,: the basic resistance,
- F.: the resistance generated by the railroad curvature,

- F,: the resistance due to the weight of the train in a given gradient (which can

be negative or positive),
- F: the rolling friction between the train and the railways.

The rolling friction is drawn separately only to illustrate the position at which
it is generated. Normally in literature and hereafter, it is grouped into the basic
resistance F}., which also includes the aerodynamic resistance and internal mechanical

resistances.
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mg

Figure 2-1: Single mass model force diagram
The Newton’s second law equation applied to the model can be re-written as:

dv

m—=F—F,—F.—F, 2.1

i (21)
Basic resistance The basic resistance is usually calculated by the ” Davis equation”

[12] which takes the form of:
F, = A+ Bv+Cv® (2.2)

where A, B, C are empirical coefficients. A and B depends hugely on the mass as
well as the vehicle characteristic and represent the rolling friction with the track and
mechanical resistance from internal sources such as shaft rotation, transmission chain,
which dominate when the train is running at low speed. Meanwhile, C is the coefficient
relating to aerodynamic force, which becomes larger and more important when the
speed increases. This equations is used in the condition of open air. While going
in a tunnel, the train is subjected to additional resistance, which can be calculated
by adding a factor k to the air resistance term Cv?. A complete analysis of these

coeflicients can be found in [13]-[14].
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Curvature resistance When traveling along a curvy track, the train experiences
a resistance generated from the curvature nature. This resistance is quite complex to
develop a theoretical calculation method, since it depends on not only the curve, but
also the track characteristic, the train’s mass and speed, the wheel distances, etc. An
empirical way is used commonly to calculate such a resistance, which is expressed as

following [15]:
D

10007

(2.3)

F.=m

where m is the train mass (in kg), r is the radius of the curvature (in m) and D is

the empirical coefficient which usually takes the value of 500 to 1200.

Weight resistance (or gradient resistance) This resistance originates from the
gravity force acting on the train when it travel on a gradient surface. Although it
is called "resistance”, it can have the "traction” effect when the train is going down
the slope. By convention, the weight resistance takes the positive value when going
up the slope as depicted in Figure 2-1, and hence has to be subtracted in the sum of
forces in equation 2.1. Also in Figure 2-1, this resistance, or the component of the

gravity force that is in parallel with the surface, can be easily calculated as:

F,, = mgsinf (2.4)

where g is the gravitational acceleration (9.8m/s?).

2.1.2 Modeling constraints

The operation of the train is subjected to various constraints, both natural and arti-
ficial. Apparently, the power and traction force that can apply to the locomotive is
limited to the electric machine characteristics, and so does the braking force when no
special algorithm regarding regenerative braking is considered, which is the case in
this thesis. Additionally, due to regulation, safety and passenger comfort, the train
also have speed limit depending on the section of the track, as well as the limit in

acceleration and jerk. We are going to look at each of these constraints in this section.
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Traction machine limitation An example of the power and traction/braking

force curves versus speed of a traction machine is shown in Figure 2-2[38]. This is

Effort [kN]
500 _|

450
400
350 _|
300

— Tractive effort

Running resistance
— 22 %o
15 %e

0 ——

T T T 1 S B B R —
i0 20 30 40 50 &0 7FO 80 90 100 110 120 130
Speed [km/h)

Figure 2-2: An example of traction force curve versus speed from ABB motors and
generators.

similar to the power/torque - speed curves, as we can observe that there are two
distinct operating regions: constant force and constant power. Below (normally) the
rated speed, the maximum traction force the machine can generate is limited to a
value. At higher speed, there will be a maximum power that can be extracted, and the
traction force we can get out of the machine will be lower as the speed increases. There
is also adhesive constraints between the train’s wheels and the track that can limit
the maximum possible traction force applied without making it skidding. However in
this simulation, we will just assume the maximum traction force that can be extract
from the electric machine is the higher value and will be used as the corresponding

parameter.

Motion related constraints The three constraints related to train motion are
the speed, acceleration and jerk. Due to safety regulation, every train have some
speed limits that cannot be breached. Depending on different condition of sections of
track, these limits may vary. For instance, speed limit in urban areas is often lower
than that in country sides. Moreover, in order to smoother the train operation and
enhance safety and passenger comfort, the acceleration and jerk (rate of change of

acceleration) are also usually limited.
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2.1.3 The complete model

In order to simulate the train motion on Matlab environment, we will divide a trip
time into a string of small time intervals At = ¢, — t;. All of the variables will
then be an array of discrete values, with the assumption that they remains constant

during each interval. The main equations, therefore, will be expressed as:

may =y, — F,, — F,, — Fy, k=1,2,3,.. (2.5)

From the acceleration, we can compute the corresponding velocity, position (or dis-

tance traveled) and jerk using following kinematic equations:

Vi1 = Vg + (lkAt k= 1, 2, 3, (26)
1 2
dpi1 = dj, + v At + §akAt k=1,2,3,... (27)
. ap — Q-1
= —" k=23,4,.. 2.8
Jk At 5 9y ( )

Finally, the set of constraints that need to be taken into account are as following:

Py < Ppaw  k=1,2,3,... (2.9)
F,<F,..  k=123,.. (2.10)
Ok < Umaa,  k=1,2,3, .. (2.11)
ay < Gmaz, ~ k=1,2,3,... (2.12)
Gk < jmaz, kK =2,3,4,.. (2.13)
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2.2 Control schemes and implementation

2.2.1 Speed control

The most essential of any train control algorithm is the speed control. As mentioned
before, more often than not, the speed profile will be developed beforehand as an
optimization problem with various objectives such as energy saving, punctuality, pas-
senger comfort. Based on the predefined speed, either the driver or the automatic
control in an ATO system will try to follow the commanded speed, although in ATO
equipped trains there is still often an operator on it for unplanned and emergence
situations. Most of the time in literature, the speed profiles is expressed as a curve
versus position. In this thesis, we will control it as a function of time. The closed

loop control scheme can be demonstrated in Figure 2-3.

*-\_ llJI_\_
Piz) “llin ot S
Vi Speed Controller Train model (Ft to v)
1
- |
z

Figure 2-3: Train speed control scheme

2.2.2 Distance/Position control

Normally, the speed profile already implicitly integrates the time factor, ie. if the
train follows exactly the speed command at any given position (in case of speed
profile vs position) or at any given moment (in case of speed profile vs time) then it
will achieve punctuality. Eventually, train speed control is only an intermediate mean
to make sure the train follows the schedule, or in other words, the train complete a
certain distance after a pre-scheduded time interval. Therefore, we can also implement
another rather direct way to control the train motion, which has distance as the main
controlled variable.

There are two possible control schemes based on distance. One is a cascade scheme
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having distance control as the outer loop and speed control as the inner loop. The
other is a sole distance control loop, with the controller output giving directly the
commanded traction force. In both of the cases, the distance controller can be simply
a proportional controller, since internally from speed to traveled distance we already

have an integrator. The two control schemes are shown in Figures 2-4 and Figure 2-5.

G Pifz) Vg Pi(z) Moyl ol Y1 | KTs | den
z-1
dy. Distance Controller Viz Speed Controller  Train model (Ft to v) Discrete-Time
1 Integrator
1 z )

- o

Z

Figure 2-4: Cascade control scheme

Ry di.
Piiz) lln oupl—t

di  Distance Controller  Train model (Ft to d)

Figure 2-5: Sole distance control scheme

2.2.3 Trajectory generating scheme

In order to simulate the above control schemes, a preset trajectory of speed and
distance versus time have to be defined. In order to do so, we will use the scheme
illustrated in Figure 2-6. In this scheme, the speed reference at any instance will
be calculated as the average speed needed to complete the rest of the distance in
the amount of time left in the schedule. Note that the trip here is not necessarily
the whole distance between two stations, hence no special care is paid to train stop
control. This scheme is used solely for generating an example of train trajectory
to apply to the simulation, not for real train control since there is no optimization
implemented. However, all the constraints regarding power, traction force, speed,

acceleration and jerk are still in place in order not to get an unpractical trajectory.
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Figure 2-6: Trajectory generating scheme
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Chapter 3

Simulation and discussion

3.1 Simulation platform and data

To simulate the train and its motion control, we will use Matlab environment. Appar-
ently, all the train equations as well as the controllers are treated in discrete system
manner (in which the PI controllers are expressed via Tustin method). It is important
to note that the order of code blocks regarding the constraints has to be the motion
limits first and the traction force, power limits follow. That way, we ensure the
physical limits of the traction machine have final say in the event of conflicts among
constraints. For example, when the train go up a hill, it will initially decelerate and
the acceleration (possibly the jerk as well) reaches the negative limit. Meanwhile, to
avoid such a quick decrease of speed, we need to apply more traction force, which
can also reach the upper limit of the traction machine. In these cases, obviously the
traction force/power constraints decide the next state of the system.

Another practical additional code block is the dead zone before every controller,
which basically pass the error only when it’s outside a threshold range, otherwise the
error is considered to be negligible and the input to the controller will be set to zero.
This is a mean to make stable the operation of the controllers, avoiding unnecessary
oscillation when the error is near zero. For speed control scheme , this threshold is set
to under 0.1km/h and for distance controls it is under 0.1m. The full Matlab script

is attached along with the delivery of this thesis.
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The parameters used for the train simulator are shown in Table.1. These are
the set of values chosen based on popularity in literature as well as from typical
light rail trains. They are defined at the beginning of the code, before each of the
control schemes can be simulated separately. Among the resistances, the curvature
and weight forces are shared among all control schemes, so they are declared in the
parameter definition section. Meanwhile, due to the dependency on train speed, the
basic resistance will be calculated in each of the control scheme sections and inside
the iteration loop.

Since the simulation does not focus on local optimization of the speed profile, we
will simply use one speed limit for the whole simulated trip. Also for simplicity, we will
assume the train has the same braking capability as the traction capability, and there
is a regenerative mechanism available on the train. Regarding the track conditions,
a set of parameters are chosen randomly to create a few uphill and downhill as well
as several curvy track sections. It is also important to note that the PI controllers’
parameters are tuned manually by trials and based on the particular set of chosen
data of the train system. These PI controller resembles the behavior of the train
driver or the ATO system, which tries to regulate the speed (directly or indirectly)
in order to meet the trajectory profile. Different parameters for the Pls will yield
different motion behavior of the train. In this thesis, it is clear that the train equation
described previously is non linear, hence an optimal tuning is not possible. However,
by trials we will choose the most appropriate set of parameters in order to optimize

the tracking performance of the controllers.
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Table 3.1: Train parameters

Parameters Values
Sampling frequency 10H 2
Train mass 100000kg
Curvature resistance coefficient D 800
Gravitational acceleration 9.8m/s*
Basic resistance coefficient A 3000

Basic resistance coefficient B 80

Basic resistance coefficient C 20
Maximum speed 100km/h
Maximum/minimum acceleration +1m/s
Maximum/minimum jerk +0.5m /s
Maximum traction/braking force +£450000V
Maximum power consumption/regeneration | 45000001/

3.2 Simulation result

The Matlab scripts is designed to be run by sections of codes. After parameter
definitions, the trajectory generating code will be run before each control schemes
can be simulated separately. The control schemes can be run without any particular

order, as long as they have enough data defined from the first two sections of codes.

Firstly and also randomly, the trajectory is generated so that the distance of S5km
is completed in 870 seconds or 14.5 minutes. Again, this is not an optimization
study, so there is no restriction of initial and final speed of the train in the section.
In this case, we will just consider the train starts from zero speed and complete
the section of bkm with whatever speed the scheme generates. The trajectory in
terms of speed and traveled distance curves versus time are shown in Figure 3-1.
Though not so important within the purpose of this trajectory generating simulation,
other related curves including consumed /regenerated power, traction/braking force,
acceleration, jerk and the resistance forces are also shown in Figure 3-1, 3-2, 3-3 for
the completeness of the result. If the control variables in each of the control scheme
manage to track the reference, the other related curves will also follow the general

pattern (although not necessarily the exact curve).
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Figure 3-1: Generated speed, distance curves and power consumed /regenerated
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Figure 3-2: Train acceleration, jerk and traction/braking force using trajectory gen-
erating scheme
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Figure 3-3: Resistance forces during the trip

As we can see, the generating scheme works quite well and the train completes
the scheduled trip on time. The speed profile and the position trajectory will then be
passed to appropriate control schemes as arrays of reference. We will look into the

resulting simulation curves of every control scheme hereafter.

Speed control simulation Firstly, we will have a look at the simulation result
using speed control scheme in Figure 3-4, 3-5. We can see that the actual train speed
follows perfectly the referenced speed profile. As the result, the traveled distance
also follows the scheduled trajectory, even though it is not the variable under direct
control. The power, traction force, acceleration and jerk generally also follow the
pattern as in the generating scheme, however with some oscillation at the beginning
when the change of speed is high. Especially in the jerk curve, it is indicated that
the train jerk continuously oscillates back and forth quite frequently. While it is still
inside the constraint range, the performance in terms of passenger comfort might be
inferior compared to other control scheme.

It has to be noted that this behavior is dependent on the tuning of the controller.

If we choose to design a slower controller, the oscillation in acceleration and jerk can
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Figure 3-4: Resulting speed, traveled distance and train power using speed control

scheme
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Figure 3-5: Resulting acceleration, jerk and traction/braking force using speed control
scheme

be less, but the tracking performance will also be worse. The simulated controller is

chosen to have a proper trade off between these two aspects.

Distance cascade control simulation The simulation results for train control
using distance cascade scheme is shown in Figure 3-6, 3-7. First of all, the traveled
distance also track well the referenced profile. Secondly, even though the speed com-
mand only come from the output of the distance controller, the actual speed is also
following exactly the generated speed profiles. As in the speed control scheme, we
can observe that generally if we are able to control either the train speed or traveled

distance, the other quantity will also follow the preset profile to a certain degree.

Looking in other related curves, we can clearly see that this control scheme pro-
vides a much smoother performance, with very little oscillation compared to the speed
control scheme. The jerk now reaches the limits only a few times during the whole
trip. Not only it is more comfortable for the passengers, but also the smoother power
and traction force curve suggest a rather stable and less prone to problem operation

of the traction motor as well as the traction network.
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Figure 3-6: Resulting speed, traveled distance and train power using distance cascade

control scheme
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Figure 3-7: Resulting acceleration, jerk and traction/braking force using distance
cascade control scheme

Sole distance control simulation The first impression when we see the resulting
graphs for this control scheme (in Figure 3-8, 3-9) is that the tracking performance
is not as good under disturbances. During the period between the 400th and 500th
second, the train is going down a slope, which makes the actual traveled distance
ahead of the reference for a short time before the controller can readjust it. It can
also be seen in the speed graph, where the speed rises dramatically during the period
and need to be decreased afterwards. Besides, the speed curve also shows some
fluctuation at other disturbances presented in the trip such as when the train goes
up a slope or goes round a curvy part. Moreover, it is not a matter of controller
design, since the simulated one is already chosen to be as fast as possible. The
effect is understandable, due to the fact that only traveled distance is controlled.
As a result, the power, traction force, acceleration and jerk also experience some
oscillation, though not as much as the speed control scheme. However, if the track
introduces frequent disturbances, more unwanted fluctuations will appear. With that
being said, the ultimate goal of reference tracking is still achieved and it is still a valid

control despite the drawbacks.
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Figure 3-8: Resulting speed, traveled distance and train power

control scheme
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Figure 3-9: Resulting acceleration, jerk and traction/braking force using sole distance
control scheme

In conclusion, the distance cascade control yielded the best performance, while
the speed control tends to cause fluctuations in jerk and acceleration and the sole
distance control react more slowly to disturbances.

On the other hand, to test the robustness of the controllers, we will try to simulate
the same train system but with a 1000 tons of train mass. The three resulting sets of
graphs are shown in Figure 3-10, 3-11, 3-12. As we can see, heavier train make the all
the control less stable and the tracking performance not as good as before. The sole
distance control scheme exhibits a complete abnormal speed curve and would require
re-tuning of the controller, while the speed control also presents some observable
oscillation. Meanwhile, the cascade distance control still results in an acceptable

performance, which further solidifies its advantages over the other two schemes.
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Figure 3-10: Resulting speed, traveled distance and train power using speed control
scheme (with 1000-ton train)
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Figure 3-11: Resulting speed, traveled distance and train power using cascade distance
control scheme (with 1000-ton train)
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Figure 3-12: Resulting speed, traveled distance and train power using sole distance
control scheme (with 1000-ton train)

44



To observe the effect of power and traction force limitation, we can decrease
their limits by 10 times from the previous simulation data, while using the same
generated trajectory. Figure 3-13 and 3-14 shows the resulting curves using distance
cascade control scheme. From these graphs, we can deduct two observations. First,
as mentioned before, the physical limitation of the traction machine will have final
say once we get conflicts of limitation. As we can see, since the traction force and the
power reach their respected limit, the acceleration goes to more than 2 times the limit,
while the jerk even exceeds its limit more than 40 times. Secondly, the limitation of
traction force and power have a direct impact in the tracking performance of the
control. Since the train lack the power/force to propel it to reference speed and
distance, deviations unavoidably appear. In this case, it is deliberately set by us
to have this effect and usually the trajectory is set up take into account the train’s
traction machine capacity and the track condition. However, in reality this can also

happen with the presence of line saturation or over current protection.
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Figure 3-13: Resulting speed, traveled distance and train power using cascade distance
control scheme with traction machine capacity of 10 times less
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Chapter 4

Integration with electric simulator

As mentioned before, one important goal of simulating the motion of the train is to
integrate it to the electric simulator to have the power flow of the network solved.
The electric modeling and simulator was done in a separate work, only critical notes

about it will be listed out here.

4.1 Electric simulator overview

First of all, it is needed to have a grasp of the railway traction network. In the world,
both DC and AC traction networks are utilized. AC traction networks are the stan-
dard in Germany, Austria, Norway, Sweden, etc. Meanwhile, the DC alternative are
more popular in countries like Spain, Italy, France. Within each countries, there can
also be lines that run on DC system and others that run on AC system. Generally, the
traction network can be represented in Figure 4-1, where we have a normal electricity
generation, transmission and distribution network which feeds to AC substations and
DC substations under management of railway operators and propel the trains.

In this simulation, we will focus on the DC traction network, which is the standard
in Spanish railway system. The main scheme is shown in Figure 4-2, in which we have
the AC system, the AC/DC conversion (Link) system and the DC system which feeds
to the trains.

The train is generally considered a load, but it can also inject power to the grid.
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Figure 4-1: General configuration of traction networks in the world [39].

More importantly, the train changes position as a function of time, which also leads to
a change in system topology. Therefore, stating the new problem after each instant
of time is not possible and we have to find a way to describe the problem more
systematically. In order to do so, we will use graph theory to characterize the problem.
The vertices in the graph are the AC substation and nodes, the link nodes, the DC
substation and birfucation point, and the trains themselves. With some assumptions
that allows the number of nodes and their enumeration is unchanged in all instants,
we can then formulate and solve the power flow problem with non linear modeling
and optimization equations. The node enumeration criteria is in the order of trains -
DC nodes - Link nodes - AC nodes. One important feature of a graph is that it has
matrix representations. For a simple digraph (one whose edges are formed by ordered

pair of nodes and there is no self loop), an adjacency matrix with the dimension (n,n)
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Figure 4-2: Topology of the simulated electric traction network [39].

where n is the number of nodes can be defined as:

1, (3 adjacency between © and j) N (¢ > 1
. ) A (i > i) "

0, other cases

Besides, an incident matrix (k,n) can also be used to represent the graph with n

nodes and k edges:

)
1, the tail of edge i is node j

ij = § —1, the head of edge i is node j (4.2)

0, other cases

\

Applying to this case, we can have the adjacency matrix for the whole network as
shown in Figure 4-3. It comprises of sub-matrices from DC, Link and AC sub-graphs,
where:

n; is the number of train nodes

nEC is the number of DC nodes

nk is the number of link nodes

ngC' is the number of AC nodes

nRC is the number of DC subsystems including train nodes
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niC is the number of AC subsystems including link nodes
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Figure 4-3: Adjacency matrix of the whole network [39].

For the edge enumeration, we also starts from DC subsystems to link subsystems
and AC subsystems. Starting from node 1, we enumerate all out going edges based
on ascending order of the tail node before moving to node 2 and so on. That way,
we can obtain the incident matrix by going through the adjacency matrix, knowing
that each not-null element represent an edge. One important note to overcome the
change in topology of the system is that we always consider all possible connections
between nodes in all instants. That way, we avoid the appearance and disappearance
of some edges as the result of moving loads. As the result of the enumeration criteria,

we have a complete edge list in table 4.1

For the formulation, we use ordinary equations such as Kirchhoff’s laws and link
them up with the incident matrices to form a set of equations needed to solve the
power flow problem. For AC lines model, using dq synchronous reference frame

transformation, we have the following familiar equation:

Vg = Rid — wLiq (4 3)

vy = Rig + wliy
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Table 4.1: Edge enumeration

Subsystem | Terminals | Edge
DC (1,2) 1
DC (1,3) 2
DC (1,4) 3
DC (1,5) 4
DC (1,6) 5
DC (1,7) 6
DC (2,3) 7
DC (2,4) 8
DC (2,5) 9
DC (2,6) 10
DC (2,7) 11
DC (3,4) 12
DC (3,5) 13
DC (3.6) 14
DC (3,7) 15
DC (4,5) 16
DC (5,6) 17
DC (5,7) 18
DC (6,7) 19
Link (4,8) 20
Link (6,9) 21
Link (7,10) 22
AC (8,12) 23
AC (9,13) 24
AC (10,14) 25
AC (11,12) 26
AC (11,14) 27
AC (11,16) 28
AC (12,15) 29
AC (13,14) 30
AC (13,15) 31
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which can be re-written in the form of:

- . (4.4)

where

vg is d axis voltage

14 1s d axis current

v, 1s q axis voltage

iq 18  axis current

R is the line resistance

L is the line inductance

w is the grid frequency

For example, applying Kirchoff’s voltage law (KVL) to edge 23 (between node 8
and node 12) we have:

VUgd — V1i2d Ros  —wlos 123d

- . (4.5)

Vgq — V12q wLos Ro3 i23q

Similarly, we can write KVL euquations in synchronous reference frame for all the

AC edges, which can be generalized in the form:
FAC("Nd) RAC(IEd ) XAC(IEq ) (4.6)

DA (vg)" = X5 (igg)" + R (igy)" (4.7)

where

'€ is the incident matrix of AC subsystem (considering all edges possible)

VA< is the array of d axis node voltages

AC is the array of q axis node voltages

125 is the array of d axis edge current

123 is the array of q axis edge current
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Figure 4-4: AC subsystem diagram

Using Kirchoft’s current laws (KCL) on the nodes, we will form another set of
equations regarding the currents.

For link node 8, we have:

0 —%e20d + 1e23d

= (4.8)
0 —1e20q + 1e23¢
For AC node 12, we have:
ini2d | [ —le23d — Te26d + Le20d (4.9)
ZAnl2q _i623q - Z.626q + 2:EQQq

Similarly with other link nodes and AC nodes, we can generalized these KCL

equations into the form:

(D) (i) = Lligy ing]" (4.10)
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(D) (i )" = Llig, ing]" (4.11)

where

I is the unit (n,n) matrix with n being the number of AC edges
ik, is the array of d axis link edge current

iéq is the array of q axis link edge current

i45 is the array of d axis AC node current

if\‘g is the array of q axis AC node current

others are defined as in KVL euquations.

i
_h"b £16 €18
&

Figure 4-5: DC subsystem diagram [39]

Similarly, we can derive all equations needed to solve the DC subsystems whose
diagram is shown in Figure 4-5. Since it is not the purpose of this thesis to elaborate

the electric solver formulation procedure, we will only list out main equations here.
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(DPO)T (vROYT = REC(120)T (4.12)

where
['P¢ is the incident matrix of DC subsystem (considering all possible edges)

vR¢ is the array of DC subsystem nodes’ voltages

igc is the array of DC subsystem edges’ currents
R!
RDC _ E . t . . s .
5 = ‘ with R}, being the array of train edges’ resistance and
0 RléneDC

R%”ED © being the array of DC line resistance

() ()" = 8.1 iE] (4.13)

where

iP¢ is the array of train’s current

il is the array of edges current connected from DC lines to link nodes.

I 0
S = with s = 1 if the DC node i is connected to AC subsystem through

0 s*
a link node and s% = 0 if the DC node i is not connected to AC subsystem through

a link node.
Others are defined as previously in AC subsystem equations.

For AC buses, slack, PQ, PV buses introduce different set of equations:

-Pz' = Unid-tnid + Uniq-Tniq

For PQ bus : (4.14)

\Qi = Uniq-Tnid — Unid-tniq

p
Pi = Unid-Ynid T+ Uniq-Tniq

For PV bus : (4.15)
\ |Uni| = \/ U?n'd + U?u’q
Vnid = U§pecified
For slack bus : ' (4.16)
Unig = 0
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where

Uniq 18 the d axis node voltage

Uniq 15 the q axis node voltage

Inia 18 the d axis node current

inig 1s the q axis node current

P; is the active power

(Q; is the reactive power

For train nodes, we take into account a squeeze control. When the train brakes,
if the catenary voltage is increased over a given number, the power will be linearly
diminished until the maximum voltage is reached. Above this maximum voltage, the

system will not get any regenerated power.

For traction process : iy; = — (4.17)
UTZZ
.
For braking process : i =  m(vn; — Vinas) if Ve < Uni < Vinas (4.18)
0 ZfUm > Vmaz
\

Iy

with m = T

Vo, Vey Vinaz are the critical points described in figure 4-6.

14 18 the train current

Up; is the train node voltage

For each link nodes, we have three more equations simply based on power conser-
vation and Ohm'’s law as following:

AC L AC L DC :L __

AC <L AC L  __
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Figure 4-6: Braking squeeze control diagram

i = 7 (VR — \/(VAG)? + (ViG)2) if oY < viS

L DC AC
ig, = 01f vyy > vy

(4.21)

where

Vg 1s the d axis AC side node voltage

VN(U is the q axis AC side node voltage

vR¢ is the DC side node voltage

ik is the d axis AC side current

iéqk is the q axis AC side current

it is the DC side current

R, is the equivalent resistance of the rectifier

Above is only a quick glance into the equations derived from the electric model.
Details of graph theory, how to apply it to the railway traction network and the

problem formulation procedure as well as the non linear solver can be seen in [39].
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Figure 4-7: Link node model

4.2 Linking up with train simulator

What we will do in this part is to use the simulation results in previous part, in
particular the train position and the consumed/injected power, as the input to the
electric simulator. These variables, in Matlab platform, will be passed to the electric
solver in the cell array form, each one represent one instant and each instant will be
solved separately. In this simulation, we will suppose the train will go from node 5
to node 7, the distance from these two nodes is set to be 10km. The other two trains
in the existing system will be kept idle in terms of both position and power, assumed
to be fixed loads for simplicity. Note that all the assumptions we have made in this
thesis do not make the simulation lose its generality. One can easily change the data

at will to produce other simulations.

As the result, the electric simulator was able to solve the power flow problem for
each and every instant with the input data from train simulation. In this simulation,
the electric simulator is programmed to solve the power flow at 1Hz, or in other
words we pass the data every 10 samples of the train simulator to the electric solver.
In practice, these frequencies depends on the existing facility and computers of the
system. The code block that is responsible for this coupling function between train

simulator and electric simulator is written in a separate script and can be run after any
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train simulation, whether it is distance cascade control, sole distance control or speed
control. The final results are then stored in a solution.mat file, which includes power
flow results at AC/DC substations, link nodes, train nodes, AC/DC/Link lines. One
example of a complete result solved for the 500th second instant of train simulation
using distance cascade control can be shown as following figures (note that the 3rd

train is the actual simulated train):

‘Mum’ 'P_ref(W)' P_act(W)'  'V_cat(V)' ICA)
1 443000 4.4300e+05 1.4187e+03 3122581
2 380000 3.8000e+05 1.3710e+03  [277.1762

1.3940e+06 [1.3041e+06 1.3526e+03 |1.0307e+03

Figure 4-8: Train node result at 500th second instant (distance cascade control
scheme).

"Num' 'PIWY! "V Sub(V)'  'I{A)

4 -9.2550e+05 |1.5004e+03 -581.9473
5 1.1671e-12  1.3719e+03  8.5073e-16
6 -5.0332e+05 |1.6242e+03  -309.8825
7 1.1417e+06 1.5676e+03  -728.2725

Figure 4-9: DC substation node result at 500th second instant (distance cascade
control scheme).

"Num' ‘PO’ ‘QVar)' Vink(V)' (&)

3 9.2550e+05 -0.0580 1.2298e+03  434.5069
9 5.0332e+05 -0.0389 1.2305e+03 2361634
10 1.1417e+06 -0.0837 1.2260e+03  537.6153

Figure 4-10: Link node result at 500th second instant (distance cascade control
scheme).

We can also compare the resulting voltages and currents of the train node, using
three proposed control schemes. As we can see in Figure 4-15, 4-16, 4-17, there
are significant differences between the behavior of the sole distance control with the
other two control schemes. This behavior was also reflected in the train simulation
result earlier, where speed control and distance cascade control had nearly the same

curves (with just a little oscillation in speed control) while sole distance control gave
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‘Murm' PO "CVar)' W Sub(M) A

N -1.0662e+06 -1.2075e+06 |2.5000e+04 |08.5604

12 1.2672e-11  -8.4700e-11 | 2.435%e+04 | 2.0299e-13
13 8.0753e-12 B0741e-12 2.4283e+04 | 2.7130e-16
14 30216e-11 -5.4782e-11 | 2.4335e+04  1.4843e-13
13 4.0000e+05 |-0.0019 2.4303e+04  9.5024

16 1.0000e+06  2.0000e+05 |2.3561e+04 |31.3809

Figure 4-11: AC substation node result at 500th second instant (distance cascade
control scheme).

‘Mum' framinode)' 'tolnode)’ Iia)

1 1 2 2696572
2 1 3 0.0049

3 1 4 -581.8976
4 1 5 0.0034

5 1 -+ -0.0151

] 1 7 -0.0110

7 2 3 0.0013

g 2 4 -0.0161

) 2 5 -7.4TN
10 2 6 -0.0186
11 2 7 -0.0145
12 3 4 -0.0175
13 3 5 -206.4468
14 3 6 -0.0200
153 3 7 -824.1775
16 4 5 0.0161

17 5 -+ -213.8840
18 5 7 -0.0144
19 ] 7 95,9448

Figure 4-12: DC line result at 500th second instant (distance cascade control scheme).
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‘Num' frominode)' 'to(node)’ &)

23 8 12 22.1055
24 9 13 120143
25 10 14 273512
26 1 12 36.1664
27 1 14 34.8023
28 1 16 31.3809
20 12 15 14.0810
30 13 14 7.4563

£y 13 15 4.5657

Figure 4-13: AC line result at 500th second instant (distance cascade control scheme).

‘Mum’ ‘from(node)’ 'to(node)’ |I_AC)CAY 1_DCLAY

20 4 a 434.5089 -581.9473
21 ! 9 236.1634 -309.8325
22 7 10 5376153 -728.2725

Figure 4-14: Link line result at 500th second instant (distance cascade control
scheme).

more abnormal results. Especially when we look at the train current, while the speed
control and distance cascade control yield similar and stable curves between 500A
and -500A, the train in sole distance control requires a current peak around 1000A in
several occasions. In practice, when over current protection is implemented, this can
trigger the protection and subsequently lead to deviation in the train power. As the
result, deviation in train traveled distance appears and eventually make the control
oscillate even more and/or the goal of schedule control will not be achieved. That
couples with the abrupt changes in both voltage and current curves make the sole
distance control strategy less favorable, and even more so if the track presents more

disturbances.

Again, we will try a simulation in which the train now having 1000 tons of mass.
The train node voltage and current curves in each control scheme are shown in Figure
4-18, 4-19, 4-20. Although appeared to be smoother (due to the its slow reaction
nature), the sole distance control still present a significantly higher current peak

(around 1800A) compared to the other two schemes.
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Figure 4-15: Train node voltage and current (speed control scheme).
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Figure 4-16: Train node voltage and current (distance cascade control scheme).
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Figure 4-19: Train node voltage and current (distance cascade control scheme with
1000-ton train).
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Figure 4-20: Train node voltage and current (sole distance control scheme with 1000-
ton train).
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We can have a further look into the network, with DC line connecting from DC
node 7 to the train in Figure 4-21. The same can be observed here that the sole
distance control yields a substantially higher current peak on the line. The generated
power from the slack bus is shown in Figure 4-22. Even though it’s a relatively far
node from the train, its excessive IMW peak that had to be generated more in the
sole control scheme suggests that the control strategy of a train can have a great effect
to the whole system network. That solidifies even more the need of coupling train
simulator and electric simulator to present a complete problem and have the base
for further optimization implemented on either train control algorithm or traction

network configuration.

DC line current from DC node 7 to train

2DD T T T T
Speed control
Distance cascade control
ol N Sole distance control
-200 1 B
£
T 400t .
=
3 -
-600 B
-800 B
-1000

1 1 1 1 1 1 1 1
0 100 200 300 400 500 600 700 800 900
Tirme ()

Figure 4-21: DC line current from node 7 to train.
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Figure 4-22: Slack bus generation level.
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Chapter 5

Conclusion and future development

The thesis focuses on the characterization of train motion by using a point mass
model and several control schemes including speed control, distance cascade and sole
loop controls. One random and simple speed and position profile is generated and
used as the reference for the three control schemes, whose controllers are based on
Proportional - Integral form. The system is then simulated on Matlab script platform
with typical train data. All three control schemes are proved to work well in terms of
reference tracking and eventually the goal of matching the trip’s schedule. However,
in terms of stable performance taking into account other factors such as acceleration,
jerk, power and traction/braking force, the distance cascade control prevails over
the other two. Though not necessarily using state of the art schedule control and
speed profile optimization technique in literature, the control schemes are sufficient
to simulate the kinematic of the train under the action of either the train operator or
the ATO system. The resulting variables, position and power in particular, is then
used to link up with the electric simulator, which solve the power flow of the traction
network. The process works properly and the electric simulator is able to solve the
network under changes in the moving load (which is the train) through out the whole
train journey.

For future development, the topic of train control can be further enhanced by
applying the optimization approach when creating the trajectory as well as using a

more advanced schedule control technique. Possible ways existing in literature were
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mentioned in the introduction part. Regarding the integration of train simulator
and electric simulator, we can further eliminate the decoupling nature between these
two systems by simulating their real time interaction. For example, when additional
components of the train system such as over current protection or catenary voltage
constraint is implemented, the real power consumed or injected might be different
than the one calculated by train simulator. In such situation, the train control system
have to adapt to real time deviations of controlled and influencing variables to keep a
proper reference tracking performance. Besides, a number of trains can also be added
in the system, giving additional constraints regarding the power flow solution as well
as the time table among trains. By adding and perfecting these aspects, the whole
railways traction networks can be simulated and be the base for further improvement

ideas.
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Appendix A

Simulation data for electric

simulator

In this appendix, the data used for simulation of the electric traction network. As
described in chapter 4, the topology under consideration has 3 train nodes, 4 DC
substations and bifurcation point, 3 link nodes, 6 AC substations and AC bus. The
full data for the nodes and the lines are elaborated here in the following tables:

Table A.1: General parameters

Parameter Value
Base power S, 2MW
Base voltage primary side Vi, 24kV
Base voltage secondary side V5, 1221V
Base voltage DC side Vi, 1648.93V
Short circuit power in substation S.. | 500MW
Rated frequency f;, 50Hz

where

Sy is base power

V1p is base voltage primary side
Vo is base voltage secondary side
Vi is base voltage DC side

S is short circuit power in substation
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fp is rated frequency

Other base parameters can be calculated as following:

Base current in AC subsystem:

Iy = —2
" V3V,
Base current in link subsystem:
Sh
=
2 V3V
Base current in DC subsystem:
Sh
Idb = V_
db
Base impedance in AC subsystem:
VQ
Zy = S—lb
b
Base impedance in link subsystem:
VQ
Ly = S—Qb
b
Base impedance in AC subsystem:
VQ
b

where

R is the line resistance

X is the line reactance

where

S, is rated power of power transformer

V] is rated voltage of power transformer primary side
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Table A.2: AC line parameters

Number | From | To | R (Ohm/m) | X (Ohm/m)
1 1 2 7.21249 37.24256
2 1 4 7.69066 39.71168
3 1 6 6.47530 33.43600
4 2 5 1.99240 10.28800
5 3 4 4.00472 20.67888
6 3 5 1.89278 9.77360
Table A.3: DC line parameters
Number | From | To | R (Ohm/m)
1 1 2 0.59
2 2 3 1.18
3 2 4 0.354
4 3 4 0.59
Table A.4: Link line parameters
No. | DC node | AC node Sn Vi V2 | Pcu | Vcc | Rdiode_on
(from) (To) VA) | (V) [ (V)| (W) | (%) | (Ohm)
1 1 2 1315e3 | 24000 | 1221 | 13300 | 5.5 le-3
2 3 3 1315e3 | 24000 | 1221 | 13300 | 5.5 le-3
3 4 4 1315e3 | 24000 | 1221 | 13300 | 5.5 le-3
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V5 is rated voltage of power transformer secondary side
P., is copper losses

Riiode on 18 the commutation resistance of the rectifier
Other related parameters can be calculated as following:

Rated current primary side:

S
I = 2= A7
N7 (A7)
Rated current secondary side:
Sn
I, = AR
Transformer short circuit impedance:
V2V,
Loy = ——2C A9
+ 71008, (8.9)
Transformer short circuit resistance:
P
Ry = — A.10
_t 3]—12 ( )
Transformer short circuit resistance:
ch,t = ZCQC,t - Rgc,t <A11>
Grid impedance:
‘/'22
Leqg = 5. (A.12)
Commutation impedance:
Zeq,total = Zeq + ch + Rdiode,on <A13>
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Table A.5: AC node parameters

No. | Type | Vd (V) | Vq (V) | P (W) | Q (VAr)
1 Slack | 25000 0 0 0
2 | PQ 0 0 0 0
3 | PQ 0 0 0 0
i | PQ 0 0 0 0
5 PQ 0 0 400000 0
6 PQ 0 0 1000000 | 800000

where

Vy is d axis voltage
Vy 1s q axis voltage
P is active power

@ is reactive power

1)
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