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Abstract
The aim of the project is to suggest an investment planning program where
the welfare of the society is to be maximized. In order to be able to decide
on a wise investment plan, one needs to know the consequences of different
choices of power system configurations. Therefore the impacts of different
future traffic demands are of interest for a railway power system owner.
Since investments are supposed to last a long time, their future usage
has to be considered. Moreover, the lead times of investments can be of
considerable duration lengths. Because of the uncertainty of the future,
deterministic case studies might not be suitable and then a large number of
outcomes are to be studied, probable outcomes as well as outcomes with a
high level of impact.
In order to be able to make a valid long-term investment analysis of the
railway power supply system, one needs to use proper railway power supply
models and methods. The aim of this thesis is to present a stable modeling
and methodological basis for the coming investment planning phase of this
PhD research project. The focus is set on studying the consequences of a
railway power supply system which is too weak.
The thesis contains an overview of models of some electrical and mechanical relations important for electric traction systems. Some of these
models are further developed, and some are modified for improved computational properties. A flexible electric traction system simulator based on
the above mentioned models has been developed and the applied methods
and resulting abilities are presented.
The main scientific contribution of this thesis is that a fast and approximative neural network model, which calculates some important aggregated
results of the interaction between the railway power system and the train
traffic, has been developed. This approximative model was developed in
order to reduce computation times. Reduction of computation times is very
iii
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important when a huge number of outcomes are studied. A complete simulation of a train power system in operation takes a long time, often not
less than about a tenth of the simulated traffic time. The neural network
is trained with some selected aggregated results extracted from a wide set
of railway operation simulation cases. The choices of network inputs and
outputs are motivated in the thesis. The performance of the simulator as
well as the approximator are visualized in case studies.

Sammanfattning
Syftet med projektet är att föreslå ett investeringsplaneringsprogram där
något slags välfärdsmått skall maximeras. För att kunna besluta sig för en
bra investeringsplan måste man känna till konsekvenserna av olika val av
strömförsörjningstekniker. Därför är inverkan av olika framtida trafikbehov
av intresse för en ägare till ett järnvägselsystem.
Eftersom investeringar antas bestå en längre tid, måste hänsyn tas till
deras framtida användning. Vidare kan investeringarnas ledtider vara långa.
På grund av den osäkra framtiden, kan det hända att deterministiska fallstudier inte är lämpliga. Ett sätt att hantera osäkerheterna är att studera
en stor mängd utfall, troliga utfall såväl som utfall med stor inverkan på
resultaten.
För att kunna göra en giltig långtidsinvesteringsanalys av järnvägens
strömförsörjningssystem måste man använda korrekta modeller och metoder
för järnvägselsystemet. Syftet med avhandlingen är att presentera en stabil
modellerings- och metodikgrund att stå på i den kommande investeringsplaneringsfasen i detta doktorandprojekt. Fokus är inställt på att studera
konsekvenserna av ett elsystem som är för svagt för att försörja järnvägen
med tillräckliga mängder ström.
Avhandlingen innehåller en översikt av modeller av några elektriska och
mekaniska samband som är viktiga för eldriven spårtrafik. Några av dessa
modeller är också vidareutvecklade, och några är modifierade för att förbättra deras beräkningsmässiga egenskaper. En flexibel simulator för eldriven
spårtrafik som bygger på ovan nämnda modeller har utvecklats och de använda metoderna samt simulatorns prestanda presenteras i avhandlingen.
Det huvudsakliga vetenskapliga bidraget i avhandlingen är att en snabb
och approximativ neural nätverksmodell som beräknar vissa viktiga aggregerade resultat från interaktionen mellan järnvägselsystemet och tågtrafiken har utvecklats. Denna approximativa modell utvecklades för att
v
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kunna reducera beräkningstiderna. Reduktion av beräkningstider är mycket viktigt när en mycket stor mängd utfall skall studeras. En fullständig
simulering av ett järnvägselsytem i drift tar lång tid, oftast inte mindre än
ungefär en tiondel av den simulerade trafiktiden. Parametrar för det neurala
nätverket har erhållits genom att träna det med några utvalda aggregerade
resultat uttagna från en stor mängd av simulerade järnvägsdriftsfall. Valen
av nätverksinputs och -outputs motiveras i avhandlingen. Såväl simulatorns
som approximatorns prestationsförmågor visualiseras med hjälp av fallstudier.
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Chapter 1

Introduction
1.1

Background

For more than a decade, the railway has in many countries experienced a
renaissance after several decades of decay. The main reasons for the renewed
interest in the railway are environmental, economical, and safety related.
This has quite naturally, in turn, increased the interest in railway associated
research.
Both personal and goods transports on railway are increasing. This is
not an increase only in the number of departures, but also heavier trains
for goods, and faster trains for personal transports. In order to cope with
this increase, large railway infrastructure investments are expected. An
important part of this infrastructure is the railway power supply system –
without it, only the weaker and less energy efficient [100] steam and diesel
locomotives could be used.
When making a decision about the future railway power supply system, the costs for possible under-investments or over-investments need to
be estimated in an appropriate manner. The costs of over-investments are
the difference between the investment cost of the "too strong" and the cost
for a "sufficiently strong" power system configurations. Costs that are related to under-dimensioning are similarly the investment cost of a power
system which is too weak, plus the additional operation costs related to
its weakness, minus the investment cost of the "sufficiently strong" power
system. Since some of the operation costs are hard to value monetarily, an
exact definition of "sufficiently strong" does not really exist. Some impor1
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tant under-dimensioning costs are described and compared to the case of a
public electric power system in the following paragraph:
An under-dimensioned power system, i.e. an electric power system which
is too weak, is in general characterized by substantial voltage drops when
stressed. Whereas a voltage drop in the ordinary public power system would
cause occasional disconnections of customers, it would only cause the trains
to run slower in the power supply system of the railway. This can be explained by the fact that the power customers of the railway are less fastidious
than those of the public power grid. Moreover, short-time interruptions or
outages can be costly in the public power system whereas in the railway
power supply system they are in theory nearly not noticed, thanks to the
great momentum of a train set at high speed. In reality however, due to
safety reasons, trains slow down at outages.
In order to be able to monetarily value every combination of power system configuration and traffic demands, one has to assume that most indirect
results of decisions taken that affect the state of the power system, including
e.g.
• Scheduled train running time lengths
• Train delays, i.e. when the actual running times exceed the scheduled
running times
• Environmental impacts depending on peoples choices of means of
transportation
• Socioeconomic gains for widened labor market regions,
can be modeled as monetary gains or costs. If the low capacity of a
power supply system is already accounted for during the construction of
the timetable, the costs relate only to the reduced competitiveness on the
transportation market. If, on the other hand, the delay time is underestimated or not even accounted for by the designer of the timetable, the costs
will also include disturbed, or even modified, timetables. In worse cases, the
latter may lead to possibly canceled trains, and if it happens often, in bad
will for the entire railway sector.
With the trend of increasing energy prices and the environmental impact of wasting energy in mind, power consumption, including losses, is also
an important parameter to study, when planning the future power supply
system. The studies of power consumption will also be helpful when placing
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the converter stations and distributing the converters between the converter
stations. The determination of converter station capacities is important, because it is desirable to transport power over as short distances as possible on
the overhead contact wire, called the catenary. The possible choice between
power transmission in 50 Hz high voltage lines, through transformers and
converters, or in 16.7 Hz high voltage lines, through transformers, depends
much on the local prerequisites.
A slightly under-dimensioned power supply system might lead to higher
energy consumption because of increased losses, whereas a severely underdimensioned system would hardly allow the trains to consume any power at
all.

1.2

Aim, Main Assumptions and Limitations.

The aim of the entire PhD project is to suggest an investment planning
program where the welfare of the society is to be maximized, or equivalently,
some socioeconomic cost is minimized. The program will take into account
the fact that the investment decisions for the power supply system of the
railway are being made by a national administrator.
The aim of this thesis is to set up a stable modeling and methodological ground to stand on in the coming investment planning phase of this
PhD research project. The focus is set on studying the consequences of a
railway power supply system which is too weak. This is done in order to
make it possible to formulate a socioeconomic investment planning problem,
maximizing the welfare of the society. It is nontrivial to know exactly how
much, when and where the traffic will increase. This leads to investment
planning for an uncertain future. When studying an uncertain future with
many different decisions to be made at several possible moments in time,
it is suitable to study many cases. A proper railway power system simulation consumes a lot of time. In order to keep the computation-times of
the planning-program manageable, some simplifications have to be made,
with the most interesting relations preserved. This altogether motivates the
suggested neural network approximator.
Today in Sweden, traffic forecasts are first determined by the market/society division of the railway administrator. These forecasts are then
used for timetable construction with the maximization of some socioeconomic utility as objective. The timetables constructed are later used when

4
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simulating future railway traffic for determining exactly which investments
should be made in the power system [30, 81, 114]. In the planning process,
the infrastructure, including rail, power supply, or other things, is normally
treated on a higher level of abstraction [39]. This research project aims to
include some more details about the power supply system investment planning into the entire planning process. Such details include, e.g. the choice of
catenary type, the possible usage of high voltage lines, the capacity of each
converter station, and the inter-converter-station distances.
The Train Power System Simulator (TPSS) presented in this thesis is
a computer program that simulates train movements and their interaction
with the electric power supply system of the railway over time. TPSS considers the electric power consumption characteristics of the locomotives; the
impedances of catenary lines, High Voltage (HV) lines, and transformers; the
nonlinear relations of voltages and power flows that describes the long-term,
i.e. the steady state, behavior of the frequency converters of the railway; the
track topographies, i.e. a forward-pushing force when going downhill, and
conversely, a counter-force when going uphill; the resistive forces of moving
trains excluding gravitation; speed limitations; and times needed for braking. The models used in TPSS treats the connections to the 50 Hz power
system as infinite buses supplying the frequency converters with power. Inputs to TPSS is the desired train traffic timetable including train types, the
power system configuration, the desired time step length of the simulator,
the track topography, and speed limits. The TPSS outputs are the state of
the power system, i.e. the voltage levels and angles in all nodes; the amount
of generated active and reactive power on the 16.7 Hz side of the converters;
and the consumed active and reactive power of the locomotives; and the
positions, velocities, and accelerations of every train; for every time step
simulated.
Moreover, in order to avoid time demanding simulations in the phase of
expansion planning, a simplified model denoted TPSA (Train Power System
Approximator) has been developed. TPSA is given a compact description
of a certain section of an electric feeding system, a certain level of train
traffic there, and gives out the performance of this certain combination. In
other words, the inputs and outputs are of the same kinds as for TPSS,
but in an aggregated form. TPSA is developed as a neural network. The
inputs and outputs of TPSA are of the kind that are judged to be important
for railway power supply system expansion. In stochastic optimization, a
tremendous number of situations have to be considered. That fact motivates
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the desire to study each situation in a relatively fast way. TPSA should be
trained with a sufficient number of simulation results, or rather, if available, measurement data, to give realistic output results for un-simulated, or
unmeasured, situations that are likely to occur. It should be pointed out,
that the approximator also should give reasonable output results for traffic
situations that only seldom can occur in the reality.
Limitations in the in this thesis presented simulator models are
• No attention has been paid to protection systems and electrical breakers this far.
• The train driver behavior is simplified.
• Auxiliary power needs are neglected, only tractive power is studied in
detail.
• Power losses in locomotives and power converters are not considered.
• Overheating of equipment is not considered.
• The signaling system has this far been disregarded in the study.
• Harmonics are not considered in this thesis, but models can be found
in [97].
• Purely static power system models are used, i.e. all controls are assumed to be infinitely fast.

1.3

Main Contribution

The main contributions presented in this thesis are:
• An overview and a further development of electrical and mechanical
models of electric traction systems. The models are listed and explained in Chapter 2. Such an easily-comprehended but still detailed
compilation of electric traction system models has not been found presented before.
• The development of a flexible Train Power System Simulator, TPSS,
which is described in detail in Chapter 3. Simulators that are commercial do not reveal all their used models but in this thesis a complete

6
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model for railway electric power system operation simulations is presented.
• In order to avoid time demanding simulation in the phase of expansion planning, a simplified model denoted TPSA (Train Power System
Approximator) has been developed. TPSA gives for a compact description of a certain electric feeding system and a certain level of
train traffic, the performance of this certain combination as output.
TPSA is developed as a neural network. In stochastic optimization,
a large number of situations has to be considered. That fact motivates the desire to study each situation in a relatively fast way. The
modeling of TPSA is described in Chapter 4.
• Applications of all developed models and methods in case studies.

1.4

Outline

• Chapter 1 is the introduction.
• Chapter 2 presents electrical and mechanical models of an electric
power system essential for performing train traffic simulations. By
making simulations, one can obtain results, that in turn can be used
for power system investment studies. Also, the chapter gives a crash
course in how a one-phase low frequency AC electric power system is
constituted, and references for finding more detailed information and
other railway research. This will be enough background for making it
possible to comprehend the remainder of the thesis.
• Chapter 3 describes the main working methods of the Train Power System Simulator (TPSS). The method is based on the models presented
in Chapter 2. Chapter 3 also includes case studies.
• Chapter 4 motivates the need for, and the configuration of, the Train
Power System Approximator (TPSA). TPSA is based on neural networks, trained with aggregated results taken from a suitable simulator,
e.g. TPSS, or measurements if available. The chapter is concluded with
case studies.
• Chapter 5 presents conclusions drawn and suggested future work.
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parts of what was presented in the papers [16, 17], and a subset of
what is to be found presented in Chapter 4.

Chapter 2

Power Supply of Railways
and its Models
This chapter primarily presents electrical and mechanical models of the railway, an introduction to the subject of electric power supply for railway usage,
and discusses previous research related to this thesis.
Static electrical models are used all over in order to evaluate the voltage
levels, voltage angles, and power flows in each discretized segment of time
in the TPSS (Train Power System Simulator) simulator of Chapter 3. In
reality, of course the electric system is subject to dynamics, where its prior
states might influence the subsequent ones, and where not all controls are
infinitely fast. The focus of the research project, within which this thesis is
produced, is on railway power system expansion planning. Therefore, the
short time phenomena, that can be studied by the use of dynamic models
are supposed to be of minor importance. These can have time constants of
up to a few seconds [95]. In addition to that, they will probably be leveled
out in the long perspective.
The TPSS of this thesis uses static models only, and the influence of
prior time steps is limited to the train velocities and train positions from
the immediate prior time step only, that indirectly influences the tractive
power of the locomotives and thereby the entire power supply system.
9
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2.1
2.1.1

Background material
In General

There are many sources describing parts of specific types of electric traction
system. More general ones are however rare. One of the more thorough
descriptions for those who want a complete review of all important electrical
engineering issues regarding the railway can be found in the series [63–69].
In [63], issues like running resistance of trains, the modeling of traction loads,
and descriptions of traction drives using DC machines can be found. The
next paper [64] is devoted to traction drives with inverter-fed three-phase
induction motors, i.e. the kind of locomotives that mainly is produced today.
The third in the series, [65], treats the aspects of DC and single-phase AC
traction power transmission systems, including the main differences between
AT and BT catenary systems. Papers [66, 67] treat the aspects of signaling,
communications, and railway control systems. In the two last papers in the
series, [68, 69], issues like electromagnetic compatibility and interference are
treated. Electromagnetic compatibility issues are, however, less interesting
for capacity analysis purposes, which is the main focus of this thesis.
Detailed literature describing the Swedish railway system briefly are not
that common, but in [25] a thorough description of the Swedish railway
power supply system can be found.

2.1.2

Expansion planning of the railway power supply
system

Not so much research has previously been done considering the future needs
for railway power system investments. Literature considering railway power
supply system investment planning when the future is uncertain is even
rarer, though some work has been done [36, 52]. The normal procedure [30]
is to first forecast the future traffic, and thereafter make sure that the power
system is strong enough for that particular traffic. However, forecasts are
not certain, and even if they were, it might sometimes be wiser to build the
power supply to be stronger for the long term. At other occasions it might
be wiser to limit the future levels of traffic due to power supply components
which are too costly. The term "strong enough" can be defined either as
the ability of keeping the forecasted timetables, or of keeping the minimum
or average voltage levels above some threshold [19, 47, 81, 88]. One would
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expect the great railway nation of Germany to have produced much work in
the field, but unfortunately not much of such work seems to be published for
the public. In some investigations, a constant catenary voltage, representing
some kind of average value, is assumed [47].

2.1.3

Operation costs of the railway power supply system

Electrical power consumption
In the Master’s thesis [122], the issue of how to divide up the power loss
costs between different train operators is treated.
In [122] it is assumed that the active power consumption is evenly spread
in time and space. In cases when the trains drive below maximal velocity,
the power consumption curve is a square wave with maximal usage as the
top value and zero as the bottom value. The model in the Master’s thesis
takes into account that the losses are greater when the train is further away
from the converter stations than when it is close to them. It studies interconverter station distances from 20 km up to 160 km. Overall, the models
are relatively simple, and therefore also quite fast when implemented in
computer software.
The method is based on the idea that the consumed electric energy and
the square of the effective current are measured locally on the trains. The
traffic operator can then be charged for the consumed active power, determined from the measured energy, and the additional losses in the system
caused by the train, calculated from the square of the effective current. The
effective current regards both reactive power consumption and harmonics.
The total losses of the entire system are determined by subtracting the consumed energy of all trains in operation from the injected energy through the
frequency converters.
The main contribution of licentiate thesis [97] is modeling of converters,
converter stations, and Rc locomotives for steady state power flow calculations for both fundamental frequency, i.e. 16.7 Hz, and for harmonics. Harmonics can be created by either the thyristor bridges of the Rc locomotives
or by static frequency converters. The 16.7 Hz models of [97] are used in this
thesis with a few exceptions. Some minor details of the locomotive modeling are both improved and simplified in the TPSS models in this thesis.
In [97], most results are presented as snapshots in time, but the developed
program called LITS can simulate moving trains. In this thesis, however, no
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attention is paid to the tractive force of locomotives and the limitations in
tractive force for low catenary voltages. LITS has to be given the consumed
electric power and the train velocity at each moment in time. Such figures
can be either assumed by the aid of existing timetables and train and rail
topographic data, or given by field measurements. The simulation results of
LITS agreed with field measurements.
The main focus in the PhD thesis [98] is on how to control frequency
converters optimally, especially when the high voltage transmission lines are
connected. The voltage levels can be controlled in both types of converters
and active power can be controlled in the static ones. The embryo of this
work can also be found in the licentiate thesis [97].

Mechanical power consumption
At the department of vehicle engineering at KTH a substantial amount of
railway research takes place. In particular the SimERT project has some
interfaces to this licentiate thesis. SimERT stands for "Simulation of energy and running time of trains", and it focuses on energy efficient driving
strategies whereas its interest in the power supply system is secondary.
In this thesis, parts of the mechanical modeling of the SimERT PhD
thesis [86] are used whereas the electrical modeling in [86] is considered
to be too imprecise. For example, voltage is in [86] assumed to decrease
linearly with power usage. In reality, the line voltage depends on the distance
between the train and the converter station or possible transformer stations
connecting the catenary line electrically to the high voltage transmission
line.

Fast approximators
Not so many approaches have been considered to a fast general model as the
proposed approximator of Chapter 4. In [117] however, some approximative
relationships between traffic intensity, traffic speed, and power consumption
are suggested. Some unverified ideas have also been formulated in Norway,
[40].

2.1. BACKGROUND MATERIAL

2.1.4

13

Other Railway Research

Stability and power dynamics in low-frequency railway power
supply systems
In Switzerland, instabilities in the railway power supply system due to the
HV (High Voltage) transmission lines have been encountered, [85]. One proposed stabilizing action is to close the HV star network [20]. A description
of the Swiss railway power supply system can be found in [21], where a
wide-spread outage in 2005 is described.
Also in Norway, research concerning railway power supply system instabilities has been perfomred, see [46, 48] and for a background [95].
Low frequency railways similar to the ones used in northern Europe can
be found also in a North American 25 Hz system, [50].
Other papers concerning stability issues are [102, 121].
Electromagnetical Compatibility
Research regarding, e.g. thunder impacts on the railway power system [82]
and interference caused by pantograph arcing [93], takes place at Uppsala
University .
Integrating wind power production in the railway power system
Ideas have also been proposed integrating wind farms to the railway power
system [105, 112].
How to design AT catenaries
In [101] one can find a detailed study the design of AT catenary systems
as economically as possible. The tradeoff is between how dense the AT
transformers should be distributed along the catenary and the impedance
of the actual conducting wire. These kinds of studies are too detailed for
the scope of this thesis. Moreover, according to [42], for electromagnetic
and other reasons, AT transformers in Sweden have to be distributed quite
dense. A more popular description of AT catenary systems can be found
in [2].
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Shunting yard capacity
In [54] the capacity for Stockholm C and other shunting yard issues are
treated.
Investments in stations
Another study concerning the impacts of railway infrastructure investments,
specifically, investments regarding the length of stations for meeting and
overtaking and the inter-station distances, is [83].

2.2

Nomenclature

In railway context, the term "station", means a junction of rail where two
trains can either meet or overtake each other. In normal spoken language, a
"station" is a place where a train stops for inflow and outflow of passengers
or goods. Using railway nomenclature, such a stopping place should simply
be called a "stop". In the remainder of this thesis, railway terminology is
used with respect to this issue.
The electrical wire that locomotives take electricity from is in railway
terminology called "catenary", probably due to the geometrical cosh-like
shape of all kinds of hanging wires. The arm connecting the locomotive to
the catenary is called pantograph.

2.3
2.3.1

Conductors and their models
Catenary

Background and Information
There are two main types of technologies used for catenaries where return
currents are supposed to flow in overhead power lines instead of in the rail or
through the ground. These are Auto Transformer (AT) and Booster Transformer (BT). In Sweden, the BT technology was the one first introduced.
In [100], a detailed description of AT and BT catenary systems can be found.
The introduction of Booster Transformers (BT) in the Swedish and Norwegian catenary systems was necessary as a result of the high ground resistances of Scandinavia. A high ground resistance complicates the return
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conduction through rail and ground [25]. The complications are primarily disturbances on phone and signal systems, caused by ground currents
and magnetic fields [81]. The normal distance between BT transformers is
around 5 km, and between these, there is a connection between the return
conductor and the S-rail, see Figure 2.1. The purpose of the BTs is to draw
the current from the return rail to an overhead return conductor. In Sweden
one rail is conducting, and is called "S-rail", whereas the other rail is used
for signalling and is called "I-rail" [25].
Converter
Station
Terminals

BT

BT

BT

BT

Figure 2.1: An illustration of a typical BT catenary system. The blue
and dash-dotted lines represent current flows corresponding to the converter
station behind the train, i.e. to the left in the figure. The yellow and dotted
line represent current flows corresponding to the, in the figure not visible,
converter station in front of the train.
Through a BT the sum of currents needs to be zero, therefore it will
draw the return current from the rail through the return line all the way to
the return current bus. The purpose of using the BTs is mainly to reduce
the stray currents in the rail [98]. Since the train is moving, the impedances
between the locomotives and the nodes of power inflows vary in time. The
impedances between the nodes are dependent not only on the physical distances between the them, but also on e.g. the locomotive’s distance to the
BTs and return line connectors. Thus, one can say that the impedances vary
in a complicated way.
Auto Transformer (AT) technology was in 1998 introduced in the
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Swedish catenary system [25]. Whereas a BT balances currents, an AT
balances voltage. Replacing BT catenaries with AT catenaries doubles the
voltage between catenary and the feeder line, but still maintains the same
rail-to-catenary voltage as in the BT system. The doubling of voltage is
created by a 180 degrees voltage phase shift between the contact wire and
the feeder line. This is a way of reducing impedances in a cost-efficient
way. The higher voltage leads to smaller currents, and thereby also reduced
power losses and reduced telephone interferences [81]. AT transformers are
normally distributed with 10 km in between. If the distance to the first
AT is more than 2.8 km then a BT is installed in between [25]. If a BT is
installed in between the converter stations terminal and an AT system, the
wiring and the protection technique in the converter station can remain the
same as in the old BT systems. The AT system of Norway works a little bit
differently than the Swedish one, [94]. It results in somewhat higher Norwegian AT impedances than in the Swedish system, but is a cheaper product.
An illustration of one possible installation of the AT catenary technology
can be found in Figure 2.2 [44].
Converter
Station
Terminals
15 kV

BT

BT

AT

30 kV AT

Rail leakage

AT

Rail leakage

Figure 2.2: An illustration of one of many possible AT catenary systems.
The orange and solid arrows in Figure 2.2 show that because of the
presence of BT transformers at the feeding points, the return current is the
same as the feeding current. In some AT catenary systems there are no BT
transformers at all, and in others, the BT transformer is placed very close
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to the converter station [44]. The dotted lines represent leakage currents.
The leakage current behind the train in Figure 2.2 is related to current
originating from the converter station behind the train, i.e. to the left in
the figure. Similarly, the leakage current in front of the train in Figure 2.2
originates from the converter station in front of the train, a station that is
not visible in the figure. Leakage currents may be harder to handle without
BT transformers at the feeding points. In Figure 2.2 the first AT transformer
station at the catenary consists of one AT, like a description found in [25].
In fact, it is also quite common to have two AT transformers in the first AT
transformer station on the catenary after a converter station [29]. This pair
of ATs is normally directly connected to the converter station and it can
even be integrated into the converter station [44].
Catenaries above double tracks can either share the same ATs or have
one each [81]. In this thesis, such details are not considered.
In AT+BT systems, systems which use a blend of technologies, the AT
transformers can be sparser distributed than in a pure AT system. This is
possibly a cheaper choice when upgrading old BT systems that have become
too weak due to increased traffic. A smaller discussion of AT+BT can be
found in [81] where also some further references can be found.
In the literature, different kinds of designations for Swedish catenary
standards may be found. Some designations worth mentioning are: "1Å",
which means a catenary with a return conductor; "2Å", which means a catenary with two return conductors; and "Fö" which means an extra feeding
line [43]. Catenaries for double tracks can either be parallel or interconnected. The area of the conductors is measured in mm2 . Interconnected
catenaries are normally coupled together at stations.
Normally in Sweden the numerical values of the length-dependent AT
impedances are four to five times smaller than the corresponding BT
impedances. The main reason why the AT length-impedance is smaller
than the BT one, besides the doubled voltage between catenary and feeder
line, is that the power flows only through two ATs and one BT in each direction, irrespective of the distance to the converter station, as can be seen
in Figure 2.2. With a BT system on the other hand, the further the train
is located from the converter station, the larger is the number of BTs the
power has to flow through, see Figure 2.1.
The main drawback with AT is that the ATs do not draw current from
the rail in the same was as a BT does [41]. A BT requires the return
current to be equal to the ingoing current. Therefore, in AT systems, there
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is a somewhat bigger risk for rail and ground currents that could disturb
telecommunications and other sensitive equipment. This phenomenon is
illustrated in Figure 2.2 with the dotted lines.

Models
A common approximation of BT catenaries [53, 81] is a Π-model impedance
depending linearly on distance between every pair of nodes. In other words,
the BT catenary between a pair of locomotives, a pair of feeding stations,
or between a feeding station and a locomotive is modeled with a Π-model.
Connection points on the catenary to the HV line , see Section 2.3.2, can,
like converter stations, be named feeder stations.
Sometimes AT catenaries are modeled similarly to BTs, but with lower
numerical values on the impedances. More commonly [30, 44, 53] the models of the AT lines are divided into a few different impedances: one point
impedance in each connection to a feeding point, and one length-dependent
Π-model impedance along the railway tracks. The point impedance, or the
initial impedance, is illustrated in Figure 2.4 where it is denoted Zinit . A
feeding point is a common name for connections to converter stations or
transmission line transformer stations. The length-dependent Π-model for
AT is just as in the BT case divided up on n + 1 smaller Π-models if there
are n trains between a pair of converter stations.
A justification of the modeling of AT catenaries as length-dependent
impedances between the feeders can be found in [118]. The point impedances
in the modeling of AT catenaries can at least partly be explained by the
fixed number of ATs and BTs that the power has to flow through [41, 43].
This can be compared to BT catenaries, where the current flows through
more or less all BTs between the power source and the power sink. The point
impedances appear everywhere where a conversion between 15 kV and 30 kV
takes place [30].
In the models used in this thesis, it is assumed that between a pair of
feeding stations, the catenary runs freely. In other words, the only electrical
connection possible to a catenary line between a pair of feeders is a locomotive. In reality however, where multiple tracks are present, the catenaries
can be connected electrically at every station [81]. Connecting to parallel
catenaries at every station increases the capacity to transfer power on the
catenary, but would also cause greater problems in cases of e.g. short cir-
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cuits. If the parallel catenaries were separated from each other electrically
and one of them were short-circuited, then the other one still could be used.
The catenary impedance models include catenary impedance, ground
impedance, and rail impedance together. In reality, some parts of the return
current leave the rail and go back to the converter station through the
ground. This can lead to rail-to-ground voltages of up to a few hundred volts.
With the modeling proposed here, this voltage level will not be explicitly
calculated. For dimensioning purposes, e.g. studies of possible amount of
deliverable power to trains, the rail potential can be neglected [37]. In,
safety studies on the other hand it might be important to consider the rail
potential, e.g. for people walking on the rail [37].

2.3.2

Transmission Line

It is common in countries with 16.7 Hz power systems for the railway to
have complementary High Voltage (HV) transmission lines, see Figure 2.3.
The purpose of these are to:
• reduce the power flows on the catenaries
• relieve pressure from converter stations close to great loads
• make the system more redundant
• limit the number of converter stations needed.
Each country has its own solution, or solutions.
There are three different voltage levels used in the Swedish two-phase
HV transmission lines, 15 kV , 32 kV, and 132 kV [43]. The most common
is the 132 kV type. Similar, but not identical solutions can be found in all
other European low frequency countries: 110 kV in Germany [79], 55 kV and
110 kV in Austria [58], 66 kV and 132 kV in Switzerland [21], and 55 kV in
Norway [88]. In parts of the German railway power supply system where the
power flows are large, there are even several HV lines installed in parallel.
Models
At normal operation the two-phase HV line parallel to the railway catenary
system is loaded equally on each of the phases. Therefore, the HV lines can
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50 Hz 16.7 Hz
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16 MVA

25 MVA

catenary

FC
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transmission line

catenary

FC
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Generator terminal
15 kV
voltage

15 kV 132 kV

Figure 2.3: An illustration of the general idea of transformer usage

easily be approximated as one-phase Π-model impedances depending linearly on distance. The distances between the catenary and the transmission
line are assumed to be negligible. Therefore, the only impedance between
the HV line and the catenary that is accounted for is the impedance of the
transformer.

2.3.3

The modeled power line impedances in the context of
the power supply system

A detailed description of the impedances in the railway power supply system
can be found in Figure 2.4. In the figure, there are some denotations that
should be introduced.
• The frequency converters are abbreviated FC.
• The impedances on AT and BT catenaries are denoted ZAT and ZBT
respectively.
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• The point-like AT initial impedances are simply denoted Zinit .
• ZT1 and ZT2 both represent transformers.
– The former, ZT1 , is the transformer between the catenary and
the HV line.
– The latter, ZT2 , is the transformer between the converter station
and the catenary. In the TPSS model this impedance is merged
into the Xqg reactance in the same manner as in [98]. This mergence is described in equation (E.46).
• The length-dependent impedance of the HV transmission line is denoted ZHV .
• And finally there are the scalars, d1 and d2 , describing the by the train
covered fraction of the distance between a pair of feeder stations. Since
d1 and d2 describe fractions of a distance, their sum is one.
Note that, for simplicity, the inter-feeder-station distances in Figure 2.4 are
assumed to be homogeneous. In reality, naturally, such distances can vary.
The transformers connecting the HV lines to the low voltage part of the
railway power system are modeled as impedances. In Sweden these can be
rated for either 16 MVA or 25 MVA, and as can be seen in Figure 2.3 the
transformers with the higher ratings are connected to the converter stations.
In [81] it is suggested that, due to the risk of transformer outages, two
16 MVA transformers should be installed at the converter stations instead
of one 25 MVA transformer.

2.4
2.4.1

The Frequency Converters
Background

Since the public power grid is 50 Hz and it is attractive to be able to transmit
electrical power between the public and the railway power grids, frequency
converters are needed. Nowadays in Sweden, there is no 16.7 Hz power
production at all, so the need for converters is even stronger here.
There are two main types of frequency converters, rotary and static. Rotary converters consist of one motor and one generator attached to the same
shaft. Static converters are built using power components. In the Swedish
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Figure 2.4: The impedances present in the railway power supply system
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16.7 Hz railway power system, according to regulations, static converters do
not have to be able to send back regenerated electric power to the 50 Hz
grid, but if they can do it they must have the ability to turn that function off [80]. Rotary converters can always send power in both directions
by their construction. Regenerated power is produced by locomotives with
regenerative brakes that convert kinetic energy to electrical while braking.
All converters must be able to manage regenerating locomotives without,
e.g. tripping.
Realistic distances between a pair of converter stations can vary from 40
up to 160 km [47], and there can be between two and five converters in each
station. Of course, for a given level of train traffic, the converters can be
more sparsely distributed, within the range 40 to 160 km, if the catenary is
connected to an HV line than if it is not.
Converter losses are never zero, and moreover, they tend to increase
relative to the power throughput the lower the load [88]. Therefore, the
converters are connected and disconnected with a so-called "start and stop
automation". This means, that if the converters in a converter station are
loaded below a predefined threshold, one of them is disconnected. Conversely, if the converters in a converter station are loaded above a different
predefined threshold a nearby converter is connected. This automation is
not currently included in the TPSS simulator model of Chapter 3, but is
included in TracFeed Simulation [38].
The active power flow through a frequency converter station is determined by machine parameters and the voltage phase angle difference between the 50 Hz and the 16.7 Hz sides of the converter station. To be exact,
this is only true for stations consisting of rotary converters, because static
frequency converters can among other things control their amounts of converted power freely.
In a Master’s thesis, it has been shown that one can, at a relatively
low cost, also control the phase angles, θ 50 , on the 50 Hz sides of the rotary
converters [77]. The suggested method of controlling the angles is to connect
inductors and capacitors between the 50 Hz grid and the 50 Hz side of the
converter station. Since this connection and disconnection of capacitors and
inductors controls the phase angle on the 50 Hz side of a rotary converter, it
also controls the phase angle difference between the 50 Hz and the 16.7 Hz
sides of it. Thus, one can with this 50 Hz side voltage phase angle control,
also control the power flows through the rotary converters.
However, the static converters can be set to mimic rotary converters,
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which is the case in Sweden. The fact that static converters mimic rotary
converters allows a modeling of static converters that is quite similar to the
modeling of the rotary converters [97,98]. The main exception is that static
converters cannot be overloaded, limiting the active power flows through
them [80]. When the active power flow through a static converter is at its
maximum, the converter starts to have different voltage angle characteristics
than rotary converters have [80].
Power losses in locomotives and power converters are not considered in
this thesis. Power losses in converters are modeled in [81, 98], and can be
implemented in TPSS later on if considered of interest.

2.4.2

Models

Based upon the discussion in Section 2.4.1, no difference is made in the
models if a converter is static or rotary in this thesis. All converters of the
same size are modeled the same.
Not even a rotary converter can be too heavily overloaded for a long
time. This issue is however not formulated as a constraint in the TPSS
models used and presented in this thesis, but can be checked afterwards,
by postprocessing TPSS results. The exact limitations of rotary converters
loadings are e.g. listed in [73, 98], where the latter contains more details.
In [97,98] one can find more general models for different compositions of
converter stations, i.e. for different types and different numbers of converters
connected in parallel inside the station. In the TPSS models presented in
this thesis however, only converter stations consisting of converters of the
same kind are considered. In converter stations with only converters of the
same kind, the total amount of active power injected on the 16.7 Hz side,
PG , the total amount of reactive power injected on the 16.7 Hz side, QG ,
and the total amount of reactive power absorbed on the 50 Hz side, Q50 ,
can simply be equally divided by the number of converters, #conv , in order
to give the proper catenary voltage, U , and the phase angle difference, ψ,
values [98]. This division can be seen in equations (2.1) and (2.3).
The model used for the rotary converters originates from [80, 97, 99].
In [97,99] it is assumed that the generator side voltage of the frequency converter, U g , is controlled at 16.5 kV. In reality however, a kind of terminal
voltage control called "amplitude compounding" is used. This terminal voltage control is described by equation (2.1). This description of "amplitude
compounding" comes from [80] and is used also in the models of TPSS of
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this thesis. In equation (2.1), U g is expressed in kV, QG in MVAr, and #conv
is an integer, i.e. the number of converters used in the particular converter
station.
The commercial simulator TracFeed Simulation uses dynamic models for
the converters, so the models for the terminal voltage control are far more
advanced than the steady state models presented in this thesis. In TracFeed
Simulation/Simpow, the feedback signal for the voltage control depends on
voltages, currents, and reactive compensations [110].
The relations between 16.7 Hz side power generation and the system
voltages/angles can be concluded in the following four equations
QG
#conv · 20
X50 · PG
1
θ 0 = θ 50 − · arctan
m
3
(U )2 + X50 · Q50

U g = 16.5 −

G
G
Xqg · #Pconv
Xqm · #Pconv
1
−
arctan
ψ = − arctan
50
G
3
(U m )2 + Xqm · #Qconv
(U g )2 + Xqg · #Qconv

θ = θ 0 + ψ (PG , QG , U )

(2.1)
(2.2)
(2.3)
(2.4)

where Q50 denotes the reactive power absorbed on the 50 Hz grid side,
i.e. the motor side of the converter, X50 is the short circuit reactance of the
50 Hz system, i.e. the reactance between the motor side of the converter
station and the strong grid [98], θ 50 is the no-load phase angle on the 50 Hz
side, Xqm and Xqg are quadrature reactances of motor and generator respectively, U m and U g are the motor and generator side voltages, PG and QG are
the generated active and reactive powers at the generator side. The 50 Hz
grid is assumed to be sufficiently strong for the assumption that U m always
is at a nominal level. The voltage phase angle on the 50 Hz side of the
converter taking the train power consumption into account, θ 0 , is described
by equation (2.2) [98] and defined with opposite sign and direction of Q50
in [99]. Finally, ψ is the phase angle difference between the 50 Hz and the
16.7 Hz sides of the converter.
The models presented in this section are purely static. When using dynamic models of the frequency converters, the models immediately become
more intricate. The commercial simulation software TracFeed Simulation
uses the dynamic converter models [110] (chapters 21-25) of Simpow [111].
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2.5
2.5.1

Locomotives and Trains
Introduction

In this section of the thesis, the focus is on the in Sweden most common locomotives, the Rc-locomotives. Another reason to study the Rc trains, besides
their major usage, is their peculiar reactive power consumption properties.
The locomotives used in Sweden before the Rc locomotives came, had a
discrete set of tractive power levels to choose from. In order to allow the
locomotive engineer a continuous power control, using the technology of the
time when the Rcs were constructed, there was a need to compromise with
the power factor [41]. Thus, the locomotives before the Rcs did not consume
as much reactive power as Rcs do, but on the other hand, could their tractive
forces not be smoothly controlled. Rc locomotives were produced between
1967 and 1988 [74]. Rc locomotives are today mostly used for hauling goods
transports and for long-distance personal transports, e.g. night trains, but
can still be used for some short-distance passenger trains as well. Pre-Rc
locomotives are hardly not used at all.
It might be worth noting that there are a variety of Rc locomotive types.
The Rc-locomotive models presented here are close to a so called ”Rc4” locomotive, but most of the assumptions would be similar for other Rc designs [74]. In principle, Rc4 are used for goods trains, and Rc6 for passenger
trains. Most of the remaining Rc locomotive types have been phased out
or rebuilt [74]. Rc locomotives can, depending on which type it is, have
intended maximal speeds of either 135, 160 or 180 km/h [74]. In this thesis,
the focus has been set on goods trains, thus the 135 km/h limit is used here.
Locomotives and rail motor coaches produced in Sweden after the Rc era,
have three-phase asynchronous engines where both active power and reactive
power can be controlled. The active power inflow/outflow is of course the
same on both sides of the on-train converter, if neglecting converter losses.
The reactive power, on the other hand, is not the same on both sides. What
is consumed by the locomotive, i.e. the reactive power produced on the motor
side of the on-train converter, is in general not the same as the reactive power
consumed on the caternary/pantograph side of the on-train converter. How
much reactive power that in fact is consumed by the locomotive engine is
of secondary interest from the power system dimensioning point of view.
What is interesting though, is how much reactive power that flows from the
catenary to the on-train converter. That is why reactive power is controlled

2.5. LOCOMOTIVES AND TRAINS

27

on the catenary/pantograph side of the on-train converter.
Rail motor coaches are used for local or regional passenger transports.
Their advantages compared to locomotive driven ones are that there is room
for more people per cubic meter, and that they have better acceleration.
Locomotive driven passenger trains are usually used for faster, more distant
transports, with not so many intermediate stops. The most common such
train in Sweden is X2, brand named X2000 by the national operator SJ AB.
The strongest MTAB (MalmTrafik i Kiruna AB) locomotives can consume
up to 12 MW [25].
Auxiliary power needs in the trains, e.g. heating, cooling, lights, ventilation, and laptop power, is not included in the TPSS models. There exists
a lot of models for this, so it might be included in the future.

2.5.2

Common Models for Tractive Force and Tractive
Power Limits and Regulation

The maximal tractive force of most locomotives, including Rcs, is a function
of the catenary voltage, U , and the velocity of the train, v. The function
can be expressed in different ways. The tractive force limit with respect to
voltage and velocity is a physical limitation, related to the internal currents
of the locomotive. Some similar additional limits regarding tractive force,
consumed locomotive power, and the train acceleration are sometimes also
present, but these are man-made, and suits therefore better to be called
controls.
First the physical limitation will be presented in a section. After that,
in the next section, some examples of common controls will be listed and
one of them will be described in some more detail.
Common Tractive Force Models
The maximal tractive force, Fmotor,max , as a function of catenary voltage, U ,
and train velocity, v, is, as mentioned in the preceding paragraph, a physical
limitation of the locomotive. This tractive force upper limit is normally
modeled as a piecewise continuously differentiable continuous function with
respect to velocity as well as to voltage level. That particular model of
Fmotor,max , which is described in the following text, is the easiest one to draw
by hand and an example of it can be found illustrated in Figure 2.5. This
easily-drawn model is used in the train traffic and power supply simulation

300

300

200

200

F (kN)

F (kN)

28 CHAPTER 2. POWER SUPPLY OF RAILWAYS AND ITS MODELS

100
0

0

100

200

v (km/h)
(a) The maximal tractive force is here,
first, the smallest of the curves where,
F , F · v, and F · v 2 are constant, respectively. Then, from the velocity of
160 km/h and on, the maximal tractive
force abruptly equals zero.
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(b) The maximal tractive force, plotted
for different catenary voltage levels. The
blue curve represents a catenary voltage
of 16.5 kV, whereas the green curve represents 15 kV, the red curve 13.5 kV, the
cyan curve 12 kV, and finally, the magenta one 10.5 kV.

Figure 2.5: A description of a typical maximal tractive force curve for an
electric locomotive. This figure is inspired by the particular modeling used
in TracFeed Simulation.

program TracFeed Simulation [109]. A similar model, but without the part
where F · v 2 is constant is presented in the paper [63] as well as in the
Master’s thesis report [75], whereas it is applied in the successor [76].
The maximal tractive force, Fmotor,max , is first constant, 275 kN in the
illustrated example of Figure 2.5, from standstill up to a certain breaking
velocity, 78 km/h in the example of Figure 2.5a. Thereafter the maximal
tractive force starts to decrease with v1 , i.e. F · v is kept constant. In the
third step, F · v 2 is kept constant between the part where F is proportional
to v1 and the part where the tractive force equals zero. The exact behavior of
the locomotive for extreme velocities is normally not interesting, therefore
the tractive force is commonly modeled to abruptly go down to zero when
the velocity is too high.
The voltage dependency is in the model of TracFeed Simulation modeled
U
when the catenary voltage, U , is less
as if F is related proportional to Unom
than Unom , the nominal voltage [108]. This voltage dependency is valid only
in the regions where F · v and F · v 2 , respectively, are constant – as can
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be seen in Figure 2.5b. In the example of Figure 2.5b, the nominal voltage
is defined to be 16.5 kV, though it normally is defined to be 15 kV. For
catenary voltages above Unom , the tractive force is not changed [108].
The effective tractive force can also, in some more detailed models, be
depending on a velocity dependent efficiency factor [109].
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(b) Example of power angle control

Figure 2.6: Examples of active power control and power angle control on locomotives. The dashed curve represents a motoring locomotive, whereas the
dotted curve represents a locomotive using regenerative braking. Inspiration
is taken from a figure found in [113]
Controls limiting the locomotive’s tractive force, tractive power, and the
acceleration of the train can be designed in many ways. Some of the more
common are
1. tractive electric power and the power angle with respect to catenary
voltage
2. tractive force with respect to catenary voltage alone, i.e. independent
of velocity
3. tractive force with respect to velocity alone, i.e. independent of catenary voltage
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4. acceleration and deceleration with respect to velocity.
The purpose of point 1 in the list above is to reduce the risk of overloading
the power system. An example of active power control can be found in
Figure 2.6a for both motoring and braking of the train. Normally, at least
in Sweden, such additional controls are in use [38]. That results in a higher
sensitivity of train delays caused by voltage drops than presented in the
results of this thesis.
The power angle can be controlled only on locomotives or rail motor
coaches with three-phase asynchronous motors, where the consumed reactive
power, QD , can be controlled freely within some limits. However, such
operation could cause compatibility problems with the existing protection
system [30]. Other risks could be instability in the system and difficulties
for several nearby trains to regenerate at the same time [30]. Therefore,
the three-phase asynchronous locomotives of today in operation in Sweden
are purely resistive, i.e. letting QD equal zero, no matter if consuming or
regenerating power.
It is however tempting to let the locomotives behave capacitively, when
driving for voltages below nominal, and resistive for voltages above the nominal level. Furthermore, when braking regeneratively it might be desirable
to let the locomotives behave as reactors when the catenary voltage is under
nominal and as capacitors when the voltage is above nominal. If this is done,
it is done with the intention of keeping the catenary voltage level as close to
nominal as possible. Here, a capacitive behavior of a locomotive means that
if it consumes active power it produces reactive power – and conversely if it
brakes regeneratively it consumes reactive power. Consequently, a reactive
behavior must mean the opposite. A motoring locomotive consumes reactive
power whereas a regenerative one produces reactive power.
The above described locomotive behavior is, in order to further clarify,
also described by a picture, instead of just by words, as can be seen in the
example of Figure 2.6b. In that figure, QD shifts sign at 135·2
17 kV which is
about 15.88 kV when regenerating, and it becomes zero when the catenary
voltage goes above 16 kV and the train is motoring.
Point 4 in the above numbered list is mainly explained by a desire to
minimize the occurrence of quick and uncomfortable changes in the train
velocity.
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The Electrical and Mechanical Power Consumption
Models used in this Thesis

The new models of this thesis are developed with the intention to be used
in the Matlab & GAMS simulator package called TPSS (Train Power System Simulator) presented in Chapter 3. Since GAMS prefers equations
that contain continuous variables to discrete variables, and equations having continuous derivatives to functions not having that; such as: max, min,
and absolute value; and since the tractive force curves available were in the
format they were, the models of maximal tractive forces used in this thesis
are nonlinear backpropagation [59,62] Neural Networks (NN). The maximal
tractive force curves available are scanned from an old paper manual, found
in an appendix to [74], see Figure 2.7 for examples. The NNs are used for
finding mathematical expressions of relations between inputs and outputs,
i.e. they are function estimators.
Here, the inputs are velocity and voltage, whereas the output is the maximal tractive force. Both training input and training output are normalized
to lie within the span [−1, 1] before training. The number of hidden neurons depends on what seems to suit best for the respective characteristic
curves. Quite arbitrarily, the number of hidden layers were limited to just
one such. Also the choices of tanh, or tansig if using NN terminology, as
transfer functions were made arbitrarily. The output layer has linear transfer functions, and the algorithm used for NN training is the in-built Bayesian
regularization training algorithm, trainbr [6], of Matlab’s NN toolbox.
When approximating the Rc locomotive curves of [74] with the maximal
short-time tractive force, i.e. the one that results in an internal locomotivecurrent of 2080 A, see Figure 2.7 for examples, good approximations are
obtained when using 15 neurons in the hidden neuron layer. Numerical
values of the NN coefficients can be found in the appendix Section B.1.
For the maximal continuous tractive force, i.e. the CONT curve in the
example graphs of Figure 2.7, 6 neurons in the hidden layer gives the best
approximation. Numerical values of the NN coefficients can be found in the
appendix Section B.2.
The approximation of the maximal short-time curve can be found plotted in Figure 2.8a, whereas the approximation of the continuous curve is
to be found in Figure 2.8b. The reader should note that the old curves in
Figure 2.7 are expressed in Mp (Mega pond), whereas the approximations in
Figure 2.8 are expressed in kN, the standard of today. The *s in Figure 2.8
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represent points measured in the [74] graphs as well as some points forcing
the curves down to zero for high velocities. Apart from Figure 2.7a and
Figure 2.7b, there are three more graphs in the document [74]. The document contains altogether five graphs, one for each of the catenary voltage
levels 10.5 kV, 12 kV, 13.5 kV, 15 kV, and 16.5 kV. Three points are used,
for each of the five measured voltage levels, for forcing the curves down
when the velocity is high. These fifteen extra points were together with the
measurements used for neural network training.
The observant reader notices that the NN generalizes in a reasonable
manner also for the unmeasured 9 kV and 18 kV catenary voltage levels.
The tractive force curves of some of the Rc locomotives in use today are
somewhat modified compared to, e.g. Figure 2.7, [33].

(a) For catenary voltage 10.5 kV

(b) For catenary voltage 16.5 kV

Figure 2.7: Original diagram describing the maximal tractive force as a
function of velocity for different motor currents, source [74]
Let Fmotor,max denote the maximal tractive force of a locomotive. Then
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Figure 2.8: The continuous curves represent the NN approximation of the
graphs in [74] for different catenary voltage levels. Two of these five graphs
can be found in Figure 2.7. The *s represent the training set for the NN.

the motor force Fmotor obeys the inequality
0 ≤ Fmotor ≤ Fmotor,max ,

(2.5)

which means that the locomotive engineer never can make the locomotive’s
motor extract a tractive force greater than Fmotor,max . And, due to the
assumption of an aggressive driver of this thesis, the TPSS rather than
equation (2.5) uses the model
0 ≤ Fmotor = Fmotor,max ,

(2.6)

which means that the driver always tries to drive as fast as possible for
the moment. In addition to that, the tractive force at the wheels of the
locomotive is somewhat smaller than the force produced by the motor. The
losses of tractive force can mainly be explained by rotational inertia and
slippage. The tractive force at the wheels, Fwheels , can be modeled as
Fwheels =

(

Fmotor − KJ · 4 · a · (1 + ζ) if Braking = 0
0
if Braking 6= 0

(2.7)
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where ζ is the slippage ratio [86], KJ is a constant related to rotational
inertia, a is the acceleration, and Braking is a variable that indicates a
braking or coasting train for nonzero values. How to calculate the value of
the constant KJ is explained in [86]. The adhesive tractive force between
train and rail,
Ftract,adh




 madh,drive · g · 0.161 + 7.5
for dry rail
44+3.6v


=
3.78

madh,drive · g · 23.6+v
for wet rail

(2.8)

where g is the earth’s gravity in m/s2 , and madh,drive is the mass in kg resting
on the driving axles of the train [86]. In equation (2.8), the velocity, v, is
expressed in km/h. Note that if all axles are driven, madh,drive is equal to
the mass of the locomotive, or of the locomotives, if many of them. The
effective tractive force
Ftract = min {Fwheels , Ftract,adh }

(2.9)

because it is indifferent how strong the engine is if there is no grip [86]. The
train resistive force due to mechanical and air resistances,
Fair,mech = A + B · v + C · v 2

(2.10)

where A, B, and C are train dependent [86] constants. The resistive force
due to grades
Fgrades = m · g · ι
(2.11)

where m is the total train mass, ι is the inclination of the track, defined as
distance in height divided by distance in length. This is a valid approximation when modeling the train as a point mass, neglecting its dynamic mass,
and considering that for inclinations with orders of magnitude of 10−3 the
angles are so small that
sin (arctan (ι)) ≈ ι.

(2.12)

The details in the mechanical modeling are tried to be kept as few as
possible. Taking one example, running resistance due to curvature of tracks
is here considered of minor interest and therefore neglected. Curvature
resistance is included in the models of TracFeed Simulation, see [108, 109].
One can also see in [109] that the contribution to the resistive force from
rail curvature is quite low. Models of curvature resistance can also be found
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in [86] that in general presents more detailed mechanical models than this
thesis does.
The total resistive force is simply
Fres = Fair,mech + Fgrades .
And
a=









Ftract −Fres
madh,drive +(m−madh,drive )(1+H)

abrake
−Fres
m(1+H)

(2.13)

if driving
if braking
if coasting

(2.14)

where H is the relative factor accounting for rotational inertia of the unbraked wheel sets [86], and abrake will be described in the braking part,
Section 2.5.4.
The mechanical tractive power of the motor
Pmotor = Fmotor · v · (1 + ζ)

(2.15)

[86]. The electrical power demand
PD = Pmotor

(2.16)

which implicates an assumption of a lossless motor.
Locomotives with thyristor rectifiers and DC motors, have peculiar reactive properties. The reactive power consumption of the common Swedish
Rc locomotives have been modeled before by others, and the model used
in this thesis is a modification of the one found in [97–99]. All these three
references have the same model, since they are written by the same author.
In that model the Rc trains are modeled as two nodes. One node connected
to the catenary, and another node where the thyristor bridges rectifying
the current to the DC motor are connected. The 15 kV/487 V transformer
between these nodes is in the modeling of this particular thesis assumed to
be ideal. That, in combination with the neglecting of the filter, allows the
usage of a one node model. A detailed illustration of the locomotive circuit
model can be found in Figure 2.9, taken from [97]. The exact impact of
the above described simplification is not evaluated, however expected to be
small.
The reactive power consumption of an Rc-locomotive depends in the
used model on the active power consumption, PD , the catenary AC voltage,

36 CHAPTER 2. POWER SUPPLY OF RAILWAYS AND ITS MODELS

Figure 2.9: A diagram illustrating the modeling of the Rc-locomotive as a
circuit. This figure originates from [97]

U , and the DC motor voltage, Udiα . This DC voltage, is related to the
velocity of the train, v in km/h, as


Udiα = Emax · min 1,

v
vbase



(

· min 1,

U
U14kV

)

(2.17)

where the third factor, the voltage-dependent scaling, is an essential part of
the model when studying substantial voltage drops. The voltage-dependency
of equation (2.17) was added to the original model of [97,98] after consulting
the expertise of [41]. This relation can be found illustrated in Figure 2.10.
Moreover, in equation (2.17), the constant Emax denotes the maximal DC
motor voltage, and vbase is a base velocity. Typical values for Rc locomotives
are for Emax 770 V and for vbase 78 km/h [97, 98]. The DC motor current,
ID =

PD
Udiα

(2.18)

according to [97, 99]. The reactive power demand of the locomotive can
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thereafter be described as

QD =





√
Udiα ·π


−3 ,
UlocoRc · ID · π2 · sin arccos √2·U


locoRc


Udiα

√ ·π ≤ UlocoRc ≤ Udiα
√ ·π
when


4· 2
2· 2



√


2

√Udiα ·π − 1

·
sin
arccos
U
·
I
·
,
locoRc
D

π
2·UlocoRc



Udiα
·π

when UlocoRc ≥ √ ,

(2.19)

2· 2

where UlocoRc denotes the in-locomotive voltage and is expressed in V just
like Udiα is. The in-locomotive voltage is the catenary voltage U , expressed
in kV, scaled by 487 V/15 kV, i.e.
UlocoRc =

U · 487
15

(2.20)

following the assumption of the transformer of Figure 2.9 to be ideal. A
positive QD means a reactive power flowing from the catenary into the locomotive, i.e. in a rightwards direction from the left side of the left transformer
in Figure 2.9.
The additional control mechanisms in the numbered list of Section 2.5.2
are not considered in the models used in this thesis.
6
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Figure 2.10: The DC voltage of the locomotive’s motor, related to the velocity.
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2.5.4

Train Braking Model

The reader should regard the braking model presented in this section as
tailor-made for the time-discrete simulator (TPSS) of Chapter 3. A great
deal of the discussions can be better understood having in mind that they
are deduced from experiences of the simulator.
The mathematical problem of the TPSS would have grown tremendously
if the driving behavior would have been subject for optimization of the
energy consumption. This means that the driver will not be strategic in the
way that she:
• does not temporarily reduce her desired power consumption when a
colleague of hers, in her vicinity, temporarily increases her desired
power consumption. In reality, too, the drivers are completely in
charge of their accelerators. An implementation of such a driving
strategy would probably demand either a complex control system that
the trains communicate with in real time or so detailed timetables that
the desired power consumption is given over time.
• will not try to consume less electric power when far from a feeding
point, which normally an experienced locomotive driver does [44].
• she will not plan her driving with regard to track topography. This
kind of planning is done already today. Train drivers normally try to
coast before steep descents and train stops, to accelerate before steep
ascents, and if the schedule so allows, they can drive slower than the
speed limit allows in ascents.
The latter, planning with respect to the hillsides, is probably the easiest
of the three issues to implement. However, at the moment, the driver is
assumed to be aggressive. In this context, aggressive means that during
acceleration or deceleration, the train driver does it as much as ever possible/allowed. A similar assumption is made in the TracFeed Simulation train
driver model, according to [109].
When in the time-continuous world, finding the shortest braking distance
and the optimal fastest braking plan is trivial. In discrete-time, however,
the braking cannot be the maximal allowed deceleration for all time steps
in order to still produce realistic results like, e.g. trains must for all time
steps have nonnegative velocities. It has shown to be mainly in the first and
the last time steps of braking where the deceleration has to be lower than
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what is maximally allowed. In the remainder of this section, the managing
of discrete-time braking is explained.
In order to determine the shortest braking distance, in discrete-time,
for a given initial velocity, a small linear optimization problem was set up.
The solution of this optimization problem will constitute the precalculated
braking plan used by TPSS. The LP problem is stated in the following
equations
min z
(2.21)
at

under the constraints
z=

X
∀t

(pstop − pt )

pt ≤ pstop
pt =

(

vstart ∆t + at

vt =

vt ≥ 0

2

t=1

,
∆2
at 2t ,

t ∈ {2, 3, ..., tmax }

vstart + at ∆t , t = 1
vt−1 + at ∆t , t ∈ {2, 3, ..., tmax }

at ≥ −0.85
at ≤ 0

(2.23)
∆2t

pt−1 + vt−1 ∆t +

pt − pstop ≥ −vt · M
(

(2.22)

(2.24)
(2.25)
(2.26)
(2.27)
(2.28)
(2.29)

where z is the objective, t ∈ {1, 2, ..., tmax } is the time step index, pt is the
train position for each time step, the position of the train when t equals to
zero is defined as
pstart = p0 = 0,
(2.30)
and pstop is the position where the train is supposed to stop. When designing the LP problem of equation (2.21), pstop has to be given a numerical
value that is big enough for the train to have a sufficient braking distance.
Moreover, in the constraints, vt is the velocity of the train for each time
step, vstart is the velocity of the train before braking, M is a big number,
at is the acceleration of the train for each time step, ∆t is the length of the
time step, and finally, tmax is the predefined number of time steps available
in the LP minimization problem. In this thesis, the value of M is set to
1000. The time step length, ∆t , is a parameter which the TPSS user can
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choose from a list of five predefined time step lengths, for further details,
see Section 3.3.2. One has to make sure that, analogously to pstop above,
tmax is big enough for the train to have time to brake.
Equation (2.22) makes sure that the over-time summed distancedifference between the position of the train stop, pstop , and the train position,
pt , is as small as possible. This makes sure that the train will not brake too
early, since a too early braking would cause the average velocity to decrease
and thereby, in turn, cause the summed distance difference to increase. But
it also makes sure that the trains brake as hard as they are allowed when
they are close enough to the station. The constraint of equation (2.23) makes
sure that the train does not go too far. Equation (2.24) simply updates the
train position from one time step to the following time step. If the train
stands still, i.e. when vt is valued zero, the constraint of equation (2.25)
makes sure that the train also is located at the station. If, however, the
velocity is nonzero, and if M is big enough, then equation (2.25) is not
really a constraint. The constraints of equation (2.26) simply updates the
velocity, similarly to the position update of equation (2.24). The train velocity is constrained to be nonnegative in equation (2.27). The constraints
of equations (2.28) and (2.29) gives the maximal and minimal allowed decelerations, expressed in m/s2 . The figure 0.85 m/s2 is due to comfortability
reasons, and according to [34], there is never any problem achieving that
deceleration level. And, last, but not least, the non-positivity constraint on
the train acceleration of equation (2.28) is because positive accelerations are
nonphysical for a braking train.
All the constraints have been added in an engineering fashion, i.e. in
order to solve a problem that has appeared. Therefore, no scrutinized analysis has been made regarding the problem formulation, any evaluation of
the braking plan creation method has not been performed, and the author
reserves himself for possibly redundant constraints. The developed method
is fast and reliable and gives usable results.
Probably, to simply discretize the time-continuous solution would result
in a reasonable braking plan too. This can be assumed especially since the
braking plans created by solutions of equation (2.21) still has to be estimated
or interpolated, as described in the following paragraphs, for pre-braking
velocities, vstart , that the LP problem is not solved for.
This LP problem is solved for all integer velocities vstart between 0 and
160 km/h. The upper limit, 160 km/h, can be explained by the fact that
Rc locomotives rarely go any faster, and the TPSS and TPSA numerical
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examples of this thesis only considers Rc trains. The braking accelerations
are stored as a discrete function abrake [vstart , t − tstart ] to be used in TPSS
later on. Note that vstart here is denoted vbrake in equation (3.2). The
parameter tstart , tells when the train started braking, such that the difference
t − tstart , or Braking in equation (3.2), determines for how long the train
has been braking. In TPSS it is considered time to start braking when
the inequality (3.1) is satisfied. The critical braking distance, dbrake , i.e,
the distance from the train stop to the location where the train started
braking in the solution of the LP-problem, is also stored. However, these
critical distances dbrake [vstart ] do not really form a smooth function of vstart
because of the time discretization. Therefore, the trend is extracted by
least squares fitting into a polynomial, dˆbrake (vstart ), of second order with
vstart as independent variable. With the exception of the 0.5 minutes time
step lengths, the least squares fitting are not forced to intercept zero. The
fact that the braking distance determined by solving equation (2.21) is a
polynomial of second order indicates that the discrete-time solution probably
lies pretty close to the time-continuous one, where the braking distance,
dtheoretical
=−
brake

2
vstart
,
2·a

(2.31)

and where a is the maximally allowed deceleration.
In order to summarize and clarify, the braking model of TPSS is in other
words, the functions abrake [vstart , t − tstart ] and dˆbrake (vstart ) are derived from
the solutions of the above LP problem. In other words, the LP solution gives
a braking plan telling TPSS when to start braking, and how hard to brake for
each time step, given the pre-braking speed of the train and the pre-braking
distance to the train stop.

2.6

Capacity Limits in Electric Equipment

When too much current flows through a power line, or if other equipment,
e.g. converters, motors, and transformers, is exposed to too great power
flows, it will get overheated. Normally, electric equipment is specified to
manage certain current levels or amounts of apparent power for certain time
intervals. This is not studied in this thesis, and is normally not studied as
a simulation constraint but rather studied afterwards – it would probably
slow down the train traffic simulations too much if used as an operation
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constraint. If considered relevant in the future, the overheating issue might
be included to the simulator. This may also be possible to handle afterwards
by postprocessing simulation results and learning up a new and extended
approximator. In [88] long as well as short time loading limits for converters
and conductors are studied. In Appendix 24 of [81] engineering formulas for
calculating the heating and cooling down of power lines can be found.

2.7

Strengthening of the Railway Power Supply

There are different ways of maintaining acceptable voltage levels during
operation in the power supply system of the railway [81]:
• to have shorter distances between the feeding stations
• to increase the conductor cross-section areas
• to raise voltages by reactive compensations of different kinds
• to install a parallel HV transmission line
• to replace BT catenaries with AT catenaries
In Appendix 28 of [81], several investment issues are discussed. For example: the mechanical strength of the catenary poles and their foundations
might limit the possibilities to upgrade the catenaries – or at least make
such upgrades more expensive.
Reactive compensation can be done in several ways. Serial reactive compensation is one method that is used in Norway for example. There is
also a possibility of reactive shunt compensation. This can be done either
with SVCs, capacitor batteries with controllable power, or with synchronous
compensators like idling synchronous motors [81]. Neither serial, nor shunt
compensation are interesting for the Swedish railway power supply system.
Difficulties with setting up the protection systems and a relatively limited
catenary voltage increase [81] is expected for the serial compensation. By the
same reasons as for serial compensation, is shunt compensation considered
to be unattractive by Banverket [30].
One drawback of strengthening the system by installing a HV transmission line compared to reducing the catenary impedances is the difficulties
of getting governmental permissions. One of the advantages, on the other
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hand, is that installation of HV lines can be done without interfering with
the train traffic [81].
One advantage with the installation of an extra HV transformer station
compared to an extra converter station is that transformer stations cost less.
Today, lots of people are afraid of HV transmission overhead lines. One
solution could be to have HV transmission underground cables instead [81].
This issue is not considered in this thesis, but it would have positive influence
on the landscape view, open-air activities areas, etc. A cable, however, would
also be more expensive, and also have different electrical properties – cables
are capacitive so maybe also SVCs would be needed then.

2.8

Reliability

The probabilities for a transformer [31] or a converter [47] to break are relatively low. Still, in some investigations, like e.g. [81] the issue of transformer
station breakdowns have been discussed. In this thesis, the reliability of
feeding stations are not considered.
The most common outage is down-torn catenaries, this is however not a
problem that can be invested away. Tearing down of catenaries can occur
when trains drive too fast and when the pantographs are somehow damaged.
Thus, the reliability issue is of smaller interest regarding power system
investment planning.

2.9

Capacity

The traffic capacity constraints of the railway can be divided to at least the
three types:
• The strength of the embarkment
• The railway track capacity
• The power system capacity
On a track section, the parameters maximal allowed velocity, maximal
allowed static axle load, and maximal allowed weight per meter tells how
strong the embarkment is [30, 60]. The term "axle load" is defined as the
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load, i.e. the downwards force acting on the rail through a pair of wheels on
an axle [30].
Railway track capacity is also important because unlike cars on expressways, trains on railways cannot meet and overtake each other just when
they like. Railway traffic planning is a great research field in itself.
These two kinds of infrastructure induced traffic limits, are considered
fixed in this thesis, because of the longer lead times for such investments
compared to investments in the power system.
Finally, the power system capacity, can be subdivided in both available
installed power and the strength of the power system, i.e. how much power
that needs to be consumed before the catenary voltages drop to too low
levels for the trains to be able to consume sufficient amounts of power.

Chapter 3

The Simulator
3.1

Aim of, and Motivation for TPSS

The short-term purpose with the development of the Train Power System
Simulator (TPSS) is to be able to see how the railway traffic and the railway
power supply system interact. The long-term purpose is to connect that
gained knowledge to the calculation of operation costs, including costs of
delays.
The method developed and presented in this chapter is mainly used for
determining the train running times and the power injected at each converter station for different levels of traffic on different railway sections with
different power system configurations. For a given choice of electric feeding
technology and a given level and type of traffic, this simulation method determines whether the traffic can go as fast as desired or not. Moreover, TPSS
also determines the power consumed in each converter station for every simulated discretized time step. From that information, energy consumption,
maximal power consumption, and maximal N -minute-average power consumption, for an M -minute time window, can be calculated. Note that, M
must have a value at least as big as N in order to make it possible calculating
the maximal N -minute-average value.
A "home made" simulation method as TPSS will hardly ever be more
complete than commercial software is. Sometimes, however, commercial
software can be slower than home-made ones if the commercial software
does not allow the simplification of models that the user may consider to
be too advanced, or if the commercial software has user-interfaces that are
45
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too user-friendly. The possibility to control in and out data, as well as to
improve the models when needed, is however only present when working
with self-made programs. Moreover, when doing academic research it is of
great value to know exactly which mathematical models that lie behind a
certain program. It is common that the models used in commercial software
are not completely described, which partly can be explained by the fact
that a fast-computing software makes smart approximations that have to
be kept secret. Therefore, it is hard to know whether or not and under
which conditions these approximations are valid. In this thesis, the study
of extreme conditions are of great importance. One can expect of fast and
approximative software to be less reliable for cases that its designers never
thought of would happen.

3.2

A Review of Existing Railway Power Supply
System Simulators

The idea of connecting train traffic operation planning to the constraints of
the power system is not new. OpenPowerNet is a plug-in especially constructed for an existing traffic planning software. Here, the term "plug-in",
implies an interaction between the traffic planning software and the power
system simulation software. The power system simulation software tells
wether or not a traffic solution suggested by the planning software is allowed by the power system.
Also Power Log is made for an existing software but it does not interact
with SIMON in the way OpenPowerNet does with OpenTrack. Power Log
simply postprocesses the results of SIMON.
SIMTRAC/TracFeed Simulation is, like TPSS here, a software simulating train movements and power flows over time. The approach of
Section 3.2.3 uses results of such a type of simulator for determining the
needed probability density functions.

3.2.1

OpenPowerNet

There exists a German commercial software named OpenPowerNet which is
a plug-in software for the traffic planning software OpenTrack [13]. Not so
many details are yet to be found except the references [106, 107]. Since it is
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very unclear if the software is really for sale yet, one would expect it to still
be under development.

3.2.2

SIMON

SIMON is a fast train traffic simulation program that focuses on travel time
impacts of changes in rail infrastructure [23]. The program takes among
other things into account; that different train types have different performances, the importance of the traveled direction of a simulated train, and
the importance of studying great systems because everything is connected
and it can be deceptive to study too small isolated systems. The interest
for traveling direction is explained by the fact that the track topography is
the opposite when traveling in the other direction.
Some experiences of SIMON usage can be found in, e.g. [120].
Power Log
Power Log is a software that post-processes results from traffic planning.
The main usage of Power Log is to estimate how much installed apparent
power that is needed for a given traffic level and power system. This means
among other things that slowing-downs of trains caused by the power system
weakness cannot be detected by Power Log. Possible voltage drops are not
accounted for in the model, moreover no regenerative braking of the trains
is accounted for. In addition to that, power factors and efficiency factors
seem to be modeled as independent of velocities. More information about
Power Log can be found in [96].
SIMTRAC/TracFeed Simulation
Not so many papers have been written about TracFeed Simulation (formerly
named SIMTRAC), which is not so surprising, since commercial software
producers do not want to reveal all of their models and methods. Anyhow,
a great deal of the models it uses – but not all – can be found in [108, 109].
TracFeed Simulation has been used by the Norwegian railway administration, Jernbaneverket, for a time and has from the beginning of the year 2007
also been used by the Swedish railway administration, Banverket.
Some studies where TracFeed Simulation (or SIMTRAC) has been used
as a tool are [46, 47, 88].
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SIMON in Connection with SIMTRAC
In Sweden, plans of integrating the train traffic simulation programs SIMON
(sometimes also called TTS) [81,119] and RTP (Running Time Program) to
SIMTRAC (today known as TracFeed Simulation) went so far that a paper
about it was presented at CompRail in 1996 [119]. The development of the
interface between SIMON and SIMTRAC (nowadays TracFeed Simulation)
was never finished [30]. Until recently Banverket have complemented their
traffic studies in SIMON with Power Log [23,81,96,120]. RTP was a program
that should consider the relations between running times and the state and
topography of the railway track. Banverket does not use SIMON anymore
[30].
SIMON in Connection with Power Log
According to the study made in [96], TTS/SIMON (SIMON was called TTS
in the past) together with Power Log usually overestimates the energy usage with about 10–20 % compared to measurements. The energy usage is
likely to be slightly overestimated by the TPSS of this thesis too, since it
makes similar assumptions about aggressive driver behavior as SIMON does.
However, it is not reasonable to assume that an aggressive driver would consume up to 20 % more energy than a more gentle driver following the same
timetable. The extra energy consumed by an aggressive driver can be divided up into increased power system losses, running resistance, and energy
wasted by braking.
In the great investigation [81], SIMON combined with Power Log was
used.

3.2.3

A Probabilistic Load Flow Approach

An interesting paper is [70] with its probabilistic load flow approach. In that
paper, in the introduction, a good description of how AT and BT systems
work in a 50 Hz railway power supply system can be found. Instead of
making tedious simulations, one proper simulation is done – once and for
all. In that particular simulation model, it is assumed that the tractive force
curves of the trains are independent of catenary voltage. On the other hand,
are the catenary models in that paper more detailed than those of Chapter 2
in this thesis.
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The train positions are used as primary parameter in the probabilistic
load flows, a position is assumed to determine the consumed, or possibly
regenerated, electric power. A probability density function (PDF) for the
location of trains on a railway section is derived out of the simulation results.
The probability of each train location is modeled as inversely proportional
to the train speed in that particular location. This leads roughly to a bathtub curve since the trains drive slower when accelerating and braking. Once
the PDF is known, train positions and power flows can be realized. Trains
that normally depart with a certain periodicity can be placed out after and
in front of the randomly placed train at a fixed or, if so desired, a randomly
disturbed distance. For lots of cases studied, PDFs describing the voltages
and power flows at the feeding points can be calculated. The probabilistic
load flow models are verified with simulations.
This type of study does, however interesting, not seem to be suitable for
studies of the voltage dependency of the running times.

3.2.4

Some other railway power system software

The following listed simulators are in in truth not known much more than
by name to the author. However, they exist, and they are relatively suitable
for simulating the Swedish kind of railway power supply system.
• The by Siemens developed Sitras Sidytrac which is not commercially
available [35].
• ELBASTOOLS from the manufacturer ELBAS including SINANET
for DC traction, WEBANET for AC traction, and IMAFEB/ELEFEB
that is suitable to the calculation of effective overhead line impedances
of AC railways as well as the magnetic and electric field distribution at
cross sections around the overhead and energy transmission lines [51].
• The µ-PAS, ZFS software from Prolitec AG, [35].
• The software package Faber from Enotrac AG, [35].
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3.3
3.3.1

The Method of TPSS
Flowchart

A flowchart of the simulator algorithm can be found in Figure 3.1, and a
written description will follow.
1. The user gives inputs like timetables, braking plans, infrastructure
data, train specifications, and other initial conditions to TPSS.
2. Initialization. Time is set to zero. Trains included in the initial conditions are placed out.
3. Update the time step. Let a train emerge at its departure position of
the railway track when it is time according to the timetable.
4. Train traffic control; should a train brake, coast, or speed up?
5. Load flow calculations are performed in GAMS.
6. Outputs from load flow: U , θ, PG and QG for frequency converters,
PD and QD for trains, and a also for trains. Acceleration, a, is a result
of load flow calculations only when motoring, i.e. when PD is positive.
When braking or coasting the acceleration does not depend on the
state of the power system.
7. Position and velocity in the time step are calculated once the acceleration is known.
8. Remove trains that have reached their final destinations.
9. Was the recently removed train the particular one that is studied? If
”Yes”, move to the next step, if ”No”, move back up to point 3.
10. Algorithm halts. Running time of the train is displayed, detailed data
are stored.

3.3.2

A General Description

The algorithm method of the TPSS (Train Power System Simulator) simulates in detail how the moving trains interact with the railway power supply
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Finished

10

Running time displayed. Detailed
data are stored

Inputs:
- timetables
- braking plans
- infrastructure
- train data

1

Initializing program
Placing out trains
Set time to zero 2

"Yes"
Was the removed
train the one stud- "No"
New time step
9
ied?
3 Train departure?
8
Remove trains that
have arrived at
their destinations

Calculate train
velocities and
positions
7

4
Train Traffic Control
GAMS:
5
Load flow calculations
Outputs:

6

Voltages, angles,
power generated and
consumed, accelerations

Figure 3.1: A schematic flowchart describing the overall idea of the algorithm.

system for a specified traffic intensity, power system, and topography. TPSS
does not consider any kind of signalling, safety distances, or traffic control
except the speed limits. This means that the trains in TPSS do not see each
other. This means that theoretically, with strange data, the trains simply
would go through each other, when in reality there could have been problems
meeting or overtaking each other. Such strange data are not used in the case
studies of this thesis. Moreover, all the railway sections are assumed to have
one catenary wire only. In reality, of course, there are as many catenary
wires as there are tracks.
Traffic intensity can be stated by the user by typing in the departure
times of trains, their speed limits, and by specifying initial conditions of
trains. The purpose of such initial conditions is to be able to place out
trains between the train stops with different velocities such that the railway
system is not empty when starting the simulation. The placing out of trains
can be found in step 2 in Figure 3.1. The initial velocities are assumed to
be constant, i.e. the initial acceleration of trains out on the track equals
zero. For each train in the simulator, of course, the traveling directions, the
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planned train stops, and the train types must be specified.
The train driver is assumed to be aggressive, i.e. the locomotives always
use full steam, idling, or full brake, respectively. This is done in order to
reduce the computational complexity and is quite common to do in simulations, like for example the commercial software TracFeed Simulation [108].
In the PhD thesis [86] the focus is on the contrary set on driving behavior,
but less attention is paid to the power supply.
TPSS does not consider the traffic constraints caused by the present
signaling system. Today, only one train can be at once in a predefined
rail section, such a section can in the countryside be several km long. The
conservative signaling system of today will hopefully vanish in the future, at
least on places where the signaling system really restricts the traffic flows.
The future European signalling standard, ETCS Level 3 [4, 5], will allow
trains to be as close to each other as can be allowed with respect to braking
distances and safety – like with cars and subway trains.
The power system properties can be changed by the TPSS user by specifying:
• the distance between the converter stations,
• whether the catenaries are of either AT or BT type,
• whether there is an HV transmission line installed or not,
• how many transformer feeding points that are installed between each
pair of converter stations, in the case of an HV installed line,
• and the number of converters in each converter station.
In addition to that, the user can for one and the same locomotive, choose
whether to use the short-time maximal tractive force curve or the continuous
maximal tractive force curve, cf. Figure 2.7 and Figure 2.8 in Section 2.5.3.
This feature is included in order to make it possible studying the impact
of protecting the locomotive’s engine from overheating or not. The user
can also specify the desired length of the simulation time step, ∆t , i.e. the
resolution of the time discretization. At the moment, TPSS handles the
time step lengths: 0.05, 0.1, 0.2, 0.5, and 1 minutes. In the exhaustive
study of [81], SIMON is used with a time resolution of 1 minute.
The Newton Raphson method normally used for load flow calculations
failed in some cases, during the development of TPSS, when the railway
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power supply system was heavily loaded. Also the nonlinear optimization
problem solver fmincon of Matlab has been tried, failing even with converters modeled as slack nodes and trains modeled as in this thesis. Finally, the
decision fell on the external optimization software GAMS.
The reader should however note, that non-convergence does not necessarily have to be algorithmically related. Sometimes lack of convergence
depends also on voltage instability, or modeling limitations, e.g. converters that are heavily overloaded. Additionally, it is worth mentioning, that
bounds and initial values of optimization variables do matter when working with nonlinear problems of the types presented in Chapter 2. Details
will not be scrutinized here since they have shown to be somewhat problem
dependent. One general observation worth mentioning, is that when allowing catenary voltages lower than 8.25 kV the power flow equations may not
always be solved properly even when using GAMS. This lower bound of catenary voltages in TPSS, cf. equation (3.63), should not really be any problem
for realistic studies of the Swedish railway power supply system since the
undervoltage protection of the converters are at the 9 kV level [38].
As already indicated, in TPSS, the working idea of which is illustrated
in Figure 3.1, two different computer programs are used.
• Matlab, from which the program also is executed, that mainly does
the kind of tasks that are comparatively easy to compute, as, e.g. the
bookkeeping.
• GAMS is a powerful optimization program that is used for solving the
system of nonlinear equations from the models presented in Chapter 2,
for each discrete time step. The solving of equations is found in step 5
of Figure 3.1, the load flow calculations. That problem is reformulated
as an optimization problem to be solved numerically by the GAMS [55]
solver CONOPT [49] with the solution procedure DNLP (nonlinear
constraints with discontinuous derivatives allowed) [103]. Most of the
computation time, roughly 90–95 %, is used by the GAMS part of
TPSS. No detailed study has however been carried through.
Discrepancies in TPSS from the Chapter 2 models are presented and motivated in the last part of Section 3.3.3.
The objective function in the GAMS program is the sum of the squared
two-norms of the active power flow error vector and the reactive power flow
error vector, but could be chosen differently. In fact, any equations from
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the model that can be formulated as g (x) = 0 in an optimization program
could be used as an objective function, e.g. minx kg (x)k22 .
For each time step in the simulation, when it is time to determine the
accelerations of the trains, GAMS is called upon from Matlab. GAMS is for
each time step given all the details about the electric power system, e.g.
• how many trains there are,
• where these trains are located,
• how many converters there are,
• how strong each converter is,
• where the converter stations are situated,
• the total number of nodes in the power system,
• and the admittance matrix for the power system.
Except all of that, GAMS also receives some numerical values from the
preceding time step in order to guess suitable initial values for some of the
optimization variables in the nonlinear equations to solve. The variables that
are subject for this bookkeeping are the voltages U ; the angles θ, θ 0 , and
ψ; and the active and reactive power inputs from the converter stations, PG
and QG . This is done because if the initial values are close to the "relevant"
solution, it is more likely to be found.

3.3.3

A Detailed Description

Bookkeeping
Matlab calculates, updates and stores the positions, velocities, and the accelerations of the trains. This is done in all the ten steps of Figure 3.1.
The accelerations are when the locomotive engineer steps on the accelerator, i.e. when affecting the state of the power system, determined by the
equation solving of step 5 in Figure 3.1. When braking on the other hand,
the accelerations are purely determined by the braking plans in Matlab.
Coasting trains are trains where the locomotive engineer steps on neither
the brake pedal, nor the accelerator. Such trains are merely affected by the
resistive force of equation (2.13). The calculation of the resistive force in
TPSS uses velocities from the prior time step.
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The trains are nodes in the power system, but trains are mobile, so the
nodes move, and therefore the inter-node admittances of the power system
are changed for each step in time. Moreover, when a train comes too close
to a fixed node, closer than the limit β, the train node is absorbed by the
fixed node. Fixed nodes are for example converter stations, nodes connecting AT catenary initial impedances to the length-dependent AT catenary
impedances, and the nodes connecting the HV transformers to the catenaries and HV transmission lines. The, in the previous sentence described
mergence of train nodes is done in order to avoid numerical difficulties in
the load flow calculations of GAMS since the admittances otherwise would
tend to infinity. One motivation for not implementing the same kind of
node mergence for two trains close to each other is that it would take some
time doing so. One other, more important reason, is that if TPSS is given
proper timetables, such situations would never really occur. To conclude,
the above information means that the admittance matrices have to be updated regarding content for each time step in the simulation, and regarding
size quite often.
Matlab also stores all the relevant numbers that GAMS has calculated,
keeps track of the locations of the train stops and which train to stop where,
and the braking times of the trains. Once a specific train stop has been
reached for a train, it is deleted from the list of stations to visit, and the
first location in the remaining list is set as the next position to head for. If
all stations to stop at already have been visited, the position where to stop
next time is set to infinity (Inf in Matlab). This is done in order avoiding
a train to start braking once again before TPSS has noticed it has reached
its goal. The problem of breaking twice for one station may, without this
infinity trick, occasionally occur for long discretization time steps, e.g. for
one minute time steps.
Train Traffic Control
Here, in the "Train Traffic Control" section, step 4 in the flow chart of
Figure 3.1 is described.
Velocity Control In addition to the above described bookkeeping, also
the speed restrictions are dealt with in the Matlab part of TPSS.
When the train goes too fast, TPSS orders it to coast if it drives less
than or equal to 5 km/h too fast. When the train goes even faster than so,
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it is ordered to brake, but not harder than what will force the train back to
the restriction limit. The train deceleration is also limited by the 0.85 m/s2
comfortability limit, for an explanation refer to Section 2.5.4. The above
described speed maintenance is a bit inspired from the real procedure in
Sweden. In Sweden today, when a train’s speed exceeds the restriction limit
with more than 5 km/h, the driver is alerted by signals and a warning lamp.
When the speed limit is exceeded with more than 10 km/h the train enters
"full braking mode", and at more than 15 km/h above the limit, it will use
the emergency brakes [86].
When the train on the other hand goes too slow, compared to the
timetable stated by the TPSS user in step 1 in the flow chart of Figure 3.1,
it is ordered to accelerate. Still, the velocity control model is a bit crude,
and the driver is assumed to accelerate as much as possible regardless of
how much acceleration that actually is needed in order to attain the desired velocity of the train in the following time step in the simulation. This
assumption can in some problem setups result in a train driver that every
other time step accelerates maximally and every other time step she either
brake or coast.
Braking The precalculated braking schedules that are described in
Section 2.5.4 are used as follows. Before asking GAMS to solve the power
flow equations, the Matlab part of TPSS checks if there is time to brake for
any train. It is considered time to brake when
0 < pstop − pt < dˆbrake (vt ) + vt ∆t ,

(3.1)

where vt ∆t is a sort of uncertainty factor due to the discrete time model. If
there is time for a train to brake, then the value of the parameter Braking
is changed to equal 1, and vt is stored as vbrake . For the purpose of bookkeeping, the value of the variable describing the train braking time, Braking,
increases by one for each time step of braking. This measurement of braking
time makes it possible using the precalculated braking schedules. Matlab
knows that trains with parameter values of Braking exceeding 0.5 are braking trains. This is because Braking takes on the value 0.5 when the train is
in speed-limit mode, described in the above "Velocity Control" section. The
braking acceleration, deceleration, is then determined by
at = (1 − α) · abrake [⌈vbrake ⌉, Brakingt ] + α · abrake [⌊vbrake ⌋, Brakingt ] (3.2)
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where ⌊x⌋ means "floor of x", i.e.
⌊x⌋ = max y, y ≤ x, x ∈ R
y∈Z

(3.3)

and similarly does ⌈x⌉ mean "ceiling of x", i.e.
⌈x⌉ = min y, y ≥ x, x ∈ R,
y∈Z

and where
α=

(

⌈vbrake ⌉−vbrake
⌈vbrake ⌉−⌊vbrake ⌋

0

, ⌈vbrake ⌉ 6= ⌊vbrake ⌋
, ⌈vbrake ⌉ = ⌊vbrake ⌋

(3.4)

(3.5)

because the braking schedules are only computed for integer velocities, and
where Brakingt tells for how many time steps the train has been braking.
In equation (3.5), indeed, α could really take any value when ⌈vbrake ⌉ equals
⌊vbrake ⌋, but for convenience it is set to equal 0. After waiting for a, in the
timetable, given number of minutes after that at has reached zero, Braking
is set back to equal zero and the train can start accelerating, aiming for
the next stop along the track. If the train has reached its final destination
according to the timetable, it is removed from the track. This can be found
illustrated in step 8 in the flowchart of Figure 3.1.
Model Adjustments for Faster and More Reliable Computations
All the model adjustments presented here are made in step 5 in the above
numbered list and in Figure 3.1.
Using results from the preceding time step In order to reduce the
computational complexity of the system of nonlinear equations to be solved
in step 5 in Figure 3.1, GAMS is programmed to use values from the time
step prior to the present one when possible and when motivated. The advantage is that the results taken from the time step prior to the present
time step can be regarded as constants by GAMS, whereas the values of
the actual time step are unknown and thereby must be considered as variables. The reader should not mix up this reduction of optimization variables
with the usage of solutions from the prior time step as initial guesses in the
solving of the optimization problems described at the end of Section 3.3.2.
The, in the previous paragraph described, usage of old results taken
from the time step prior to the present one as constants are applied for: the
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maximal tractive force, Fmotor,max , that can be seen described in Figure 2.8;
the resistive force due to mechanical and air resistances of equation (2.10),
Fair,mech ; the adhesive tractive force of equation (2.8), Ftract,adh ; the part of
the locomotive DC voltage of equation (2.17), Udiα , that is related to train
velocity, i.e.


v
;
(3.6)
Udiα,init,v = Emax · min 1,
vbase

and, finally, for the mechanical motor power of equation (2.15), Pmotor .
These are all programmed to depend on the velocity in the previous time
step, vt−1 , rather than to the one in the present, vt . Normally, v will not
change that much between two small consecutive time steps, so the introduced error should be comparatively small. Moreover, the inclinations of
the railway track are also calculated by the use of the train positions in the
time step prior to the present one, pt−1 , instead of using pt . Considering the
low resolution of the inclination data used by TPSS in the simulations done
for this thesis, cf. with Figure E.3, this approximation would not affect the
solutions at all.
Doing the same with the catenary voltage, U , was tested, together with
a reformulation of equation (2.9) such that the solution procedure MINLP
(Mixed Integer NonLinear Program) [103], using the solver DICOPT [57],
instead could be used. That reformulation was needed because in MINLP
functions of the type
z = min {x, y}
(3.7)
are not allowed and must be replaced by for example
z = ax + by
a, b ∈ {0, 1}

(3.8)
(3.9)

a+b=1

(3.10)

z≤x

(3.11)

z ≤ y.

(3.12)

The test resulted in very small computation time gains and was never made
a permanent change in the TPSS software.
Another approximation that has been tested in order to speed up the
calculations is to let Fwheels in equation (2.7) or equation (3.43) depend
upon at−1 instead of at . This last approximation did however often end up
in execution problems for TPSS.
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In order to summarize, instead of connecting the present time step to
the prior one in the TPSS simulation like
at = SOE (pt , vt , at )
vt = vt−1 + at ∆t
∆2
pt = pt−1 + vt−1 ∆t + at t
2

(3.13)

the present time step is connected to the prior one by using
at = SOE (pt−1 , vt−1 , at )
vt = vt−1 + at ∆t
∆2
pt = pt−1 + vt−1 ∆t + at t
2

(3.14)

where SOE denotes the entire system of equations, solved in step 5, needed
to determine the accelerations of the trains, i.e. considering possible restrictions caused by power system limitations, locomotive strengths, track
hillsides, adhesion, etc. By obvious reasons, equation (3.14) is simpler to
solve than equation (3.13). The observant reader might ask herself why at
still depends upon itself in equation (3.14). This can be explained by the
fact that letting Fwheels,t depend upon at did not work out good, as described
in the above paragraph. In TPSS, the determining of the accelerations are
being done in step 5, and the calculation of the velocities and positions are
being done in step 7 in the above bullet list and in the describing flow chart
of Figure 3.1.

Avoidance of division by zero The velocity part of equation (2.17),
i.e, equation (3.6) might attain zero values for trains that stand still. In
order to avoid problems later on in equation (2.18) when dividing by Udiα ,
equation (3.6) is never allowed to equal zero following
Udiα,init = max {9, Udiα,init,v }
where the number 9 V was empirically chosen.

(3.15)
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Smoothing of functions If one considers the plot in Figure 3.2 depicting
the sin (...) part of equation (2.19), i.e.

̟=





Udiα ·π


−3 ,
sin arccos √2·U


locoRc


Udiα

√ ·π ≤ UlocoRc ≤ Udiα
√ ·π
when


4· 2
2· 2

(3.16)






Udiα ·π


−1 ,
sin arccos √2·U


locoRc



√ ·π ,
when UlocoRc ≥ Udiα
2· 2

√ ·π .
one can see that the derivative is noncontinuous where UlocoRc equals U2·diα
2
In order to make the problem formulation suitable for the DNLP (NonLinear Programming with Discontinuous derivatives, [3, 103]) solution procedure some different formulations were tried out. Using DNLP in GAMS
does, e.g. not allow the usage of binary variables. It showed to be preferable
having a function with a continuous derivative. Therefore a DCT (Discrete Cosine Transform, [72, 90]) approximation of the double arc function in equation (3.16) is used. In Figure 3.2, the original function in
equation (3.16), its DCT approximation, and the approximation error are
plotted. The reason why DCT was chosen was that GAMS only can treat
real numbers, so an FFT (Fast Fourier Transform, [89]) approximation
was therefore excluded, and the double arc function seemed easier to approximate by sinusoids than by for example polynomials. The function in
diα
as independent
equation (3.16) was discretized, i.e. sampled, with UUlocoRc
variable leaping from 0 by 0.02 to 1.82, which means 92 samples. In reality,
diα
the fraction UUlocoRc
cannot exceed 1.69, i.e. when

Udiα = 770 V
UlocoRc = 14 kV/15 kV · 487 V
≈ 455 V.

(3.17)
(3.18)

For locomotive voltages UlocoRc lower than 455 V, i.e. for catenary voltages
U lower than 14 kV, also the DC motor voltage, Udiα , will be lowered with
the same proportion, see equation (2.17). The 18 DCT coefficients with
greatest absolute value from the DCT of that number sequence made out a
good approximation of the function. The coefficients can be found listed in
Appendix C.
Another formulation of QD , containing a binary formulation that
√ ·π , and a MINLP
switches when the values of UlocoRc goes above or below U2·diα
2
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(Mixed Integer NonLinear Programming, [103]) solution procedure has also
been evaluated, however less successful.
The original function
The DCT approximation of the function
The approximation error

1.4
1.2
1
0.8
0.6
0.4
0.2
0
−0.2

0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

1.8

Udiα
UlocoRc

Figure 3.2: The sin (...) part of equation (2.19), the DCT approximation of
it, and the approximation error.
Also Udiα of equation (2.17) is adapted for the GAMS preference of
continuously differentiable functions. The scaling factor of Udiα done with
respect to catenary voltage, i.e.
(

ϑ = min 1,

U
U14kV

)

(3.19)

was sampled from equation (3.19) for every catenary kV between 0 kV and
20 kV, i.e. 21 samples, and thereafter approximated by least squares fitting to a sixth order polynomial. The polynomial coefficients are given in
Appendix D.
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Step 5, the Formulation of the Problem in GAMS
The system of equations to be solved are, as already stated, reformulated
as an optimization problem, in order to be able to use GAMS as problem
solver. And as stated in the first new paragraph after the first bullet list
in Section 3.3.2, GAMS was chosen because neither the method of NewtonRaphson, nor the internal nonlinear equation solver of Matlab’s did perform
well enough. The reason for choosing GAMS of all possible tools existing
is that GAMS was known, by experience, at the division of Electric Power
Systems at KTH to manage nonlinearities in a satisfactory fashion.
The problem is explained by first stating the objective function and
thereafter uncovering the problem formulation backwards recursively. The
objective is to
min z
(3.20)
under the constraints in equations (3.21)–(3.64). The objective function is
defined to be

X
z=
(∆Pn )2 + (∆Qn )2
(3.21)
n∈N

where N denotes set containing the indices representing all the electric nodes
in the railway power supply system. Equation (3.21) shows that the objective is to minimize the summed square of the calculated error of the active
and reactive net power flows in each node. This means that the objective
value, z, should equal zero since there must be a node balance, i.e. ∆Pn
and ∆Qn in equations (3.22) and (3.23) must equal zero. If the objective
function value exceeds 0.1, TPSS considers the load flow calculations of that
particular time step to have failed. Normally, the objective function value
rarely exceeds 0.1, and the size of the error is correlated with the level of
loading of the system and to the number of nodes in the system. These
power flows are defined to be
∆Pn = PG,n − PD,n − Pn

(3.22)

∆Qn = QG,n − QD,n − Qn

(3.23)

and
respectively. In equations (3.22) and (3.23), there are three items yet to be
explained, the generated power, PG,n and QG,n , the consumed power, PD,n
and QD,n , and the power transmitted away from node n according to the
load flow equations, Pn and Qn .
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Starting with the "generated" power, i.e. the active and reactive power,
respectively, entering the railway power supply system through a converter
station, which is determined by equation (3.24), cf. equation (2.2),
θg0 = θg50 −

X50,g · PG,g
1
,
· arctan 
2
3
Ugm + X50,g · Q50,g

(3.24)

where index g ∈ G ⊂ N denotes the node numbers representing converter
stations; equation (3.25), cf. equation (2.3),
P

G,g
m ·
Xq,g
1
#conv,g
−
ψg = − arctan 
2
3
m · Q50,g
Ugm + Xq,g
#conv,g

− arctan

PG,g
#conv,g
QG,g
g
Xq,g
· #conv,g

g ·
Xq,g
2

(Ugg ) +

(3.25)

;

and the empirically determined upper and lower bounds
−1 · #conv,g
9 · #conv,g
≤ PG,g ≤
4
4

(3.26)

and

−1 · #conv,g
≤ QG,g ≤ #conv,g
2
for the converter station nodes and

(3.27)

PG,h = 0

(3.28)

QG,h = 0

(3.29)

where the indices h ∈ H = N \ G denote electrical nodes were there are
no converter stations. In equations (3.24) and (3.25), θg50 , Xg50 , Ugm , Q50,g ,
m , X g , and #
Xq,g
conv,g are treated as constants and given numerical values
q,g
by the user. The voltage phase angle of the 50 Hz grid side of a converter
station, θg0 , and the phase shift created by the converter, ψg , are connected
in the model by
θg = θg0 + ψg ,
(3.30)
cf. equation (2.4), and these angles are also bounded in order make it easier
for the numerical solver to find the desired solution. These bounds are
20π
−110π
≤ θg0 ≤
180
180

(3.31)
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and

−110π
20π
≤ ψg ≤
(3.32)
180
180
where the numerical values are determined empirically. Moreover, the voltages and the reactive power generation at the converter station nodes are
related by
QG,g · Sb
(3.33)
Ug = 1 −
#conv,g · 20 · Ub

that describes the amplitude compounding, where Sb is set to 5 MVA and
where Ub equals 16.5 kV, cf. equation (2.1).
In equation (3.22), the variable PD,n was also introduced, the active
power demand expressed in p.u. is defined in the constraint
PD,r =

X  1 + κi  Pmotor,i
i

PD,s = 0

2

106 · Sb

τr,i

(3.34)
(3.35)

where index r ∈ R ⊂ N denotes node numbers of trains, where i ∈ I denotes
the train numbers of the trains in traffic for the moment, κi equals 1 if train
i is not coasting and equals −1 if it actually is coasting, where τr,i equals 1 if
train i is at node r and equals 0 else, and where index s ∈ S = N\R denotes
electrical nodes where there are no trains. Please, observe that indices i are
not the same kind of numbering as the node numbers, n, are. The usage of
i is simply a way of making it possible telling the difference of the trains.
Moreover,
Pmotor,i = Fmotor,i · vimps · (1 + ζ)
(3.36)

where Fmotor,i denotes the tractive locomotive force in N, vimps the train
velocity expressed in m/s and ζ is the user-defined slippage ratio. The train
velocity, vimps , is a figure taken from the previous time step and is in the
present time step used as a constant. The tractive locomotive force is defined
by
Fmotor,i = χi ςi =
(ςmax − ςmin ) σi + ςmin σmax − σmin ςmax
= χi
σmax − σmin

(3.37)

where σi is the normalized, and ςi is the un-normalized output, respectively,
of the NN calculating the maximally allowed tractive force; where χi equals
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1 if motoring or coasting and equals 0 if braking; and where σmin , σmax ,
ςmin , and ςmax correspond to equations (B.9) and (B.16), equations (B.10)
and (B.17), equations (B.11) and (B.18), and equations (B.12) and (B.19),
respectively. All elements in the right hand side of equation (3.37) are
constants except the NN output σi . Consequently, ςi is a variable too, since
it is defined by σi . The NN output is
σi =

X

1
+ b2
wl2 fl,i

(3.38)

l

where index l denotes neuron numbers, where wl2 and b2 are constants, and
where the notation is kept as close to the one used in Appendix B as possible.
Moreover,
2
1
 1 − 1
P
(3.39)
=
fl,i
1
1 + e−2 k wl,k φk,i +bl
1 and b1 are constants.
where φk,i denotes the scaled inputs, and where wl,k
l
Continuing, the scaled inputs

φk,i = (φmax − φmin )

ϕi,k − ϕmin,k
+ φmin
ϕmin,k − ϕmin,k

(3.40)

where all elements on the right hand side except ϕi,2 are constants, and
where
ϕi,1 = vikmh
ϕi,2 =

X

Ut Ub τt,i

(3.41)
(3.42)

t

and where the constant of equation (3.41) is the velocity of train number i,
expressed in km/h, taken from the prior time step. Numerical values of φmin ,
φmax , ϕmin,k , and ϕmax,k can be found in equation (B.2), equation (B.3),
equations (B.4) and (B.5), and equations (B.6) and (B.7), respectively. In
equation (3.37), Fmotor,i is introduced. The tractive force at the wheels,
cf. equation (2.7), is related to the tractive motoric force like
Fwheels,i = χi (Fmotor,i − KJ · 4 · ai · (1 + ζ))

(3.43)

where KJ and ζ are user-defined constants, and where ai is the acceleration
of train i, that is defined in equation (3.49). The acceleration, ai , represents
the acceleration in the present time step, and is therefore a variable. Either
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the tractive force at the wheels, Fwheels,i , or the adhesive tractive force,
Ftract,adh,i , between the rail and the wheels determines the effective tractive
force, cf. equation (2.9), it depends on which one of them that are the
smallest,
Ftract,i = min {Fwheels,i , Ftract,adh,i }
(3.44)
where Ftract,adh,i is defined by
Ftract,adh,i

7.5
= (1 − ν) madh,drive,i · g · 0.161 +
44 + 3.6vikmh
+ ν madh,drive,i · g ·

3.78
23.6 + vikmh

!!

!!

+
(3.45)

where g = 9.81 m/s2 is the earth’s gravity, madh,drive,i is the mass on the
driving axles of the train given by the user, ν is a user-defined constant that
equals 1 if the rail is wet and 0 if the rail is dry, cf. equation (2.8). The
resistive forces on the train due to air and mechanical resistances,
2

Fair,mech,i = Ai + Bi · vimps + Ci · (vimps )

(3.46)

where Ai , Bi , and Ci are user-defined constants, cf. equation (2.10). Moreover, the resistive force due to grades
Fgrades,i = mi · g · ιi (pi )

(3.47)

where mi is user-defined, and where ιi (pi ) is a function of the position
in the prior time step of train i describing the inclination in per-mille,
cf. equation (2.11). The inclination can be found plotted as a function
of train position in Figure E.3. All resistive forces are summed together,
cf. equation (2.13), in
Fres,i = Fair,mech,i + Fgrades,i .

(3.48)

Now, the acceleration of train i, ai , can be given without introducing any
new variables
1 − κi −Fres,i
+
2 mi (1 + Hi )
Ftract,i − Fres,i
1 + κi
+
+ χi
2 madh,drive,i + (mi − madh,drive,i ) (1 + Hi )

ai = (1 − χi )

+ (1 − χi ) abrake
i

(3.49)
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is the precalculated braking deceleration introduced in
where abrake
i
equation (3.2), i.e. a constant given to GAMS from Matlab; and where Hi
is given by the user, cf. equation (2.14). The mechanical motoric power
defined in equation (3.36) is used in the calculation of the DC current of Rc
locomotives, expressed in A, cf. equation (2.18),
Pmotor,i
Udiα,i

ID,i =
where

(3.50)

init approx
Udiα,i = Udiα,i
ϑi

where
init
Udiα,i

(

(3.51)

(

v kmh
= max 9, Emax min 1, i
vbase

))

(3.52)

where the base velocity, vbase , is 78 km/h, and where the unitless scaling
ϑapprox
=
i

6
X

γ=0

cγ ·

(UlocoRc,i )γ Ub2
Ub3

(3.53)

where Ub2 is defined to be 15 kV, Ub3 to 487 V, where the numerical values
of the constants cγ are to be found in Appendix D, and where
UlocoRc,i =

X Ur Ub Ub3
r

Ub2

τr,i .

(3.54)

Empirically, it has proved to be necessary introducing lower bounds on
UlocoRc and Udiα in order to prevent the solver to make divisions by zero
during the solving process. This is done in the constraints
UlocoRc,i ≥ 1

(3.55)

Udiα,i ≥ 1

(3.56)

where the numbers 1 V and 1 V are set quite arbitrarily. They are both
normally taking values around 500 V AC and 700 V DC, respectively.
The equations used for determining the active power consumption in
equation (3.22) are now all presented, and it is time for the equations describing the reactive power consumption in equation (3.23).
QD,r =

X  1 + κi  Qmotor,i
i

QD,s = 0

2

106 · Sb

τr,i

(3.57)
(3.58)
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where
Qmotor,i

√
UlocoRc,i ID,i 2
̟i
=
π

(3.59)

where
 

 π 2


w [j] D [j] cos 
̟i =


j∈C

X

Udiα,i
+δs
UlocoRc,i

δs

2N





− 1 (j − 1) 







(3.60)

which can be found thoroughly explained in Appendix C.
Now, it is time defining Pn from equation (3.22), and Qn from
equation (3.23),
Pn = Un

X
m

Qn = Un

X
m

(Um (Gn,m cos (θn − θm ) + Bn,m sin (θn − θm )))

(3.61)

(Um (Gn,m sin (θn − θm ) − Bn,m cos (θn − θm )))

(3.62)

where index m ∈ N, where Gn,m represents the real part of the admittance
matrix, and where Bn,m represents the imaginary part of the admittance
matrix. It should also be mentioned that the voltage levels and voltage
angles are bounded in order to make it easier for GAMS finding the desired
solution, these bounds are set to
0.5 ≤ Un ≤ 1.05
and

(3.63)

10π
−90π
≤ θn ≤
(3.64)
180
180
where the numerical figures were determined empirically. In some extreme
situations, e.g. when a converter station receives great amounts of reactive
power, the upper bound of equation (3.63) could be a hinder for finding the
sought-after solution. This is an issue that could be investigated further in
the future.
Summary The optimization problem is formulated as:
• Minimize equation (3.20)

3.4. POSSIBLE IMPROVEMENTS
• Under the tractive force constraints of equations (3.21), (3.22),
(3.24), (3.25), (3.26), (3.27), (3.28), (3.29), (3.30), (3.31),
(3.33), (3.34), (3.35), (3.36), (3.37), (3.38), (3.39), (3.40),
(3.43), (3.44), (3.49), (3.50), (3.51), (3.53), (3.54), (3.55),
(3.57), (3.58), (3.59), (3.60), (3.61), (3.62), (3.63), and (3.64).
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(3.23),
(3.32),
(3.42),
(3.56),

• And where the constants of equations (3.41), (3.45), (3.46), (3.47),
(3.48), and (3.52) are given beforehand.

3.4

Possible Improvements

One future possible TPSS improvement could be the implementation of a
control algorithm that determines how many converters in a converter station that should be active at the moment. That number could be changed
if, for example, the degree of loading of the active converters goes above
or below certain threshold values. Preventing the controller to switch too
often could be done by for example studying a moving average rather than
an instantaneous value. In reality today, such a control of converter stations
is in use [30]. The power system operator does not want to have unnecessarily many converters active, since inactive converters will not cause any
power losses, and they can besides be maintained. Moreover, the efficiency
of a converter is the highest when a converter is loaded close to its rating, cf. enclosure number 20 of [81]. Especially if a future TPSS version
includes models of the power losses in the converters, this feature would be
interesting.
Another possible improvement that would affect the main results, but
above all, would produce nicer and smoother simulation result curves, would
be to regulate the level of acceleration in time step t such that the velocity
in time step t + 1 does not exceed the speed limit. When braking, the
deceleration is already limited in TPSS in order to keep the velocity of the
train close to the speed limit. The cleverer braking is comparatively easier
to implement since non-regenerative braking does not affect the state of the
power system. Some electric energy could probably be saved here with a
smoother speed control. The trains must be able to accelerate just modestly,
especially when trying to maintain low speeds.
For completeness, rather than importance, singly fed power system sections would also be a possible future implementation issue of TPSS.
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In general, the advantage of the developed model, i.e. of TPSS, compared
to a commercial software is that it is much easier to make model changes.
TPSS does, at the moment allow any kind of traffic, i.e. trains can meet
and overtake each other whenever and however they please. Moreover, TPSS
assumes single-track catenaries – a possible future improvement would be
to implement the possibility of one catenary per track, including the option
of having them interconnected or not.
It is not yet investigated whether it is implementable or not, but it might
according to the GAMS manuals [92, 103] be worth trying to reformulate
the GAMS optimization problem of TPSS to either a CNS (Constrained
Nonlinear System) problem or possibly an MCP (Mixed Complementary
Programming) problem. According to the manuals it should be both faster
and more reliable in finding the local solution sought for.

3.5

Case Studies

In this section, examples of the TPSS results are presented. The results
are presented graphically or in tables, and the simulation times are given
account of when considered being of relevance. The impacts of different
• TPSS time step lengths,
• maximal tractive force curves,
• inter-converter station distances,
• numbers of transformers installed between a pair of converter stations,
• numbers of installed converters in two adjacent converter stations
are investigated by TPSS simulations. The inter-converter station distances
are studied implicitly in the tractive force curve study.
A list of all relevant numerical values not already presented in separate
appendices used as constants in the simulations can be found in Appendix E.
In that section, the problem setup that all the following numerical examples
have in common are presented. In all the simulations in this thesis, the
railway system size is limited to contain one pair of converter stations.
The desired timetable, in "inputs", point 1 in Section 3.3.1, or likewise,
box 1 in Figure 3.1, are in the case studies of this thesis quite simple. The
trains are simply told to go as fast as possible with respect to electricity
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and mechanics, and as fast as allowed with respect to the speed limits.
Since there are only two train stops in the study, and the trains start in the
first one, the trains know to stop at the second train stop. Depending on
how often the trains are programmed to depart from the train stops, the
power system can be loaded in a variety of ways. For each smaller case, for
simplicity, all train departures are spaced equally in time.

3.5.1

Simulation Results

In all of the following simulations, the trains start at one converter station
and goes to the other. The starting point with respect to the inclination is
always Luleå in Figure E.1, and the arrival point is purely depending on the
distance between the converter stations since in this study the trains only
start or stop where there are converter stations located.
It should however be noticed that the fact that trains only start and stop
at the very locations of converter stations in the case study of this thesis
does not mean that TPSS does not manage more general locations of train
stops.
Impacts of TPSS time step lengths
The inter-converter-station distance, i.e. in this example the distance between the two present converter stations, is in this study kept fixed to
160 km. The HV line is present, with one 25 MVA transformer at each
converter station and three 16 MVA transformers evenly distributed in between, i.e. a distance of 40 km between each transformer station. Catenaries
are of BT type. The maximal tractive force is of the continuous type. There
are six converters each in both of the converter stations. The train departure
periodicity is one train every tenth minute.
In the plots of Figures 3.3 and 3.4 one can see the simulation results of the
two extremes, i.e. time step lengths of 0.05 minutes and 1 minute for speed
limits of 150 km/h and of 60 km/h. A speed limit of 150 km/h is almost
the same as unlimited speed with this kind of train. Only in steep downhill
situations the trail will have to brake with a speed limit of 150 km/h. In
the figures, the shown variables are normalized: the velocity, v, is scaled
down by a factor of 160 km/h, voltage level, U , and power consumptions,
PD and QD respectively, are expressed in per unit (p.u.) with base power,
Sb , equalling 5 MVA and base voltage Ub defined to be 16.5 kV. The voltage
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phase angle, θ, is expressed in radians and is plotted with negative sign. The
inclinations are scaled such that 0 on the vertical means -10 per mille and 1
means 10 per mille.
An example is shown in Figure 3.3a, where at 70 km from the start
point a vertical line has been placed in order to clarify the meaning of the
figure. At the covered distance of 70 km, the studied train has a speed, v, of
133.9 km/h, it consumes active power, PD , to the amount of 3.24 MW, reactive power, QD , to the amount of 0.86 MVAr, receives a pantograph voltage,
U , of 15.6 kV, and the voltage angle, θ, compared to an unloaded system is
-0.3319 rad, and finally, the inclination, ι felt by the train is -1.976 per mille.
From the TPSS many different kinds of outputs not mentioned here can
be calculated, e.g. the converted electric energy in a converter station. The
electric energy is calculated by summing the inflows of active power for each
time step and scaling the sum properly with respect to time. Please, note
that even though the plots just study one of the trains in traffic, that does
not mean that there is just one train in traffic.
Thus, Figure 3.3a shows, e.g. that
• the voltage decreases between the feeding stations
• the speed is lower in ascents and higher in descents, where the latter
is at least true if there are no active speed limits
• the active power consumption is high in ascents and low in descents,
moreover it does often increase when the train velocity decrease and
decrease when the velocity increases
• the reactive power consumption is correlated to the active power consumption, but is does also vary with velocity and it has a dip when
√ π , and the catenary voltage dependency seems to be
UlocoRc equals U2diα
2
negligible at least for small voltage drops as the ones in Figure 3.3a
• the voltage phase angle is always negative, i.e. not the angle between
the voltage and the current, but the angle between the voltage in any
node relative to a node somewhere in the power system defined as the
"angle origin". In this thesis, θ 50 is set to be zero for all converter
stations, so one could say that there are many "angle origins". If for
example letting QD equal zero, cf. equation (3.57), the phase angle will
be even more negative at 70 km than what can be seen in Figure 3.3a.
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(a) Simulation time step is 0.05 minutes.
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Figure 3.3: An example of the mechanical and electrical states of a certain
train traveling, together with other trains, through a section of the railway
electric power supply system. Train speed limit is 150 km/h.
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This can be explained by the fact that PD can be bigger when QD does
not contribute to the voltage drops any longer. A bigger PD in turn
forces the converters to convert greater amounts of active power that
in turn will increase the voltage angle difference between the 50 Hz
and the 16.7 Hz grids. The results for QD equalling zero are: At
70 km distance, the train travels in a velocity, v, of 134.7 km/h, the
catenary voltage, U , felt by the train is at a 15.9 kV level, whereas the
consumed active power, PD , reaches 3.28 MW, and the voltage angle
relative to the "angle origin", θ, is here -0.3482 rad. The inclination is
constant, because the track infrastructure is unchanged.
• as can be seen in Figure 2.8, the tractive forces are about negligible for
velocities above 135 km/h. Therefore, the train cannot be expected
to drive much faster even though the speed limit is set to 150 km/h.
Since the tractive force curves are about 50 kN for 150 km/h, in theory, a train would be able to drive that fast having sufficiently many
locomotives pulling.

When trying to maintain a desired speed, the curves out of TPSS are
quite not so smooth. This added noise is due to the still quite crude model
of the speed-control. When studying those curves, one can see that the
PD curve alters between zero and a quite high value, in fact the greatest
physically possible, while speed-maintaining. That is not a strategy a reallife locomotive driver would use. These curves are not present in this thesis
unprocessed, but shown as smoothened out with forty time-steps and six
time-steps moving average filters in Figures 3.4a and 3.4b respectively.
In Table 3.2a and 3.2b, train running times and the energy consumed
in total per converter station are given together with simulation times for
each of the different time step lengths 0.05, 0.1, 0.2, 0.5, and 1 minutes.
In the tables, "S", stands for "Step Length", "R" for "Running Time", "T"
for "Simulation Time", "E1" and "E2" stands for "Energy at Converter 1"
and "Energy at Converter 2", respectively. Due to the computer’s internal
processes and its memory management, the simulation times vary a few
percent between every identical simulation task but still they give a clue
of how long a simulation can be expected to take. The time step of 0.05
minutes is considered to be the "truth". In Table 3.3a and Table 3.3b, the
deviations in percent from the truth, the simulation time and the percentage
deviations multiplied by the simulation times are stated. The latter can be
seen as a measure, the most simple one, of efficiency.
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(a) Simulation time step is 0.05 minutes.
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Figure 3.4: An example of the mechanical and electrical states of a certain
train traveling, together with other trains, through a section of the railway
electric power supply system. Train speed limit is 60 km/h.
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Table 3.1: Travel times, simulation times, and energy consumptions for
different time step lengths.
S (min)

R (min)

T (s)

E1 (MWh)

E2 (MWh)

1
0.5
0.2
0.1
0.05

83
82.6
82.4
82.5
82.65

83
163
411
790
1185

18.16
18.17
18.19
18.26
18.27

17.88
17.91
17.93
17.99
18.01

(a) The speed limit is set to 150 km/h.

S (min)

R (min)

T (s)

E1 (MWh)

E2 (MWh)

1
0.5
0.2
0.1
0.05

160
157.5
160
160.5
160.9

152
312
839
1602
3174

26.09
30.24
23.73
22.95
22.91

26.27
30.33
23.79
22.89
22.82

(b) The speed limit is set to 60 km/h.

Table 3.2: Travel time and energy consumption errors, in percent, for different time step lengths. The efficiency of the choice of time step is also
presented as the error times the simulation time.
S (min)

R (%)

R (%· s)

E1 (%)

E2 (%)

E1 (%· s)

E2 (%· s)

1
0.5
0.2
0.1

0.423
-0.0605
-0.302
-0.181

0.351
-0.0986
-1.24
-1.43

-0.602
-0.547
-0.438
-0.0547

-0.500
-0.892
-1.80
-0.432

-0.722
-0.555
-0.444
-0.111

-0.599
-0.905
-1.83
-0.877

(a) The speed limit is set to 150 km/h.

S (min)

R (%)

R (%· s)

E1 (%)

E2 (%)

E1 (%· s)

E2 (%· s)

1
0.5
0.2
0.1

-0.559
-2.11
-0.559
-0.249

-0.850
-6.59
4.69
3.98

13.9
32.0
3.58
0.175

15.1
32.9
4.25
0.306

21.1
99.8
30.0
2.80

23.0
103
35.7
4.91

(b) The speed limit is set to 60 km/h.
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The train speed limit in Table 3.2a and Table 3.3a is 150 km/h and is
150 km/h in Table 3.2b and Table 3.3b.
The deviations in energy calculation are, as can be seen in Table 3.2b
greater for slow going trains. This depends probably on the speed maintaining method of TPSS that is not so advanced. However, the train running
times are not so sensitive for time step lengths regardless of train speeds.
One can also see that the energy consumption is lower for higher speed limits, this is a fact that should be interpreted with care. One should keep in
mind that the slower the train speed, for a fixed train departure interval,
there will be more trains on the track. Besides the higher train density on
the track for slow speeds, the not so smooth speed control model can be
expected to consume more energy than what a more sophisticated speed
control would. A future, improved TPSS would probably manage fine with
time steps of one minute.

Impacts of different tractive force curves
The differences in simulation results between the maximal short-time
tractive force and the maximal continuous tractive force discussed in
Section 2.5.3 are studied and compared for the inter-converter station distances 40 km and 160 km. The simulation time step, ∆t , is set to 1 minute,
and the speed limit is set to 150 km/h. The power system is pure BT, and
a train is departing every 27th minute. From this study on, no plots are
presented, since the concept is already familiar from the time-step-length
study.
The results are presented in Table 3.4a and Table 3.4b where the running times and the energy consumptions can be compared for the different
tractive-force curves and the different converter-station distances. In the
tables, one can see that the trains travel somewhat faster with the maximal
tractive force curve and consumes more energy, which is reasonable.
One should also note that the train-delay per km by using the maximal
continuous tractive force curve sinks, the longer the trip is – even without
deducting the slowing downs caused by voltage drops of a much longer catenary. This shows that the train is mainly delayed while accelerating, as one
also would expect by a comparative study of the shapes of the tractive force
curves in Figure 2.8.
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Table 3.3: Travel times and energy consumptions for different tractive force
curves.
Force Curve

R (min)

E1 (MWh)

E2 (MWh)

Continuous
Maximal

23
22

0.5128
0.5569

0.6991
0.7203

(a) The inter-converter distance is 40 km.

Force Curve

R (min)

E1 (MWh)

E2 (MWh)

Continuous
Maximal

93
90

4.799
5.033

10.82
10.97

(b) The inter-converter distance is 160 km.

Impacts of the number of transformer stations between a pair of
converter stations
For a test system with BT catenaries and HV line, trains departing every
12th minute, a 160 km distance between the converter stations, a speed
limit of 150 km/h, and a time step length of 1 minute, the impacts of the
number of transformers on the train running times and the energy consumed
by the converter stations was investigated. The transformers are evenly
distributed over the section. The results are put together in Table 3.4. One
can see that having more than two converter stations does not really affect
the performance of the power system in this specific case.
Table 3.4: Travel times and energy consumptions for different numbers of
intermediate transformer stations. Catenaries are of BT type.
# Transformers
0
1
2
3
4
5
6

R (min)

E1 (MWh)

E2 (MWh)

101
84
83
83
82
83
82

18.54
15.50
15.18
15.19
14.94
15.13
14.92

18.19
15.27
14.94
14.95
14.74
14.93
14.73
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Impacts of adjacent converter stations with different amounts of
installed apparent power
In Table 3.6a the simulation results regarding train running times and energy
consumption are compiled for different distributions of the installed apparent
power between two adjacent converter stations. The system is equipped with
BT catenaries, and an HV line with six intermediate transformer stations.
Length of time step is one minute, speed limit is 150 km/h, the tractive
force curve is of the continuous type, the trains depart every 12th minute
and the inter-converter-station distance is 160 km.
Table 3.5: Travel times and energy consumptions for different converter
station configurations where the speed limit is set to 150 km/h.
# left

# right

R (min)

E1 (MWh)

E2 (MWh)

1
2
4
6
8
10
11

11
10
8
6
4
2
1

82
82
82
82
82
82
82

5.745
8.701
12.32
14.92
17.51
21.11
24.02

23.89
20.95
17.33
14.73
12.14
8.534
5.603

(a) BT catenaries and HV line with six intermediate transformer
stations

# left

# right

R (min)

E1 (MWh)

E2 (MWh)

1
2
4
6
8
10
11

11
10
8
6
4
2
1

98
98
98
98
98
99
95

2.364
3.343
4.412
5.233
6.249
8.223
8.513

13.26
12.31
11.32
10.57
9.643
8.034
4.778

(b) BT catenaries.

The corresponding results for a pure BT system with a time span of
26 minutes between each train departure can be found listed in Table 3.6b.
The main difference is that without the HV line, the voltage will drop more,
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and the running times are 13–17 minutes longer than for the case with HV
line and time spans of 12 minutes between each train departure. One peculiar result in the pure BT case, is that with eleven converters on the
left/departing side converter station, and just one on the right/arriving side
the running time is 95 minutes instead of 98–99 as in the other cases. This
result is hard to explain but could possibly be a lucky combination of the
inclinations and the time discretization. Another peculiarity is the asymmetry of the energy consumption in the pure BT case. It seems like even if
the station further away is weaker it tends to inject more active power. This
may be explained by the greater slopes on that part of the studied power
system section, cf. Figure E.3.
Since TPSS not is adjusted for singly fed power system sections, the case
with zero stations at a side has not been investigated. Singly fed is a term
for sections fed with power from just one direction. This can be the case
at dead-end tracks or if the line is sectioned by converter outages or by any
intended technical reason.

3.5.2

Future Case Studies

Lots of more interesting combinations could be studied, impacts of different
locomotive types, including IORE, the ore trains of MTAB, and X2, marketed by SJ as X2000. MTAB (MalmTrafik i Kiruna AB) is an ore transport
company owned by the state-owned mining company LKAB (LuossavaaraKiirunavaara AktieBolag), and SJ AB is a state-owned Swedish railway
passenger traffic operator. Also different kinds of trains and different compositions in the train fleet need to be studied, e.g. commuter trains, full
respectively empty goods trains, etc.
There must also be studies made where trains depart and arrive at locations that are not coinciding with the converter station positions.

Chapter 4

The Approximator
4.1
4.1.1

A motivation for the development of the
TPSA
Investment Planning for Power Systems

When considering future possible railway power supply system investments,
for each possible expansion alternative, many different situations of railway
operation causing different loading on the railway power supply system have
to be studied. This is a kind of transmission expansion planning. Some
examples of public power system transmission expansion planning can be
found in [26, 28, 45]. In the case of the railway, however, the locations of
feeding points are up to the railway power grid administrator, and not to
the actors on the market as in the case with the public grid. The load points
are on the other hand moving in a railway power system.

4.1.2

The Necessity for a Fast Approximative Model for
Long-term Planning

The exact future railway power demands are naturally not known for certain. This means investment planning for an uncertain future. The more
distant the uncertain future considered, the greater the inevitable number of
scenarios that have to be considered. The large number of scenarios makes
time demanding simulations less attractive and simplifications more so. The
aim of this chapter is to present a fast approximator replacing TPSS and
81
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all its power flow calculations with aggregated TPSS input data, and aggregated TPSS output results. This estimator makes it possible to study many
future train traffic scenarios, in combination with many different power system configurations, to be used in investment planning analysis.
TPSA (Train Power System Approximator) is planned to be used in a
future investment planning tool. Planning for an electrification or power
system upgrade will be done for several years ahead, allowing investments
to be done stepwise. This planning tool should in the end be able to manage
a huge number of uncertain variables, such as: train types, train weights,
locomotive types, energy prices, increasing or decreasing demand, taxes, the
economical situation, and so forth. When planning, one has to determine a
suitable compromise between the risk of wasting money on over dimensioning
and the risk of unnecessarily limiting the capacity of the railway for months
or even years. All the possible combinations of realizations of variables like
these cannot be simulated, because it would demand too much time.
Even for long-term planning, especially when planning for an uncertain
future, it is very essential to be able to make fast calculations. If planning
for an optimal power supply system and in the possession a perfect forecast
of the future traffic demand and everything else is also deterministic, still,
one has to optimize train routes and power system components in order to
make the perfect trade-off between operation costs, investment costs and
the increased welfare of the society for a well-functioning electric traction
system. Each iteration in such an optimization would involve some TPSS
simulations, each requiring a few minutes of computer time. Imagine then
how much time it would take extending the problem to a stochastic model.
In a stochastic model with a time horizon of a few years, the cases to study
could very well be tens of thousands. To execute a neural network approximator on the contrary to running TPSS is done in almost no time at all –
less than seconds.
Moreover, it might be shown that the one-minute long time-steps of
TPSS, as used in Section 3.5, have to be decreased when studying slowgoing traffic and very short power system sections. That would increase the
simulation times further and further highlight the need for a faster model.
An alternative is also other train simulation software, see Section 3.2.
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Background

For each possible investment alternative, the power grid calculations have
to be performed fast. There are several simulators available, see Section 3.2.
These are however not fast enough, when several thousands of cases have to
be studied. The intention of this chapter is to propose a solution of how to
design an approximator that rapidly estimates the properties of an electric
railway power supply system which are considered important in the studies
of future expansion alternatives.
The two most important consequences of train traffic related to the state
of the power system, having the railway operation costs in mind, are:
• The power and the energy consumption of the grid, preferably divided
up by individual converter stations.
• The impact of catenary voltages on the traveling times, i.e. power system caused delays. Instead of discussing traveling times, in this thesis
the similar but computationally more convenient, average velocity, will
be used. A low voltage results in a lower tractive capacity of the locomotive. In weaker traction power systems, traffic will be forced to
travel either more sparse, more slow, or a combination of the two.
The vision is to have two separate and slightly different TPSAs for the estimation of the just presented operation costs. The two are named TPSA-E
and TPSA-V, where E stands for Energy and V for velocity. In this thesis
TPSA-V is presented in detail and with numerical examples. Some ideas
about TPSA-E are discussed in the quite extensive Future Work section.
So, let us focus on TPSA-V that is studied in this thesis. There the
maximal train velocity is modeled to be the output of the approximator. A
high maximal train velocity means a train power system with a high traffic
capability. In order to keep the approximator relatively simple, inputs as well
as outputs must contain aggregated information. These aggregated figures
can, from the power system point of view, be divided into three groups:
issues having influence on the power consumed, issues having influence on
the impedances, and issues related to voltage drops. The two first groups
belong to the inputs whereas the third group constitutes the output. For
more details, see Section 4.3.3.
Since the electrical and mechanical relations of an electric traction system are quite intricate, an approximator of the black box kind is used.
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Therefore, Neural Networks (NNs), which basically are a kind of nonlinear
predictors, were selected as a suitable approximator type. One reason to
use aggregated inputs and outputs is that NNs with too many inputs and
outputs may need a tremendous number of training cases in order to become
reliable and general [32]. In NN terminology, training means adjusting parameters such that the NN behaves as desired. In this particular study, this
means that parameters of TPSA (Train Power System Approximator) are
obtained by presenting aggregated TPSS results from many different kinds
of situations. The parameters are adjusted such that a given TPSA input
results in an output value close to the corresponding desired output. The
exact details of the approximator can be studied in Section 4.3.4.
In a numerical example, a 30–160 km long section of a traction power
supply system is modeled, see Section 4.4.1. First, the TPSA-V performance
is tested, whereafter it is shown how TPSA-V works in practice. The numerical example in this chapter presents a design suggestion for estimating
the maximal average velocity for different traffic levels and power system
configurations.

4.1.4

Remarks

TPSA can be trained with either simulation results or, rather, if available,
measurement data. It is necessary for a trained network to be able to give
realistic output results also for un-simulated, or unmeasured, situations that
still are likely to occur. In addition to that, it should be pointed out, the
importance of TPSA to be able to give reasonable output results also for
traffic situations that only seldom can occur in the reality.
The presented approximator model is general, and it is possible to change
the model by adding and removing inputs and outputs. One can either have
one or many different NNs. An extreme case could be, e.g. to have different
neural networks for different track topographies. Another extreme, already
tested in [16, 17] is to have one neural network for all cases even when some
inputs then, describing which kind of power system technology is used, has
to be discrete. The model is also flexile, and the challenge is to design the
approximator properly, and to choose appropriate inputs and outputs.

4.2. RELATED WORK

4.2
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Related Work

There are not so many proposed and existing methods for fast estimation
of railway power supply system behavior known to the author. One explanation can be that in the past there has been less needs for investment
planning methods considering uncertainties. Nowadays, many train markets
have been deregulated. In Sweden the traffic has been entirely deregulated
for goods and partly for passengers. This means that the expansions of railway track and railway power system infrastructures, which are made by the
railway administrator and owner, cannot be planned in cooperation with
the expansion planning of the train traffic, which is made by each individual
traffic operator.
There is though some works performed concerning the relations between
power consumption and train traffic [40].
Moreover, some efforts constructing less complicated approximators,
based on knowledge, intuition, and experience have been made in [117].
That paper presents an obviously very fast and uncomplicated method of
approximating impacts of different levels of traffic and different power system
setups, on the train speeds. The models in [117] do, however not consider
the impacts of: slopes, surrounding trains not driving as fast as possible,
reactive power consumption dependency of the train velocity and catenary
voltage, different train types at the same railway section, etc. The consideration of reactive power consumption is implicitly done by TPSA since
it is trained with simulation results based on load flow calculations. The
paper also discusses some reliability aspects, likeliness for different types of
outages, for how long the catenary can carry no voltage without completely
stopping the trains, etc.
None of the two above mentioned approximators of railway power system
operation costs created by train traffic have the same kind of input and
output as required here, though.
In [87], a sensitivity analysis is performed on lots of interesting variables
in order to determine how they affect the energy usage and the train running
times. For different degrees of railway track inclination, the dependencies
of running resistance, wheel-to-rail adhesion, catenary line voltage level,
braking gain time, and braking release time are plotted. Such a linear model
could possibly be used as an approximator. However, as can be seen in
Section 4.4.2, when considering the impacts of the power supply systems,
linear models are not really sufficient.
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4.3
4.3.1

Model
A Short Background

50 Hz
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Z2

Z3
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S1

Figure 4.1: An example of a special case when power might flow a longer
distance, making the assumption of a "sectioned" power system less perfect.
Since the voltages are almost stiff at the catenary side of the converter
station terminals, the railway power supply system can be divided into separate sections by using the converters as section borders. These sections are
almost independent of each other. This means that train traffic on one side
of a converter station influences the catenary voltage levels and the power
flows on the other side of that particular converter station to a comparatively small extent. The power flows between these power system sections
are normally insignificant, but the smaller the impedances, e.g. AT catenaries and HV transmission lines, the more noticeable they are. In theory,
power can also flow longer distances if, e.g. the two converter stations closest
to a locomotive are far much weaker than the closest neighboring converter
stations to the two, a situation sketched in Figure 4.1, where S1 denotes the
apparent power load of the train and the impedances could represent any
kind of system.
In the conference paper [96], one modeling simplification similar to the
one of TPSA just presented is that a train is assumed to consume power only
from the feeder units right in front of and right behind it. There, "feeder
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unit" means either a converter station or a transformer station connecting
the catenary to the transmission line. So, the assumption of this chapter is
closer to reality, because here the power system sections are not defined by
transformer stations – only by converter stations.
In the Master’s thesis [122] also similar assumptions are made, and in
the other Master’s thesis [75, 76] even a DC model is used.
With this sectioning assumption, the inputs to TPSA, as well as the
outputs from it, only have to describe the traffic and power system states
for one section at the time. The power system sectioning assumption is
an essential part of the TPSA model presented here. The fact that the
TPSS simulations needed for the creation of the TPSA training set only
have to consider relatively small power systems, moderates the simulation
times. That must however simply be considered a bonus. The main benefit
considering the future usage of TPSA is that it will now become a general
module that can be used for any traction power system section in a greater
system.
The part of TPSA that determines the maximal average velocities,
TPSA-V, can be used as traffic-dependent constraints in a suitable timetable
program. Such a constraint states the maximal average velocity for an additional train, given an already existing traffic. And the part of TPSA,
TPSA-E, that determines the power and energy consumptions are yet to be
presented in detail. Some of the TPSA-E ideas can be found under Future
Work, i.e. Section 4.6.
The main difference between the TPSA model presented in this thesis,
and the so-called TTSA in [17] is that inputs and outputs are aggregated
differently. In this thesis the choices of aggregation are better adjusted for
the kind of information that one can expect to be available. In [17], the
active power consumption of the railway was also estimated. Since this
chapter of the thesis is more detailed, all focus is here set on the impacts of
maximal average train velocities as a function of the strength and the load
of the power supply system.

4.3.2

The TPSA Model

It is common in train timetable planning programs [27,56,61,84,104] to use
models containing binary or integer variables for train location. The models
vary, but are similar. Say we have a binary variable, xi,j,ti ,tj ,r , that takes on
the value one when there is traffic on that particular railway section in that
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particular time window with that particular train, and zero when not. The
indices designate the following: i is the node from which the train leaves at
time ti , j is the node at which the train will arrive at time tj , whereas r is
the train index. Here, a node is not a node of an electric circuit, but rather
a node in a traffic planning model, i.e. a train stop. There are of course also
other ways of modeling it, see e.g. [71].
Depending on what kind of signaling system one assumes to be used,
the constraints will of course vary. With fixed blocks [4], just one train can
be in between nodes i and j. With moving blocks [4], the model can allow
many trains to be on each arc at the time. In the former case, many of the
nodes will not be stations, but merely define some sort of safety-distances.
In the latter case, still, the model has to ensure that the trains only meet
and pass each other at appropriate stations. In the latter kind of case, such
issues are handled by certain constraints instead of letting the graph grow
bigger. In this thesis, the latter case is assumed, i.e. models like the one
used in [27]. This might be a subject of future changes.
The above explained facts regarding train timetable planning are crucial
for the modeling of TPSA, i.e. the choices of the inputs and outputs for
the TPSA. The inputs and outputs must be such that they are possible
to aggregate both from traction power system simulations as well as time
tabling programs.
TPSA-V is designed such that, for each added train, on a particular
railway section, the traffic will determine a maximal average velocity, v s , for
it. It is planned that v s could be used as a traffic-dependent constraint in a
timetable planning program. In such a program, if the studied train is very
important, the speeds of the other already inserted trains can be reduced,
or in worst cases they can even be canceled or rerouted.
The energy usage will of course also affect the optimal traffic solution for
a studied scenario, not because of physical limitations, but rather because
of economical costs related to the traffic solution.
The points in time when the studied, additional, train starts, ti , and
stops, tj , are used when aggregating the TPSA-V inputs and outputs. They
make it possible to know when to start measuring the behavior of the other
trains, connected to the same power system section as the studied train
during the time interval between ti and tj .
Obviously, all trains are limited by the catenary voltage levels, but
TPSA-V is designed such that each train is studied at a time. To study
all trains at a time would result in multiple outputs and probably also some
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additional inputs. So far, so good, but what if the TPSA then has to be
equipped with a variable number of inputs and outputs in order to be reliable? It would be quite unfortunate if TPSA-V for e.g. given three nonzero
desired train speeds gives an output of four nonzero realizable maximal train
speeds. Such an occurrence would be hard to interpret; "a train that does
not exist may drive this fast at the most", or maybe "a train that does not
want to drive may drive this fast at the most". Moreover, since one and
the same NN cannot have a variable number of inputs or outputs, there has
to be created many NNs. Each of these needs a considerable number of
training cases in order to be reliable. Altogether, lots of more simulations
would have been needed to be done for the creation of these training cases.
Therefore, a TPSA-V studying only average speeds of one train at the time
is preferable.

TPSA
AT
̺
TPSA
inputs

HV
η
Remining
inputs

Neural
Network #1
Selector

Neural
Network #2
Neural
Network #3

TPSA
outputs

Neural
Network #4

Figure 4.2: For AT and BT catenary types, which can be either connected to
or without an HV transmission line, there are four separate possible neural
networks.

The choices of important aggregated TPSA-V NN inputs and outputs
are described and motivated in Section 4.3.3. The binary variables ̺ and η,
describing whether or not the power system is equipped with AT catenaries
and HV transmission lines respectively, are not aggregated, and as shown in
Figure 4.2 even not really inputs to the NN, and therefore not found in the
list of Section 4.3.3.
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Inputs and Outputs

The TPSA inputs can be classified as either parameters giving rise to the
consumption of active and reactive power, or parameters related to the power
system impedances. Some inputs may be connected to both consumption
and impedance. They should in any case be such that they pretty well
describe under which conditions the train in question, i.e. the added train,
passes by.
In this thesis, the trains are allowed to start and stop only at the locations
of converter stations, a fact that reduces the number of possibly needed input
variables. In addition to that, the model is restricted to one type of trains
traveling in one direction, and finally, all the trains try to maintain the same
velocity. A possible way of how to, in the future, extend the problem setup
is presented in Section 4.6.
Two binary TPSA inputs, ̺ and η, describes the power system technologies used and also which of the four NNs in Figure 4.2 to use. The
remaining five TPSA inputs are NN inputs. These can be found in the
following, including short motivations.
The Aggregation of Inputs
The Length of the Power System Section is the distance between
a pair of converter stations located at i and j, denote it d (i, j). The distance gives information of the power system impedance. And in the study
presented in this chapter d (i, j) is also always the distance traveled.
The Average Inclination, E (ι), between the power system sectionborders i and j. The average inclination gives information of the net potential energy consumed by the trains traveling through the section, but also
of the aggregated running resistance for the studied train. The other trains
will not experience the same inclinations as the train studied in the time interval between ti and tj does, but assuming a relatively evenly spread traffic
would motivate this simplification.
The Standard Deviation of the Inclination, D (ι), between the power
system section-borders. The average inclination, E (ι), would for example
equal zero for both flat ground as well as for a rail section with 20 per
mille uphill half the section and 20 per mille downhill the remaining half.
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The standard deviation is a measure of how much the inclinations fluctuate,
which will influence the consumed electric power of the trains.
The Average Number of Other Trains, E (Γ), on the section is also
calculated. The number of trains is important because the more trains, the
greater the need for electricity, and the greater the need for electricity, the
greater the voltage drops. The average number of trains is calculated as
total train traffic time divided by the length of the time window, tj − ti .
The Traffic of Other Trains on the Studied Power System Section
in the time interval between ti and tj must also be measured, because within
that time interval, the power consumed by "other trains" affects the catenary
voltages experienced by the "studied" train. The average velocity of the
other trains, E (v o ), is used because higher train speeds means greater power
consumption. The average velocity is measured only when trains are in
service.
The Aggregation of Output
The Fastest Possible Average Velocity of the studied train.
The TPSA output describes the running times, influenced by catenary
voltage levels for the studied train. The shorter the running times, the
greater the traffic performance. Here, it sounds as assuming that the original
traffic is unaffected by the added train. That is of course not completely true,
but would often be a reasonable simplification. However, the fact is rather
that the "original traffic" is the traffic surrounding the, in the simulations,
studied train. One can therefore as well interpret the TPSA results as:
"The added train is allowed to travel with maximal average velocity v s
between locations i and j, given the power system, given the track topography, given that the already present traffic in the power system section in
the time interval between ti and tj does not accept to consist of less than
on-average E (Γ) individual trains traveling in at least the average velocity
E (v o )."

4.3.4

Neural Network

Some of the TPSA inputs describing the power system are binary, these are
̺, which takes the value 1 for AT catenaries and 0 for BT catenaries, and
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η, which takes the value 1 in the presence of HV transmission lines, and
0 when HV transmission lines are not present. Two binary variables give
four possible combinations. For each of the four cases, an individual NN is
constructed, see Figure 4.2. The separation into four different NNs is motivated by the fact that backpropagation [1, 59, 62] networks are not optimal
for such classifications [32]. Backpropagation networks are mainly approximators of smooth functions. Thus, the NNs are only trained with inputs
and outputs that can be regarded as continuous variables, i.e. "remaining
inputs" in Figure 4.2.
There are other kinds of NNs, some types more optimal for classification
than for function approximations. However, it is believed by the author
of this thesis to be advantageous to be able to in, e.g. TPSA-V say how
far from the desired speed a train could go, rather than just saying "the
desired speed will not be possible". Even for networks intended as function
approximators, there can be many variants, see for example [7, 8]. Taking
one example, in the general case the output might not be the target that
the NN is trained against.
Two different NN models are tested, both based on the assumed outputs
and inputs presented in Section 4.3.3.
The first model, M1 , is a nonlinear NN with two layers. In M1 , the
hidden layer has tanh (tansig if using NN terminology) transfer functions,
λ1n

= tanh

b1n

+

5
X

1
ξk wk,n

k=1

!

(4.1)

where subscript n denotes neuron number and superscript 1 denotes the
first layer. The input vector, ξk is, as can be deduced from the list in
Section 4.3.3, of length five and the output of layer one, λ1n , has the same
length as there are hidden neurons. The second, the output, layer has a
linear transfer function
λ 2 = b2 +

N
X

λ1n wn2

(4.2)

n=1

where superscript 2 denotes the second layer, and N is the number of neurons
in the first layer. Here, the output λ2 is a scalar. The parameters b1n , b2 ,
1 , and w2 are parameters whose values are determined in the training
wk,n
n
step. According to the theory, page 78 in [59], and in [1], this kind of network
can be used as a general function approximator, given a sufficient number
of neurons in the hidden layer.
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The second model, M2 , assumes a linear dependency
λ=b+

5
X

ξk wk

(4.3)

k=1

where k is input index, and wk and b are parameters whose values are
determined in the training process presented in Section "Training of the
Neural Network". And since model M2 is linear, the observant reader realizes
that adding more layers adds nothing to the NN performance.
The motivation for testing a linear model at all is explained by the
planned future use of TPSA as a running time constraint in a train time
tabling program. In such a program, time consuming already as it is, a linear
model would probably result in shorter computation times than a nonlinear
one would. The accuracies of the two models are compared and evaluated
in Section 4.4.2.
Training of the Neural Network
In both models, i.e. M1 and M2 , the aggregated input and output data sets
are normalized to lie in the interval [−1, 1] before training and testing the
approximators.
Instead of normalizing the data one can also ease the burden of the
training algorithm by giving the data zero mean and standard deviation
one [9]. A third way is to reduce the size of the data by principal component
analysis [10]. However, according to [32], NNs are much of a handicraft, and
one should therefore not dig too deep into fancy theories when using them.
Often, if it works satisfying with a simple theoretical model, that can be as
good as it gets.
Training is essentially a method of determining the values of the parameters w and b, in both M1 and M2 , such that the mean square of the
estimation error of the network output is minimized. Normally, the maximal
number of iterations, epochs if using NN terminology, is limited by the user.
In this paper, the maximal number of epochs for both M1 and M2 are set
to be one thousand.
Model M1 is trained by the trainbr (Bayesian regularization backpropagation [6]) algorithm of Matlab’s NN Toolbox with an error goal of 10−5 .
The default training algorithm trainlm (Levenberg-Marquardt backpropagation [11]) has also been tried out, and in general it works as fine as
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trainbr. In some rare cases however, for the specific simulation data used,
trainlm tends to overlearn the presented data rather than extracting the
important trends from it. Model M2 is trained by the trainb (batch learning [12]) algorithm of Matlab’s NN Toolbox.

4.4
4.4.1

Numerical Example
Problem Setup

In the numerical example presented in this thesis, just a few of all possible
parameters are presented and used. That makes the problem setup more surveyable. For example, only one kind of trains is studied, similarly as in [17]
and as in the numerical example of Section 3.5 in this thesis. Moreover, only
one kind of each respective catenary type is studied, unidirectional traffic
is assumed, and the converter stations are all assumed to be equipped with
six 10 MVA converters (Q48/Q49) each so that the amounts of installed apparent power will not be a limiting factor in the simulations studied. Here
it is worth pointing out that in Section 3.5 it has been shown that the train
velocities are in practice not dependent on the mutual distributions of apparent power between a pair of converter stations. Furthermore, the train
stops are also assumed to coincide with the locations of the power system
section borders, i.e. the converter stations. The speed limit is set as high as
150 km/h all over the simulated railway sections, i.e. for Rc4 locomotives
a limiting constraint only in very steep downhill situations. Moreover, the
number of transformers connecting the transmission line, when present, to
the catenary is set to three in all cases studied. The model presented in
Section 4.3.2 is as simple as it is in order to comply with the, comparatively
to what could have been, small numerical example. Adding more NN network inputs would gain nothing but longer training times since the input
values would be equal for all cases studied here. All trains also try to go as
fast as possible in the TPSS simulations, i.e. as fast as the speed limits and
the physical constraints of the railway in total allows.
In the numerical example, 400 different TPSS simulations have been
done, and 100 are used for each neural network to train. Nine out of 100
pure BT simulations failed in finding satisfactory solutions. The cases where
TPSS failed to converge were where the power supply system would be heavily loaded, no deeper investigation has been done why. One possible explanation could be that the voltage levels goes below 0.5 p.u. since TPSS does
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not allow that, cf. (3.63). Another possible reason could be that the more
loaded the power system is, the harder it is to find good initial guesses for
the nonlinear equation solving, cf. Section 3.3.3. There are four separate
NNs, one for BT catenaries, one for AT catenaries, one for BT with transmission line, and finally one for AT with transmission line, as described in
Figure 4.2.
The above introduced 100 cases for each power system type consists of
ten different inter-converter station distances of lengths: 30, 57, 80, 98, 114,
127, 138, 146, 154, and 160 km combined with ten different train departure
periodicities of times: 6, 8, 10, 13, 17, 22, 28, 36, 46, and 60 minutes between
each train departure.
In the numerical example of [17], the measuring of a train’s running
time is not started until the railway is filled up with trains according to a
certain train departure periodicity. In this study, in order to speed up the
calculations, the measuring is started immediately. In order not to have
a completely empty railway when starting to measure, in the initialization
procedure, TPSS distributes trains along the track almost as in an ideal
situation, i.e. as if the trains had been going at maximally allowed speed all
the time. After the simulation has started, however, of course the trains distributed along the track with predefined initial velocities will follow the same
electrical and mechanical laws of nature as the other trains, cf Section 3.3.2.

4.4.2

Numerical Results

Evaluation of the TPSA-V Performance
The greatest average velocity, for an added train, is determined through
TPSS simulations with the problem setup presented in Section 4.4.1. Worth
pointing out is that all simulations use the same railway profile, e.g. the first
30 km in all simulated cases have the same inclinations. Consequently, the
average values and standard deviations of the inclinations will be changed,
only when the inter-converter station distance is changed.
As rule of thumb [32], two thirds of the simulations may be used for
training the NN, whereas the remaining third may be used for testing. That
is applied also here when evaluating the NN. The number of hidden neurons
for model M1 , i.e. N in equation (4.2) was set to four. This was not done
arbitrarily, but by studying the average mean square approximation errors
for one to ten hidden neurons – see Figure 4.3. The average was calculated
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Figure 4.3: A study of the average mean square errors on the training and
testing sets as a function of the number of hidden neurons. Dash-dotted line
denotes the training set curve and solid line denotes the test set curve.
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for twenty different random choices of training and testing sets for each of
the ten different hidden layer sizes. In that figure, one can see that the
errors in the testing set starts to increase for more than four hidden neurons
for the BT catenary system. In the three other, stronger, power systems,
it is much easier predicting the maximally allowed velocity since it for a
strong power system is kept more constant. This can be seen depicted in
Figure 4.5 further down in this section. The reason for using four neurons
also for the NNs of the other power system configurations is that, as one
can see in Figure 4.3 the errors are, if not increasing, at least not decreasing
for an increasing number of neurons. Moreover, one should stick to the
precautionary principle, because too many degrees of freedom when fitting
a function to measurements normally increase the variations of the function
in an unwanted way.
Note that, since NN training algorithms in themselves normally use randomness, the four figures in Figure 4.3 never look exactly the same for
a repeated experiment – even if using the same training and testing sets.
However, the trends are the same, also considering these smaller deviations.
The last thing about the evaluation of the two NN models dealt with in
this thesis will be the comparison of the accuracies of the linear NN, M2 , and
the nonlinear NN, M1 , i.e. the one with four hidden neurons. The comparison is done for both the training and the testing sets. The approximation
errors for network M1 can be found in Table 4.2a, and in Table 4.2b for network M2 . The NNs are modeled with the design introduced in Section 4.3.4.
The computer time needed for execution of minor NNs like these is negligible. As one can see, network M1 performs almost ten times better.
Model M2 , however, did become disqualified, but by other reasons.
When extending the training set to the entire set of available TPSS simulations M2 suddenly failed completely, because the training process did
not converge. Such an extension can be looked upon as a situation where
there existed 33, and in the case of pure BT instead 30, additional simulation cases that the NN should be tested against. In the remainder of this
thesis, M2 will not be discussed, for from now on all the TPSS results will
be used for training.
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Table 4.1: The approximation errors for the four different neural networks
Training Set
BT
HV

AT
HV

BT
No HV

AT
No HV

3.78 · 10−3

6.04 · 10−3

6.35 · 10−3

8.17 · 10−3

BT

Testing Set
AT
BT

HV

HV

7.06 ·

10−3

1.37

· 10−2

No HV
3.95

· 10−2

AT
No HV
1.23 · 10−2

(a) For model M1

Training Set
BT
HV

AT
HV

BT
No HV

AT
No HV

5.83 · 10−2

5.60 · 10−2

7.92 · 10−2

6.28 · 10−2

BT
HV

AT
HV

BT
No HV

AT
No HV

7.23 · 10−2

7.33 · 10−2

9.27 · 10−2

7.02 · 10−2

Testing Set

(b) For model M2

TPSA in Practice, and Discussion About the by TPSS-V
Generated Data
In this section, the maximal allowed velocity of the added train for a given
already existing traffic on the railway section is studied. Since the evaluation
already has been done, now all the simulation data is used for NN training.
In this study, one extra training data for each power system type and
inter-converter station distance has been added. This is done, because the
available simulation data includes too few cases with really dense traffic
for the stronger kinds of railway power supply systems. Stronger kind,
means nearly all inter-converter station distances for the HV systems and
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the shortest inter-converter station distances for all power system types.
When lacking the kind of data described in the above, it is very hard for
TPSA to catch the strictly decreasing behavior of the function v s (E (Γ)).
The added training data says that,
v s = 0 km/h

(4.4)

when
E (Γ) = 50

(4.5)

o

E (v ) = 40 km/h.

(4.6)

Average velocity of other trains

These figures are completely arbitrary, but still fulfill their purpose – to
force down the asymptotes of the curves when traffic is high.
Efforts were made including these additional, correcting, "simulation
data" to the evaluations of TPSA-V in Section "Evaluation of the TPSA-V
Performance". However, the evaluation turned out to be too sensitive to
whether the additional data happened to be a part of the training set or the
testing set. Thus, in Section "Evaluation of the TPSA-V Performance", the
only training and testing data used is the one extracted from the 400 TPSS
simulations.
120
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Figure 4.4: The velocity of other trains are almost constant with respect to
the number of them, for a large part of the scale
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In order to make the function for v s one-dimensional and easier to illustrate, the last of the five aggregated inputs listed in Section 4.3.3 has been
omitted. This implicitly assumes that knowing E (Γ) means also knowing
E (v o ). This is normally not true, of course. In this numerical example,
however, when the train traffic is homogeneous it is not that far from the
truth. Here, homogeneous traffic means that all trains are of the same kind,
these are also aiming to drive in the same velocity, and they are evenly
spread in time and space. Moreover, the TPSS simulations have shown that
the average velocity is almost constant with respect to the number of trains
on the section. Taking one example, in Figure 4.4 one can for a pure BT
catenary system with 144 km between the converter stations see that the
average velocity of the other trains already at 0.34 trains on-average on the
section have reached 106 km/h and remains relatively constant until it starts
to slowly decrease because of voltage drops to 98.1 km/h at 9.2 trains.
Starting with a five-dimensional function, the velocity of surrounding
trains has been omitted, ending up in four dimensions. Each plot can be
made for a specific inter-converter station distance, d (i, j), then the functions for each plot are reduced to three dimensions. Finally, since all simulations are done on the same track profile, E (ι) and D (ι) are completely
determined by d (i, j). This ends up in only one independent parameter per
plot.
In Figure 4.5 with an inter-converter station distance of 160 km, one
can see how TPSA interpolates and extrapolates v s for a given surrounding
traffic and for the four different power system technologies. As one can
expect, and as can be confirmed in the figures, the pure BT systems are the
ones that create the greatest drops in train velocity for increased traffic on a
section. One can also see that in the pure BT case there are less measurement
points than for the other technologies, this is because of the problems for
TPSS to find good solutions for really constrained power systems.
The most distant inter-converter station distance where all train departure periodicities converge also for the BT catenary system is 114 km. For
the inter-converter station distance of 160 km, pure BT systems converge
from one train each thirteenth minute and sparser. In Figures 4.6a and
4.6b one can see how v s depends upon original traffic for pure AT and BT
systems at the 114 km distance.
For an inter-converter station distance of 30 km, one can in Figures 4.6c
and 4.6d see that velocities are even for pure BT and pure AT quite unaffected for the densest traffic situations simulated. Worth pointing out
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Figure 4.5: An illustration how v s depends upon E (Γ) when the interconverter station distance is 160 km.

is, that for really short inter-converter station distances, v s is comparatively low. For a lone studied train, its maximally attainable velocity, v s ,
is 105 km/h for a converter-station distance of 30 km, as shown in Figures
4.6c and 4.6d. For a converter-station distance of 114 km, v s goes up to
115 km/h, as shown in Figures 4.6a and 4.6b. This phenomenon can be explained by the fact that the time it takes to accelerate the trains grows pro-
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Figure 4.6: An illustration how v s depends upon E (Γ).
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portionally greater, the shorter the traveled distances. The inter-converter
station distance of 98 km has, according to the TPSS results, turned out
to be the distance with the highest average train speeds. Probably the
impedances grow too big for greater distances resulting in voltage drops
and reduced tractive capacity. This observation is not easily pedagogically
illustrated, and therefore not found in a figure in this thesis.
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Figure 4.7: Example of bad TPSS data, and how TPSA tries to incorporate
the decreasing trend of the function to the data
TPSS seems to be relatively consequent, i.e. following trends that are
reasonable according to intuition, and most of the simulation data is quite
neat and tidy. There is one exception though, for the pure BT catenary
system with an inter-converter station distance of 57 km, the TPSS outputs
seem to be noisy and irregular. This irregularity of simulation data, including the TPSA-V estimations, can be seen in Figure 4.7. If there is a trend
in the measured data in Figure 4.7, it says that v s increase for increased
E (Γ). This is of course not reasonable, and can hopefully be explained by
unfortunate circumstances combined with the quite long time steps of one
minute used in the TPSS simulations. In the figure, one can see how the
additional data point more or less saves the day for TPSA-V by not letting
it continue in the "wrong" direction. Any deeper analysis of this discrepancy
in the simulation data has not been done. Furthermore, the data has been
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used all-over as if it was good together with the earlier introduced additions
of v s at 0 km/h into the data set. This does not mean that the remaining
simulation data is completely flawless, but there the noise levels are within
some acceptable limit.

4.5

Conclusion and Summary

A general and generic method has been applied to a small railway power
supply system in order to confirm its usability. The method has been improved since its embryo was presented in [17] and it shows good results for
the power grid and the train traffic it has been exposed to.
A suggestion to a fast method, TPSA-V, of estimating the fastest possible average train speeds, for an additional train, as a function of the railway power supply system and the traffic level of other already added trains
has been presented. The function approximator uses aggregated parametric
values as both inputs and outputs. TPSS results from 400 different systematically simulated cases are after proper aggregation used as TPSA training
data.
That is followed up with an evaluation of TPSA, and a comparison between the two tested approximator models M1 and M2 . As one could expect,
the non-linear model M1 performs noticeably better. Moreover, and less expected, the entire set of TPSS data seems to be too irregular for the linear
model M2 to handle.
Finally, in order to visualize the TPSS data trends, and how TPSA
manages to adapt to them, a number of graphs in Figures 4.5, 4.6, and 4.7
are presented and their content is discussed in detail in Section 4.4.2.

4.6
4.6.1

Future Work
Time-continuous Traffic

There is a theory called Dynamic Traffic Assignment (DTA) treating the
kind of problems that TPSA-V is interested in. DTA uses time-continuous
models on the contrary to most traditional traffic planning optimization
programs. One book about DTA is [78], and one example of a journal
article is [22]. If this theory can be used in the continuation of the research
presented in this thesis is yet not sure, more literature has to be surveyed.
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Development of TPSS

A consequence of the use of TPSS results as training data is that it becomes
hard to train TPSA-V with cases where, e.g. the original trains travel in
120 km/h and the added train can only go in 80 km/h. One possible way of
evading this issue could be to modify TPSS such that the maximal tractive
forces of the locomotives of the original traffic are independent of catenary
voltage. This problem needs to be considered deeper in the future.
It could also be of interest to by TPSS simulations test how good the
sectioning assumption is. Even if it turns out to be a bad approximation
for some certain power system configurations, such results can be used for
compensating for the errors in the TPSA model.

4.6.3

Better and Accessorial Simulation Data

In general, one can say that there is a need for more simulation data with
dense traffic where the power system has a low per-km impedance or where
the inter-converter station distances are short. Lacking such cases results in
relatively flat v s (E (Γ))-curves without any clear and characteristic trends
of decrease for increasing E (Γ). This can be seen in Figures 4.6c and 4.6d
for an inter-converter distance of 30 km where the train speeds for measured
data in fact are lower in the BT case, but due to lack of measurements for
heavier traffic and bad luck in the NN training, the BT curve is flatter than
the corresponding AT curve, though the AT catenary really has a lower
impedance.
It might moreover be possible that a slight decrease of the simulation
time step would alleviate odd and irregular results such as for the pure
BT catenary system with a 57 km inter-converter station distance, see
Figure 4.7.
If one produces (TPSS) simulation data including
• Different traveling directions in the model
• Trains with different average speeds
• Trains stopping and starting at locations not necessarily coinciding
with the locations of converter stations, or even just passing through
the section
• Different train and locomotive types
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that extra data can be presented to an improved and possibly extended
TPSA with more inputs. For example, a bidirectional traffic would probably demand one TPSA input describing the traffic traveling in each direction,
one of the directions may e.g. be steep downhill and then the other steep
uphill. Moreover, for trains traveling through the section, an input describing the entering and the exiting velocities might be needed describing the
net acceleration inside the power system section. For some more detailed
suggestions, the interested reader is encouraged to consult Appendix F. Finally, as said in the above bullet list, it might also be worth studying the
impacts of different train types and locomotive types, because the weights,
and the running resistances can vary a lot. It is for example not unlikely
that some kind of weighting has to be done, where e.g. heavy trains, trains
pulled by locomotives with undesirable reactive power properties, or very
conservative voltage control are weighted differently in the aggregation of
inputs.

4.6.4

Development of TPSA

The next big and naturally logical step in the development of TPSA is to
develop an approximator that for a given aggregated description of the power
system section and its train traffic can estimate the through the converterstations injected active and reactive power, and the energy consumption of
the power system section. It would be desirable, but not expected to be done
in the first place, also to be able to estimate these figures on an individual
basis distributed between the two converter stations.
Since all studies yet have been made on one and the same railway section,
it is not clear exactly how great the importance of slopes are. If slopes turns
out being of great importance, then it might be worth adding to the process
of aggregation a weighting where heavier and faster-going trains traveling
hillsides are considered severer both for themselves as for the other traffic
on the section.
Unfortunately, due to the characteristics of common timetable planning
program models, the variations in train velocities cannot be studied over
time in further detail since velocities are only treated as averages. However,
it might also be of interest studying cases where the velocities of the trains
vary a lot within the population, and that is possible for both train power
system simulators and traffic planning software.
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Still, there are drawbacks also with the standard deviation, D (ι).
For example, the sequence of inclinations {20, 20, −20, −20} would likely
cause a train to go slower and consume more power than the sequence
{20, −20, 20, −20}, with the same standard deviation, 20, would do. A solution to this problem could be also studying the standard deviation of the
derivative of the inclination curve. A high value would indicate that each
hillside don’t last so long, which probably would be good for the traffic.
An important thing is to determine how TPSA reacts for really extraordinary or even mad inputs? This is important because an iterative traffic
or investment planning program might have an algorithm trying different
alternatives, also far from the initial iteration point. Then TPSA-E should
not be such that e.g. for 100 trains per minute the average energy consumption is estimated to be -100 MW. The insertion of studied train velocities
at 0 km/h when there are 50 trains in a section, as done in equations (4.4)–
(4.6), is one example of how to make sure TPSA will not produce unwanted
results for unbelievable inputs.
One can probably always improve the methods of aggregation. One such
possible improvement could be introducing a threshold value at, e.g. 2 km/h
defining if a train is moving or not. This could avoid numerical noise in
measurements/simulations if occurring.
TPSA could also be improved by modeling the NNs differently. One
could e.g. experiment with adding one neuron layer and have less neurons in
each layer. There are also plenty of different training algorithms. In which
extent the TPSA performance would be increased by switching the present
one out has not been investigated in detail and could be of interest for the
future.

Chapter 5

Conclusions and Future
Work
5.1

Conclusions

The main contributions of this thesis are the development of the simulation
software TPSS and the neural-networks based approximator TPSA-V. Both
TPSS and TPSA-V have shown to work well in numerical examples, and
ideas of how to further improve them have been presented.
TPSS simulates train movements over time with respect to the interaction between train mechanics and the electric power system of the railway.
TPSS is based upon a number of, in time consecutive, load flow calculations.
During the creation of TPSS some existing models have been put together,
whereafter a few of those have been been modified or improved to better
suit their purposed application.
Given an input describing the power system technology of the section
and its traffic intensity, the approximator, TPSA-V, gives the maximal average velocity for an added train as output. Also some ideas of what a
future TPSA-E could look like, has been presented. TPSA-E is an approximator that, given a traffic situation and power system technology as input,
presents an estimation of the consumed electric energy and the peak apparent power flows. TPSA in its entirety is supposed to be used for the
calculation of operation costs, depending on future traffic levels and power
system configurations, with respect to the electric power system.
The usage of a fast approximator is motivated by the need for time
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savings when studying plenty of cases during the expansion planning under
uncertainty. The future traffic is an uncertainty, whereas the power system
configuration is a possibly uncertain consequence of an investment decision
taken.
In this thesis, many of the references are technical reports or personal
communications. This can be explained by the fact that not so many academic research papers regarding railway electric power supply systems are
easily available.

5.2

Further Work

In Section 5.2.1 future improvements of the work presented in this thesis is
presented. In Section 5.2.2, on the other hand, visions of the future work to
be done, regarding issues not treated in this thesis, are presented.

5.2.1

Improvement of Work Presented in this Thesis

In this section, only the future work considered the most important for the
continuation of the research project as a whole is mentioned. For more
details about possible future improvements of the work presented in this
thesis, see Sections 3.4 and 4.6.
TPSS has shown to work satisfactory. One could, however, possibly consider the possibility of decreasing the simulation time step somewhat. Also
the method for the velocity control could need some improvement regarded
that TPSS will be used for TPSA training set creation in the future. If it
would be possible making TPSS faster without great losses in accuracy it
would increase the possibilities to create lots of TPSA training data.
TPSA-V has shown to be working sufficiently good this far, provided that
it has been given a sufficient and appropriate set of simulated/measured
data. A complete model of TPSA-E will be presented shortly after the
presentation of this thesis. In that model inspiration will be taken from the
ideas presented in Appendix F.

5.2.2

Post-licentiate Work

Three Master’s thesis works have been initiated during the summer of 2008.
One of them is supposed to study the possibilities for direct generation of
power to the one-phase low frequency railway power supply system. Another
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project is supposed to compare TPSS with TracFeed Simulation and suggest
improvements of TPSA. The third project is supposed to improve TPSS
according to the further work suggested in this thesis and to the students
own initiatives, and suggest TPSA improvements. All these projects will
hopefully contribute to the creation of training data for TPSA.
The work of this thesis has mostly been done in cooperation with Banverket’s electric power system department and Rejlers Ingenjörer AB. In
the future, the cooperation partners might be extended to for example the
investment calculation, and the railway and society departments of Banverket’s.
Theories to be used in the post-licentiate work are expected to be planning under uncertainty in general, stochastic optimization in particular,
transmission and distribution expansion planning, and railway power system
investments. Besides that, insights into train traffic planning and microeconomic theories might be of use.

Appendix A

Neural Networks
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Figure A.1: Illustrative example of a standard feed-forward neural network
In practical engineering terms, Neural Networks (NN) are non-linear
statistical data modeling tools, that can be used for modeling complex relationships, classification, and pattern recognition.
A NN is, mathematically, a set of transfer functions linked together.
Some parameters in the transfer functions are adjustable in order to make
the NNs behave as desired. Normally, the neurons are grouped in so-called
layers, c.f. Figure A.1. The first layer is the set of neurons closest to the
input and the last layer is the set closest to the output. It is common to call
all neural layers except the output layer for "hidden layers". This denotation
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probably comes from the fact that the "hidden layers" cannot be seen from
a spectator on the output side of the network.
A feed-forward network normally consists of inputs, connections from
the inputs to the neurons in the first layer, and connections from the nth
neural layer to the n+1st layer, until the last layer that have outputs instead
of connections, as can be seen in Figure A.1. Each neuron, l, has, taking as
an example layer one in Figure A.1, i.e. the first hidden layer seen from the
left, a transfer function
fl

X
k

!

xk · wk,l + bl ,

(A.1)

where xk denotes the input vector, and wk,l and bl are a coefficient vector
and scalar respectively. Standard transfer functions, f , are:
f (y) = y,

(A.2)

f (y) = tanh (y)
2
− 1,
=
1 + e(−2·y)

(A.3)

i.e. the linear one,

the so called tansig transfer function, and,
f (y) =

1
,
1 + e(−y)

(A.4)

the logsig transfer function. By tuning the ws and bs, one can get the
desired properties of the NN. The tuning is normally done by a specific
training algorithm, that normally tries to reduce some mean squared error,
or, equivalently, sum of squared error, of the output. The training procedure
demands a so called training set, a set of paired input and output vectors.
That training set can for example in the case of approximating a function
be measurements or simulation results. In feed-forward networks with continuously differentiable transfer functions, backpropagation [1, 59, 62] is a
commonly used class of training algorithms. The last layer normally has the
same number of neurons as there are outputs. Moreover, all neurons in a
specific layer normally have the same kind of transfer function, as illustrated
in Figure A.1, where layer one has functions f , layer two functions g, and
layer three functions h, respectively.
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However, it is also possible to model NNs in other fashions. Some connections can be left out, there can be connections that jumps over a neural
layer for some reason, and there may be feedback connections to neural
layers of lower order. A network without feedbacks is called a feedforward
network [59, 62]. Neural networks can also be time-dependent, i.e. a given
input gives rise to different outputs depending on prior inputs. Such networks can be useful in, e.g. control problems, games, and sequential decision
making. NNs with delays before the inputs or between the neuron layers can
be used to for example model digital filters. For a more detailed survey of
NNs, the reader may consult [62], whereas [59] is more intended for readers
with less technological or natural scientific backgrounds.

Appendix B

Models for Tractive Force
Curves
The tractive force curves of Figure 2.8 are as mentioned in Chapter 2 based
on Neural Networks (NN) models. In this appendix chapter, the numerical
values of the parameters of these NNs are presented.

B.1

Maximal Short-Time Tractive Force

B.1.1

Layer 1, hidden, tansig transfer functions

The inputs, ϕk , k ∈ {1, 2} are scaled to the range φ ∈ [−1, 1] by the equation
φk = (φmax − φmin )
where

ϕk − ϕmin,k
+ φmin
ϕmax,k − ϕmin,k

φmin = −1

(B.1)

(B.2)

φmax = 1

(B.3)

ϕmin,1 = 0

(B.4)

ϕmax,1 = 200

(B.5)

ϕmin,2 = 10.5

(B.6)

ϕmax,2 = 16.5

(B.7)

and where equations (B.4) and (B.5) are expressing velocities in km/h, and
equations (B.6) and (B.7) express catenary voltages in kV.
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Also the outputs of the neural network are scaled before the training of
the network. The scaling
ς − ςmin
+ σmin
(B.8)
σ = (σmax − σmin )
ςmax − ςmin

follows the pattern of equation (B.1), but, since there are only one output,
without any care taken to index k. Moreover, the parameter values
σmin = −1

(B.9)

σmax = 1

(B.10)

ςmin = 0

(B.11)
+5

ςmax = 2.910675862000000 · 10

(B.12)

where equations (B.11) and (B.12) are expressing tractive forces in N.
After scaling, the inputs are, following the idea of equation (A.1) multiplied with the weights. The weights related to the inputs describing the train
1 column in Table B.1, whereas the weights revelocities are listed in the w1,l
lated to the inputs describing the catenary voltage levels measured by the
1 column in Table B.1. The w subtrain pantograph are listed in the w2,l
script k stands for different inputs, where the first one is the velocity, and
the second input stands for voltage. Subscript l ∈ {1, 2, ..., 15} denotes neuron number. Superscript 1 means that the weights belong to the first neural
layer. For each neuron, l, the scaled and weighted inputs are summed together for all k, whereafter a bias b is also added according to equation (A.1).
The numerical values of the biases, b1l are listed in Table B.2.

B.1.2

Layer 2, output, linear transfer functions

Here, the bias
b2 = 5.013221835595947 · 10−1

(B.13)

and it is added to the inner product
X

fl1 (φk ) wl2

(B.14)

l

created from the outputs of each neuron l in layer one, i.e.
fl1 (φ)

= tanh

X
k

φk ·

1
wk,l

+

b1l

!

and numerical values of the weights, wl2 , are listed in Table B.3.

(B.15)
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1 weights in the neural
Table B.1: The numerical values used for the wk,l
network approximation of the maximal short-time tractive force curve.
1
w1,l

1
w2,l

−5.109450538256030 · 10−1
−3.359580347844704 · 10−1
−5.317294259820734 · 10−1
−2.668484735585583 · 10+0
−3.918494427294079 · 10−1
−5.529443884835737 · 10+0
−6.671746475641124 · 10+0
2.309639773090998 · 10+0
2.711648402569025 · 10−1
−1.064085081597223 · 10+0
8.933573109693399 · 10−1
1.108492637666168 · 10+0
−2.426616401062211 · 10+0
−9.595520941852690 · 10−1
−1.133282076072591 · 10+0

1.740889863303482 · 10−1
−1.955246438213219 · 10−2
1.576641048214562 · 10−1
1.396118912487979 · 10−1
2.572383477965712 · 10−1
9.197499213325057 · 10−1
1.236842228805674 · 10+0
5.951701093767978 · 10−1
−1.049067677767819 · 10−2
8.034616702906381 · 10−1
−1.266046984602274 · 10−1
−1.487313521525541 · 10−2
3.022593467094272 · 10−1
9.205345378735241 · 10−2
−1.703113559520665 · 10−3

l
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15

B.2

Maximal Continuous Tractive Force

Here, in this section, the procedure is pretty much the same as in Section B.1.
One exception is that there are six neurons in the hidden layer instead of
fifteen. Therefore in this section, nothing has to be explained, and therefore
only numerical values are displayed. The other exception is the scaling of
the tractive force, done according to equation (B.8), but with the parameter
values
σmin = −1

(B.16)

σmax = 1

(B.17)

ςmin = 0

(B.18)
+5

ςmax = 1.769558621000000 · 10

(B.19)

where equations (B.18) and (B.19) are expressing tractive forces in N.
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Table B.2: The numerical values used for the b1l weights in the neural network approximation of the maximal short-time tractive force curve.

B.2.1

l

b1l

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15

−2.618695482383330 · 10−1
−1.093463074517433 · 10−2
−3.336547120939518 · 10−1
1.533349994162182 · 10+0
5.353348978220550 · 10−1
−2.377369461674452 · 10+0
−3.051770102675634 · 10+0
4.880908234857883 · 10−1
5.296288714204826 · 10−2
−7.067444838304859 · 10−1
−4.675111357240115 · 10−1
−6.494726707378866 · 10−2
−1.057422396836723 · 10−1
3.301611160688586 · 10−1
1.944671719213588 · 10−2

Layer 1, hidden, tansig transfer functions

1 , are listed in
The numerical values of the weights for the velocity input, w1,l
the second column in Table B.4 whereas the weights for the voltage input
are listed in the third column in Table B.4. The biases, b1l , for the first
neuron layer are listed in Table B.5.

B.2.2

Layer 2, output, linear transfer functions

The output layer bias,
b2 = −2.230134691070668 · 10−1

(B.20)

and, the numerical values of the weights for the hidden layer neurons are
listed in Table B.6.
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Table B.3: The numerical values used for the wl2 weights in the neural
network approximation of the maximal short-time tractive force curve.
wl2

l
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15

6.816186262938034 · 10−1
4.568414937503916 · 10−1
7.053624293014696 · 10−1
8.847527610245611 · 10−1
−1.549127829541379 · 10−1
1.496405401709144 · 10+0
−1.096881550003790 · 10+0
−1.355059971190608 · 10−1
−2.948950684832710 · 10−1
−2.583353988126654 · 10−1
6.156675613648782 · 10−1
7.298677941038788 · 10−1
1.082597002407681 · 10+0
−6.525603273301267 · 10−1
−7.452357430091955 · 10−1

1 weights in the neural
Table B.4: The numerical values used for the wk,l
network approximation of the maximal continuous tractive force curve.

l

1
w1,l

1
w2,l

1
2
3
4
5
6

1.783401688145027 · 10+0
−1.820990803958870 · 10+0
6.062624757022523 · 10+0
2.909398209064677 · 10+0
−6.457866073763195 · 10+0
−2.950220888815905 · 10−1

−3.091109667227149 · 10−1
−2.792784245183009 · 10−2
−1.248900995053972 · 10+0
7.170716756632144 · 10−2
1.236545915168804 · 10+0
−4.025488362697428 · 10−1
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Table B.5: The numerical values used for the b1l weights in the neural network approximation of the maximal continuous tractive force curve.
l

b1l

1
2
3
4
5
6

−2.359160952319800 · 10−1
8.848887644609322 · 10−1
1.828361986270107 · 10+0
−1.552025732593660 · 10+0
−1.750863122875683 · 10+0
1.331392227795282 · 10+0

Table B.6: The numerical values used for the wl2 weights in the neural
network approximation of the maximal continuous tractive force curve.
l

wl2

1
2
3
4
5
6

−1.077448639660621 · 10+0
−1.725719526688997 · 10+0
9.226174186685997 · 10−1
−1.379373957288024 · 10+0
1.074271516108016 · 10+0
3.906717566390786 · 10−1

Appendix C

The Double Arc Curve
The double arc function in equation (3.16) is as explained in Section 3.3.3
approximated by first DCT transforming a 92 elements long sampled version
of it, and thereafter discarding all the DCT coefficients but the 18 ones with
the greatest absolute values. In order to be able to simplify the expression
for the approximation, let Uf be a substitution for the independent variable,
Uf =

Udiα
,
UlocoRc

(C.1)

then the DCT approximation, i.e. the IDCT [72, 91] of the 18 saved coefficients, can be expressed like
̟ (Uf ) =

X

j∈C

where

w [j] D [j] cos 

w [j] =
where

 





√1

qN

π 2



− 1 (j − 1)

2N




j=1

,

2
N,

Uf +δs
δs

2≤j≤N

N = 92;

(C.2)

(C.3)

(C.4)

where
C = {1, 2, 3, 4, 5, 7, 8, 9, 11, 12, 13, 17, 21, 25, 29, 33, 37, 41} ⊂ J
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(C.5)
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denotes the subset of
J = {1, 2, ..., N }

(C.6)

that represents the indices of the 18 DCT coefficients with the greatest absolute values; where D [j] denotes these DCT coefficients, with the numerical
values


7.3550 · 10+0
 1.0797 · 10−1 


 −2.5511 · 10−1 




 1.5585 · 10−1 


 −2.1229 · 10+0 


 −1.1597 · 10−1 


 9.0422 · 10−2 




 −8.3957 · 10−1 


 −7.8020 · 10−2 


(C.7)
D [j] = 
−2  ;

 6.3936 · 10


 −4.8695 · 10−1 


 −3.2914 · 10−1 


 −2.4058 · 10−1 


 −1.8381 · 10−1 




 −1.4410 · 10−1 


 −1.1461 · 10−1 


 −9.1790 · 10−2 
−7.3619 · 10−2

where the sampling distance, δs , for the voltage fraction
Uf +δs
δs

Udiα
UlocoRc

is set to be

0.02; and where
transforms voltage fractions such that they correspond to the samples in the discretized function, e.g. if
Uf = 0

(C.8)

then

Uf + δs
=1
δs
which corresponds to the first sample of equation (3.16), if
then

and so forth.

(C.9)

Uf = 0.2

(C.10)

Uf + δs
= 2,
δs

(C.11)

Appendix D

Scaling of the Locomotive
DC Voltage
The scaling function in equation (3.19) is approximated with a sixth order
polynomial, i.e.
ϑapprox =

6
X

γ=0

cγ · U γ

(D.1)

where U denotes catenary voltage in kV and where
c0 = +8.2092 · 10−4

(D.2)

−2

(D.3)

c2 = +8.2777 · 10−3

(D.4)

c1 = +6.2068 · 10

−3

(D.5)

c4 = +3.0837 · 10−4

(D.6)

c3 = −2.4452 · 10

−5

c5 = −1.6958 · 10

−7

c6 = +3.2717 · 10
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Appendix E

Numerical Data Used in
TPSS
In the following, all the relevant numerical constants and parameters used by
TPSS not already presented in any appendix of this thesis are presented. In
order to be able to place each parameter in its right context, the numerical
values are not simply listed in a great table, but instead integrated into the
body matter with a short explanation in close connection to the parameter
and its numerical value. The parameters and constants appear in no order
of rank, but simply as they appear in the mind of the author of this thesis.
Trains of the type denoted "F1 Mixed" in [86] are used. Trains of "F1
Mixed" type are pulled by Rc4 locomotives, and the TPSS models of Rc4 are
presented in Section 2.5.3 of this thesis. Following the data of "F1 Mixed",
the train mass was set to
m = 1470000 kg,

(E.1)

madh,drive = 79000 kg.

(E.2)

the adhesive driving mass to

Moreover, the rail is assumed to be dry, i.e.
ν = 0.

(E.3)

ζ=0

(E.4)

The slippage ratio,
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for simplicity, and the constant 4 · KJ , first introduced in equation (2.7) is
assigned the value
4 · KJ = 10750 N,
(E.5)

a typical figure taken from [86]. Finally,

H = 0.

(E.6)

The coefficients for the train resistive force equation, i.e. equation (2.10),
A = 15400 N

(E.7)

B = 279 Ns/m
2

(E.8)
2

C = 49.2 Ns /m .

(E.9)

For European circumstances, the value
g = 9.81 m/s2

(E.10)

of the earth’s gravity suits relatively well. The value of the earth’s gravity
increases with latitude and decreases with height above sea level.
The maximal value of the Rc locomotive’s DC voltage Udiα ,
cf. equation (2.17),
Emax = 770 V.
(E.11)
The to Udiα related base velocity
vbase = 78 km/h.

(E.12)

The base power used in AC power flow calculations
Sb = 5 MVA,

(E.13)

Ub = 16.5 kV,

(E.14)

while the base voltage
since 16.5 kV is the standard voltage of the converter station outputs in
Sweden [24], while nominal voltage is
Ub2 = 15 kV,

(E.15)

as it also is in the other four 16.7 Hz countries [24,116]. And the base voltage
between the left hand side transformer and the rectifiers in Figure 2.9
Ub2 = 487 V.

(E.16)
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Moreover, as one could expect, the base voltage of the HV part of the power
system
Ub132 = 132 kV.
(E.17)
The BT lines of the test system are of the "109 2Å" type, and the
impedance values
zBT = 0.21 + 0.20i Ω/km

(E.18)

cBT = 0 nF/km

(E.19)

are taken from [53, 81]. The AT impedances used in this study, are of type
"120 2AT Fö", and the numerical values of the impedances
zAT = 0.0335 + 0.031i Ω/km
zinit,FC = 0.189 + 0.293i Ω/km
zinit,T = 0 Ω/km
cAT = 13.5 nF/km

(E.20)
(E.21)
(E.22)
(E.23)

are based on figures in [53]. HV line impedance data used in the simulations
zHV = 0.051 + 0.062i Ω/km
0.38 + 4.99i
·
Ω = 0.065 + 0.85i Ω
100
16
0.38 + 4.99i 16.52
·
Ω = 0.037 + 0.54i Ω
=
100
25

ZT216 =
ZT225

16.52

(E.24)
(E.25)
(E.26)

where equation (E.24) expresses impedance as seen from the 132 kV level,
whereas equations (E.25) and (E.26) express impedances as seen from the
15 kV level. These numbers are based on information found in [81]. Please,
note that ZHV is twice as big when seen from the 15 kV one-phase grid
compared to each 66 kV line impedance in the two-phased 132 kV subsystem.
The inclinations on the test system are inspired by the railway sction
between Luleå and Bastuträsk. The hight curve is measured from a graph
[115] every 6.25th km whereafter the inclinations are calculated. The original
height and inclination curves are displayed in Figure E.1. The height curve
estimated from measurements on Figure E.1 is shown in Figure E.2 and the
therefrom calculated inclination curve is shown in Figure E.3.
In the test system, all the converters are of type Q48/Q49. Numerical
data regarding these and other types of converters can be found in [98]
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Figure E.1: The original figure for heights and inclinations between Luleå
and Bastuträsk
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Figure E.2: The height curve between Luleå and Bastuträsk estimated from
measurements on Figure E.1
and [73]. The figures that follow in detail below are strongly inspired by
the two recently mentioned references. Starting with the motor side of the
converter,
UnomQ48Q49,m = 6.3 kV

(E.27)

UbQ48Q49,m = 6.3 kV

(E.28)

SnomQ48Q49,m = 10.7 MVA

(E.29)

m,Q48Q49
Xq,%
= 49 %

(E.30)

that in turn gives
m,Q48Q49
m,Q48Q49
= Xq,%
Xq,Ω

(UnomQ48Q49,m )2
Ω ≈ 1.8176 Ω
SnomQ48Q49,m

(E.31)

and
m,Q48Q49
m,Q48Q49
Xq,p.u.
= Xq,Ω

Sb
(UbQ48Q49,m )2

p.u. ≈ 0.2290 p.u.

(E.32)
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Figure E.3: The inclination curve between Luleå and Bastuträsk calculated
from the by measurements of Figure E.1 estimated height curve of Figure E.2

where
m,Q48Q49
Xqm = Xq,p.u.

(E.33)

is the term used in the other parts of this thesis. And for the generator side,
UnomQ48Q49,g = 5.2 kV
16.5
kV
UbQ48Q49,g = 5.2
17.0
SnomQ48Q49,g = 10.0 MVA
g,Q48Q49
Xq,%
= 53 %

(E.34)
(E.35)
(E.36)
(E.37)

where UbQ48Q49,g of equation (E.35) looks as it does because the transformer
on the generator side of the converter is rated 5.2/17.0. All that in turn gives
g,Q48Q49
g,Q48Q49
= Xq,%
Xq,Ω

(UnomQ48Q49,g )2
Ω ≈ 1.4331 Ω
SnomQ48Q49,g

(E.38)
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and
Sb

g,Q48Q49
g,Q48Q49
Xq,p.u.
= Xq,Ω

p.u. ≈ 0.2813 p.u..

(UbQ48Q49,g )2

(E.39)

Moreover, for the transformer
UnomQ48Q49,t = 17.0 kV

(E.40)

UbQ48Q49,t = 16.5 kV

(E.41)

SnomQ48Q49,t = 10.0 MVA

(E.42)

t,Q48Q49
X%

≈ 0.0377 %

(E.43)

that in turn gives
t,Q48Q49
XΩt,Q48Q49 = X%

(UnomQ48Q49,t )2
Ω ≈ 1.0903 Ω
SnomQ48Q49,t

(E.44)

and
t,Q48Q49
Xp.u.
= XΩt,Q48Q49

Sb
(UbQ48Q49,t )2

p.u. ≈ 0.0200 p.u..

(E.45)

Now finally,
g,Q48Q49
t,Q48Q49
Xqg = Xq,p.u.
+ Xp.u.

(E.46)

following the notation of the other parts of this thesis.
The, in the simulations used, numerical values of the 50 Hz grid parameters
X50 = 15 %
(E.47)
and
Q50 = 0 p.u.

(E.48)

seem to be realistic according to [97]. Moreover, according to [42] Q50 can
be controlled relatively freely especially with rotary converters. For static
converters, on the other hand, Q50 might not always be controlled as freely
as with rotary ones, e.g. if the converter is not equipped with the ability to
regenerate power.
Today, only converters of the static type are bought in Sweden. In the
future one can assume most of the converters to be static. Static converters
are normally programmed to act as rotary converters with the main exception that they all have the same no-load phase angle on the 50 Hz side,
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independent of location and time of the day. However, is has been shown [77]
that the 50 Hz side voltage angles of rotary converters can be controlled adequately for a reasonable price too. Therefore, in the simulations done, the
50 Hz side phase angles
θ 50 = 0 rad
(E.49)
for all converter stations.
The parameter that determines the smallest allowed geometrical distance
between a train and a fixed electrical node, firstly mentioned in Section 3.3.3,
β = 0.05 km.

(E.50)

Appendix F

A skeleton model of an
extended TPSA
In this appendix some already existing ideas are presented. The main reason
why these ideas have not been tried out yet is due to not yet created or
available training and testing data.
TPSA have four main cases to consider. Generally, assume an arbitrary
trip, say {i, j, ti , tj , r}, and a specific power system section between the positions h and k on railway, is studied. Please observe, that the power system
sections in the general case, and quite often in reality, do not coincide with
the sections of the railway system. That means that h does not necessarily
have to equal i as well as k does not have to equal j, see Figure F.1.
In the first case, which is illustrated in Figure F.1a, one can see that
i<h

(F.1)

k > j > h.

(F.2)

and that

This means that the train has started before the power system sectionborder, and has stopped within the section. Only the train traffic in the
studied power system section is of interest. Therefore, the train is studied
between the positions h and j where it is connected to the studied power system section. In order to simplify, the notation pstart and pstop is introduced,
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FC

i

h

FC

j

i

j

k

(a) Entering the power system section and (b) Starts inside the power system section
remains there
and leaves

i

j

i

FC

FC

h

k

j

(c) Travels within the power system section (d) Entering and leaving the power system
section without stopping

Figure F.1: The four main traffic cases. FC is an abbreviation for frequency
converter.
denoting start and stop positions. In the first case, Figure F.1a,
pstart = h

(F.3)

pstop = j.

(F.4)

The second case, illustrated in Figure F.1b, is the exact opposite of the
first case,
h<i<k
(F.5)
and
k < j.

(F.6)

Here, the train starts within the studied section, but stops not until it has
left the section. Therefore
pstart = i

(F.7)

pstop = k.

(F.8)
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In the third case,
h<i

(F.9)

k > j,

(F.10)

and as illustrated in Figure F.1c, the train both starts and stops inside the by
the converter stations defined power system section. In this case, therefore,
pstart = i

(F.11)

pstop = j.

(F.12)

h>i

(F.13)

k < j,

(F.14)

In the fourth and last case,

and as illustrated in Figure F.1d, the train just passes through the power
system section without stopping. In that case,
pstart = h

(F.15)

pstop = k.

(F.16)

In cases where the traveling direction is not from left to right, but in the
other direction, i, j and h, k can easily be exchanged in the above discussion.
The subscripts introduced in (F.3)–(F.16) are chosen because they emphasize that we are interested in the positions of the train at the points
in time when the train starts, and stops, to consume electrical power in
the studied particular power system section, during the trip between points
i and j. Not only positions, but also velocities when entering the power
system section might be of interest, as will be seen later on.
A future and more general TPSA might have the below suggested inputs
and outputs. Each input and output is presented within its own paragraph,
and a short motivation can also be found. If nothing is said about for which
kind of TPSA a certain input or output is supposed to be used, then it is
intended to be used for both types. In some cases, inputs and outputs are
just intended for either TPSA-V or TPSA-E.
TPSA-E must be trained differently, rather with some some fixed predefined time-window size than with the time window sizes defined by the starts
and stops by the studied train used by TPSA-E. From a planning point of
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view, the best thing would be to be able to estimate power consumption
for the traffic on a long time-basis. That is however probably not possible
having in mind that the creation of such a training set is far from desired
considering computation time lengths. The building blocks in time for energy and peak-power consumption estimation must be small enough for it
to be able to create many relevant cases with a train power system simulator, and also to make use of TPSA-V training data. Simulating doublets is
probably a waste of computing time.

F.1

Possible TPSA Inputs

In this section, several future TPSA input candidates are presented. All of
them can probably not be included in one and the same model. Including
all of them at once would result in lots of parameters w and b to determine.
That, in turn, would demand a great number of TPSS-simulations for having a reliable parameter estimation, i.e. training, of the NN. Some kind of
prioritization has to be done regarding which inputs to use, such that it is
possible making the NNs reliable also for a realistic size of the training data
set.
Note that the prior input "The Length of the Power System Section",
d (i, j) now has split into two inputs.
The Length of the Power System Section now is defined as d (h, k)
in order to avoid ambiguities. The distance between the converter stations
gives information about the power system weakness.
The Distance traveled by the studied train within the Power System Section must be defined as d (pstart , pstop ). This parameter is expected to be of interest since previous simulations indicate a correlation
between maximal attainable average speeds and the distance traveled.
The velocity of the studied train when entering the power system
section at position pstart , denoted vstart . A motivating for using this variable
as TPSA input, is that the higher the value of vstart , the less power is needed
to be consumed by the train. In, e.g. Figure 3.3a one can see that the
power consumption is slightly higher when accelerating than when speedmaintaining. This is however pretty much train-type dependent.
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Also the input describing inclinations could now be split up in two.

The
Inclination experienced by the studied train,

 Average
E ιpstart ,pstop , is probably important for TPSA-V determining v s , but
of less interest for the studies of the power and energy consumptions in
TPSA-E.
The Average Inclination, E (ιh,k ), between the power system sectionborders is on the other hand expected to be of interest for both the TPSA
types.
Similar arguments follow for
The Standard Deviation
of the Inclination experienced by the

studied train, D ιpstart ,pstop , for TPSA-V and
The Standard Deviation of the Inclination, D (ιh,k ),
TPSA-V and TPSA-E.

for both

The Average Number of Other/All Trains will, as before be of interest, because two trains have a greater need for electricity than what just
one train has. "Other" is valid for TPSA-V, while "All" is expected to be
more interesting for TPSA-E to know about.
The Traffic of Other/All Trains on the Studied Power System Section is important with similar arguments as in the prior paragraph. The
velocity, E (v o )/E (v a ), is of interest because higher speed normally lead to
a higher exploitation of the power system.
The Number of Other/All Trains that Starts from stand-still within
the section, is expected to be important because often much more power is
needed for acceleration than what is needed for speed-maintenance.
The Number of Other/All Trains that Stops within the section can
be expected to be of interest since they will give information about possible
regenerated power to the system. Far from all locomotives have this ability,
and for locomotives without this ability this would not be an interesting
input.
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The Average Speed Limits between pstart and pstop could also be of
interest. This is motivated by the fact that one would expect it to be a
upper bound on v s . This input would, if usable, only be so for TPSA-V.

The Amount of Installed Power in each converter-station is as shown
in Chapter 3 of smaller interest for TPSA-V, but quite relevant for the
estimation of the distribution of consumed energy done by TPSA-E. An
input of zero installed power should by TPSA be interpreted as that the
line is singly fed. Singly fed lines will however probably also affect the
voltage levels, so it might be worth adding into TPSA-V also, if there are
data from either simulations or measurements that point in that direction.

The Average Location of Trains during the studied time period is
probably another relevant input parameter for TPSA-E. Denote, the average
relative location with respect to time of all trains for each studied type,
ρ ∈ (0, 1). A value of, e.g. ρ = 0.1 means that the train spent more time on
the "left" section side, whereas, e.g. ρ = 0.9 means that the train spent more
time on the "right" section side. Standstill times are not accounted for. The
main advantage with introducing this parameter is that it possibly makes
it easier to estimate the distribution of the power consumed on the section
between the pair of converter stations.

Ohmic Descriptions of Power Lines would introduce the ability of
TPSA to judge between different kinds of each of the power system technologies. There are several different kinds of BT and AT catenaries as well
as parallel HV transmission lines with different per-km impedances ZAT ,
ZBT , and ZHV as well as point impedances Zinit [53].

The Number of HV Transformers could be of interest to know, regarded that the HV line is connected. However, as shown in at least the
numerical example of Chapter 3 in Table 3.4, having more than two transformers does not seem to gain so much for neither the train running times
nor the power system losses.

F.2. POSSIBLE TPSA OUTPUTS

F.2
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Possible TPSA Outputs

The maximal average velocity of the studied train denoted v s is
not really a new output. Still, it is worth pointing out that since the only
velocities that exist in a timetable are the average ones between each node
in the graph, v s and vstop must be the same. In the same way, v s for one
trip will equal vstart for the next one. This output is for TPSA-V only.
The Energy Consumed or, if rather so desired, the average active power
inflows may of course be of interest for the TPSA-E output. The railway
administrator pay for its energy consumption through the converter stations
to some power producer. It would be desirable if it would be possible making
TPSA-E distributing the energy demand between the two converter stations
for each power system section.
Peak average apparent power inflows, and maximal N -minuteaverage power consumption, for an M -minute time window can be calculated. This can be of interest for dimensioning reasons. Dimensioning is not
only an equipment issue, it also influences the prices for subscribing power
from a public grid supplier. This output is of course for TPSA-E. If the line
is singly fed, either due to an outage of a converter station or due to an end
of railway power line, the active power on that side of the section simply
equals zero.
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