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Abstract

Rising numbers of agglomeration residents cause increased need for people movement on
daily basis. Because of congestion of local roads, limited parking space and rising fuel
prices providing mass transit based on electric traction is a logical solution. While the
electric rail vehicles are considered highly efficient in themselves, they should be analyzed
as a part of a transport network, because energy consumption depends on operating
conditions of a whole transport system. Information about energy efficiency of whole
system operating under realistic conditions is a basis for research into energy savings. Such
data is also useful when modernization of traction power supply, timetable planning or
ordering new rolling stock is planned.

This thesis presents approach to analysis of energy efficiency of a suburban rail network,
using novel models developed on the Matlab/Simulink basis. Necessary features and
requirements for such models were determined thru in-depth review of the source literature
in all applicable fields: electrified transportation systems, electric multiple units
construction, vehicle drivetrains and finally, existing simulation methods. Existing and
applied methods for improvement energy efficiency of electrified transportation were
identified.

Original model of electrified transportation system was developed. It can be characterized
by unique implementation of the data bus structure that allows for simulating complex
transport systems in a straightforward way while retaining high computation performance.
Because every part of the program is an independent sub-model, the only limitation to size
and complexity of analyzed system is the available computing power.

Verification of the model accuracy was conducted. Precision of vehicle dynamics
simulation against recorded run was presented for a reference fragment of analyzed railway
line, for an electric multiple unit. Validation of the results for the transport network,
generated using the whole model was carried out for exemplary transport network, where
detailed measurement data was available (trolleybus system in Pilsen, Czech Republic).
Obtained results confirmed accuracy of the developed model, with computed voltage error
being consistently below 2% figure, and difference between measured current and final
energy balance were below 5%.

Parameters of the analyzed transport system were assumed using technical datasheets,
catalogues, tender documentation and a large set of recorded run data. Only vehicles
capable of regenerative braking — equipped with induction motor drives were included.
Vehicle models take into account detailed parameters, like load and velocity-dependent
efficiency, impact that pantograph voltage has on vehicle power and rheostatic braking and
relation between the weather and motive force application and heating system operation.
Passenger flow was also included — number of passengers carried by the trains varies along
the route and during the day, impacting the vehicle mass and consequently, its movement
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dynamics and energy consumption. Novel control algorithm was implemented, allowing
for semi-random selection of velocity profile for every station-to-station fragment,
following the variable selection probability established thru large recorded run data set
analysis.

Energy efficiency analysis for suburban railway system of SKM Trdjmiasto was carried
out, limiting the scope to railway line no. 250 between stations Gdansk Srodmiescie and
Gdynia Redlowo. Simulation was executed assuming the whole day of operation, assuming
regular workday schedule. Computed daily energy consumption is 56,4 MWh, while
recuperation rate lies typically between 25 and 26%.

Practical and easy to implement approach to velocity profile optimization for electric
multiple unit was proposed. Presented method allows for energy savings of about 8% while
retaining the same travel time, simultaneously reducing drivetrain losses. Possibilities of
further energy consumption reduction were suggested.

Conducted research demonstrated that implementing model structure inspired by industrial
communication networks improves model scalability and versatility, as it was used for two
different electrified urban transport systems, with different power supply layouts.
Moreover, proposed approach to energy consumption optimization, based on trackside
signs and manageable by human driver was shown to improve energy efficiency of the
whole system. This work also includes implementation of passenger flow and variable
velocity profiles, which allowed for improvement of calculation accuracy.
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Streszczenie

Rozw@j obszarow aglomeracyjnych skutkuje zwigkszeniem zapotrzebowania na przewoz
0sOb. Ze wzgledu na kongesti¢ sieci drogowej, ograniczong przestrzen parkingowa oraz
rosngce ceny paliw, logicznym rozwigzaniem jest zapewnienie sieci transportu publicznego
oparta na trakcji elektrycznej. Chociaz pojazdy elektryczne mozna uznaé za
wysokowydajne, powinny by¢é one analizowane jako element skladowy
zelektryfikowanego systemu transportowego, poniewaz ich zapotrzebowanie na energie¢
jest zalezne od warunkow pracy tego systemu. Wiedza na temat efektywnosci
energetycznej sieci transportowej pracujacej w realistycznych warunkach stanowi
podstawe do poszukiwania oszczednos$ci energetycznych. Dane te sg takze przydatne przy
planowaniu modernizacji uktadu zasilania trakcyjnego, planowania rozktadu jazdy lub
zakupu nowych pojazdow.

Niniejsza rozprawa porusza tematyke analizy energetycznej systemu szybkiej kolei
miejskiej przy wykorzystaniu nowej generacji modeli bazujacych na $rodowisku
Matlab/Simulink. Niezbedne cechy 1 wymagania dla modelu zostaly oparte na przegladzie
literatury dotykajacej tematyki zelektryfikowanych systemdéw transportowych, budowy
elektrycznych zespotow trakcyjnych oraz ich ukladéw napedowych oraz istniejacych
metod symulacyjnych. Zidentyfikowano istniejace oraz stosowane sposoby zwigkszenia
efektywnosci energetycznej transportu zelektryfikowanego.

Opracowano autorski model zelektryfikowanego systemu transportowego. Jego cechg jest
nowatorska implementacja magistrali danych, umozliwiajagca latwe symulowanie
ztozonych zelektryfikowanych systeméw transportowych przy zachowaniu wysokiej
wydajnosci obliczen. Poniewaz kazdy z elementow sktadowych jest niezaleznym
modelem, jedynym ograniczeniem ztozono$ci badanego systemu sg dostepne zasoby
komputera.

Przeprowadzono weryfikacj¢ doktadnosci modelu. Precyzje symulacji dynamiki ruchu
pojazdu zaprezentowano dla elektrycznego zespotu trakcyjnego poruszajacego si¢ na
referencyjnym odcinku linii kolejowej. Walidacje strony energetycznej modelu
przeprowadzono bazujac na danych oraz wynikach dla sieci trolejbusowej w Pilznie (Rep.
Czeska). Osiagnigte wyniki potwierdzily skuteczno$¢ opracowanego modelu, gdzie
rozbiezno$¢ obliczonego napigcia nie przekroczyta 2% wzgledem pomiaru, a blad pradu
oraz koncowa roznica w bilansie energii zawarly si¢ ponizej 5%.

Parametry badanego systemu zostaly ustalone na podstawie kart katalogowych
producentéw, dokumentacji technicznych 1 przetargowych oraz duzym zbiorze
zarejestrowanych  przejazdow. Zatozono  wykorzystanie wylacznie pojazdow
wyposazonych w napedy z silnikami indukcyjnymi, umozliwiajace hamowanie
odzyskowe. Modele pojazdow uwzgledniaja szczegdtowe parametry, jak zalezna od
obcigzenia napedu sprawno$¢, wptywie napigcia zasilania na dost¢png moc pojazdu oraz
zalaczenie hamowania rezystorowego, a takze wplywa warunkow pogodowych na
przeniesienie sity napedowej oraz prace systemu ogrzewania. Wzieto pod uwage potoki
pasazerow — liczba 0sOb przewozonych przez poszczegdlne pociagi zmienia si¢ z czasem
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oraz wzdhiz trasy, wptywajac na mase¢ pojazdu, a tym samym jego dynamike ruchu i
energochtonnos¢. Zaimplementowano nowatorski algorytm sterowania, ktory dla kazdego
odcinka migdzyprzystankowego wybiera losowo jeden z mozliwych profili predkosci, przy
czym prawdopodobienstwo wyboru jest zgodne z ustalonym w toku badan systemu
transportowego. Profile predkosci pojazdu zostaty ustalone na podstawie analizy duzego
zbioru danych rejestracji przejazdow.

Dokonano analizy energetycznej systemu transportowego Szybkiej Kolei Miejskiej w
Tréjmiescie na odcinku linii 250 pomiedzy stacjami Gdansk Srodmiescie oraz Gdynia
Redtowo. Obliczenia wykonano dla jednej doby pracy systemu, przy zatozeniu rozktadu
jazdy dla dnia roboczego. Obliczone zuzycie energii waha si¢ w granicach 56,4 MWh,
natomiast sprawnos¢ odzysku energii pomigdzy 25 a 26%.

Zaproponowano metod¢ optymalizacji energetycznej, ktora jest tatwa w implementacji w
rzeczywistym systemie transportowym. Opracowany sposob pozwala na redukcje zuzycia
energii o okolo 8% przy zachowaniu dotychczasowego czasu podrozy, jednoczesnie
redukujac straty w uktadzie napgdowym. Zwrocono uwage na mozliwe dalsze zabiegi
zmierzajace do zwigkszenia oszczednosci.

Na podstawie przeprowadzonych badan wykazano, ze modele o strukturze wzorowanej na
magistrali danych zwigkszaja skalowalno$¢ oraz wszechstronno$¢ programu, ktory byt
uzyty w analizie dwoch réznych zelektryfikowanych miejskich systemow transportowych,
o roznej strukturze uktadu zasilania. Ponadto, zaproponowana metoda optymalizacji
energetycznej, wykonalna przez czlowieka przy uzyciu znakdéw przytorowych pozwala na
poprawe efektywnosci energetycznej systemu transportowego. Rozprawa omawia rowniez
implementacj¢ potokow pasazerskich oraz zmienno$ci profili predkosci, co zwigksza
doktadnos¢ obliczen.
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FRETOIELTSTON QIR D WS

<

[«

Uao

<

=

2SS &Y aAxRI
L5

AC
AGV
ATO
BART
BEMU
CFD

acceleration

magnetic flux density
duty cycle

deceleration

energy

motive force

frequency

conductance

gravitational acceleration
current

curve resistance

moment of inertia
rotating mass coefficient
inductance of field windings
mechanical torque

mass

occupancy rate

power

kilometric resistance
motor windings resistance
electromechanical switch
slip (in induction motor)
period

time

voltage

idle traction substation voltage
velocity

motion resistance force
absolute location

efficiency factor

regenerative braking efficiency
surface adhesion coefficient
material conductivity

absolute time

flux

in cosfi

angular velocity

- Alternating Current

- Automotrice a Grande Vitesse (High Speed Electric Multiple Unit)
- Autonomous Train Operation

- Bay Area Rapid Transit

- battery electric multiple unit

- computational fluid dynamics
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DoD
EEA
EMU
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ETCS
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FEM
GNSS
GTO
HVAC
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IPEMU
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LZB
MARTA
MGU-K
oS

PI

PKP
PM
PMDP
PSR
PT
RER
RMSE
RNG
SDB
SG
SKM
SN
SoC
SQP
TS

UIC

VDB
VVVF
WKD
WUT
ZNTK MM

Direct Current

depth of discharge

European Environment Agency

Electric Multiple Unit

European Rail Traffic Management System

European Train Control System

electric vehicle

Finite Elements Method

Global Navigation Satellite Systems

Gate Turn-Off thyristor

Heating, Ventilation and Air Conditioning

identifier

Insulated Gate Bipolar Transistor

independently powered electric multiple unit

Japan Railways

Linienfoérmige Zugbeeinfliissung (Continuous Train Influence)
Metropolitan Area Rapid Transit Atlanta

motor-generator unit — kinetic

operating system

Proportional-Integral controller

Polskie Koleje Panstwowe (Polish State Railways)

Permanent Magnet

Plzeniské Meéstské Dopravni Podniky (Pilsen City Transport Company)
Przekaznik Samoczynnego Rozruchu (automatic acceleration controller)
podstacja trakcyjna (traction substation)

Réseau Express Régional

root mean square error

random number generator

Supply Data Bus

Savitzky — Golay filter

Szybka Kolej Miejska (Rapid Urban Railway)

Section Number, supply section identifier

State of Charge

Sequential Quadratic Programming

traction substation

Union Internationale des Chemins de fer (International Union of
Railways)

Vehicle Data Bus

Variable Voltage, Variable Frequency

Warszawska Kolej Dojazdowa (Warsaw Commuter Railway)
Warsaw University of Technology

Zaktad Naprawy Taboru Minsk Mazowiecki (Rolling stock repair
company in Mifsk Mazowiecki)
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1. INTRODUCTION
1.1. Background

Growing importance of decarbonization of economy implies modernization of energy
sources and rationalization of energy usage. Because virtually all of the environmentally
friendly power is generated as an electrical energy, intensified electrification of basically
all industries is the result [37]. This is especially highlighted in case of transportation,
where electromobility is being dynamically developed, in form of the electric cars, but also
smaller vehicles like electric bicycles, drones and small sized aircraft [2,13,72,121,153]. It
is worth noting that while transition to electrified individual transportation allows for
reduction in emissions, it does not address the general low efficiency of the individual
transport means itself, especially in highly urbanized areas characterized with large
population density [16,19,92,135]. Therefore, electric public transit is a logical solution to
a growing movement demand within agglomerations [10,13,78,86,116,143,144,147,161].

Applicable means of transport depend on potential passenger numbers, route length,
existing infrastructure and terrain within intended operation zone. Moving smaller number
of people can be realized with electric buses or trolleybuses, while large cities require
efficient railway-based systems, like subway or suburban railway [16,19,135]. However,
enlargement of transport network or introduction of new connections into existing system
results in increased energy demand. To accommodate more rolling stock and ensure reliable
operation of the whole system, appropriate power supply is needed, for both new and
modernized routes [3,10,42,44,56,125,151,159]. Because of this, analyses are required to
find the optimal parameters of the rolling stock and infrastructure [30,49,50,85,142].

New vehicles have often higher power and are more demanding when it comes to energy
quality (e.g. require high enough line voltage). It is important to verify, if vehicle will be
adequate for desired task and if it will not cause disturbances in power supply
[12,15,27,38,84,97,139]. Moreover, the growth of electrical energy prices motivates
research for energy efficiency improvement, through vehicle design but also driving
technique and timetabling. Energy management strategy is an important factor too,
especially for hybrid and storage-powered vehicles [117]. Depending on route geometry
and vehicles used, optimization of velocity profile allow to save about 10 — 20% of energy
[18,42,56,125,147]. Use of integrated optimization algorithms can improve that to about
30%, which translates to substantial reduction of operating costs. Integrated means that
both velocity profiles of multiple vehicles and the timetable are optimized simultaneously,
with some of the applications designed for on-line operation. In papers [28,86,159,161]
authors proposed multiple optimization methods, with different levels of complexity.
However, their validation was carried out only for specific cases, and many of those have
high requirements infrastructure-wise in order to use in real system.

Currently, the need for precise evaluation of energy consumption of a rail vehicle before
making an order is widely acknowledged. There are many approaches to the problem, with
varying complexity.
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The simplest method operates on assumption of constant parameters of line voltage,
efficiency factors and even simplify velocity profile to trapezoidal shape or assume ideal
braking energy recuperation [13,81,129]. Such approach might be sufficient for timetabling
or generalized energy calculations, however for the power supply and losses analysis use
of more advanced models is advisable.

One of such methods assume single vehicle movement, computing electrical parameters of
the whole transport system through superposition [17,40,98]. While the method is viable,
determination of energy regeneration and potential impact of pantograph voltage on
traction drive performance is challenging.

The most complex programs are designed to simulate whole system simultaneously,
allowing for in-depth analysis of energy flow and efficiency as well as accurate values of
currents and voltages [30,141-143,162]. However, program stability and computation
performance are a major challenge, often limiting such applications to simulate single
section of power supply, or at best, single route. Those programs are also developed for
one certain task and often cannot be used for different analysis.

There is also commercial software available — allowing for calculations of energy
consumption and timetables. However, those programs are developed aiming for maximum
versatility and used primarily for timetabling [32,33,114,145]. Considering number of input
parameters needed to run the simulation and output data, usability of such software is
limited. Algorithms used are also unknown, being internal secret of companies developing
the programs, and implementing custom modifications or extensions is not possible. Some
of the developers also employ “calculations as service” business model. This is especially
true for more advanced simulators that allow for multi-vehicle analysis [104,140]. Because
of this, commercial software cannot be considered well-suited for research purposes.

Despite large number of analyses of energy efficiency in transportation systems aimed at
reduction of energy consumption, most researchers focus heavily on development of
advanced optimization algorithms (using for timetabling or velocity profile setting) or the
power supply [21,56,71,86,93,125,151,159]. The vehicle itself in such analyses is often
being oversimplified, despite consuming the most energy in analyzed system.

On the other hand, papers on traction drives analyze the vehicle in idealized conditions or
even only the drive itself are presented. They assume simplified operation conditions, such
as theoretical routes or trapezoidal velocity profiles, often skipping the power supply part
entirely [3,10,12,36,43,76,90,94,152,156]. While every element of the transportation
system need to be depicted accurately in simulation in order to provide meaningful results,
there are very few analyses that attempt to do so [66,118,165].

Every program based on mathematical model that computes parameters in continuous time
domain can be characterized as dynamical system [70]. Such model contains dynamic sets
of data, and both relations between the sets as well as operations within the system are
specified within the program. For the electric traction system, vehicles and power supply
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elements can be considered as dynamic sets, relations between them are determined by the
system structure and the operations are defined by all the equations coded within the model.
However, for certain applications, discrete systems are a better fit — discontinuous changes
in signal values are useful for modeling logical systems with finite number of states, such
as communication networks.

There is a possibility of implementing discrete system under dynamical system [73]. Such
solution can be used for describing dynamical systems where subsystems working in
continuous time exchange information or are controlled by discontinuous signals. Example
of this can be found within industrial communication networks, where devices performing
continuous—time tasks communicate thru common transmission medium called data bus
(wired or wireless), using discrete—time protocol [105,158]. For models involving multiple
subsystems that exchange information, adoption of such solution seems advantageous.

1.2. Research theses

Analysis of the source literature shown the scarcity of comprehensive models that could
allow for in-depth analysis of electric vehicle as a part of transportation system. Seeing
potential benefits that better accuracy of such calculations would bring, author decided to
focus on development of an original software, which will provide results of practical
significance, implementable in real transport systems.

Consequently, the author stated research theses:

1. Implementation of data bus structure within electrified transport system
model improves its versatility and scalability. Therefore, model is useful for
complex power supply layouts, found in electrified urban transport networks.

2. Implementation of optimized velocity profile using trackside signs executable
by human driver improves energy efficiency of the whole transport system in
relation to current operating conditions. The signs define movement phases:
acceleration/cruising, coasting and braking, along with set velocity.

3. Consideration of passenger flow and variability of velocity profiles improves
accuracy of transport system energy efficiency calculations. Obtained results
constitute for a large set of data that can be further used in statistical analyses.

1.3. Dissertation objectives

In order to prove stated research theses, author defined dissertation objectives that include:

— Development of novel simulation models for comprehensive, in-depth analysis of
energy efficiency of vehicles operating in suburban electrified transportation
systems;
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Implementation of vehicle model accounting for its drivetrain electrical and
mechanical characteristics along with power supply model, that allow for
computation of all parameters necessary for energy efficiency evaluation;

In-depth analysis of electrified transport system operation, based on large set of
measurements, data published by the system operator and technical
documentations;

Simulation of energy efficiency of selected vehicle classes under realistic operating
conditions;

Verification of obtained results for analyzed system and for alternative electrified
transport network;

Proposal of method allowing for energy-saving measures such as optimized
velocity profiles that is simple and quick to implement in real systems.

1.4. Scope of the research

The scope of this dissertation is as follows:

Analysis of source literature, focusing on subject matter of energy consumption and
efficiency in electrified suburban railway systems. That included both power supply
and vehicle drivetrain construction, its auxiliary needs, possibility of energy storage
implementation and impact of operating conditions, like passenger service,
timetable and velocity profile (chapter 2).

Review of existing simulation methods, looking into their advantages,
shortcomings and possible room for improvements (chapter 2).

Development of novel models of the vehicle, power supply and traffic control
allowing for detailed analysis of the energy flow, losses assessment and energy
efficiency under realistic operating conditions (chapter 3).

Analysis of operation of a suburban rail vehicles in typical conditions, assuming
actual transportation network, technical parameters of analyzed infrastructure and
rolling stock and large set of recorded data (chapter 5, 6).

Verification of the results of the simulation against measured data from real objects,
including electrical and mechanical parameters (chapter 4).

Proposal for implementation of an algorithm allowing for optimization of energy
consumption, defining the most significant parameters that need to be taken into
account (chapter 7).

Analysis of energy efficiency using optimized velocity profiles, showing potential
for energy savings (chapter 7).

Summarization of obtained results, proving the stated theses and indicated
possibilities of further development of the work (chapter 8).

Novel aspects of the dissertation include:

A\ MOST

Introduction of industrial data network structure into electrified transport system
model, which improves versatility and computation performance;
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— Adaptive structure of the model: elements of the vehicle or power supply are easily
replaceable for different analyses; simulating every part independently is possible
also outside the main program,;

— Simulation of interconnected systems: each vehicle can be of different type, follow
different route and schedule; power supply can have different parameters for each

section; interconnected systems (e.g. tram and trolleybus) or smart grids can be
analyzed;
— Statistic-based determination of input parameters for the analysis;

— Original algorithm for automatic analysis of large set of recorded vehicle run data,
that returns the summary of all velocity profiles;

— Implementation of original semi-randomized velocity profile selection, with

variable probabilities based on runs recorded in real system;
— Unique control algorithm: vehicle movement is controlled by the set of logical
functions, with the Permission function being the highest in hierarchy;

— Implementation of passenger flow data, which impacts mass of the vehicle, and

consequently, its movement dynamics and energy consumption;
— Variability of station dwelling time: this includes not only prolonged stops at main
stations, but also random variability occurring in real systems;

— Consideration of weather conditions: air temperature has an impact on heating and

air conditioning, and dry, wet or icy conditions have a consequences in wheel
adhesion. This can vary with time and/or distance;

— Differentiation between route and power supply section: parameters of the route
(inclination, curvature) are independent from power supply — the vehicle can change
track during the run or travel outside the electrified route if equipped with energy
storage;

— Original approach to energy consumption optimization, which is practically
implementable with minimal cost and infrastructure requirements;

— Scalability: it is possible to simulate a whole day of the network operation or focus
only on short timeframe, with reduced timestep — as the initial parameters are loaded
from external file;

— Evaluation frame: it is possible to simulate only a part of larger system, where
vehicles enter and leave analyzed fragment — but all the calculations are carried out
only for the selected part.

Procedure of model development and energy efficiency analyses were shown for electrified
transport systems of SKM Trojmiasto (suburban railway) and PMDP Pilsen (Czech
Republic, trolleybus system).
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2. ENERGY CONSUMPTION IN SUBURBAN RAILWAY SYSTEMS
2.1. Suburban railway system

In this subsection typical characteristics of suburban railway system were described.
Literature review included publications about infrastructure, rolling stock and operating
conditions worldwide. As the vehicles utilize wide range of drivetrains, author decided to
look into most common solutions found in suburban rail rolling stock. Analysis focused on
modern electric multiple units and DC power supply system.

2.1.1. Electrification system

Majority of suburban railway transportation systems worldwide utilize electrical energy for
vehicle movement. Better acceleration, elimination of local exhaust gas emissions, braking
energy recuperation and relatively silent drivetrain operation are the main advantages of
electric traction in comparison to diesel traction [78]. Lower maintenance costs and better
reliability are the factors as well. However, feeding electrical energy to vehicles require
additional infrastructure, known as traction power supply system, which is costly to
construct and maintain and can have negative impact on aesthetics of environment.
Therefore, route electrification need to be prefaced with study of feasibility of investment
to verify if savings from lower operation costs of electric vehicles outweigh costs of
electrical infrastructure [72,138]. In case of lines with smaller passenger flow it might be
cheaper to operate diesel trains, or taking ecological aspect into account — hydrogen
powered (fuell—cell) or full-battery vehicles [41,96]. Both of those solutions have been
introduced into service and are expected to fully replace diesel traction and compete against
catenary-fed electric trains on local routes. In case of urban transport, trolleybuses equipped
with battery storages are successfully introduced into a bus lines, replacing diesel-powered
vehicles.

Because agglomeration railway networks often are, contrary to subways or trams, a part of
a larger transportation system, interoperability is a concern. Therefore, power supply
system used for suburban railways is often determined by national railway electrification
system, to make the line accessible for intercity and freight trains as well (e.g. in case of
maintenance works on mainline, suburban railway line can be used as a bypass). Many of
those were electrified using most modern solutions available at the time, which also
impacted which electrification system was chosen. There are also independent systems,
which have different power supply, e.g. S—Bahn in Berlin, fed from third rail with nominal
voltage of 800 V DC, while the whole railway in Germany is electrified in 15 kV AC system
[39,133], using overhead contact line. Similar solutions can be found in countries that
electrified their railways with 25 kV AC system — 750 V DC fed Thameslink in London or
1500 V DC powered Réseau Express Régional (RER) in Paris.

Such solutions are mostly the result of implementation electric railway in agglomeration
before the intercity routes were electrified — because of that, many suburban railway
systems are powered by relatively old in design DC systems, often with lower nominal
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voltages (600 V — 1500 V). In Poland, there were originally two purpose-built urban
railways: SKM (Szybka Kolej Miejska) in Tricity, and WKD (Warszawska Kolej
Dojazdowa) in Warsaw, both of which used different power supply than national railways
PKP — SKM utilized 800 V DC till 1976 (rolling stock consisted of refurbished pre-war
Berlin S-Bahn trains), WKD — 600 V DC till 2016 (rolling stock based on tram parts).
Currently, all suburban railway networks in Poland utilize 3 kV DC power supply, the same
as the whole national railway network. Typically, DC power supply systems are considered
adequate for suburban operation, with many systems utilizing 1500 V nominal voltage [85].

Urban transport networks like trams or trolleybuses utilize lower voltages not only because
of lower power needed, but for safety reasons as well — it is easier to provide adequate
electrical insulation within lower voltage range. Moreover, letting catenary with higher
voltage into densely populated areas is also not advisable.

DC railway electrification system consists of traction substations, feeder cables, overhead
catenary with single or double contact line or third rail, and railway track. Substations are
fed from public power system either by medium voltage line (double step transformation),
or by high voltage line (single step transformation) where such infrastructure is available.
To ensure reliability, each substation must be connected to power system with at least two
lines from two separate power stations. In most cases, there is no possibility to send energy
back to public power grid, as substations are equipped with diode rectifiers, though
reversible substations see limited, experimental use [71,72,138,165]. Alternatively,
substations can be equipped by energy storage that absorbs excessive energy from
regenerative braking and is discharged when the substation load increases, for improving
both energy efficiency and voltage stability. Such devices are growing in popularity in
urban electrified transport systems like trams, trolleybuses and also in subway [86].
Implementation of energy storage in railway systems is also considered, however very high
costs of purchase and maintenance of device with adequately high capacity is the major
drawback. Nevertheless, trackside energy storages can be assembled from multiple used
batteries from electric cars and buses, decreasing the costs greatly [37].

It is worth noting that in Poland such device has been built and is currently in operation
near Wroctaw, being one of the largest in Europe, with construction of more being planned
[111]. In this application, the storage allows for lowering demand for energy from public
power system in peak hours, decreasing cost of operation.

Electrified route is divided into power supply sections that can be fed by one or two
substations. Section length typically varies from about 5 to 25 kilometers, depending on
substations’ power, catenary parameters, route inclination, speed limits and expected
traffic. For double track sections that are longer or located in mountainous terrain,
transverse connections (section cabins) are used to reduce losses and voltage drops
[72,120,138]. There may be one or more of such connections, depending on the route. In
case of breakdown or maintenance works, substations can also work as such connection
(with transformer-rectifier units switched off and decoupled from power supply).
Conversely, portable substation installed in easy to transport container, can be coupled into
such connection to provide power during substation refurbishment. In some cases, one
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substation can be connected to more than two sections (star topology, found in urban
transport systems, like trams or especially trolleybuses). Typical layouts found in railway
DC power supply systems are shown in Fig. 2.1.
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Fig. 2.1. Simplified diagrams of typical layouts of DC power supply system: a) powered from one
side, single track; b) powered from two sides, single track; c¢) powered from one side, double track
with interconnection at the end; d) powered from two sides, double track; e) powered from two
sides, double track with transverse connection (section cabin)

Substations’ main task is to convert parameters of electrical energy from public power
system to match requirements specified for railway electrification system. Allowed voltage
values and maximum time they can occur is specified in European standard EN50663, to
ensure both reliability and interoperability of rolling stock [35,119].

Because of that, units of transformers coupled with rectifiers are used. Typically, 6 and 12
pulse rectifiers are utilized, with the latter being preferable due to better output voltage
stability and less harmonics emitted [126]. They require, however, use of transformers with
three windings, so the output of the transformer is six-phase. Such units are characterized
by parameters like idle voltage Uio, nominal voltage Uqn (typically 3300 V), nominal
current /4n, nominal power and internal (equivalent) resistance (Fig. 2.2). It is worth noting,
that in real substations, output characteristic bend upwards when load current decreases to
zero as a result of energy stored in filter capacitors. Because of this, actual value of idle
voltage is slightly higher than value approximated by linear characteristics. There is also
overload class, which informs of maximal possible current value and time in which such
current can be fed to the catenary. The transformers are also equipped with tap-switch,
which allows for some degree of output voltage regulation [120].
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Fig. 2.2. Output characteristic of traction substation (used in calculations), where U, lax —
nominal voltage and current, Uy — no-load voltage

Other equipment installed in traction substation is used to ensure energy quality and short-
circuit protection. Therefore, LC filter designed to decrease typical voltage harmonics is
equipped (higher current harmonics in catenary cause additional losses and electromagnetic
disturbances which can interfere with signaling systems). There is also protection against
under-voltage. However, in models developed for the purpose of analyzing energy
efficiency of transportation systems, substation are simplified into voltage source,
connected in series with resistor and diode. This is done to depict the output characteristics
of the substation without considering internal structure of the rectifier, which would require
significantly shorter timestep to properly analyze [8,38,143].

Losses in railway DC power supply system are caused by resistance of each element
[49,51,52,132]. Most losses on catenary are in overhead contact line — rail track have such
a large cross-section that their resistance is an order of magnitude smaller than contact line
resistance and is sometimes omitted. Losses in feeder cables are generally extremely small
in comparison to catenary and substations, because of large cross-section and relatively
short length of such cables. In substations there are losses in power transformer windings,
rectifier and LC filter. Because of complexity of substation equipment, in energy efficiency
analyses substations are either omitted or modelled with efficiency curve, obtained either
experimentally or thru simulation. It is worth noting that substation can be analyzed
separately from a transportation systems, as losses are power-dependent; therefore,
efficiency can be measured as a quotient of input and output power.

2.1.2. Electric multiple units

Every transportation system can be divided on infrastructure and rolling stock. In case of
suburban railways, the most numerous type of vehicle is an electric multiple unit (EMU).
EMU:s are characterized by distributed drivetrain — there is no separate locomotive and
carriages, but every section of vehicle is accessible for passengers and can have motorized
bogies (Fig. 2.3) [26,79]. Motors typically drive single axle each, through single-step gear
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train that reduces angular velocity and increases torque to ensure adequate motive force for
the vehicle. Rarely, multiple units are equipped with direct drive, as this solution is mostly
found in trams, because it allows for the vehicle to be fully low—floor. The advantage of
having multiple motors is enhanced reliability — in case of failure, vehicle can continue its
run with reduced dynamics [48].
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Fig. 2.3. Examples of electric multiple unit drivetrain layouts: a) with motorized front and back
bogies; b) all axles powered; c) motorized middle section; d) motorized driving cars
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EMUs construction is advantageous for suburban operation — more equal weight
distribution than classic train, higher number of powered axles and generally lower weight
means more efficient motive force application, and consequently better movement
dynamics, because the same motive force is transferred through higher number of
wheels [1]. This also reduces value of adhesion coefficient required to retain movement
dynamics in bad weather conditions [130]. Lower axle load in relation to locomotives
reduces track wear and stress on bridges and switches. Another advantage of having high
number of powered axles is the possibility of switching off part of drivetrain while cruising,
reducing losses occurring in inverters and motors. Electric multiple units also tend to have
lower movement resistance, thanks to lower amount of vehicles in train with comparable
number of passenger places and better acrodynamics [113]. Furthermore, some of the
rolling stock manufacturers equip their vehicles with Jacobs bogies thus lowering number
of axles, which translates to lower rolling and friction resistance. This also reduces mutual
movement of carriages, improving passenger comfort.

The drawback of such design is fixed number of carriages in train consist, but that can be
mitigated to an extent by coupling multiple vehicles into a single train [147]. This is done
easily even at intermediate stations as the vehicles are equipped with automatic couplers.
Most of the railway vehicle manufacturers offer their EMUSs in variants of length from 1 to
16 carriages, which can be coupled interchangeably for maximum versatility. On the other
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hand, because it is possible to forecast passenger numbers, fixed length of trains is a minor
issue. Possibility of quick direction change is an advantage too, especially when terminal
station has no infrastructure for maneuvers with locomotive. It is worth noting that in most
of European EMUs driver cabin placement makes it impossible for passengers or personnel
to walk thru the whole length of the train — though, some manufacturers tried to mitigate
that by using adaptable cabin with tilt-dashboard and door within the front of the vehicle,
with notable example being the Danish/Swedish 1C4/X31 operating regional routes,
including the Malmo — Copenhagen thru the @resund Bridge [149]. In other countries, like
Japan, most of the suburban EMUs have door built in the front of the vehicle for maximum
versatility [74]. Some operators also use EMUs with bi—level carriages for larger passenger
capacity, with most prominent being RER in Paris or JR East within Tokyo agglomeration.

For the suburban vehicles top speed is not the most important parameter, and many vehicles
are designed for 100 — 120 km/h. However, power is still important as it allows for good
movement dynamics (acceleration of around 1 m/s? is common) — because of this, vehicles
with 6 — 8 carriages (also called sections) have typically 3 — 4 MW of continuous power.
Comparison between suburban rail vehicles used worldwide is shown in Table 1.

Table 1. Comparison of selected suburban electric multiple units

Vehicle 35WE Impuls MI 09 DB-Class 484 3100 series
Manufacturer | Newag Alstom Stadler/Siemens | Nippon Sharyo
Operator SKM Warszawa | RER Paris S-Bahn Berlin Keisei Electric

Railway (Tokyo)

Vehicle length | 6 sections 5 sections* 4 sections 8 sections
Nominal 3000 V DC 1500 V DC 800 V DC 1500 V DC
voltage 25 kV AC**
Rated power | 3600 kW 3900 kW 1680 kW 3360 kW
Traction drive | Inverter, Inverter, Inverter, Inverter, induction

induction motors | induction motors | induction motors | motors
Acceleration 1,1 m/s? 0,9 m/s? 1 m/s? 0,97 m/s?
Top speed 160 km/h 120 km/h 100 km/h 120 km/h
Pass. capacity | 903 2600 398 1042
*Bi-level carriages
**Dual voltage vehicle: AC power is used for regional routes, outside the agglomeration

Because the most energy in electrified transportation system is consumed by vehicles, for
both movement and losses, it is justified to use vehicle type that allow for energy savings.
Electric multiple units are considered optimal for suburban rail service [44,78,147,163].

26


http://mostwiedzy.pl

A\ MOST

2.1.3. Passenger service

Suburban railway transportation systems are characterized by large number of passengers
moved at relatively short distances. In Poland, most railway passengers travel within
agglomerations, with largest numbers within Warsaw and Tricity [75]. Because such rail
service is used to commute to work, school or shopping centers, passenger numbers vary
with time of the day and day of the week and are both predictable and measurable
[16,135,163,167]. Knowledge about those allow for calculation of timetable that provides
both adequate passenger service and is energy—efficient. Possibility of sending shorter train
consists outside of rush hours is also a factor in energy saving [4,8,12,28].

Trains often run in regular time intervals called tact [78,161]. Such traffic organization is
comfortable for passengers, because not only is the service regular, but allows
synchronization between various means of transport as well. It is worth noting, that regular
schedule enables improvement of regenerative braking efficiency, because it is easier to

synchronize acceleration and braking for vehicles on route for increase of recuperation
efficiency [24,108].

There are also similarities between urban rail and high-speed rail, because both systems
operate under regular schedule and often on dedicated lines, using electric multiple units as
dominant type of rolling stock. The differences are running velocity, distance between
stops, and mostly electrification systems [40,151]. The high—speed systems also use
signaling systems allowing for full control over vehicle, like ETCS or LZB, which are often
absent in local suburban railway systems.

2.2. Determinants of energy consumption

This subsection is focused on determining factors that impact energy consumption.
Research papers review provided an insight, which elements of transportation system need
the most energy and where do losses come from. Such information is helpful for setting the
focus points of energy efficiency analysis.

2.2.1. Electrical drivetrain

Most of energy consumed by the vehicle is consumed by its drivetrain [40,78,90,159].
A part from energy is used for vehicle movement, while the rest is dissipated, mainly in
form of heat. Scale of that losses depends on type of electric motors, their power, control
strategy and mechanical construction of the vehicle. Therefore, losses approximation is
a crucial part of energy efficiency analysis and cannot be neglected. Simplest form of
calculating losses in vehicles powertrain is by use of efficiency factors, given by the
manufacturers in datasheets [13]. This, however can be inaccurate, as catalogue parameters
are specified for steady-state operation, typically under nominal conditions. Traction
drives, however, are often working under transient states, with torque load and angular
velocity of the motors continuously changing. Because efficiency of traction drive changes
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depending on those operating conditions, it has also impact on overall energy consumption
of the vehicle and, consequently — on the whole transport network. Therefore, drivetrain of
the vehicle should be more accurately analyzed as described in [12,36,38,43].

There are three major drivetrain types used in suburban rail EMUs: DC motors with starting
rheostat (installed in older vehicles, continually retired from service), DC motors with pulse
voltage controller (DC-DC chopper) and AC motors (mostly squirrel cage induction
motors) with variable voltage, variable frequency (VVVF) inverters. There are also
vehicles with single-phase AC motor with tap—switching transformer (in AC voltage
systems) and unconventional drivetrains like linear motor built along the track or maglevs,
mostly built as short airport lines [39,133].

Because rail vehicles are designed to be used for long periods of time, some of the rail
operators still use vehicles with DC motors and starting rheostat. For a long time it was the
only drivetrain used in DC voltage systems, when there were no power electronics
available. Moreover, series—wound DC motors were generally well suited for the early
electric traction drives: they have high starting torque, high tolerance for input voltage
changes and simple regulation of angular velocity, achievable with electromechanical
switchgear [39,72]. The principle of such solution is regulation of motor angular velocity
through input voltage regulation, as the angular velocity is directly dependent on voltage
as given by:

_ U-iRy

Wy =28 (2.1)

where: o:— angular velocity, U — input voltage, i — motor current, Rw— windings resistance,
¢ — motor constant, ®(7) — magnetic flux (current-dependent, because field windings are
connected in series with armature).

Angular velocity can also be controlled by changing circuit resistance value and flux of the
magnetic field. The former is also resulting in change of input voltage, while the latter is
used in the vehicles as it provides additional velocity regulation in steady state. It is worth
noting that by increasing of angular velocity, the motor is de-magnetizing itself, leading to
further acceleration (current is decreasing as a result of rotational electromotive force
increasing along with angular velocity). If series—-wound DC motor is working without
torque load, it can accelerate till centrifugal force damages it permanently. However,
traction motor is loaded by the mass of the vehicle itself, so this risk is reduced in practice.

Voltage regulation is achieved by connecting the motor in series with resistors, which are
sequentially switched off, increasing voltage on motor terminals in steps (Fig. 2.4).
Switching sequence is determined by position of cams on shaft connected to regulator. The
process itself is controlled by the vehicle driver.
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Fig. 2.4. Layout of rheostatic DC drive, where: Ug. — dc catenary voltage, Ri..R, — starting
resistors, Si..S, — switches bridging resistors, M — dc commutator motor, Lr— field windings

The main criterion for switching off the starting resistor is the current value that should not
exceed nominal current value for the vehicle. Therefore, in simplest application rheostatic
DC drive is consuming full power, while dissipating energy in resistors [72,133]. In order
to reduce losses in vehicles equipped with multiple motors, motor groups switching was
introduced — possibility of lowering voltage through connecting motors in series (Fig. 2.5).
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Fig. 2.5. Power and losses in DC rheostatic drive: a) without, b) with motor group switching

Sometimes, vehicles were equipped with automatic regulator, based on electrical relays.
Such solution allowed to mitigate jolts (to an extent) while switching resistors, resulting
with smoother acceleration. Example of such starter is the PSR (Polish: Przekaznik
Samoczynnego Rozruchu) installed in older EMUs, most numerous in Poland being EN57
class trains [97]. It is worth noting, that running with constant speed is possible only for
natural characteristics (with all resistors switched off), with possibility of slight regulation
thru/by field control. While electrodynamic braking is achievable, energy recuperation is
practically impossible due to lack of precise voltage control. Along with excessive losses
during acceleration phase, this make rheostat-based electric drives unfit for suburban
railway service.

Significantly better efficiency was achieved through change of rheostatic starter to voltage
chopper. This solution is also based on controlling voltage on motor terminals, albeit this
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is achieved by regulating duty cycle of semiconductor switch [72]. Nominal voltage is
switched on and off, resulting in proportional average value. Because this process is
precise, regenerative braking was made possible and losses during acceleration vastly
reduced (Fig. 2.6). While such drive is the most efficient energy-wise, there is still energy
dissipation in power-electronic switch (GTO thyristor or transistor). Some implementations
have also electromechanical switch installed in parallel to the transistor in order to reduce
losses when duty cycle approaches 100% [25].
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Fig. 2.6. Diagram (a), voltage (b) and current (c) of chopper DC drive

Despite the good efficiency and simple implementation, choppers were never widely used
because of higher mass of DC motors and need for regular maintenance (commutator and
brushes). Because this solution relies on the power electronics, it was also outpaced by
quick implementation of AC induction motor drives in rail vehicles [133]. Currently, only
railway vehicles in Poland that utilize this drivetrain are those of 14WE class (rebuilt from
ENS57 between 2005 and 2007). However, it can still be found in older trams, e.g. Diiwag
N8C in Gdansk.

Rapid progress of power electronics allowed for mass production of variable speed drives
based on AC induction motors controlled by inverters. In railway vehicles, one inverter is
used to control two motors installed in one bogie (Fig. 2.7). Those were better suited for
vehicle use, because of lower mass and size, absence of friction elements and lower
purchase price [39,90,133]. Inverter drive allow for wide regulation of motor angular
velocity and torque, enabling good movement dynamics and regenerative braking.
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Fig. 2.7. Simplified diagram of induction motor drive

Typically, induction motors were used in industrial drives rotating with constant velocity,
fed from public power network. However, vehicles require variable velocity drive, which
in this case can be achieved thru changing number of pole pairs, slip value or controlling
voltage frequency (2.2).

W, = Zp%f (1-s) 2.2)
where: w; — angular velocity, f — voltage frequency, p — number of pole pairs, s — slip
(relative difference between angular velocity of stator rotating magnetic field and angular
velocity of rotor).

Pole pair change is implemented in so—called multispeed (or Dahlander) motors, typically
found in elevators and historically used by vehicles in polyphase AC systems, found in
mountain railroads in Switzerland [39]. Changing slip value can be achieved thru
connecting additional resistances into the rotor (done in slip-ring induction motors, used in
cranes). Change of input voltage frequency and also voltage value requires use of inverter.

Regulation of voltage frequency requires also regulation of its value, as the magnetic flux
must remain constant. Thus, older inverters realized so—called scalar control strategy,
where constant relation of U/f was retained. However, at low angular velocity values
voltage cannot satisfy the constant voltage to frequency value because of the impact of the
winding resistance. Similarly, dynamic braking down to stop cannot be realized as fully
regenerative because of too low voltage induced. Because of this, most vehicles require
engaging friction brakes below certain threshold, typically around 10 km/h [116].
Accelerating the motor further over the nominal velocity is done thru increasing frequency
without increasing voltage — the velocity rises, torque decreases and the generated power
is remaining constant, at rated value. This way, the motor can be accelerated until the
maximum slip value is achieved. In order to accelerate further, the slip value must be
controlled to remain constant thru voltage decrease, resulting in further decrease of
generated torque because motor power is also reduced.
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Considering requirements of traction drive, ability to precisely control behavior of the
motor, under both steady and transient states is required. Currently, inverter drives have
vector control strategy implemented, allowing for much better control over the drive,
especially in transient states. In order to analyze such drive, adequate models for the motor
and inverter are required [2,10,76,152]. The control of the motor is often analyzed within
3-phase or 2-phase reference frame, which can be static or dynamic depending on strategy
employed. One of the most commonly used, 2—axes d—q model is particularly useful for
analysis of traction drives, as it makes the induction motor model similar to a dc-motor
[14,20,48,127]. Consequently, d—axis current is proportional to excitation current and q—
axis armature current, which results in simple torque control. This synergizes well with
traction drive requirements as the regulator in real vehicle is also designed to control the
motive force [3].

Precise modeling of induction motor should include the possibility of analysis of transient
states of the machine. For such task, general equations describing induction motor
[2,36,91] are used as given by:

d . 0 . .
M(p)—i+ %M@p) ‘1w, +R(s) - i=u(t) (2.3)
d 1.7 0M(p) .
]'Ewr_lea—(p(p'l-l'D'wr: ext (£) (2.4)

where: M — matrix of inductances, i — vector of currents, ¢ — rotor angle, R(s) — matrix of
resistances (slip dependent), u — vector of voltages, J — moment of inertia, D — moment of
resistance, Text — external torque.

The equation (2.3) describes equivalent electrical circuit of induction motor, and second
(2.4) is torque equation.

The model utilizes differential equations enabling calculations of dynamic and static motor
behavior. Because linearization of electromagnetic coupling is the only simplification
considered, the precision of this method is very high. However, parameters necessary for
completing the models are also precise and obtainable only during laboratory test or finite
elements method (FEM) calculations, and information about internal geometry of the
machine is necessary. The model itself also requires significant computing power, as the
size of the matrices depend on the motor structure. Such models are useful in motor design
process or in research into possible construction improvements as well as design of energy-
efficient control strategies.

There are also simplified models which neglect transient states of the motor [10,38,131].
While they require less parameters and are simpler to implement, such solutions are
accurate only for motors operating in steady state, and their use for the transient states
would result in errors. Nevertheless, they are sometimes used as the parameters of such
model are not time—dependent, so they are still usable even with long timestep.

Popular simplification of the induction motor drive relies on implementing the torque
curves with the value dependent on angular velocity M = flw) [40,143,162]. Energy
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consumption in this model is approximated using efficiency curves or efficiency maps,
which is sufficient for calculation of energy use in the whole transport system.

2.2.2. Losses in drivetrain components

The induction traction motor is the most powerful element of the whole drivetrain, so
approximation of its losses is necessary for energy efficiency analysis. Power losses
dissipated in the induction machine are:

= Josses in windings — the so—called “copper losses”,
= Josses in the iron core due to eddy-currents and hysteresis effect,
= Joss due to friction and ventilation — mechanical losses.

The “cooper losses” can be determined if windings currents and their resistances are
known. The winding loss is defined as product of square of the effective current in this
winding and winding resistance. Total losses in windings are taken as the sum each winding
loss:

Poy = Pey1 + Peyp = 3Ille + 3Ié2Ré (2.5)

The total loss in iron core is sum of two components. These components are: eddy—current
loss and hysteresis loss [94].

Eddy—current losses are generated in conducting material when it is subjected to a magnetic
field varying in time. In the volume of an iron core there are loops of induced currents as
stated by Faraday’s law. These currents are referred to as eddy—currents. The power
dissipated due to eddy-current effect is normally expressed by:

KoVef?0h? By (2.6)

where: K. is a constant coefficient obtained from suitable experimental data, V. is the core
volume, fis the frequency, o is the material conductivity, / is the thickness of plate, Bmax 1s
the maximum value of flux density.

In order to reduce eddy—current losses, the steel cores induction motors are laminated —
they consist of assembly of thin steel plates with thickness # = 0,27 + 0,5 mm.

The hysteresis loss is caused by the magnetic properties of ferromagnetic material. When
a ferromagnetic material is under the influence of a periodic, time—dependent magnetic
field, an amount of energy proportional to the area of hysteresis loop is dissipated in the
material for each cycle of flux variation. The power dissipated due to hysteresis effect is
typically expressed by:
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B, :KthfBr)rC]ax 2.7)

where: V¢ is the core volume, f'is the frequency, Bmax 1s the maximum value of flux density,
K is a material dependent constant obtained usually from experimental data. The exponent
x is called the Steinmetz exponent and has a range of values from 1,5 to 2,5 for the magnetic
steels used in transformers or electrical machines.

Implementing full traction drive model within simulation of transport system operating
electrical vehicles might be undesirable, as such simulations focus on vastly different
timeframes — for motor or inverter, it is within single seconds to minutes; for the whole
system it is hours to days. Because of this, depiction of motor efficiency changing in
relation to torque load and angular velocity can be implemented in a form of lookup table,
named efficiency map [109]. Such maps are typically calculated using simulation methods:
there are finite number of points under torque curve defined, and for each of them
simulation of steady—state operation of traction drive is carried out. Results are then saved
into the table, allowing for estimation of motor efficiency with sufficient accuracy even
within models using longer time step [141,162].

Inverter also dissipates energy — not only during transistor commutation, but due the high
power of the traction drives, conduction losses need to be taken into consideration as well
[23,122]. It is worth noting, that inverter energy losses are unavoidable, so in some
situations, e.g. long run with constant speed, it might be less efficient than DC drive with
starting rheostat. There is also need for additional cooling for the inverter. However,
inverters have generally high efficiency within their practical power range and there is
constant research into possible improvements. For such analyses, digital twin model of the
inverter is used, closely depicting the equivalent electrical circuit, with simulation timestep
allowing for switching process analysis [23,122].

For the analysis of energy efficiency of the whole transport system, efficiency of the
inverter can be also depicted as efficiency map, or considering lower losses variability in
relation to the motor, in form of efficiency curve. There is also method allowing for
approximation of losses using analytical equations, using parameters from transistor
datasheet and taking into account variability of switching frequency with vehicle speed
[107,153]. In such case, inverter losses are computed as a sum of switching losses of
transistors, reverse-recovery diode losses and conduction losses for both diodes and
transistor. The latter need to be included, because typical voltage drop of 1,2 — 2,5 V on
semiconductor switch translates to kilowatts of losses.

For the single transistor, as represented in Fig. 2.7, switching losses P sw are calculated

using:

Pt_sw = (M) : (Esw_on + Esw_off) ) (i) (2.8)

Uveh_n

where: Uyen — voltage of dc bus, Uyeh n — nominal voltage of dc bus, Esw on, Esw off — €nergy
loss for switching the transistor, f— switching frequency.
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Conduction losses for transistor and freewheeling diode are computed as (2.9) and (2.10):

1 D-

Proond = lc - Ucg - (5 + 2o=2) (2.9)
1 D-

Pa.cond = lc U (5 + =2 (2.10)

where: D is the duty cycle of the corresponding semiconductor switch.

Reverse recovery losses of the freewheeling diode are calculated using (2.11):

UVe
Pd_rec = (U_h> “Erec: (i) (2.11)

veh_n T

Because expressions allow to calculate losses for the single transistor and single diode, total
power of losses in the inverter are approximated as sum of losses for 6 elements (2.12):

PinV_IOSS =6" (Ptsw + Pdrec + Pdcond + Ptcond) (212)

While accuracy of this method may not be the highest, possible errors introduced are
minuscule as general efficiency of inverters lies within 95 — 98%, and is nearly constant
within the useful power range [122].

Improvement of efficiency can be achieved by using permanent magnet (PM) motors
instead of induction motors [90]. Use of permanent magnets reduce size and weight of the
machine, while also reducing because the filed winding is replaced by permanent magnets.
To accelerate the motor beyond its base velocity, armature reaction effect is used. The
armature current is controlled in such a way that the total magnetic flux inside the air gap
is reduced [2,127]. As the excitation field from PMs cannot be switched off, so in case of
voltage deficiency or inverter failure, voltage surge will be generated. If fault happens, PM
motor will still generate energy powering the short-circuit current, which can cause several
damage, with a risk of fire. Using PM motors is also relatively expensive — because of PMs
pricing and higher safety requirements for maintenance works. Currently, only rail vehicle
equipped with permanent magnet synchronous motors is the high speed multiple unit
Alstom AGV. However, PM motors are used on regular basis by automotive industry, as
compact size of the motors allow for in—wheel direct drive, without need for mechanical
geartrain [121].

Between the motors and wheels there are often mechanical gearboxes installed. While they
also dissipate energy because due to friction, their efficiency is also variable and depends
on type of gearbox used. Most rail vehicles utilize single step velocity reducer, which is
characterized by higher losses at low speed [150]. Values of efficiency curve of the
mechanical gears can be measured thru laboratory test or using simulation methods.
However, in vehicle simulations the mechanical efficiency factor is typically assumed at
constant value (between 85% and 95%, depending on transmission type), because
variability is relatively small and takes place only during few percent of the time, while
vehicle is moving at low speed. However, this dependency is relatively simple to implement
in model, as dependence of gearbox efficiency on vehicle velocity.
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Use of alternative traction drives such as linear motors does not provide improvement of
energy efficiency [133]. Most of such solutions have lower rated efficiency than rotating
machines because of significantly larger air gap (up to 1 cm), and they rely on feeding
inverter controlled current through long windings installed along the track. Similarly,
maglevs are less efficient within velocities typical for suburban railway because of
additional energy required for levitating the vehicle.

2.2.3. Auxiliary systems

Vehicle energy efficiency analyses often disregard auxiliary needs of vehicle, focusing only
on energy consumption of the drive itself. It is, however a part of energy that is used by the
vehicle while not being directly responsible for its movement. Some of those systems are
mandatory for vehicle to move, while others serve improving passenger comfort.

Motive force that allow for train movement is generated by the traction motors. While it
can be reversed decelerating the vehicle, it is not possible to stop without injecting
additional energy at low speeds or using friction brakes. Similarly, electrodynamic braking
force at higher speeds would not be able to effectively slow down the vehicle. Friction
brakes, however are powered by the pneumatic system that need compressed air — so the
adequately powerful compressor is needed. The air compressor, however does not work
constantly — it is switched on only when pressure within braking reservoir falls below set
threshold. The frequency of compressor work is determined by the route profile and driver
behavior. Use of dynamic braking reduces the compressor working time [98].

There are also systems responsible for traction drive control and cooperation with trackside
signaling that need power to work. Those are operating all the time, however their power
is within few kilowatts, so their impact on overall consumption is minuscule. Similarly,
energy is supplied constantly to passenger information system screens and, depending on
time of the day and weather — to lighting. This also can be assumed constant, and the power
is typically within few kilowatts [27].

Passenger vehicles also require power for systems ensuring comfort, like heating,
ventilation and air conditioning (HVAC), which can consume amount of energy
comparable to traction drive (depending on conditions). It should be noted that energy
consumption by the auxiliary systems, especially heating and climate control is a subject
of ongoing research in itself, aiming at improvement of its efficiency and its impact on
regenerative braking [54,106]. To be able to approximate when those systems are active,
researchers build thermal models of the vehicles, implementing their geometry, passenger
numbers and air circulation, which allows them for computing temperature changes within
the vehicle and CO2 concentration, as those are parameters used by HVAC controllers.
Many of these models use computational fluid dynamics (CFD) as their basis, so they are
unfit for implementation in comprehensive model of transportation system, used for energy
efficiency calculations [83].
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Energy consumption caused by auxiliary needs is not negligible, it should be taken into
consideration. Not only could it affect total energy consumption, but values of line voltage
and even regenerative braking efficiency as well. Value of auxiliary power is also hard to
specify — because auxiliary converters normally do not work under full load. While about
20% of vehicle’s energy consumption tend to be accepted value in calculations [161],
accuracy of such statement is questionable as it would impact not only the consumed energy
figure but values of voltages, currents and regeneration as well. It would be the best to
actually measure power of auxiliaries during vehicle run and make assumptions. If such
measurements are not available, the power of auxiliaries can be averaged.

2.2.4. Energy storages

Electrified suburban railway networks often operate large number of trains at the same
time. Because all of the modern EMUs use regenerative braking, there is a risk that multiple
vehicles start braking simultaneously. Alternatively, they can accelerate at the same time
causing overload. Both situations are undesirable, as they lead to excessive losses and
voltage fluctuations. This can be a significant problem if transport network uses timetable
created without considering regenerative braking or if tact is irregular.

In such situation, installation of energy storage might be worthwhile. Trackside storage can
be installed in substation or in place on route, where simultaneous braking/accelerating
occur [66]. Alternatively, there is possibility of equipping the vehicle with onboard storage,
which on top of absorbing recuperated energy might also enable movement outside of
power supply system (widely used in trolleybuses). Well-designed energy storage
significantly improves efficiency of regenerative braking while reducing losses in catenary
and voltage fluctuations [121].

Because regenerative braking yield large amount of energy sent into the power supply in
short period of time, trackside storage should be built using technology that allow high
enough currents to absorb this energy. There is, however, no need to store the energy for
long period of time, so using supercapacitors or kinetic storages can be adequate [115]. On
the other hand, trackside storage may be a part of a smart grid system, allowing not only
for improvement of regeneration efficiency, but supply energy for other use (e.g. EV
charger) as well [37].

Supercapacitors’ key advantage is the possibility of very fast charge and discharge. They
are also more reliable and have longer lifespan than electrochemical batteries, while their
capacity is much less dependent on temperature. On the other hand, their voltage decreases
linearly during discharge, so some of the stored energy cannot be used. They also require
DC/DC converter and are relatively expensive [11].

Kinetic energy storages, much like supercapacitors can quickly store energy. However,
their capacity is relatively low and losses are quite high (due to mechanical resistance) [99].
They also require energy converter and electric motor coupled with the flywheel.
Therefore, efficiency of kinetic storages in trackside application seems questionable,
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especially considering relatively high cost of investment. On the other hand, there is
possibility of coupling such storage directly with mechanical gear, allowing for operation
with any type of drivetrain (including combustion engines) and improving braking
efficiency, however it is possible only with onboard application. Such devices currently see
automotive applications, in both regular automobiles (start—stop systems) and racecars
(MGU-K in Formula 1 vehicles).

Battery storages are limited by maximal values of charge and discharge current which are
of importance when absorbing regenerative braking energy is considered. However, their
capacity is high and voltage during discharge is stable. They can also store energy for a
longer time than capacitors or flywheels. On the other hand, deep discharge may
permanently damage the battery, and capacity is dependent on value of charging or
discharging current as well as weather conditions.

Hybrid storages are designed to combine advantages of battery and supercapacitors while
minimizing their drawbacks — limitation of maximum charge/discharge current in battery
and relatively small energy capacity of supercapacitors. It can also improve battery
longevity reducing frequency of charging cycles.

In this approach, the battery is buffered by the supercapacitors that absorb regenerative
braking energy and then provide additional power during acceleration. Battery is powering
the vehicle during acceleration and cruising while being energy source for auxiliary needs
[41,121]. Such design allows for decrease size and weight of onboard storage while
providing the vehicle with adequate power and retaining designed capacity.

Use of every type of energy storage might be viable depending on its application
requirements, therefore knowledge of their characteristics is crucial for optimal design of
such device. Major characteristics of currently used solutions were compared in Tab. 2.

Table 2. Comparison of energy storage types

Electrochemical

Kinetic storage

Parameter (battery, Li-ion) Supercapacitor (flywheel)
Current source Electrical / kinematic
Source type Voltage source .
(converter required) energy source
Specific energy Up to 200 Wh/kg Up to 15 Wh/kg Up to 5 Wh/kg
Specific power 1-3 kW/kg 10 kW/kg Up to 5 kW/kg
Charge/d1scharge hours seconds Seconds to minutes
time
Discharge efficiency | Up to 98% Up to 98% Up to 80%

Lifetime

Up to 1000 cycles

Upto 1 M cycles

Over 1 M cycles

Currently, independently powered vehicles (BEMU, IPEMU) are seeing rise in popularity,
replacing diesel multiple units on partially unelectrified routes. Those vehicles are designed
to run under catenary normally while recharging their energy storages at the same time
[64]. Some vehicle are also equipped with battery allowing for reduced dynamics run in
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order to move out of tunnel or damaged section in case of catenary failure. Such solution
was implemented in new N700S series Shinkansen high speed train [139].

2.2.5. Driving technique

Energy consumption in suburban railway system depend not only on physical objects, like
infrastructure and rolling stock, but on driving technique as well. The timetable specifies
travel time between stations, while maximal velocity is limited by the infrastructure [75].
The method of executing that schedule, however depends on the driver’s knowledge about
energy-efficient driving and route geometry.

Train movement on route can be described using four basic phases:

= acceleration — motive force F is greater than resistance force W,

= cruising — motive force F is counteracting the resistance force W,

= coasting — motive force F equals zero,

= braking — motive force is negative, and vehicle is decelerating.
Combinations of those constitute for velocity profiles [42,72,151]. Example of simplified
velocity profile consisting of all the described movement phases is shown in Fig. 2.9.
Velocity profiles can contain multiple movement phase changes, depending on the speed
limits on the route and traffic situation. Those changes might be defined in relation to route
location, being denoted as xi...xn, depending on how many there are.

Acceleration Cruising

F>w

3
Fig. 2.9. Movement phases of rail vehicle

During acceleration, motive force is higher than motion resistance. Generally, it is desirable
to accelerate with maximum available force, because of shorter time of maximum power
usage and better overall efficiency, as the drive is working under full load. However, risk
of wheel slip and passenger comfort must be taken into account. Typical maximal value of
acceleration varies between 0,8 and 1,2 m/s? in case of suburban trains and up to 1,5 in
subway, tram and trolleybus systems [13,116,138]. Acceleration value might also be
reduced by vehicle current limitation or power limit engaged with low catenary voltage.
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Cruising phase is also called constant velocity phase. To achieve that, motive force must
be equal to motion resistance — and it can be positive or negative (when running downbhill).
While modern traction drives allow cruising with set velocity, it is not efficient to do so,
because unless running at high speed or uphill, traction drive works under low load. On the
other hand, cruising through downhill parts of the route might result in slight energy
recuperation, which is clearly better than use of friction brakes. Also, covering some
distance with set speed instead of coasting and accelerating again might be more efficient,
depending on velocity and route profile [28,138,143].

Coasting means running with zero motive force — vehicle is slightly decelerating or
accelerating depending on motion resistance and route inclination. It is often considered as
fundamental part of energy efficient driving style and used widely instead of cruising,
because traction drive needs no power to generate motive force [44,72]. Currently, coasting
is sometimes replaced by slight regenerative braking, where deceleration is only marginally
higher, but regenerative braking energy allows to mitigate auxiliary demands of the vehicle
and cover traction drive losses.

Braking is a process of slowing vehicle down, to speed limit or to stop. While modern
electric vehicles allow for regenerative braking, combined brake systems with pneumatic
friction brakes are mostly used [110,160]. Fully electric braking is also considered [68],
but meeting the requirements of deceleration distance is a major problem (because of
maximum power of motors, there is relatively low motive force available at higher speeds).
Deceleration should also take into account passenger comfort and wheel adhesion, which
further promotes combined braking as most of the vehicles do not have all axles motorized.

There are also alternative methods of slowing the vehicle down — namely the eddy current
brake and aerodynamic brakes. Eddy current brake is typically installed in vehicles
designed for high speed service, as an additional emergency brake. It consists of
electromagnets installed typically below the bogies, close to rails; they are powered by the
energy provided by regenerative braking, inducing eddy currents in rails, which causes
counteracting magnetic field that slows down the vehicle. However, electromagnetic
disturbances from this kind of braking were deemed as undesirable for signaling system
and telecommunication networks. Additional dynamic forces and thermal exposure are
proved to negatively impact rail infrastructure, reducing its durability — so usage of eddy
current brake under normal operating conditions is avoided. There is also an ongoing
research focused on improvement of electromagnetic brakes, where authors claimed
reduction of environmental impact of bogie-installed electromagnets. In principle, this
solution is analogous to typical eddy—current brake, however it is powered by regenerative
braking current and acts as additional braking system, improving recuperation efficiency
and reducing friction brakes wear [123].

Calculation of train braking distance is required for any transportation system model. In
real systems, braking distances are approximated in relation to vehicle speed, its mass, route
grade and allowed deceleration value. Some methods introduce reaction time of the driver
or delay between moving the brake handle and brakes application [53]. Because of
necessity of ensuring safe operation, such measures are needed, however, in energy
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efficiency analyses such details are often either absent or implemented differently.
Moreover, precise modeling of pneumatic system of the train is skipped as it has little
impact on consumed energy, being rather a vehicle design problem.

Analysis of velocity profile and its impact on energy efficiency is continuously studied
from 1960s, with Ishikawa’s work considered to be the first publication on the subject [56].
First works defined criterions allowing for evaluation of velocity profile, concluding that
optimally, vehicle should accelerate with full motive force, then coast and brake to stop.
However, only DC drives with starting rheostat were in use back then in DC systems, so
possibilities of speed regulation were limited. Currently, optimization algorithms are
developed in order to compute the most efficient velocity profile within route and timetable
constraints [9,0,42,44,78,86,161]. Many of the works focus on the algorithm itself, without
considering its practical applicability, therefore not all of them are possible to implement
as they require very precise velocity regulation, achievable only thru automated train
operation [125,128,159]. This should not be however considered as the only option,
because energy savings between 10—15% can be achieved thru relatively simple calculation
of movement phase change location. It is worth mentioning that optimized timetables and
velocity profiles are used in suburban railway systems worldwide: in Hamburg, S—Bahn
network operates within optimized schedule, using optimal velocity profiles, with ETCS-
based ATO implementation being planned for the near future [46]. It is safe to assume that
some degree of optimization will be introduced to most electrified transport networks
because of rapidly rising prices of electrical energy and pressure for greenhouse gases
emission reduction in transportation.

There are also alternative methods of lowering energy consumption in electrified transport
systems — using either vehicle construction or power supply system. The first option is
considered mostly from the manufacturers standpoint, with solutions like vehicle mass or
movement resistance reduction [90,102,113]. Even simpler energy saving method was
proposed by Tseng et al. [147], where decoupling part of the units from train outside peak
hours was discussed. Interesting and nearly zero-cost is the second option — regulation of
idle substation voltage thru tap switching transformer. As the braking energy regeneration
is voltage-dependent, lowering line voltage might increase regeneration efficiency. On the
other hand, it can lead to higher losses and potential voltage dips, so it should be
implemented with caution. Similar operation can be done with changing voltage levels in
regenerative braking controller [85].

2.3. Existing simulation models

Simplest analyses of energy efficiency of electrified transport networks are conducted using
empirical equations, parameters of which are determined based on vehicles power,
timetable and speed limit. However, no information about vehicle movement is analyzed
and thus, actual values of current and possible regenerative braking efficiency are
unobtainable. Because of this, conducting simulations is preferable [72].
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Basic models used for vehicle simulation often disregard many parameters, assuming
constant values of line voltage or efficiency factors. Such models are very easy to
implement and, because of simplifications, their versatility is very high. However, they
provide very limited information about vehicle, which is simplified to current source with
value dependent on mechanical power. Programs like that are therefore best suited for
educational needs (explicit movement equation), basic timetabling or general efficiency
evaluation, where accurate calculation of vehicle dynamics and energy efficiency is not the
focus point [134].

Where the vehicles are considered, multiple types of models exist: for simulating
mechanical structure of the vehicle (including its impact on tracks and infrastructure) and
precise electric drive models. First group use either chain of mechanical actuators [2,57] or
multibody models [145,154] for either parts of vehicle or the carriage as a whole. This
allows for calculating construction strength, specifying geometry and materials of analyzed
parts or interaction of vehicle and railway infrastructure. Depending on number of
considered parameters, those models can provide very good results, being of value for
vehicle and infrastructure design. However, implementation of complex mechanical model
of every vehicle within general energy efficiency model is rarely done, as possible accuracy
improvement would be minuscule or even offset by stacked numerical errors. Analogically,
precise traction drive models are used for testing control strategy or determining required
parameters of the inverter, but in analysis considering hours of operation of multiple
vehicles implementation of full drive model is not advisable and is usually not
implemented, because of required time step discrepancy [36,43,65]. Consequently,
considering traction drive losses in models is currently done thru efficiency curves or
efficiency maps. Only when calculating behavior of traction drive under realistic conditions
is needed, run of single vehicle thru short route fragment is conducted [3,10,65,80,81,156].

Because of rising interest in electrified transport, need for energy savings arose. Seeking
for efficiency improvement forced progress in simulation methods — there was need to take
into account power supply system architecture and evaluate losses in transport network in
order to develop improvements. Therefore, models allowing for line voltage and mean
useful voltage were developed. Introduction of simulating multiple vehicles running within
analyzed route was required. Some of them assume single vehicle movement and then
calculate global values of substation currents and line voltages thru superposition.
However, such method is computing parameters in fixed distance steps, so its accuracy is
limited. Computation performance is an issue too [8,28,164].

The most advanced models calculate the whole analyzed system at once
[47,66,140,143,144,159,162]. While it can provide most accurate results, getting closest to
realistic operating conditions, overall complexity of model can cause problems. The major
issues that may arise are solver stability and computation performance due to multiple
algebraic loops. Because of that, such detailed analyses are often limited to single line or
power section, with limited (constant) number of vehicles. Some of those also use fixed
distance step and store parameters in single, global matrix [5,129]. There are also solutions
that employ two separate models working together — one conducts simulation of vehicles
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movement, while the second synthetizes and calculates electrical circuit. This structure
allows to solve layout limitation, as the electrical circuit is derived for every time step of
the simulation, however it requires two coupled programs running at the same time [69].
The most notable example of such system is the commercial software OpenPowerNet, that
combines motion dynamics simulator and timetabling tool OpenTrack with electric power
supply simulator [104]. Mechanism of this interconnection have not been described clearly,
so it is hard to determine if, and to what extent line voltage impacts the vehicle performance.

Some of the simulation software come equipped with tools for analysis of electromagnetic
compatibility and stray currents [30]. Such solutions take into account catenary
construction (spatial location of wires), rail-to-ground resistance and cross connections
between rail tracks. It should be mentioned, however that obtained results are of
quantitative value and can be used for improvement of reliability, not energy efficiency in
itself.

Other common commercial software, used by both railway operators and vehicle
manufacturers is the Dynamis. It has been developed mostly in order to enhance timetable
planning process, being equipped with tools to do so. While mechanical calculations are
generally accepted as credible — verified thru measurements, there are not enough
information to determine energy computations accuracy [32,114]. It can be assumed that
results of energy consumption are of statistical value, because structure of power supply is
simplified into constant voltage value and vehicle model need only basic parameters to run.
Moreover, commercial software does not provide insight in internal program structure as
their source code is a property of the developers, and any improvement or possible custom
functionality extensions might be limited.

Despite the existence of commercial vehicle simulators, many analyses are carried out
using models developed by the researchers precisely for the considered problem
[5,40,147,151,164]. This is because many researchers came up with solutions on their own,
which can be more advanced than their commercial counterparts as there is no need to care
about versatility and user—friendliness. Moreover, knowledge of source code allows for
flexibility in modifications, without license restraints. Literature review revealed that many
research institutions worldwide conduct energy efficiency analyses of transport systems
using their own software. In Poland, there are also models developed for electrified
transportation networks simulations. Significant achievements in this matter belong to the
Warsaw University of Technology, where models for both railway and urban transport
systems (including subway) were developed [29,67,115,136,137]. Gdansk University of
Technology also conducted research in this matter, focused on detailed vehicles modeling
as well as multi—vehicle transport network simulation [12,65,69] Therefore, availability of
ready-made software should not be considered as final word of vehicle run simulations
(Tab. 3).

43


http://mostwiedzy.pl

A\ MOST

Table 3. Comparison of selected simulation software

Dynamis OpenPower | Tian et al. Frilli et al. Szelag et al.
Net (WUT)
Base Stand-alone | OpenTrack Stand-alone | Matlab/Simuli | Stand-alone
program application | addon application nk/ application
(Windows) | (Windows) (Windows) Simscape (Windows)
Type Commercial software Research
Multi- No Yes Yes Yes Yes
vehicle
Complex N/A Yes Not No Not specified*
layout specified*
Power U = const. DC, AC DC DC DC,AC
supply
Method N/A Nodal voltages Superposition | Nodal
voltages/mesh
currents**
Timestep 0,5-1s 0,5-1s ls 5s 0,5-2s
fixed fixed fixed fixed fixed
Velocity Pre-set Pre-set, Pre-set Pre-set Pre-set
profile signals
considered
Multisystem | N/A No No No Yes
Impact of | N/A Signals only | No No No
traffic
Vehicle Constant Constant Constant Constant Constant
mass
Efficiency Constant Constant, Variable/map | Variable/map | Variable/curve
variable
/curve
Movement Switch Switch Switch PI controller Switch
control
Schedule Timetabling | Timetabling | Rigid Rigid Rigid
tool tool included
Drive model | No, F=fv) | No, F=f{v) | No,F=fv) | No, F=£fv) No, F=fv)
Non- Yes Yes No No No
electrified
routes
Energy No Yes Yes No Yes
storages
Losses No Yes (power | Yes (power | No Yes  (power
calculation supply) supply) supply)

*Research papers described particular implementation of the model, not its full features
**There are multiple versions of the model, with varying features
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2.4. Summary of literature review

Overview of the subject matter of suburban railway systems efficiency shows that
determination of losses and reducing energy consumption is of importance, both
economically and ecologically. Seeking improvement is mostly done thru computer
simulations, which allow for evaluation of energy efficiency of analyzed vehicle or its
influence on power supply before entering the service. Credibility of obtained data,
however is highly dependent on quality of used model and factors considered by its
developer. Many of the existing software use over—simplified models or do not disclose all
the information needed for detailed analysis. Some of the simplifications occur consistently
within most of the research papers, and are justified (e.g. traction drive represented by
motive force curve F' = f{v) and efficiency factors). However, including some degree of
variability (changing mass depending on passenger flow, multiple possible velocity
profiles) could improve accuracy of obtained results, as such data is obtainable thru
measurement. Despite the availability of the commercial software, research is typically
conducted basing on self—developed models because of license limitations or better
suitability for task.

Seeing room for possible improvements in computer simulation methods used in suburban
railway energy efficiency evaluation, author decided to develop novel models, which can
offer improvements over existing solutions, especially when versatility is considered.
While the software should provide consensus between complexity and robustness of the
model, author argues that implementation of advanced digital twin of every part of the
vehicle should still be possible; therefore implementation of modular structure is desirable.
Moreover, the well-designed model needs to be easily modified and updated, so utilization
of adequate programming environment is required. Similarly, the model should not be
limited by its solver as the future extensions may require modification of time step without
loss of accuracy.

In order to show possibilities created by multi-criterial analysis, implementation of
optimizing algorithms was considered. Because suburban railway networks operate mostly
on separated infrastructure, with regular time intervals energy efficiency improvement thru
velocity profile forming and timetable planning is possible. With installation of advanced
traffic control systems (ERTMS/ETCS), obtained data might be useful for fully automatic
train operation system (ATO), however it should still be implementable even without such
measures, as those are rarely found in suburban railway systems.
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3. GENERAL DESIGN OF TRANSPORT SYSTEM MODEL
3.1. Programming environment

Implementation of transport system model using certain programming environment
requires knowledge about its features. There is a wide selection of tools that can be used,
however this also translates into usage of specified programming languages. While all the
environments allow to achieve very similar results, some of them offer additional tools or
addons that makes implementation of transportations system model easier and simulation
more efficient. It is worth noting that most of the commercial simulation programs were
developed in C++ or C# (Microsoft Visual Studio), which allow them to run on any
machine with Microsoft Windows operating system (OS) installed. Some of the programs,
however, use dedicated mathematical simulation software, like Matlab, Saber, PSpice etc.
as those have better tools for simulations and data analysis while also being popular
worldwide.

Author decided to use the Matlab/Simulink software as a basis for model development.
This programming environment is widely used by both researchers and industry, offering
numerous tools for mathematical analysis, data handling, optimization and simulation of
physical systems [89]. Because of that, compatibility of developed models is improved as
they can be used on computer with any operating system. It is, however, worth noting that
Matlab relies mostly on its own programming language, which is used for implementing
functions and programs (scripts). Those can be executed without relying on external
compiler, but there are differences in syntax in relation to e.g. C++.

In order to run the simulation, the adequate numerical solver must be used. Standard
programming environments require user to implement solver manually, which is a
challenge in itself, considering required compromise between accuracy and computation
performance. In case of Matlab, there are multiple solvers already implemented, allowing
to choose the best suited one. The solver can be set up with multiple parameters — length
of the timestep, tolerances or number of iterations. For this application, author chosen the
fixed-step solver, as in transportation systems values are continuously variable. Because
such a complex model require compromise between robustness and precision, the ode3
solver was selected. The solver, proposed by P. Bogacki and L. Shampine, is a variant of
the Runge—Kutta method [82]. It is worth noting that the model can be built so it retains its
stability regardless the timestep value (within practical bounds).

Using programming environment also requires to keep in mind its limitations. Because this
analysis widely employs matrices for both calculations and data handling, the most notable
shortcoming is the lack of dynamic matrix (array) sizing — the size needs to be specified
before executing the model and must remain constant during the simulation. On the other
hand, determination of matrix size as a constant improves calculation performance.
Consequently, width of block input and output ports must also be constant and specified
inside the block. Moreover, the arrays containing different data types, e.g. integer and
character type variables are not supported by the Simulink. While there is a solution to
problems stated above in form of the cell arrays, they are not supported by the Simulink,
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so their use would require to employ extrinsic coder — command that send the simulation
data to Matlab workspace in order to carry out outside of Simulink. This, however,
negatively impacts computation performance; therefore it is not advisable to use within
complex models. Similarly, there are functions that allow the script to interact with the
running simulation, but those also slow down the process.

3.2. Proposed structure and data handling

Analysis of electrified transportation system requires model that allow for simulating
operation of multiple vehicles at the same time. Those vehicles, however, can be of
different types, following different routes; time intervals can also differ depending on time
of the day. In case of transportation systems equipped with DC power supply, analysis of
separated route fragment might be inaccurate, because of possibility of powering section
from two sides or lines branching off, which requires inclusion of their load in calculations.

Because of this, the model needs to be designed in such a way to enable flexibility of its
subsystems while binding them together to calculate electrical circuit of the power supply
system accurately. Typical solution to this problem, where motion dynamics calculation
and electrical circuit calculation are conducted separately is complicated and require
cooperation of two programs, one for vehicle movement dynamics and another for
electrical calculations. Other possibility is the model where there is fixed electrical circuit
for the power supply — but this on the other hand can be problematic for simulating variable
service tact during the day and implementation of branches considerably increase the size
of the parameter matrix. Also, such matrix needs to be prepared in advance, and is not
reusable for other analyses.

Therefore, author decided to propose original approach to simulating electrified
transportation systems that can offer improvement of model versatility and computation
performance over existing solutions without losing reliability. The general model structure
is inspired by industrial communication networks, where the devices are connected to the
data bus [105,158]. The information between the devices is exchanged using so—called data
frames that contain sender identifier, address of recipient and encoded information. Thanks
to this, every device can communicate with all the others; adding more vehicles or power
supply sections requires only to connect them to the bus and configure their address.

Implementation of this structure in the model means that both vehicles and power supply
sections are separate subsystems with no direct connections between them. All of the data,
parameters and results are handled using unique identifiers, allowing for highly flexible
structure of the simulated transportation network. This also means that the only effective
limitation for the route configuration and number of vehicles is the available computing
power. Constant connections exist only between models of substations and power supply
sections as those are not expected to change within the simulation timeframe. Simplified
diagram of the proposed model is shown in Fig. 3.1.
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Data from vehicle models is grouped into vectors which are broadcasted into the Vehicle
Data Bus (VDB). Those vectors are analogous to data frames found in industrial networks,
but as numerical data, they are all delivered simultaneously, within one timestep of the
simulation. Information sent to the VDB is intended for power supply section models,
which receive data vectors using Selectors. Selectors are introduced in order to extract the
data of the vehicles within corresponding section at given time from VDB and prepare them
for further calculations. Vehicle data is fed to power supply section model, which calculates
electrical parameters, interacting with models of substations through physical connection.
Results of computation carried out within power section models are then broadcasted into
the Supply Data Bus, where they are accessible for vehicle subsystems. Similarly to power
supply section models, vehicles obtain their data through Deselectors — algorithms that
isolate data corresponding to a particular vehicle, completing the feedback loop. It is worth
noting that both vehicles and sections have their unique identifiers, so in case of line
branching off in the middle of power supply section, the branch section can
programmatically act as both power supply and a vehicle, with fixed location within one
section.

Author decided to implement two data buses instead of using one because of computation
performance — the model runs considerably faster this way. This is also reasoning between
Selectors and Deselectors, as executing multiple simple algorithms is faster than using one
complex one instead. Moreover, editing the source code is significantly easier for possible
future updates.

Flexibility of proposed model stemming from modular structure and information exchange
using data buses allows for comprehensive analysis of transportation systems.
Implementation of traction power supply sections as subsystems opens a possibility for
simulation of virtually any power supply layout, including branches and loops as all the
data is processed locally — transport system model can be synthesized thru connecting
adequate blocks. This also means that with sufficient parametrization, the model can be
used as a basis for universal software, similar to commercial programs currently available.
More detailed insight in the model operation is shown in Fig. 3.2, depicting interaction
between single vehicle and power supply section.
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Vehicle movement calculation is based on set velocity profile — it provides the value of set
velocity for motion dynamics subsystem. Random number generator provides a value used
for determination of station dwell time and velocity profile selection (according to its
probability). Then, values of mechanical variables, such as motive force, velocity and
distance are computed in Motion dynamics block. Route profile subsystem provides values
of route inclination and curvature which are used to reflect additional motion resistances.
By design, route parameters are localized within vehicle subsystem, because vehicle
models are independent allowing them to follow different routes. Section sequencer uses
covered distance value to determine power supply section the vehicle currently runs
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through, and then computes distance within that section. Electric/Energy subsystem
calculates electrical parameters: pantograph current, energy consumption and regeneration
based on mechanical power, motive force, efficiency factors and pantograph voltage value.
Energy is split into consumed, regenerated and dissipated. Drivetrain losses are computed
as well, allowing for comprehensive vehicle efficiency analysis. Vectorization subsystem
awaits four values to synthetize the data frame: vehicle identifier (ID), current power supply
section identifier (SN), vehicle current value (iven) and location within the sector (xven).
Those frames are broadcasted to the Vehicle Data Bus, where they are available for all
Selectors within the model.

Selectors retrieve from VDB vectors containing their section identifier in order to prepare
matrix of vehicle parameters for the power supply section model. Because size of electric
circuit parameter matrix in power supply section model is constant, logic for
accommodating varying number of vehicles within the section was implemented. For this
reason, “dummy vehicles” were introduced — with constant location and current equal to
zero, they can occupy unused nodes without influencing the results.

It is worth noting, that vehicles may not always enter power supply section in the same
order, especially when they follow different paths or when some of them are stopped
outside of peak hours. Therefore, sorting operation is carried out in relation to distance
within section, to ensure that value of distance difference between the vehicles is always
positive. Such prepared vehicle data matrix is then sent to the power supply section model.
Thanks to this, one vehicle overtaking another (e.g. at the terminal) is not an issue.

Power supply section model synthesizes electrical circuit, using data provided by the
Selector, traction substation model and section layout coded inside the model. Therefore,
“Circuit synthesis” can be interpreted as calculation of equivalent circuit parameters (in
this case — resistances) and linking vehicle and substation parameters to corresponding
sources and loads. Depending on the layout, section is connected to one or two substations,
and this connection is fixed as it does not change during the simulation. Traction substation
model accepts value of the load current and provides value of the voltage at the end of the
corresponding feeders, caused by the current and voltage drops on the internal resistance
and feeder resistance. Because typical substations in DC systems are equipped with diode
rectifiers, reverse current is not allowed. To ensure non—negative output current, internal
resistance is set to value a few orders of magnitude higher than normal when current
approaches zero. Alternatively, model can be fitted with iterative current limiter, if the
relation between braking chopper installed in vehicle and its pantograph voltage is
unknown. The results of power supply section model calculations are the voltages on the
vehicles’ pantographs, as well as transmission losses. Voltage values are vectorized,
combining them with vehicles’ identifiers — because all the operations were conducted on
the sorted matrix, the order of the identifiers and voltages is the same, so concatenation is
straightforward. Output matrix is then broadcasted into the Supply Data Bus, where it is
accessible for all the Deselectors. The Deselectors are searching the SDB for the vehicle
identifier and load corresponding vector in order to extract voltage value (Fig. 3.3).
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The model relies on external script for loading input parameters and initial conditions. This
way, changing simulation conditions is straightforward, and the key parameters are
accessible from Matlab workspace, where they can be interacted with. Thanks to that there
is a possibility to conduct analysis simulating model in the loop or use one of Matlab
Toolboxes, e.g. for optimization purposes. Saving simulation results to file or displaying
waveforms is also done using additional scripts. This also means that the model can be
connected to visual interface and operated like standard Windows application. It is worth
noting that completed application can also be compiled to use on computer without Matlab,
either under Windows, MacOS or Linux operating systems. Examples of model realization
can be found in Appendix 1.

3.3. Vehicle motion dynamics

Simulation of vehicle movement dynamics is a basis for energy efficiency analysis, because
it binds mechanical and electrical systems. Level of detail, however, may vary depending
on the type of vehicle, assumed velocities or traction drive architecture. There is also a
concern about computation performance, solver stability or cumulative error, when
developed model is too complicated.

In case of electric multiple unit, the vehicle is considered as a lumped inertia element, where
all of the vehicle mass is concentrated in single point. Such simplification reduces greatly
size of the model, introducing only negligible error — because of equal mass distribution
throughout the vehicle and relatively short length of the train [72]. Because of this, the
basic movement equation can be applied:

_ Fw)-W(x,v)
- k-m(x,t)

(3.1)

where: a — acceleration, F'— motive force, v — vehicle velocity, W — motion resistance, x —
absolute distance, k — coefficient of rotating mass, m — total vehicle mass, ¢ — absolute time.

Under such circumstances, vehicle velocity is calculated thru integration of (3.1) and
distance, consequently, thru double integration of (3.1). Motive force F is generated by the
traction motors and controlled by the driver, cruise control or ATO through the inverters in
order to execute the velocity profile and satisfy requirements of the timetable. Therefore,
an algorithm capable of simulating such system was implemented.

Motion resistance W is sum of resistances that can be attributed to the vehicle
(aerodynamic, rolling and friction, so called basic resistance) and the route (inclination and
curvature, additional resistance). There are also resistance forces from running through
tunnels and wind.

Coefficient of rotating mass k defines the impact on movement dynamics that inertia of the
rotating parts of a drivetrain has. The rotating mass includes motor rotors, disc brakes and
wheels. It is worth noting, that this coefficient is applied only to dynamics equation —
because it does not modify the weight of the vehicle; it is used only to depict how certain
parts behaving as a flywheels can impact movement dynamics.
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3.3.1. Motive force calculation

For every type of vehicle, movement calculation is based on motive force, generated by the
motors. To drive the vehicle means “to execute velocity profile”, to achieve desired velocity
and to stop in determined place. Looking at the basic movement equation, only the motive
force is a parameter that can be actively controlled, as acceleration and deceleration are the
results of the force application, while movement resistance forces counteract the traction
effort. In case of electric vehicles, diagram of motive force in relation to velocity can be
depicted with 2 or 3 areas: constant motive force, constant power and in case of induction
motors, reduced power area or constant induction motor slip (Fig. 3.4). It should be pointed
out, that the curve is only showing maximum nominal value — the traction drive can achieve
any points lying below the curve as well.

Fa
F = const. P = const. s = const.

Fig. 3.4. Motive force curve for induction motor powered vehicle

The motive force curve can be implemented in model either in form of a lookup table or
mathematical function. In case of this work, author decided to use the latter approach, as it
allows for easier implementation of power limitation caused by the undervoltage. Relation
between line voltage and available power percentage is specified in a lookup table, and the
vehicle rated power is a single parameter. This way, maximum power in any given moment
can be obtained as multiplication of limitation value and the rated power. The motive force
value is specified as constant (for the constant torque region) and as division of available
power and vehicle velocity for the constant power region. Selection between the two is
dependent of which one is smaller, as the constant power curve is hyperbolical. Third
operating region of induction motor drive was not implemented because in this case
vehicles do not achieve high enough velocity. During braking, motive force is limited at
around 10 km/h and falls to zero with velocity decrease — this depicts low efficiency of
electrodynamic brakes at low speeds.

In simplest implementation, regulation of velocity can be achieved thru switching between
values of motive force adequate for movement phase:

=  maximum available force for acceleration,
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= force equal to motion resistance for cruising,

= zero for coasting and adequate constant value,

=  maximum motive force for braking or deceleration (friction/electrodynamic brakes).
Such approach is sufficient for educational purposes, because it allows to explicitly show
relation between movement phases and movement equation.

This simplicity, however, limits model accuracy — there is instantaneous and significant
change of applied motive force that causes numerical spikes and, because of high inertia of
the vehicle and inductance of electrical system, does not occur in real vehicles.
Additionally, setting the motive force as equal to sum of motion resistance force might
result in incorrect values when analyzing vehicle run on steep gradients — in that case,
resulting set value of motive force might be higher than maximum possible tractive effort
of the traction drive. Therefore, such model would allow the vehicle to cruise regardless of
the motion resistance, while in reality vehicle would slow down until maximum available
motive force and the resistance force will balance out. Similarly, setting motive force value
of exactly zero for coasting may result in uncontrolled acceleration while moving downbhill,
while in reality the driver would apply brakes to keep the velocity within required limit. It
is also worth noting that in case of modern electric vehicles precise control of motive force
is possible, so it is desirable for model to have the same capacity.

In order to ensure realistic motive force application, author implemented proportional—
integral (PI) controller that carries out regulation in relation to velocity error [61]. The gain
values for proportional and integrating terms are tuned to ensure force application dynamics
similar to recorded during the real train run. Derivative term of the controller was skipped,
because it brings very little to no improvement of accuracy, while impacting negatively
computation performance. There is also a risk of program returning error if velocity error
is not derivable because of discontinuities in set velocity value, because the set velocity
value is determined by the algorithm that uses multiple signal switches. Therefore, this
model is suitable for forward simulation, where the vehicle reacts to velocity profile as it
would in reality. In order to ensure reliable stopping at the stations, the set velocity is
assumed negative in value — thanks to this there is still non—negligible velocity error fed
into the controller, resulting in brakes being applied when vehicle does not move. The risk
of backward movement (because of a negative force) is averted thru limitation of minimal
output value of the velocity integrator to zero.

Because of this, the tractive effort chart serves only as limitation, while the force is applied
fluently aiming at the set velocity (Fig. 3.5). Also, other limitations, like wheel adhesion or
limitation due the undervoltage can be applied easily — the lowest value is selected as
maximum force. Selection between cruising and coasting phase is done by the control
function, as it is closely related to algorithm executing velocity profile. This selection can
be done using pre—set distance values, speed—dependent hysteresis switch or even using
random number generator (RNG). For the coasting, upper limit of the motive force is set to
zero, while lower limit still allows for braking — such solution is much more reliable than
arbitrary switching between driving and braking at set distance. Cruising was selected as
default movement phase — because coasting requires additional input for switching on and
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off the traction drive. Because maximum available force is variable, limitations were

implemented using dynamic saturation block from basic Simulink library.
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Fig. 3.5. Diagram of motive force control algorithm

Brakes were implemented as combined system of electropneumatic (friction) and
electrodynamic brakes (regenerative). Relation between the two can be customized, along
with maximum ratio of energy regeneration; by default use of electrodynamic brake is
prioritized. Because of timestep and utilization of PI controller for motive force application,
pneumatic brake system is simplified — it acts only as additional force component, without
considering delay of brakes activation. Braking is realized with constant deceleration rate
that can be set separately for every vehicle. To achieve this, braking curve calculation was
implemented into set velocity generator. Because the braking curve is parabolic (Fig. 3.6),
at the beginning of the run its value is very high; however, the closer the vehicle is to the
desired stopping point, the value of velocity from the braking curve will fall below speed
limit thus initiating braking phase (algorithm selects the lowest value of set velocity as its
output). Purely electric braking is not considered, as it would be impractical due to
prolonged braking distance and necessity of either injecting additional energy or engaging
friction brakes at low speeds [68].
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Fig. 3.6. Implementation of braking curve
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Adhesion limit calculation was implemented in simplified version, taking into account
surface coefficient and axle load (3.2), which is sufficient for modeling transportation
system in order to evaluate energy efficiency of vehicles as given:

Fpax = Us Mg g (3.2)

where: Fmax — maximum applicable motive force, us — surface adhesion coefficient, m, —
mass loaded on motorized or braked axles, g — gravity acceleration.

Constant adhesion value might however be insufficient for comprehensive energy
efficiency analysis, when optimization of velocity profile is planned. Because of this,
correction of surface coefficient in relation to train velocity was implemented:

_ Ho
Hs = Trootw (3-3)

where: us — corrected adhesion coefficient, 1o — base adhesion coefficient (typically 0,3 for
steel wheels on steel track under dry conditions), v — vehicle velocity.

For braking, adhesion limit was lowered to 80% of starting value for dynamic braking and
set as 50% for friction brakes [138]. There are also more complex methods for calculating
the adhesion, however their implementation requires significant amount of additional
parameters, while possible improvement of accuracy in this case would be minuscule
[1,57,103]. Because not all of the axles are motorized, maximum applicable force is
different for acceleration and braking.

It is worth mentioning that under dry conditions that are often assumed for such analyses,
impact of wheel adhesion on vehicle dynamics and consequently energy consumption is
negligible. However, the model was developed with maximum versatility in mind, so there
1s a possibility to look into influence that weather conditions have on vehicle movement.
Those conditions can be set as variable, both in time and distance allowing to represent
realistic weather — loading the values into a lookup table instead of setting single constant.
Similarly, because of modular structure of the model, presented motive force controller can
be replaced by the complete traction drive model thus allowing for computing efficiency
maps or testing inverter control algorithms.

3.3.2. Motion resistance

Motion resistance of the vehicle is calculated as sum of aerodynamic drag, friction and
rolling resistance. In most cases, the empirical equations are used in order to approximate
the value of the resistance force, typically in form of second order polynomial (Davis
equation):

W=A+Bv+C» (3.4)

Where A is coefficient of rolling resistance, B — coefficient of friction and C — coefficient
of aerodynamic drag.

The coefficient values are obtained from running tests, where measurements are taken
during coasting phase [102]. In case of multiple units, where the whole train is considered
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as a single vehicle, formulae might be more complex, taking into account parameters as
number of axles, length or weight of the vehicle, though they can still be reduced to the
quadratic equation. This can be especially useful when multiple variants of the same vehicle
exist. For trains consisting of locomotive and carriages, total resistance should be calculated
as sum of resistance for each vehicle in the consist. In current implementation, the model
accepts only polynomial parameters A,B,C as it is intended for multiple units.

Resistance of the route is calculated as a sum of equivalent coefficients for both inclination
and curvature, expressed in promiles. By multiplying these by the vehicle mass and
gravitational acceleration, value of the force is obtained. Route inclination is stated directly
in the route profile map, as well as curves’ and transitional radiuses. To compute equivalent
movement resistance on curves, empirical formula needs to be employed. Typically, for
normal gauge railroad, the following expression (Réckl equation) is used:

ic = 690/R (3.5)
where: ic — equivalent resistance (in promiles), R — curve radius.

Because the route includes transition curves, they need to be included in the resistance
value as well. In this case, the equivalent resistance is calculated in relation to adjacent
curve [72], however such approach requires time consuming data preparation and
introduces error to the calculation. Because of that, author decided to import the route data
directly into the model, using lookup table with linear interpolation.

Additional resistance forces attributed to running through tunnels or wind speed and
direction were not implemented, because of their presumed minimal impact on energy
consumption in analyzed situation. Relatively low velocity values and frequent stops
translate to low value of these forces, and wind speed would need to be unlikely high and
consistent in order to have impact on the results.

3.3.3. Electrical system of the vehicle

Electrical parameters of the vehicle are computed on the basis of mechanical power and
motive force. In order to calculate the electrical power, losses in vehicle’s drivetrain need
to be considered, preferably in form of an efficiency factor. Datasheets and catalogues
usually contain basic information about efficiency of a device, however the parameter holds
true only under certain, mostly nominal conditions — so for the electric motor its efficiency
factor is given for nominal angular velocity, with nominal torque load in steady state.
Therefore, efficiency factors in train run simulations are often assumed constant, however
such approach can result in considerable errors [59], as the traction drive rarely works with
constant velocity or torque load. There is a possibility of using lower, averaged values of
efficiency factor, however their calculation is not straightforward and introduces errors,
sometimes significant in value [58]. While using it allows for relatively good coincidence
with measurement for the energy balance, current values resulting from lower constant
efficiency factor can be severely distorted. Because of that, author decided to implement
variable efficiency factors for electric motors and traction inverters.
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Induction traction motor is converting electrical energy to mechanical energy using
electromagnetic field. Because it is the most powerful element of the drivetrain, possible
losses are also the largest in value. Moreover, efficiency of induction motor is highly
dependent on both angular velocity and torque load, reaching very low value especially
when rotating at lower speed or under low load. Because of that, simple graph with
dependency of efficiency factor on generated mechanical power might not be sufficient. In
order to depict the motor losses accurately, efficiency map 5 = fiM,®») was computed by
the author [59]. The map contains values of motor efficiency in steady—state for certain
values of angular velocity and load torque (Fig. 3.7). Because the data is loaded into the 2—
dimensional lookup table, values for arguments between assumed points are computed
using linear interpolation.
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Fig. 3.7. Computed motor efficiency map for 500 kW traction induction motor [59]

Efficiency map of traction motor was calculated using model of vehicle dynamics, with
basic motive force controller and its constraints replaced by detailed model of the electric
drive. For each point, the target velocity was set and the drive accelerated without any
torque load. After achieving steady speed, the torque load with value adequate to data point
was applied; after the drive achieved equilibrium, the efficiency value was saved into the
map.

Such approach allows for improvement of assessment of motor losses during train run over
existing simplified models while retaining good computation performance. Further
improvement would require using detailed drivetrain model that enables transient states
analysis, however negative impact on simulation time would be severe. Moreover, for
analysis of energy efficiency of vehicles running for a longer period of time, using
extremely detailed model is not justified because of required short timestep.
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Detailed analysis of the traction inverter would require time step allowing for calculation
of transient states in transistors and diodes, which are a few orders of magnitude lower than
time step used for the train run simulation. Running analysis of the whole transportation
system with such a small time step is therefore undesirable. However, it is possible to
estimate inverter losses using parameters of power electronic components (transistors and
freewheeling diodes) specified in their datasheets. For this analysis, inverter losses are
approximated using efficiency curve dependent on output power # = f{P), shown in Fig. 3.8.
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Fig. 3.8. Computed efficiency curve of the traction inverter

The efficiency curve has been calculated using additional program that included analytical
equations as described in 2.2.2. [58,60,107,153] and datasheets of semiconductor switches
used in traction inverters (IGBT transistors and freewheeling diodes). Use of full inverter
model was considered unnecessary, because of relatively little value variability and very
short timestep required for its proper analysis, rendering it unfit for transport system energy
efficiency analysis.

All of the vehicles considered in this work utilize regenerative braking. However, to
recuperate energy there is need for other vehicles to consume the surplus. When there is
none, excess energy must be dissipated in braking rheostat. Typically, this is related to the
voltage on vehicle pantograph — when the vehicle decelerates with energy regeneration
enabled, the voltage is rising; if the certain set threshold is exceeded, braking chopper is
activated, allowing for energy dissipation. Depending on the vehicle, there may be one
threshold (resulting in switching on rheostatic braking) or two, allowing for voltage—
dependent reduction (Fig. 3.9). As the model aims at depicting realistic operation of the
transport system, such measure was implemented. This also functions as countermeasure
against negative substation current while being more robust than iterative reductor (which
is also present in the model, but is triggered rarely — which improves computation
performance).
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Fig. 3.9. Voltage—dependent reduction of regenerative braking power; Umax1 — rheostatic brake
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activation voltage, Umax> — fully rheostatic braking threshold

Auxiliary power can be set to 20% of the vehicle consumed energy, which provides insight
in maximum potential energy consumption; it is however not very precise, as in practice
full auxiliary power is used rarely [106]. Because of this, author decided to split auxiliary
power to three main elements, each of which may work with different duty rate (Fig 3.10).
These systems contain base auxiliary power (traction drive controllers and cooling, onboard
computers) and passenger information systems with monitoring that work continuously,
HVAC that is switched on depending on temperature and air compressor that works
depending on pneumatic brakes usage (in this case — it is triggered by vehicle stopping).
While it is possible to simply calculate average values of the energy consumption
considering parameters stated above, such simplification may lead to incorrect vehicle

current values as the heating system requires significant power when turned on.
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Fig. 3.10. Components of auxiliary power, where: Pyps — power of basic systems, Phyac — power of

heating and air conditioning, Pac, — power of air compressor
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Therefore, author decided to model the auxiliaries as sum of constant value (for base
systems), square—wave signal with pulse width dependent on temperature (for
heating/HV AC) and step signal every stop (for air compressor). Time period for the HVAC
system was set to 10 minutes, based on author’s observations. This way, auxiliaries
operation simulation is more realistic than use of maximum values or ignoring it at all.

It should be noted that energy consumed by the auxiliaries is not considered a part of the
losses. This is because those systems are either required to move the vehicle (drive
controller, lighting, signaling), or required for passenger comfort (HVAC, lighting,
information screens, etc.).

3.3.4. Schedule setting

Simulation of rail vehicle operating under realistic conditions require setting adequate
schedule for all the vehicles in the analyzed transport network. In order to achieve that,
knowledge about all the travel times between stops, dwelling time on stations and terminals
and time reserve is necessary. While recording of real train run might be helpful for
determination of velocity profile, it should be placed in corresponding time of the day and
traffic situation — dwelling time and velocity profile is different, when the driver is trying
to reduce the delay. Because of this, velocity profile in the simulated schedule need to fit
within timeframe, including time reserve and providing no less than adequate station
dwelling time [77].

Author decided to implement schedule as a part of control function, which arguments
consist of time, section ID and logical values. For every vehicle, there is section sequence
specified, allowing vehicles to follow different paths. Depending on analyzed network
layout, section identifier is used to determine current power supply section and track section
as well. For every station to station run, time is measured; moreover, there is measurement
of time for each route run (including terminal dwelling time). Such feature allows for easy
control over the timetable and vehicles circulation (Fig. 3.11). It is worth noting, that author
decided not to implement clock using corresponding Simulink block, but rather used time
integrator fed with constant value of 1. Because of this, possibility of local time counting
was achieved, with easy access to initial value, reset and introducing delay for timetabling
purposes.

Random number generator (RNG) provides value that allows for introduction of variable
station dwelling time and selection between multiple velocity profiles, according to their
probability. RNG algorithm is triggered by vehicle finishing its station stop, allowing for
update of the value, along with target station location — stations are numbered, and the
number is linked to the location; because of this, counting trigger events allow for reliable
identification of the stations. The algorithm is presented in detail in Appendix 1.
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Fig. 3.11. Diagram of control function algorithm

Each vehicle run can be interpreted as a set of station to station runs, contained within
terminal to terminal frames. Stations within the analyzed route are numbered, with
parameters like station location and occupancy rate linked to that number. Because of this,
for every route fragment, there is a target station location. In order to ensure reliable
stopping regardless the set vehicle and route parameters, the target needs to be updated
after vehicle called at the station and dwelled for the required amount of time. The most
efficient way of implementing this algorithm is based on multiple triggers.

First, the velocity value of zero resets stop time integrator. While the vehicle is stopped,
time is counted and compared to required dwell time. The dwell time consists of constant
value and randomized variable, allowing to reflect the realistic differences in station stop
time. For certain stations, the dwell time can be set independently, overriding variability
algorithm. When the integrated time value is equal or greater than the target dwell time, the
value “true” of this logical test acts as a trigger for the parameters update: target station
location, vehicle load mass and RNG value for next stop dwell time. It is worth noting, that
change of the target station location while permission function value is 1 results in vehicle
immediately starting the run. Those triggering events are counted, as the value can be linked
with station number on the route.

If the direction switch at the terminal is necessary, it is triggered by rising slope of logic
function that requires run time to be equal or higher than set value for terminal to terminal
route and permission function value to be true. Those impulses are being counted, and their
number divided modulo 2; depending on set direction, reverser value is set as 1 or -1, which
is directly multiplied by the velocity, allowing for travel in both directions. In case of loop
line, reverser value is always set as 1 or -1 resulting in consistent direction. Similarly,
station number is counted using the reverser value to be added to previous value, reducing
number of required parameters.
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Some situations require taking into account some variability of vehicle velocity. This is
especially important in case of urban transport vehicles that utilize public roads, but can be
of value for railway transport as well, when there are multiple different trains in service, or
trains do not follow consistent velocity profiles. In such case, random number generator
triggered by the station stop used for stop time determination has another purpose. Its value
can be used to compare against thresholds specifying probability of selecting one of
velocity profiles. Those thresholds can be variable with respect to simulation time or stop
number, so the vehicles can follow different velocity profiles depending on time of the day
or localization (Fig. 3.12). This way, developed model can still provide meaningful results
even if there is a degree of randomness in real transportation system. This also allows for
bypassing the impossibility of compilation Matlab functions responsible for variable—
probability RNG (extrinsic coder is inefficient).
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Fig. 3.12. Algorithm for semi—random selecting velocity profiles with variable probability for
every part of the route (station—to—station); zs — base dwell time

Permission function is the key to setting realistic timetable — it controls, which and when
vehicles are allowed to move. It is a logical function — value of 1 permits the vehicle to
execute its timetable, value of 0 unconditionally stops the vehicle and pauses its timers and
counters. Because of that, it is simple to stop additional vehicles during off—peak hours or
control moment of departure from station to synchronize acceleration of vehicle with other
decelerating in order to improve regenerative braking efficiency. There is also a possibility
of further expansion that could take into account signaling and analysis under nontypical
conditions, like power supply failure or construction works, as those conditions are possible
to be depicted as logical functions dependent on location or distance between vehicles. For
this analysis, permission function was set manually for each vehicle, to execute realistic
timetable.

Scheduling algorithm contains also implementation of changing mass during the station
dwelling, which stem from varying number of passengers during the day. When vehicle
stops, the percentage occupancy value which is a function of time and station number is
loaded and multiplied by maximum vehicle load. Then, it is added to empty vehicle mass.
Varying vehicle load has noticeable impact on energy consumption [63].
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3.4. Traction power supply

This work is focused on analysis of the DC power supply system, that is used by the
suburban railways, metros and urban transport like trams and trolleybuses. In comparison
to AC systems, more complicated layouts are often found that may require simultaneous
computation of electrical parameters in multiple sectors.

3.4.1. Power supply model architecture

Analysis of the whole electrified transport network as a single electrical circuit is very
challenging and may even be impossible to carry out efficiently for complex systems. There
is also a concern about vehicles that cover part of the route independently from power
supply, using onboard energy storage. Because number of vehicles on every supply section
may vary depending on timetable, modeling single circuit with moving nodes for the whole
system can be problematic. Because of this, author proposed model using separate
subsystems for each section, where circuit layout remains constant. These subsystems are
building blocks for the power supply system model that act as a load. They are bound
together by the models of substations, which are the sources. Therefore, equivalent circuit
for the power supply system is compiled from such sources and loads, improving
computation performance.

Power supply sections accept vehicle parameters from main data bus through Selectors.
Based on number of vehicles and their localization, the parameters of electrical circuit are
determined. Power supply sections differ based on their real structure, thus equations for
the electrical circuit are coded into them and cannot change during the simulation. Next,
the node voltages of vehicles and feeder currents are computed. Every section is connected
to corresponding substations that provide voltage depending on load current. Pantograph
voltage values are put into the data vector and forwarded to Supply Data Bus, where
Deselectors await input. Then, Deselectors send data back to adequate vehicles, completing
feedback loop from power supply system.

Because all vehicles communicate with power supply using data bus, there is virtually no
limitation to the system layout. In case of one sector branching off another, it can be
implemented as both the sector and vehicle (stationary in the place where it is connected to
the main line). Implementation of trackside energy storages might be done similarly, if they
are not installed in the substation or section cabin.

3.4.2. Traction Substations and feeders

Typically, substations in DC power supply systems are modelled as an ideal voltage source
connected in series with a resistance to depict load—dependent voltage drop, known as
output characteristics. Because there can be multiple power transformers—rectifiers units
installed in the substation, possibility of simulating various scenarios was implemented.
Firstly, number of transformer—rectifier units connected to the catenary can be either pre—
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set or specified as time function. This means that simulation of rectifier unit failure at any
given time is possible. Additionally, simulation of output voltage regulation thru tap
switching is implemented — it results in moving output characteristics up or down.

Substations are normally equipped with diode rectifiers, so they do not accept reverse
current. Acknowledging this fact, internal resistance value starts rising when load current
is nearing zero and is set to 1 GQ, if the current value equals zero. This synergizes well
with voltage—dependent reduction of regenerative braking efficiency, implemented in
vehicle model. There is also a possibility of using iterative loop (do—while) triggered by
substation current approaching zero, that reduce braking current of vehicles within affected
sector, when no data about braking chopper is available.

Feeder resistance is coded into the substation model, because its value is constant during
the analyzed timeframe. Moreover, implementing the feeders within substation model
allows for simplification of section models, improving computation performance. Despite
the large cross—section of the feeder cables, losses calculation was implemented (3.6):

Efeeder = Z;cl=1 f IzRfeederdt (3.6)

where: Efeder — total feeder energy loss, n — number of feeders, / — current of n—th feeder,
R — resistance of n—th feeder.

3.4.3. Catenary

Catenary in DC electrification systems is modeled as pure resistance — for both overhead
contact line and rail track. Analysis of such electric circuit is however not trivial, because
its layout changes in every time step of simulation. While simulation of system containing
constant number of vehicles within single section is straightforward, movement of multiple
trains through multiple sections and beyond analyzed area can be challenging.

To address this, author developed catenary models that compute all the parameters for
single section. Number of vehicles — or nodes is predetermined, and their data is provided
by the Selector. Selector also performs sorting the vehicles by their localization, so they
can be linked to the corresponding nodes. Therefore, physical structure of the catenary
model does not change — only the loaded values are variable, and the same vehicle can
occupy different nodes during the simulation. Conversely, unused nodes (e.g. in off—peak
hours) are linked with dummy vehicles with current equal zero and constant location.
Because of this, implementation of local matrix of parameters is possible. Additionally,
branch line implementation is straightforward — it can act as both “vehicle” and “power
supply section”, having both IDs, as well as own Selector and Deselector — the former loads
parameters of vehicles within the branch, the latter provides information about voltage. The
principle of implementation of such layout is shown in Fig. 3.13.
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Fig. 3.13. Implementation of branch line within power supply section: a) general structure,
b) electrical diagram

Values of the resistance are loaded from external file, being expressed in Q/km. Precise
calculation of kilometric resistance of the catenary using material conductivity, cross
section and temperature can be done in setup script, executed before starting the simulation.
This also includes possible contact line wear. Because power sections within analyzed
network might be constructed using different wire types and rail tracks, resistance is set
separately for every section. Author decided to simplify the diagram by assuming rail tracks
resistance being lumped together with overhead contact line. In this case, such assumption
would not influence the results, as the tracks have significantly larger cross—section than
the overhead catenary, and interval between the trains is quite long.

There are multiple connection layouts of the catenary — powered from one or two sides.
Double track sections can mostly be analyzed for every track independently. Two basic
layouts of catenary and their circuit equivalents are shown in Fig. 3.14.
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Fig. 3.14. Examples of equivalent circuit for sections powered: a) from two sides, b) from one
side, where x;...x3 — vehicle location within section, fyeni.../vens — vehicle current, R’ — kilometric
resistance of catenary
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In case of double track electrified routes, there are also methods of connecting catenary to
reduce resistance between vehicle node and feeder node. Typically, it is done through
transverse connection (so—called section cabin) or in case of sections fed from one side, the
catenary over both tracks is connected at the end of the section. While the former require
building dedicated power supply section model, the latter can be depicted using layout
shown in fig. 3.13 a), because the section model operates on relative distances between
nodes. Explanation of the simplification process is shown in Fig. 3.15.
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Fig. 3.15. Implementation of double track section powered from one substation, connected at the
end

In order to carry out electrical calculation, parameters from Selector are loaded. Values of
resistance between nodes are computed, taking into account their localization and pre—set
catenary parameters. Values of voltage sources are loaded from substations/feeders model,
based on feeders’ currents; initial condition is assumed as no—load voltage, because analysis
starts before the first vehicle begins its run. Matrices of parameters are obtained basing on
circuit equations for nodal voltage method (example shown for layout from Fig. 3.13 a):

Uven1 (Ri1 + Riz) — Upenz ( ) + Upens "0 = Ry — lyen1
—Upen1 ( ) + Upenz ( - + _) + Upens (Ri3) = —lyenz (3.7)

Uven1 * 0 — Upenz ( ) + Upens ( 13 + R_14) = i_z — lyeh3

where: Vi...Vy — vehicle node voltages, 1/Ri...1/R, — conductances, /i...I, — vehicle
currents, E1, E> — voltages at the feeder connection point.
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Numerical values of conductances found by the nodal voltages are loaded into the matrix
G. Values on the right sides of the equations are also numerical, and are loaded into the
current coulmn vector I. Line voltage for the vehicles is computed using node voltage
method, where results are obtained in a column vector V (3.8), thru multiplication of
inverse matrix of conductance and current vector:

V=Gl (3.8)
where: V — resulting voltage matrix, G — matrix of conductance, I — matrix of currents.

Calculated values are loaded into the output data vectors, along with corresponding vehicle
identifiers — order of the results is consistent with order of the vehicles, so this can be done
without utilizing any search functions or multidimensional matrices, improving simulation
performance. Data vectors are then broadcasted into Supply Data Bus, where they are
awaited by the Deselectors, which send the line voltage value to corresponding vehicle.

Author recognized the need for possible losses assessment — because it is beneficial to be
able to optimize cross section of the contact line, ensuring compromise between resistive
losses reduction and modernization costs. Therefore, catenary losses calculation was
implemented. Those losses, resistive in nature are computed as sum of losses caused by
current between the nodes within power supply section (3.9):

E, =Y [I?Rdt (3.9)

Losses are calculated independently for each section, therefore it is possible to localize
weak points of power supply system, where losses are the highest and test the impact of
catenary cross—section on system efficiency.

Some analyses (including this work) focus only on a fragment of a larger transport network.
In such situation, parameters from outside of an analysis area should not be taken into
consideration and should be specified clearly in order to exclude them from results. To
achieve this, author decided to implement additional power supply section specified in
sequencer. This “out—of—scope” section is detected by the energy computation algorithm,
resulting in all parameters calculation being halted. However, the voltage value is still set
at a constant level, equal to nominal power supply voltage in order to improve solver
stability (vehicle model is still being fed with parameters which may result in divisions by
zero inside).
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4. MODEL VERIFICATION

Every model used in analysis should be verified against measurement conducted on the
physical object to ensure that obtained results are credible. Because the models are used in
order to seek improvement in energy efficiency in transportation systems, bad precision
may lead to false conclusions. Therefore, developed program was verified against
measurements in two steps — dynamic model test for single vehicle and energetic model
test for part of a transportation network.

4.1. Movement dynamics — single vehicle

Testing of movement dynamics model was carried out against recorded train run. After
loading prepared train parameters and tuning the controller (PI motive force controller),
simulation was executed for selected route fragment, between stations Sopot and Gdynia
Redlowo. The fragment has been selected to include longer distances between stops in
order to compare behavior of the model while running at constant velocity over varying
inclination and curvature to real vehicle.

Approach for performance of this test was as follows:

= GNSS recorder was used to measure the vehicle velocity; from the large set of data, run
with the best position accuracy (<3 m) was selected,

= Additionally, selected run was required to be recorded in dry conditions and without
traffic disturbances,

= Measured velocity profile was filtered and analyzed in order to develop the target speed
signal for the controller,

= Program allowing for movement of the single vehicle was prepared, using the same
vehicle model as in transportation system simulation,

= (Considered vehicle was the same as the one which run was recorded — EN57AKM, two
units coupled in a single train,

= Vehicle load mass was computed basing on passenger number during the recorded run
(uniform distribution of occupation along the train was assumed),

= Pantograph voltage was assumed constant at 3400 V to ensure nominal vehicle
movement dynamics.

Comparison between recorded and simulated run between stations Sopot and Gdynia

Ortowo is shown in Fig. 4.1 (in relation to time) and Fig. 4.2 (in relation to distance, with

route inclination included). Figure 4.3 shows location in relation to time, for recorded and

computed runs.
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Fig. 4.1. Comparison of velocity in relation to time for recorded and simulated run — route Sopot —
Gdynia Redtowo (Track 501)
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Fig. 4.2. Comparison of velocity in relation to distance for recorded and simulated run — route
Sopot — Gdynia Redtowo (Track 501)
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Fig. 4.3. Comparison of location in relation to time for recorded and simulated run — route Gdynia
Orlowo — Gdynia Redtowo (Track 501)

Velocity waveforms obtained as a result of simulation closely resemble recorded velocity
profiles. The discrepancies may be a result of limited GNSS recorder accuracy, however
they are smaller than 0,4 m/s or 2,5% of the cruising velocity which can be considered
satisfactory (2 km/h is the cruise control system accuracy). There might be slight
discrepancies between simulated and recorded run during acceleration and braking phase,
as in real vehicle the driver controls the motive force manually, not necessarily holding it
at the same level for the whole duration of the movement phase. However, those differences
are minuscule as the simulated run is extremely close to the recorded one, with differences
in stopping point being within a single centimeter.

It is worth noting that the better results were obtained using set velocity value based on
record analysis, setting coasting override than using recorded run directly as set velocity
value (after filtering) — in case of recorded velocity, there was high discrepancy at low
speed because of too low velocity error value (difference between set and actual speed) and
velocity oscillations in cruising phase, because filters could not produce steady waveforms.
Adequate movement dynamics of the vehicle was achieved through tuning the gain values
of controller terms. All the adjustments were done using single vehicle model, however it
was exact same model used for complete analysis of transportation system.

4.2. Transportation system — current and energy

Verification of the whole model was impossible for the analyzed urban railway system,
because of high number of old vehicles with rheostatic DC drive still in service, insufficient
information about train circulation and ongoing mutiple maintenance works — resulting in
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additional speed limits or changes in traffic organization. Conducting simulation for such
abnormal conditions may not hold true to regular system operation, and therefore, would
be inconclusive as a basis for optimization of velocity profile.

However, author is involved in Interreg “EfficienCE” project [34], where the improvement
of energy efficiency in urban electrified transport is the main objective. The scope of
author’s work for this programme is simulation and optimization of trolleybus network in
city of Pilsen, Czech Republic. Large amount of measurement data for every part of this
transportation system and its power supply created an opportunity for validation of the
obtained simulation results and model credibility. As the model was designed with high
versatility in mind, author argues that with sufficiently precise parameters provided, the
simulation results will hold true for different means of transport — therefore validation for
different transportation system is of value.

For this task, modified version of model developed for this thesis was used. The differences
are found mostly in vehicle models — using adequate parameters for road vehicles on rubber
tires, as the trolleybuses were the focus of this analysis. Velocity setting requires wide
usage of randomization methods in order to account for road traffic conditions and random
events, such as on—demand stops or red light on intersections. For this reason, velocity
profiles based on data measured by onboard recorders have been specified for various times
of the day, with typical profiles for morning, midday and evening determined. Those
profiles were selected randomly during simulation for every between—stops route fragment,
with selection probability varying with time (Fig. 4.4).

70%
P [%] morning

60% midday

evening

50%

40%

30%

20%
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t [h]

0 6 12 18 24
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Fig. 4.4. Values of probabilities of selection of velocity profile from set corresponding to time of
the day

Probability values for selection of each profile and division between morning, midday and
evening were assumed after analysis of the measured velocity profiles. This analysis shown
similarities between vehicle runs during the time intervals; however, possibility of profile
similar to those recorded in different hours still existed. Therefore, during morning hours,
probability of selection of morning profile is not at 100%. The probabilities were set to
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above 15% because below this threshold possibility of selection of such profile was very
small in practice. Probabilities as shown were determined thru series of simulations,
conducted to find good conformity between measurements and computation results.

Testbed for the developed program was the area powered by substation MRS (Zatisi). The
substation is feeding 5 two—track trolleybus sections, with large roundabout and a short
branch (Fig. 4.5). The branch is powered directly from catenary thru connecting wire (there
is no feeder from substation). Traction substation is located close to the location of feeder
no. 52 connection.

SKVRNANY = xb
Section D

Section C

" (part supplied by substation MR5)

route of trolleybus lines 15 and 17

glg SectionA - " (part supplied by substation MR5)

stop

route of trolleybus line 12
i section insulator

\

|

@- feeder number and connection point

Fig. 4.6. Map of the analyzed trolleybus network fragment

The area lies within bounds of trolleybus lines 12, 15 and 17. It was selected for the results
verification, because vehicle types used on these lines are consistent, and equipped with
induction motor drives with energy recuperation enabled — lines 12 and 15 are served by
single trolleybuses (Skoda 26Tr), line 17 by articulated ones (Skoda 27Tr). Parameters of
the vehicles were provided by the manufacturer, Skoda Electric, and parameters of power
supply as well as measurements were provided by the network operator, Plzeiiské Méstskeé
Dopravni Podniky (PMDP). Key parameters of modelled vehicles are presented in Tab. 4.

Table 4. Parameters of modelled trolleybuses

Parameter/vehicle 26tr (single) 27tr (articulated)
Vehicle length 12m 18 m
Number of axles 2(1) 3(D)
(powered)
Nominal motor power 200 kW 250 kW
Drive type Induction motor, VVVF Induction motor, VVVF
Maximum motive force 36 kN 36 kN
Maximum speed 70 km/h 70 km/h
Mass (empty) 11400 kg 18290 kg
Passenger capacity 91 131
Nominal voltage 660 V DC
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Analysis was carried out for the whole day of regular operation. Schedule was set according
to regular workday timetable. For line 12, service begins at around 4:00 with a 15—minute
intervals. During the morning peak hours, tact is decreased to 5 minutes. From 8:00 to
13:00 vehicles operate with interval of 10 minutes; at 13:00 another peak with 5—minute
tact begins and lasts until 17:00, when service frequency is decreased to 10 minutes. From
19:00 in the evening, interval is further increased to 15 minutes, and it is retained till the
last service. Line 12 requires about 12 minutes to run thru analyzed route fragment one—
way. Line 15 enters analyzed area at 5:15, and operates regularly throughout the day. Line
17 operates in the area from 5:20 to 6:00 in the morning with 5S—minute tact; after that there
are a few single services on this route. Lines 15 and 17 operate on the shorter fragment,
thru the branch line, which requires about 4 minutes to travel in single direction. Dwelling
time at the terminal (end stop) is typically about 10 minutes.

Electrical parameters, including currents and voltages, were calculated for the vehicles and
the substation. The substation current was computed as well, including 10 s, 2 min, 5 min,
15 min and 1 h average current. Analogically, average values were calculated from
measurements taken traction on substation. Comparison between measurement and
outcome of the simulation is shown on waveforms (Fig. 4.7, 4.8, 4.9, 4.10, 4.11).
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Fig. 4.7. Substation current: 10 second average
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Fig. 4.8. Substation current: 2 min average
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Fig. 4.9. Substation current: 5 min average
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Fig. 4.10. Substation current: 10 min average
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Fig. 4.11. Substation current: 1 h average

Results show that good conformance between measurement and simulation was achieved.
The general shape of waveforms is the same for both simulated and measured operation,
with characteristic points and peaks occurring precisely at the same time. Slight deviations
can be attributed to differences between real and simulated traffic conditions and estimated
HVAC power (measurement was taken early March of 2021). Differences between the
waveforms for 2 minute average currents stem from different sampling rate of measurement

device and simulation timestep; those are less noticeable for longer averaging periods.
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Voltage chart confirms high accuracy of executed analysis — maximum error between
measured and simulate value does not exceed 14V or 2,8%, and can be expected as the
variability of voltage is a result of differences between actual and simulated vehicle
movement (Fig. 4.12). Calculated root—mean—square—error (RMSE) for voltage is 8,8 V or
about 1,5% of idle voltage. For current, RMSE value is 49,2 A, or 7% of the highest
measured current. It should be noted that for 15 minute averages of current that are equal
for both recording and the simulation, 15 minute average voltage values are also equal (Fig.
4.12, Fig. 4.13), confirming both model accuracy and correctness of electrical circuit
calculation.
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Fig. 4.12. Average 15 min voltages (substation)
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Fig. 4.13. Average 1 min current (substation)

Energy waveform (Fig. 4.14) shows that for the most of the time (up to about 19.00 in the
evening) error is negligible; after this, simulated value of energy exceeds measured value
slightly. This discrepancy can be attributed to difference between real and simulated traffic
conditions — in reality vehicles were running slightly slower than it was assumed, probably
due to the increased traffic (there is no separated bus lane on this route). Overall error is
however still below 5%, which for such a complex system can be considered a good match,
considering that road traffic and random events (on—request stops, traffic lights, pedestrian
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crossings, roundabouts) might potentially result in large difference between simulation and
measurement.
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Fig. 4.14. Energy waveforms

Efficiency of regenerative braking for the whole route was computed at 8,5%, with vehicles
achieving from 2% to 32% of regeneration during the single run. Measurements confirmed
these figures, with average regeneration of 8,7% and vehicle recuperation between 1,5%
and 33%. This can be considered a good match, as the simulation was using finite set of
the velocity profiles, while in reality each run was slightly different, as the vehicles are
operated by human drivers.

Validity of the developed model was confirmed, as the results were published in JCR—listed
paper [62], and are further used for development of energy saving methods for trolleybus
network in Pilsen. Future work will include analysis of in—motion charging of onboard
battery storages and its impact on the system efficiency.

78


http://mostwiedzy.pl

A\ MOST

5. IDENTIFICATION OF TRANSPORT SYSTEM OPERATING CONDITIONS

Proposal of the improvement of the energy efficiency of electrified transport should be
sufficiently motivated. Evaluation of theoretical algorithms viability for reduced energy
consumption can be challenging, when there is no Figure to compare it with. This is because
the value of how much energy can be saved or how the CO2 emissions can be reduced is
something that can be translated into possible monetary savings. Because of very high costs
of railway equipment and their lifespan expressed in decades, careful planning is
recommended.

5.1. Assumed bounds of transportation system

The analysis was carried out for a selected part of SKM Trdjmiasto urban railway network,
localized in northern Poland. This transport system fits the scope of this work well, being
an example of suburban railway, with all of its basic characteristics. With 32,7 milion
annual ridership [75], it is also one of the biggest people movers in Poland, so looking into
possible energy efficiency improvements is desirable.

5.1.1. Rolling stock

For the sake of the analysis, vehicles being currently in service of SKM Trojmiasto were
modelled. However, the scope of this work was limited only to include electric multiple
units equipped with induction motor drives, as they are capable of regenerative braking and
allow for wide motive force regulation. Moreover, because of the ongoing plans for
purchasing new vehicles for this service, it is expected that the older vehicles with
rheostatic DC motor drives will be gradually modernized or retired from service. Therefore,
excluding them from this analysis is justified. Similarly, multiple units equipped with
chopper DC drives were modernized and are currently equipped with induction drives.
Parameters of vehicles considered in analysis are shown in Tab. 5.

Tab. 5. Basic parameters of analyzed trains

B =66,195 N/m/s
C = 7,245 N/m/s*

B =96,379 N/m/s
C =8,516 N/m/s?

Vehicle EN5S7AKM [15] EN71SKM [15] 31WE [27]

Manufacturer Pafawag/Pesa+ Pafawag/Newag Newag/-

/modernization ZNTK MM

Assumed number | double single double

Axle layout 2°’2’+Bo’Bo’+2°2” | 2°2’+Bo’Bo’+Bo’Bo’ | Bo’2°2°2’Bo’
+2°2°

Nominal power | 1000 kW 2000 kW 2000 kW

(continuouns)

Acceleration 0,8 m/s’ 1,4 m/s? 1,1 m/s?

Mass (empty) 125 Mg 180 Mg 135 Mg

Mass (full load) 160 Mg 225 Mg 175 Mg

Res. coefficients | A =2560,790 N A=3512,127N A=2617378 N

B =95,321 N/m/s
C=17,516 N/m/s*

Passenger cap. 158/468 242/624 202/460
Aux. power 67,7kW (HVAC) | 89,6 kW (HVAC) 120 kW
26 kW (other) 26 kW (other) (incl. HVAC,
75 kW)
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Electric multiple units of classes EN57AKM and 31WE typically operate as trains
consisting of two coupled units; EN71 class operates as single unit, due to incompatibility
of control systems between vehicle classes. Despite very high nominal starting acceleration
values, in reality vehicles accelerate slower. Because during the acceleration and braking
phases the motive force is controlled manually, setting catalogue parameters for the
simulation would be incorrect. There is a need for analysis of measured velocity profiles.

The duty cycle of the HVAC systems is dependent on the temperature. Because the analysis
does not include air circulation within vehicles, the percentage of time with heating turned
on has been measured during the large number of train runs. Measurement results are shown
on Fig. 5.1.
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Fig. 5.1. Percentage of running time with heating turned on (HVAC duty cycle) vs. outside air
temperature — maximum and minimum value

During recorded runs, heating could be working for a longer or shorter time even when the
outside temperature was the same, therefore maximal and minimal percentages for each
temperature was noted. Consequently, duty cycle of simulated HVAC system is selected
randomly with measurements serving as limitations for selected value.

5.1.2. Considered route

Trains of the SKM Trojmiasto operate on multiple routes within Pomeranian Voivodeship.
The main and most popular service, however, is found within Tricity agglomeration, with
separate infrastructure between stations Gdansk Srodmiescie and Rumia (railway line no.
250). Railway line is built as double track and has length of 32 km, with 24 stations [157].
Electrification system is 3000 V DC, with dedicated traction substations located in Gdansk
Wrzeszcz, Sopot Wyscigi and Gdynia Redtowo.

This thesis focused on fragment of the railway line 250 between stations Gdansk
Srédmiescie and Gdynia Redtowo, totaling 18,5 km in length (Fig. 5.2). The motive is the
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possibility of analysis the suburban railway system independently from parallel intercity
line 202, industrial sidings and port connection, which have their power supply
interconnected beginning from Gdynia Redlowo substation (further northwest, there is
section cabin in Gdynia Grabdéwek that connects all the tracks, and traction substation in
Gdynia Cisowa powers intercity line, SKM line and industrial lines).
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Fig. 5.2. Map of the analyzed line fragment, with stations (blue) and traction substations (orange)
locations shown

Route profile does have multiple altitude changes, with maximum inclination of 10%o
(Fig. 5.3). Curvature and inclination differs slightly between the two tracks, having a few
curves with a radius below 400 m, mostly in proximity of stations (platforms are in most
cases located between the tracks). The profile was implemented using data from route plan,
where inclination, curve radiuses and length were stated directly. There is also a 250 m
long tunnel between Gdansk Srodmiescie and Gdansk Gtowny stations, however its large
cross—section and relatively low speed allows to neglect additional aerodynamic drag. The
whole route has speed limit of 70 km/h with few exceptions seen on track 501 (tight curves
near Sopot station platform, pedestrian crossing in Gdansk Zaspa, switches in tunnel
between Gdansk Srédmiescie and Gdansk Gtowny).
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Fig. 5.3. Inclination profile of analyzed route (absolute route distance in m)

Analyzed fragment consists of 3 power supply sections, powered by traction substations
localized in Gdansk Wrzeszcz, Sopot Wyscigi and Gdynia Redtowo (Fig. 5.4). The
substations are equipped with four PD16/3,3 12—pulse rectifier units each. The feeders were
laid using 630 mm? aluminum cables. First of the sections (between Gdansk Srodmiescie
and Gdansk Wrzeszcz) is powered only by one substation, with transverse connection at
the end, while remaining two are fed from two sides, without transverse connection.
Catenary is made from copper wire and consists of two contact lines, 100 mm? each,
catenary line, 95 mm? and additional “booster cable” with cross section of 120 mm?.
Booster cable is installed in order to reduce voltage drops in catenary and suspended on the
same pylons as the catenary. The tracks were built using welded S49 rails along the whole
analyzed route.

TS Wrzeszcz TS Sopot TS Redtowo
track 502 ” ” “
C95-2C + C120 C95-2C + C120 C95-2C +C120

I 11 |

track 501 il il 1]
549

- | | -

6,04 km 5,61 km 6,78 km

Fig. 5.4. Diagram of power supply for analyzed route

To ensure adequate passenger service, timetable was formulated with 7-8 minute tact
during peak hours, prolonged to 15 min off peak and 30 min early in the morning or at
night. According to timetable calculation rules [55], for every 100 km of route length, 5
minute time reserve must be added for local train. This results in travel times are specified
in Table 6.
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Tab. 6. Travel times between stations and their location along the route [157]

No. km Abbrev. | Station Direction Direction
Gdansk/ Gdynia/
Track 502 | Track 501
1 -1,01 | GDS Gdansk Srodmiescie - 2
2 0,00 GDG Gdansk Gtéwny 3 3
3 1,04 GDT Gdansk Stocznia 2 2
4 2,52 GDP Gdansk Politechnika 2 2
5 4,18 GDW Gdansk Wrzeszcz 3 3
6 5,39 GDZ Gdansk Zaspa 2 3
7 6,98 GDU Gdansk  Przymorze  — |2 2
Uniwersytet
8 8,08 GDO Gdansk Oliwa 3 2
9 9,27 GDA Gdansk Zabianka — AWFiS |2 3
10 10,41 | SPW Sopot Wyscigi 2 2
11 11,66 | SPT Sopot 3 4
12 13,56 | SPK Sopot Kamienny Potok 2 3
13 1590 | GAO Gdynia Ortowo 3 2
14 17,54 | GAR Gdynia Redlowo 2 -
Total time 31 min 33 min

Typical station dwelling time is between 20 and 40 seconds, with exception of Gdansk
Gltowny (2 min) and Sopot (1 min). There is also around 10 minutes of time at the Gdansk
Srédmiescie terminal, giving necessary time for changing direction. Because the dwelling
time can differ between runs, degree of variability was implemented: in simulation, dwell
time consists of constant base time, equal to 15 seconds and variable additional time, which
1s RNG based and can achieve values between 5 and 25 seconds. Seed for random number
generator is selected independently for every analyzed vehicle; therefore there are no
identical runs. For stations that require setting longer dwell time, it is done independently,
overriding randomization algorithm. First and last trains of the day begin and end their runs
on Gdansk Gtowny station, with first train arriving at Gdansk Srédmiescie is the fourth
service of the day bound for Gdansk. Terminal dwell time is set at about 10 minutes, coded
into travel time. This however is sometimes prolonged using permission function in order
to synchronize vehicles with required tact.

Passenger numbers are also variable, depending on time of the day and station. Basing on
published passenger flow statistics [92,124] and author’s own observations, two occupancy
charts were assumed — vehicle occupancy depending on station and depending on time of
the day (Fig. 5.5). Those values are multiplied, along with mass of the maximum allowed
vehicle load, resulting in additional weight of vehicle load (passengers). Author argues,
that it is more reliable approach than setting absolute passenger numbers, and 70 kg per
passenger because of risk of vehicles exceeding maximum allowed axle load with all places
(sitting and standing) occupied. This introduces variability of vehicle mass, which has an
impact on energy consumption (shown in chapter 6).
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Fig. 5.5. Occupancy rate O depending on time of the day

It is worth noting that the route between Gdansk and Gdynia is covered on average over
100 times in every direction every day, therefore even minor improvement of energy
efficiency for single run will add up to much greater total savings given service frequency.

Analysis has been carried out for single day of regular operation, from 2:00 at night, right
before first train to around 1:30, after the last train. There is about two hours break between
two night trains and beginning of the regular service, dedicated for safety and maintenance
inspection.

5.2. In—-depth analysis of velocity profiles

Velocity profiles set in simulation are based on large number of measurements, taken on
real trains running on analyzed route, during various hours and days of year, from 2017 up
until 2021. The recordings have been carried out by author using standard GNSS recorder.
Only recordings with 14 satellites or more were taken into account, because of resulting
position precision of 5 m or below. This, combined with observation of movement
dynamics and sound from traction drive, allowed to determine realistic velocity profiles.
On fragments where signal from the satellites was unreliable due to obstruction caused by
buildings covering the route, measurement was taken using accelerometer.

Recorded velocity data was filtered using Savitzky—Golay (SG) filter [87,155] with
variable window length, in order to obtain smooth waveforms suitable for further analysis.
For this task, Analyzer application was developed — its algorithm is explained in subsection
5.2.2. The application is suitable for calculating vehicle acceleration values from GNSS
data, comparing them against accelerometer data and manually collected run information.
Because of this, database comprising all the recorded runs along with their parameters is
synthesized, enabling not only single run analysis, but the statistical data as well. The
application calculates also cruising velocities and detects movement phases.
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5.2.1. Movement dynamics analysis

Acceleration values are important for setting the velocity profile, because in the real
vehicle, the motive force is controlled manually by the driver. Therefore, it is not
guaranteed that it will be always set at 100%, especially when there are multiple vehicle
types in use and timetable is typically computed for the slowest vehicles in operation [55].
To address this, author analyzed large set of train run records, computing starting
acceleration values (up to 40 km/h), as the parameter is specified in vehicle datasheets.
Runs with interrupted acceleration (because of maintenance, track change or pedestrian
crossing) were ignored. Obtained data, as a percentage of all recorded runs is presented on
Fig. 5.6 and 5.7:
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Fig. 5.6. Percentage of acceleration values — track 501 (direction Gdynia)
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Fig. 5.7. Percentage of acceleration values — track 502 (direction Gdansk)

It can be concluded, that in most runs trains accelerated with about 0,6 m/s?, constituting
for over 30% of recorded runs. Runs with slower acceleration amount to 25% combined,
while the most probable higher value of acceleration is about 0,7 m/s%. It is worth noting
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that maximum acceleration of modernized EN57AKM is only about 0,8 — 0,9 m/s?; higher
values of acceleration were only recorded onboard 31WE and especially EN71SKM.
Therefore, for the sake of the analysis, acceleration of all the vehicles was set at 0,6 m/s”
as a middle ground and most common acceleration value. Trains bound for Gdansk
accelerate slightly faster, probably because of larger part of the route being downbhill.

Similar analysis was carried out for braking (Fig. 5.8, 5.9). Because deceleration of vehicle
is also controlled manually, the value used in the analysis should not be based on maximum
nominal values, but on typical measured ones. This should be highlighted as the maximum
braking mass will guarantee much higher deceleration value than is ever achieved during
everyday service.
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Fig. 5.8. Percentage of deceleration values — track 501 (direction Gdynia)
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Fig. 5.9. Percentage of deceleration values — track 502 (direction Gdansk)

Analysis shows that braking is characterized by similar values of deceleration, mostly about
0,6 m/s?, and more often below 0,55 m/s? than acceleration. More dynamical deceleration
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is observed rarely, and this was also mostly onboard the EN71SKM vehicle. Trains running
towards Gdynia were more likely to decelerate more intensively as the route is going uphill.

It should be noted that drivers rarely engage brakes with fixed force value; more often the
braking force is applied fluently, with slight increases and decreases. As implementation of
such behavior would result in inconsistent braking distances, the Analyzer software was set
to compute average values of deceleration from movement phase change point down until
vehicle stop. Therefore, in simulation braking was assumed with constant deceleration of
0,6 m/s’.

5.2.2. Movement phases vs. distance

Knowledge about acceleration and braking is necessary for setting benchmark velocity
profile, however it is also important to look into movement that happens between. In case
of analyzed route, speed limit is consistent at 70 km/h, which does not mean that all vehicles
run at that exact speed with cruise control active. Because change of movement phase is
often described as distance—dependent [9,21,93,118,125,151], insight in relation between
the velocity and distance is preferable, as this will allow to find the movement phase change
locations. There is also a potential of finding multiple possible velocity profiles for each
station—to—station run, which is a basis for improvement of simulation accuracy, as the
model has the random—with—variable—probability velocity profile selection implemented.
Because vehicles are driven by human operators, variability of velocity profiles is expected.
However, dealing with large dataset directly, manually deciding which movement phase
occurs where is inefficient and prone to human errors. Because of this, the author proposed
alternative approach, using Analyzer software developed for this task.

In this case, the route was divided into equal blocks, 50 m in length. The length of the
blocks is adjustable, but selected value should be a middle ground between the accuracy
and readability of the results. For each block and each run, average values of acceleration
were computed and stored. Then, values of acceleration were compared to the threshold
values of movement phases, deciding where they belong to. Such solution allowed for
analysis of many velocity profiles at the same time, with probability of movement phase
occurrence at determined location included. Author would like to point out that such
approach is more reliable than analyzing few recorded velocity profiles directly, as it shows
how often possible profiles are realized. Improvement of the algorithm precision was
achieved, when the GNSS recording data is enhanced by information about traction drive
work (collected manually). Detailed algorithm of this Analyzer program is shown in Fig.
5.10.
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Fig. 5.10. Movement phase determination algorithm — Analyzer application

Such data is helpful in determining velocity profiles executed in normal transport system
operation. Proposed method is also advantageous over analyzing a few runs displayed as a
velocity waveforms because it is based on a large set of recorded runs. Therefore, general
information about velocity profiles and driving technique is obtained, and the data can be
compiled into reference velocity profiles with variable probability of executing any of those
in simulation. Author argues that such preparation of input parameters will increase quality
of the analysis, similarly to what was done in case of Pilsen trolleybuses [62].

For the first three stations of the route, author managed to record less runs than for the
remaining ten — because of the tunnel and multiple viaducts, precision of the GNSS recorder
was unsatisfactory, and accelerometer was of limited use because of the vehicle swaying
while travelling through the switches. Movement phases data for runs between Gdansk
Srédmiescie and Gdansk Gtowny are shown in Fig. 5.11 for track 501 and Fig. 5.12 for
track 502.

88


http://mostwiedzy.pl

A\ MOST

100%

90%

80%

70%

60%

50%

40%

30%

20%

10%

0%
i) O H 0 H 0 H 0 H L H 0 H 0 H 0 H 0 HOH 0
RO AR M P O S O P o i P A A I
x [m]
Acceleration m Cruising Coasting m Braking

Fig. 5.11. Movement phases — route Gdansk Srodmiescie — Gdansk Gtéwny, track 501 (direction
Gdynia)
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Fig. 5.12. Movement phases — route Gdansk Srodmiescie — Gdansk Gtoéwny, track 502 (direction
Gdansk)

It can be concluded that most of the distance is covered with constant velocity. Running
towards Gdynia, trains accelerate slightly when out of the tunnel, then coast up to the
platform. Further, the trains go between Gdansk Glowny and Gdansk Stocznia (Fig. 5.13,
Fig. 5.14).
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Fig. 5.13. Movement phases — route Gdansk Gtéwny — Gdansk Stocznia, track 501 (direction
Gdynia)
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Fig. 5.14. Movement phases — route Gdansk Glowny — Gdansk Stocznia, track 502 (direction
Gdansk)

Going towards Gdynia, trains go slower thru switches, then accelerate to constant velocity.
Towards Gdansk, route goes straight thru switches and track curvature has significantly
larger radius, so deceleration is not needed. The next part of the route is between Gdansk
Stocznia and Gdansk Politechnika (Fig. 5.15, Fig. 5.16).
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Fig. 5.17. Movement phases — route Gdansk Politechnika — Gdansk Wrzeszcz, track 501

(direction Gdynia)

100%

90%

00z —
05Ty =
ooty <

050¥
000¥
056€
006€
058¢
008¢
05L€
00LE
059¢
009¢
055¢€
00S€
0sbe
0ove
05€E
00€E
05¢g
00¢e
05TE
00T
050€
000€
056¢
006¢
058¢
008¢
054¢C
004L¢C
059¢
009¢
055¢
005¢

Coasting M Braking

B Cruising

Acceleration

ansk Wrzeszcz, track 502

Fig. 5.18. Movement phases — route Gdansk Politechnika — Gd

(direction Gdansk)

vehicles accelerate slowly, and run more often with constant velocity (up

to 80% of runs) than with coasting. In opposite direction situation is similar. Then, the route

goes towards Gdansk Zaspa (Fig. 5.19, Fig. 5.20).

Towards Gdynia,
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Fig. 5.19. Movement phases — route Gdansk Wrzeszcz — Gdansk Zaspa, track 501 (direction
Gdynia)
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Fig. 5.20. Movement phases — route Gdansk Wrzeszcz — Gdansk Zaspa, track 502 (direction
Gdansk)

Majority of the recorded runs were driven with constant velocity. There is route fragment
when all the trains were coasting, probably because of section insulator located there. Then,
route continues to Gdansk Przymorze (Fig. 5.21, Fig. 5.22).
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Fig. 5.22. Movement phases — route Gdansk Zaspa — Gdansk Przymorze

(direction Gdansk)

towards Gdynia is interrupted because of speed limit at northern end of the platform. The

Most vehicles consistently run with constant speed. The acceleration of trains going
next part ends at Gdansk Oliwa (Fig. 5.23, Fig. 5.24).
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Fig. 5.23. Movement phases — route Gdansk Przymorze—Uniwersytet — Gdansk Oliwa, track 501
(direction Gdynia)
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Fig. 5.24. Movement phases — route Gdansk Przymorze—Uniwersytet — Gdansk Oliwa, track 502
(direction Gdansk)

Between Gdansk Przymorze and Gdansk Oliwa most services cruise with constant speed.
Coasting was observed in about 20% of runs, despite the route being nearly straight. The
next fragment runs towards Gdansk Zabianka (Fig. 5.25, Fig. 5.26).
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Fig. 5.25. Movement phases — route Gdansk Oliwa — Gdansk Zabianka—AWFiS, track 501
(direction Gdynia)
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Fig. 5.26. Movement phases — route Gdansk Oliwa — Gdansk Zabianka—AWFiS, track 502
(direction Gdansk)

Similarly, only minority of the runs include coasting phase, with negligible amount of re—
acceleration in the middle when going towards Gdynia. The next station on the line is Sopot
Wyscigi (Fig. 5.27, Fig. 5.28).
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Fig. 5.27. Movement phases — route Gdansk Zabianka—AWFiS — Sopot Wyscigi, track 501
(direction Gdynia)

100%

90%

80%

70%

60%

50%

40%

30%

20%

10%

0%

] =] ] =] ] o ] =] ] =] ] = (= = o o o o =] =] =] =] =] =] (= =
] [Ty 8 wy =] T3] =] T3] ] (] =] [Ty =] u =] u o= [Ty =] [Ty =] Ty =] w =] (T3]
[xn] o =t [Ty [Ty (=] (V=] M~ =~ =] [=2] [=1] [=2] o o = =l ol ol o o = = [%a] [Ta]
[=2] [=3] [=2] [=2] [=3] [=2] [=3] [=2] [=2] [=2] [=2] [=2] [=2] [=3] =] o [==] [==] o [==] [==] o o o [==] [==]
— — — — — — — — — — — —

Acceleration ® Cruising Coasting m Braking x [m]

Fig. 5.28. Movement phases — route Gdansk Zabianka—AWFiS — Sopot Wyscigi, track 502
(direction Gdansk)

Significant part of the route is covered with constant velocity. There is visible part where
vehicles are coasting in both directions — there is section insulator located there. After that,
the route continues towards Sopot (Fig. 5.29, Fig. 5.30).
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Fig. 5.29. Movement phases — route Sopot Wyscigi — Sopot, track 501 (direction Gdynia)

100%

90%

80%

70%

60%

50%

40%

30%

20%

10%
0%

\0,0@\0@\ S ,\6!\, PO Q% @@ re QQQ «,'\5’@

Acceleration m Cruising Coasting mBraking

@,fa @,,;; @gp @@@@ A

“’»'\,'\,’\,\\»'\,

x[m]

Fig. 5.30. Movement phases — route Sopot Wyscigi — Sopot, track 502 (direction Gdansk)

This route fragment is relatively short and straightforward. In both directions, trains
accelerate, cruise and brake to stop. Coasting was observed rarely, despite short distance.

Then, route goes to Sopot Kamienny Potok (Fig. 5.31, Fig. 5.32).
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Fig. 5.32. Movement phases — route Sopot — Sopot Kamienny Potok

Gdynia, about 30% of the runs consisted of coasting and re—accelerations. In
opposite direction, constant speed was dominating and some trains accelerated slowly. Next

part ends at Gdynia Orlowo (Fig. 5.33

Towards

, Fig. 5.34).
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Fig. 5.33. Movement phases — Sopot Kamienny Potok — Gdynia Ortowo, track 501 (direction

Gdynia)
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Fig. 5.34. Movement phases — Sopot Kamienny Potok — Gdynia Ortowo, track 502 (direction
Gdansk)

Cruising is again prevalent phase. Towards Gdansk, acceleration is slightly slower and less
runs contained coasting phase. Also, re—acceleration after coasting was recorded. Analyzed
route ends at Gdynia Redlowo (Fig. 5.35, Fig. 5.36).
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Fig. 5.35. Movement phases — Gdynia Ortowo — Gdynia Redlowo, track 501 (direction Gdynia)
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Fig. 5.36. Movement phases — Gdynia Ortowo — Gdynia Redtowo, track 502 (direction Gdansk)

Again, significant majority of the recorded runs were driven with constant velocity. Despite
section insulator installed at this fragment, there were no significant changes to velocity
profiles that can be attributed to section change.

After analyzing velocity profiles, it can be concluded that vehicles equipped with induction
motors are mostly driven with constant velocity, probably using cruise control, as velocity
varies very slightly. Coasting phase can be observed when vehicle crosses section insulator,
which is consistent with driver’s reaction at trackside sign We9 and at certain route
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fragments. Beyond that, runs with coasting phase were observed along the whole route,
however they never constituted for more than 30% of recorded runs, often being at 20% or
below. It is also worth noting that runs that feature coasting were driven that way
consistently — therefore it is most likely that execution of velocity profile depends on the
driver’s habits, and any instructions were not in place at the time of recording. Braking to
the station is mostly done with varying deceleration, sometimes with coasting phase in
between. It is a result of manual control of the braking force and drivers using their personal
experience for choosing the location where brakes are activated. There are points of
uncertainty after acceleration and before braking because change of movement phase is a
transient process interpretation of which is not necessary — because in simulation it is a
result of controller regulation.

Both acceleration and braking require distance of 200 — 250 meters, despite recorded
acceleration values being higher. This can be attributed to fact that the values described in
5.2.1 and 5.2.2 are assumed up to 40 km/h — which is close to base velocity for the analyzed
vehicles. At higher speeds acceleration is considerably smaller; moreover, there is a
possibility that the drivers reduced motive force during acceleration towards the target
velocity. Similarly, deceleration was rarely linear during recorded runs, because the drivers
regulated braking effort continuously — such variations would be problematic to simulate
because of inconsistency of braking distance.

5.2.3. Cruising velocity

Significant number of the recorded runs were driven with constant velocity. However, not
all trains were cruising with the same speed, therefore there is a need for a look into velocity
values. The results were extracted from runs with more than four 50—m blocks covered with
constant speed and grouped independently for each direction (Fig. 5.37, Fig. 5.38). Runs
without cruising phase were skipped, as there is no constant velocity value to be obtained.
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Fig. 5.37. Percentage of cruising velocities — track 501 (direction Gdynia)
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Fig. 5.38. Percentage of cruising velocities — track 502 (direction Gdansk)

It can be concluded that in the most of the constant velocity runs trains had their speed set
between 60 and 65 km/h, and speed limit of 70 km/h was achieved with significantly lower
frequency. Runs with lower cruising speeds were rare, probably due to traffic situation
and/or maintenance works. There was only one run with cruising velocity slightly
exceeding 70 km/h, however this might also be a result of limited accuracy of GNSS
recorder or satellite signal obstruction. It was also observed that vehicles were running
slower thru the tunnel between Gdansk Gtowny and Gdansk Srédmiescie (about 50 — 55
km/h). Runs under specific local speed limits were not considered in this comparison (e.g.
pedestrian crossing at Gdansk Zaspa station).

5.3. Reference velocity profiles

On the basis of the recorded runs analysis, reference runs for the simulation can be
synthesized. Because trains run on dedicated track, traffic situation for regular operating
conditions can be simplified into executable velocity profiles. In situations where analysis
shown multiple possibilities, there are multiple reference velocity profiles, selected in
relation to probability of their execution. The velocity profiles are a combination of target
velocity and forced coasting. By default, vehicle try to accelerate towards the set speed and
execute cruising phase. If value of “coasting” is set to true, the motive force upper limit is
set at zero. In this case, “coasting” is a function of distance, specified in lookup table.
Multiple velocity profiles are achieved by switching between the tables, depending on
probability values.

Because the vast majority of recorded runs were executed with constant velocity, reference
velocity profiles are also taking this into account. Therefore, typical run consists of
acceleration with 0,6 m/s?, cruising with 65 km/h and braking to stop with 0,6 m/s* (Fig.
5.39). Please note the arrow indicating direction of the run (in figure description).
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Fig. 5.39. Example of cruising—based velocity profile (Sopot Kamienny Potok — Gdynia Ortowo,
track 501, direction —Gdynia)

There are also route fragments where vehicles run consistently with constant speed only
thru part of the distance, either due to local speed limit or infrastructure characteristics
(multiple switches). Such situation has been observed in tunnel between Gdansk
Srédmiescie and Gdansk Glowny (both directions, Fig. 5.40, Fig. 5.41), between Gdansk
Gtowny and Gdansk Stocznia (only track 501 bound for Gdynia, Fig. 5.42) and between
Gdansk Zaspa and Gdansk Przymorze — Uniwersytet (only track 501 bound for Gdynia,
Fig. 5.43). Other irregular velocity profiles were observed at the locations of section
insulators. Trains were mostly coasting thru such route fragments (Fig. 5.44), however this
was more visible with coincidence with acceleration phase, which is interrupted
consistently (Fig. 5.45, Fig. 5.46). In other situations trains just cruised thru the insulator,
and no visible velocity changes were observed.
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Fig. 5.40. Example of irregular velocity profile — re—acceleration and coasting (Gdansk
Srédmiescie — Gdansk Gtowny, track 501, direction —Gdynia)
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Fig. 5.41. Example of irregular velocity profile — lowered constant velocity (Gdansk Srédmiescie
— Gdansk Gtowny, track 502, direction Gdansk<«—)
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Fig. 5.42. Example of irregular velocity profile — slower run thru switches (Gdansk Gtéwny —
Gdansk Stocznia, track 501, direction —Gdynia)
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Fig. 5.43. Example of irregular velocity profile — local limit on pedestrian crossing (Gdansk Zaspa
— Gdansk Przymorze, track 501, direction —Gdynia)
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Fig. 5.44. Example of irregular velocity profile — coasting thru section insulator (Gdansk
Zabianka — Sopot Wyscigi, track 501, direction —Gdynia)
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Fig. 5.45. Example of irregular velocity profile — coasting thru section insulator (Sopot Wyscigi —
Gdansk Zabianka, track 502, direction Gdansk<—)
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Fig. 5.46. Example of irregular velocity profile — coasting thru section insulator (Gdansk Zaspa —
Gdansk Wrzeszcz, track 502, direction Gdansk«—)
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Situations as shown above are assumed a part of the basic (most probable) velocity profiles
set — as mentioned before, despite majority of the route is covered with constant velocity,
there are parts where differences are occurring consistently. Author assumed that there are
at most two possible profiles per station—to—station run: the basic one (constant velocity)
and alternative one (coasting, with re—acceleration on longer route parts). Because of a
limited impact on energy efficiency of the whole network of low—probability profiles, the
threshold for implementing alternative profile was set at 20%. Consequently, some
fragments will have only one profile possible, while others could be realized using one of
the two. Probabilities of selection are determined based on the data computed by the
Analyzer application and are shown in 5.2.2. The probability values are not dependent on
time of the day, as there was no meaningful connection between velocity profile and time
found within the recorded data. Similarly, the velocity profiles are the same for all the
vehicles analyzed, despite differences in their parameters. This is done because in actual
system timetable is calculated for the slowest vehicle in service (which in this case would
be EN57AKM, with 0,8 m/s? acceleration), and the discrepancies between movement
dynamics for different vehicles in recorded runs were not consistently repeated.

For the alternative runs, coasting and possible re—acceleration points were also set
according to data presented in 5.2.2. Thanks to this, velocity profiles used in this analysis
are realistic and based directly on large set of measurements done in real system. Overview
of the assumed velocity profiles is shown in Tab. 7.

Tab. 7. Summary of velocity profiles with their probabilitites

Direction Gdansk/ | Direction Gdynia/
No. Run between stations Track 502 Track 501
Base Alt. Base Alt.
1 Gdansk Srodmiescie — Gdansk Gtowny* 100% - 100% -
2 Gdansk Gtowny — Gdansk Stocznia* 100% - 100% -
3 Gdansk Stocznia — Gdansk Politechnika* 100% - 80% 20%
4 Gdansk Politechnika — Gdansk Wrzeszcz 85% 25% 85% 25%
5 Gdansk Wrzeszcz - Gdansk Zaspa 70% 30% 80% 20%
6 Gdansk Zaspa — Gdansk Przymorze 80% 20% 100% -
7 Gdansk Przymorze— Gdansk Oliwa 80% 20% 100% -
8 Gdansk Oliwa - Gdanisk Zabianka — AWFiS 80% 20% 100% -
9 Gdansk Zabianka — AWFiS - Sopot Wyscigi 80% 20% 100% -
10 | Sopot Wyscigi — Sopot 100% - 100% -
11 | Sopot — Sopot Kamienny Potok 80% 20% 80% 20%
12| Sopot Kamienny Potok — Gdynia Ortowo 100% - 100% -
13 | Gdynia Ortowo — Gdynia Redtowo 100% - 100% -

*Smaller number of recorded runs
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6. ENERGY EFFICIENCY ANALYSIS - OPERATION IN THE CURRENT STATE

This chapter describes obtained results of conducted simulation of SKM Trdjmiasto route
fragment, as described in chapter 5. In order to carry out comprehensive computation,
developed model (as described in detail in chapter 3) was connected to depict analyzed
transport system, and input parameters (as shown in chapter 5) were implemented.
Timestep of this simulation was set at 1 s, which is adequate for such analysis
[40,62,143,145]. The simulation includes the whole day (24 hours, from 2:00 till 2:00) of
operation, including the odd night trains which run without the tact. Computed parameters
include not only vehicle velocities, currents and pantograph voltages, but also drivetrain
efficiency, passenger weight and drivetrain losses power. Similarly, parameters of power
supply systems were also calculated — including substation voltages and currents and losses
in catenary and feeder cables. For the whole system, energy consumption and energy
regeneration efficiency was revealed.

As the analysis takes into account only fragment of the whole system, author suggests that
simulating each vehicle that would cover the route in reality is not necessary — because it
is possible to depict realistic schedule using lower number of vehicle models. Vehicles are
“turning around” at Gdynia Redtowo, which is the last station on analyzed fragment; in real
system trains continue towards Gdynia Glowna and Wejherowo. This allows for
considerable reduction of required computing resources, which results in shorter
computation times — because the model of the vehicle is the most elaborate and thus,
demanding part of the whole program. Synchronization necessary for tact retainment is
done using permission function, specified beforehand. It is worth noting that the number of
vehicles was selected to allow for schedule execution regardless from any prolonged runs.
Possible stacking longer dwell times with slower velocity profiles will not impact the end
result.

Timetable was assumed similar to real timetable from early 2021, as there were relatively
little disturbances in schedule caused by maintenance works at the time. The implemented
timetable is not identical in departure and arrival times, however it retains the tact and
number of runs in each direction. As the station dwell time and, to an extent the velocity
profiles are randomized, there are differences between the runs, as there would be in real
transport system (this is an intentional feature).

The schedule depicts regular workday operation of the transport system (Fig. 6.1). It is
worth noting that the network begins and ends its daily operation at Gdansk Glowny
(former terminal), not Gdansk Srodmiescie.
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6.1. Energy efficiency — vehicles

Vehicles are the main energy consumers in transport system — therefore, they should be the
focus point of the analysis. Because the velocity profiles for the vehicles are selected with
a degree of randomness, every run might be different, including variable station dwelling
time and vehicle mass. The latter also impacts resulting velocity profiles directly, as the
same motive force will take longer to accelerate heavier vehicle. Moreover, higher mass
translates into higher movement resistance, which requires more energy for running with
constant velocity and results in higher deceleration during coasting. The chart of relation
between load mass and energy consumption allows for observation of a trendline, as shown
on Fig. 6.2 for selected computed runs of EN57AKM train.
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Fig. 6.2. Relation between average passenger mass and energy consumed during single run
between Gdynia Orlowo and Gdansk Srodmiescie (track 502)

Energy regeneration is also not constant, being impacted by number of vehicles on route,
correlation between movement phases of the vehicles and possibly, substation idle voltage.
Because station dwelling time 1s randomized, the vehicles will not move in perfectly timed
intervals, so recuperation will vary throughout the day. There are also slight differences in
run times between each train run which also impacts energy consumption. This is an
intentional feature, which allows for simulation of realistic conditions of network
operation. Consequently, author decided to show waveforms only for selected run for one
of the vehicles, while the general data from the simulation has been grouped into the charts
and tables, which can be found in Appendix 2. It is not justified to present all the runs as
there are over 100 services in each direction, and the simulation was executed multiple
times to obtain large set of data. It should be noted that when vehicle exits analyzed area
(between Gdynia Redlowo and Gdynia Ortowo station), the current value is zeroed, voltage
value set at constant 3 kV (for solver stability) and all of the parameters connected with the
energy figure are not counted. The air temperature was set to 7°C, resulting in HVAC duty
cycle between 10 and 14%. Dry conditions were assumed (po = 0,3), and remained as such
throughout the whole analysis.
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The exemplary set of waveforms (Fig. 6.2, 6.3, 6.4, 6.5, 6.6, 6.7, 6.8, 6.9) shows run of the
EN57AKM vehicle towards Gdansk Srodmiescie, taking place between 12:46 and 13:15,
outside the peak hours. Continuous rated power of this train is 2 MW, as it consists of two

units coupled together. The run follows base, mostly constant velocity profile.
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Fig. 6.3. Simulated velocity profile - EN57AKM, track 502
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Fig. 6.4. Simulated pantograph voltage — EN57AKM, track 502
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Fig. 6.5. Simulated vehicle current — EN57AKM, track 502
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Fig. 6.6. Simulated energy balance — EN57AKM, track 502
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Fig. 6.7. Simulated traction drive efficiency — EN57AKM, track 502
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Fig. 6.8. Simulated traction drive losses power — EN57AKM, track 502
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Fig. 6.9. Simulated traction drive losses energy — EN57AKM, track 502
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Fig. 6.10. Simulated passenger mass — EN5S7AKM, track 502

During the run, vehicle consumed 310,7 kWh and regenerated 79,4 kWh of energy,
achieving 25,5% recuperation efficiency. This results in 13,2 kWh per km or 32,7 Wh per
seat—km. Voltage on the vehicle pantograph remained at high level, mostly between 3400
and 3600 V, peaking at 3700 V and being the lowest at just above 3200 V. The highest
voltage fluctuations were observed at the section powered only from one side, in proximity
of Gdansk Gtowny station. The losses in traction drive did not exceed 500 kW, being at
around 100 — 150 kW during the cruising phase. During the run, total of 90 kWh of energy
was dissipated in form of losses. Mass of the passengers decreased after passing Gdansk
Wrzeszcz, where typically many people leave the train for the shopping centers and
business district located nearby. The difference in mass between stops can be minuscule,
when similar amount of passengers boards and gets off a train (e.g. in Sopot).

Summary of energy consumption of ENS7AKM class vehicles is shown in Fig. 6.11. The
chart shows average, minimum and maximum value for each station—to—station route
fragment, for trains running towards Gdansk (track 502). Abbreviations used for stations
names can be found in chapter 5 (Tab. 6).
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Fig. 6.11. Energy consumed for each route fragment — EN57AKM, train bound for Gdansk
(track 502)

It is worth noting that for most of the fragments, average value is closer to maximum than
minimum. This is because the constant velocity based profiles have higher probability of
execution than coasting based ones. The largest amount of energy is required for the longest
parts of the route, and where the curvature and inclination is the highest.

Similar charts were compiled for regenerative braking, showing absolute energy
regenerated (Fig. 6.12). Such data is useful to provide insight, where on the route energy
recuperation is the highest.

Ereq [kWh] — average
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GAO-SPK  SPK-SPT  SPT-SPW SPW-GDA GDA-GDO GDO-GDU GDU-GDZ GDZ-GDW GDW-GDP GDP-GDT GDT-GDG GDG-GDS

Fig. 6.12. Energy regenerated for each route fragment — EN57AKM, train bound for Gdansk
(track 502)
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It can be concluded that despite the relatively long intervals between each service, energy
recuperation is quite high. This is because power supply sections are short and catenary
cross section is large. However, “regenerated energy” is not consumed by other vehicles in
its entirety — some of the energy is dissipated in the catenary in form of losses.

Losses in vehicle drivetrain were also considered, and can be presented in similar way (Fig.
6.13). It should be noted that drivetrain losses occur not only during acceleration and
cruising, but during regenerative braking as well — and in such case, their value is added to
total losses figure. Mechanical losses during coasting phase are not considered as they do
not impact consumed or recuperated energy.
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Fig. 6.13. Energy dissipated in vehicle drivetrain for each route fragment — EN57AKM, train
bound for Gdansk (track 502)

Route parts in which the difference between maximum and minimum losses is the highest
are those where coasting runs are observed. In such cases, drivetrain losses could be
reduced by more than 30% in relation to constant velocity runs. There are also differences
in route fragments where vehicles typically run with constant velocity — those can be
attributed to difference of required power caused by different mass of the passengers
onboard.

Another interesting parameter is the relative energy consumption, given in kWh/km. Such
data gives information on energy efficiency of the vehicle that can be compared against
other vehicles. It can also show impact of driving technique and route inclination and
curvature on energy consumption. Chart of relative energy usage for each route part is
shown in Fig. 6.14.
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Fig. 6.14. Energy consumption per kilometer for each route fragment — EN57AKM, train bound
for Gdansk (track 502)

Average energy consumption falls between 10 and 16 kWh/km, which is a value expected
for suburban electric train. It is worth noting that for longer fragments relative energy
consumption can be lower than for shorter ones, as the energy—intensive acceleration phase
constitutes for lower percentage of the run time and distance. Differences between minimal
and maximal values are also emphasized, as those are influenced by the regenerative
braking. Because the regenerative braking is influenced mostly by traffic situation
(overlapping of movement phases), and energy regenerated is similar for each route part,
the highest differences between minimum and maximum energy used is found in shortest
fragments, notably between Gdansk Stocznia and Gdansk Gtowny stations.

The waveforms and charts shown earlier constitute only for one vehicle class moving in
single direction. In order to show complete analysis data for the vehicles, author compiled
the results for all the vehicles in form of a table (Tab. §). Remaining waveforms and charts
showing different vehicles, velocity profiles and direction of the run are included in
Appendix 2. Presented equivalent emissions of CO2 were calculated using European
Environment Agency (EEA) data for Polish energy mix [45].
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Table 8. Comparison of energy efficiency of the vehicles

Vehicle Track 502 (direction Gdansk) Track 501 (direction Gdynia)
Min. | Avg. | Max. Min. | Avg. | Max.

EN57TAKM
Balance 208,5 2252 242.0 2089 229.0 244.8
[kWh]
Drivetrain 78,7 81,7 84,8 76,2 83,3 86,5
losses [kWh]
Losses/total 21,0 21,4 21,9 21,0 21,4 21,8
energy [%]
Regeneration | 22,8 25,8 27,2 23,0 25,8 27,8
[%]
Relative 12,6 13,3 14,3 12,4 13,6 14,5
consumption
[kWh/km]
Emissions 8812 9290 9983 8618 9448 10099
[g CO2/km]
EN71SKM
Balance 201,1 206,3 211,4 203,4 210,1 216,0
[kWh]
Drivetrain 61,3 63,7 65,9 63,5 65,5 66,9
losses [kWh]
Losses/total 17,4 17,8 19,0 17,5 17,9 18,4
energy [%]
Regeneration | 24,3 26,9 28,1 26,0 27,2 279
[“o]
Relative 11,9 12,2 12,5 12,0 12,4 12,8
consumption
[kWh/km]
Emissions 8297 8511 8722 8391 8668 8912
[g CO2/km]
31WE
Balance 2134 239,4 258,4 221,2 241,0 251,0
[kWh]
Drivetrain 82,6 89,9 94,6 89,2 92,7 95,3
losses [kWh]
Losses/total 20,7 21,1 21,5 21,0 21,2 21,7
energy [%]
Regeneration | 25,5 28,1 31,7 27,5 29,0 30,9
[“o]
Relative 12,6 14,2 15,1 13,1 14,2 14,8
consumption
[kWh/km]
Emissions 8805 9880 10516 9127 9925 10352
[g CO2/km]

It should be noted that despite the lowest energy consumption, EN71SKM class vehicle is
used for significantly less services and has the smallest passenger capacity of the considered
multiple units. Therefore, comparison of relative energy consumption is desirable, showing
results per passenger—kilometer. Because the model operates using only load mass of the
vehicle, passenger numbers were approximated by division of the load mass by average
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passenger mass of 70 kg, as given by standard UIC 566 [148]. Complete comparison is
presented in Fig. 6.15.
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Fig. 6.15. Relative average energy use by analyzed vehicles — both directions

The figure shows that the most efficient is the new 31WE class train — despite the highest
power, the vehicle has the highest passenger capacity and the lowest movement resistance.
Modernized vehicles of EN57AKM and EN71SKM class are less efficient, and the
difference can be as high as 40%. It should be pointed out that shown figure uses daily
average numbers, including trains running outside peak hours with very little occupancy
rate. During peak hours the values can decrease up to 45%, showing maximum potential
for energy efficient passenger transportation. Trains running towards Gdynia (track 501)
require more energy per passenger—km, which is expected as the route goes uphill. The
difference is, however relatively small — because of night trains bound for Gdansk, which
have very small occupancy rate, thus enlarging the figure for trains going thru track 502.

Comparing the figures with the most popular mode of transport, automobile, shows the
advantage of the rail vehicles. Considering electric car, Peugeot e-208 with average car
occupancy for Europe of 1,45 person/vehicle [101] and energy consumption of 164 Wh/km
of the automobile [7], the relative energy consumption equals 113,1 Wh/pass—km. This is
almost double the figure for modernized railroad vehicles, and three times higher than the
new ones. For combustion engine powered car, the difference would be likely much higher.

6.2. Catenary

The catenary along the route is uniform, made with 4 wires: one catenary line, 95 mm?, two
contact lines, 100 mm? each and a booster cable, 120 mm? cross section. The tracks are
built using welded S49 steel rails, connected in parallel to reduce the voltage drops. Such
a large catenary cross—section, along with relatively short section length (effectively no
more than 6 km) results in relatively small voltage drops and reduces losses. It is also a
factor in regenerative braking efficiency improvement — as there are typically 3 to 4 trains
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moving in each direction, chance for one of the vehicles consuming regenerative braking
energy of other is increased.

The largest losses were observed in section between substation Gdansk Wrzeszcz and end
of the line beyond the Gdansk Srodmiescie station. The section is powered only from one
side, but the catenary installed over both tracks is connected at the end. It should be also
noted that within this section, terminal station is located — therefore, energy is being used
for heating of the vehicles waiting for their scheduled service. The section has also the most
stop—to—stop route parts, so acceleration and braking occurs there most often. For the
section, power and energy of the losses were calculated (Fig. 6.16, 6.17):

1400
Paiss [KW]
1200
1000
800

600

400

200

0

2 6 10 14 18 22 2

Fig. 6.16. Power of losses on section between Gdansk Srodmieécie and substation Gdansk
Wrzeszcz
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Fig. 6.17. Energy of losses on section between Gdansk Srédmie$cie and substation Gdansk
Wrzeszcz

The highest losses coincide with the afternoon peak hours, when multiple vehicles operate
with nearly full occupancy. The peak exceeding 1200 kW of power loss is a combination
of multiple vehicles accelerating and braking at the same time. There are also peaks of
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losses power outside the rush hours, as the regenerative braking energy is dissipated in the
catenary. Total losses within this section amount to about 750 kWh.

The second analyzed power supply section is located between substations Gdansk
Wrzeszez and Sopot, and fed from both sides. It is the shortest section on this route.
Waveforms of losses for power (Fig. 6.18) and energy (Fig. 6.19) are shown below.
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Fig. 6.18. Power of losses on section between substation Gdansk Wrzeszcz and substation Sopot
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Fig. 6.19. Energy of losses on section between substation Gdansk Wrzeszcz and substation Sopot

Losses within this section are substantially smaller than the first one. This is because of less
accelerating—braking cycles occurring within. There are also no vehicles dwelling for
prolonged time, as this section does not contain terminal station. Losses power peaks are
significantly smaller in value, and occur in similar moments in time. Dissipated energy is
also lower, nearing 60% of former section.

The third and last considered sections powers route from substation Sopot to substation
Gdynia Redtowo. This route fragment is the longest, and is also fed from both sides.
However, there is the lowest number of stops located within this section, so the acceleration
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and braking does not occur as often. Waveforms of dissipated power and energy are shown
in Fig. 6.20 and Fig. 6.21.
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Fig. 6.20. Power of losses on section between substation Sopot and substation Gdynia Redtowo
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Fig. 6.21. Energy of losses on section between substation Sopot and substation Gdynia Redlowo

The losses within this section are slightly higher than between Wrzeszcz and Sopot. This
is because this part of the route is longer and covered with higher average speed, so distance
between the vehicles is larger. This translates to higher losses as the current needs to flow
longer distance to and from vehicle. This also increases losses associated with regenerative
braking.

Total energy dissipated in catenary amounts to approximately 1,6 MWh (Fig. 6.22), which
is about 3% of energy balance of the vehicles, or 8% of total losses. While this is not the
largest part of energy consumption in the system, it still translates to about 1108 kg of CO2
in equivalent emissions, considering Polish energy mix. Difference between peak and
outside of peak hours is small — this is probably a result of long intervals between the
services.
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Fig. 6.22. Energy of catenary losses on the whole analyzed route

In order to obtain clearer view of catenary losses, 15 minute average power was computed
(Fig. 6.23). Losses outside the peak hours are only slightly smaller than during the morning
or evening rush. This is because on the two power supply sections between substations
Gdynia Redlowo and Gdansk Wrzeszcz, there is mostly one vehicle going thru each section
in one direction (because of tact being 7 minutes at maximum). Consequently, current from
regenerative braking must flow thru the whole section length substations to other sections.
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Fig. 6.23. 15 minute average power of catenary losses on the whole analyzed route

The section between TS Gdansk Wrzeszcz and Gdanisk Srédmiescie station has the highest
losses — because of the largest amount of vehicles, the most stops of all the sections and
powering only from one side.

6.3. Substations and feeders

There are three traction substations on the analyzed route, fitted with PD16 transformer—
rectifier units. While those are fitted with three—four units each, at least one of those is
decoupled from the substation output bars, acting as a reserve. For the sake of this analysis,
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author assumed two units online in substations Wrzeszcz and Sopot, and one in substation
Redtowo. For each substation values of output voltage, current and power were computed.
Losses occurring in feeder cables were also considered. Idle voltage value of 3600 V was
assumed for all three substations.

Substation Gdansk Wrzeszcz is connected to two power supply sections, with one being
fed from one side. Waveforms of voltage, current and power are shown on Fig. 6.24, 6.25
and 6.26.
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Fig. 6.24. Output voltage — substation Gdansk Wrzeszcz
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Fig. 6.25. Output current — substation Gdansk Wrzeszcz
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Fig. 6.26. Output power — substation Gdansk Wrzeszcz

Power spike at the beginning (around 2:30) is caused by night trains going towards Gdansk
in short interval. This causes voltage drop to below 3400 V; such voltage drops occur
regularly as the value lies within nominal parameters of substation. The lowest value of
output voltage is around 3300 V, and occurs only once during early afternoon peak hours.
Regenerative braking causes voltage to rise to about 3800 V, but only for a short periods
of time (seconds) as the rheostatic braking chopper is active at this voltage levels.
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The substation has four feeders connected. Because the cables have large cross section and
relatively short length, the losses are relatively small in comparison to other transport
system elements (Fig. 6.27, Fig. 6.28).
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Fig. 6.27. Feeder losses power — substation Gdansk Wrzeszcz
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Fig. 6.28. Feeder losses energy — substation Gdansk Wrzeszcz

Maximum value of losses in feeders slightly exceed 50 kW, and this also happens only for
a short periods of time — when multiple vehicles accelerate or brake at the same time. Total
dissipated energy is at 43 kWh, which is an order of magnitude less than losses computed
in catenary.

The next substation is located near Sopot Wyscigi station, south from the platform. It is
also connected to two power supply sections, both powered from two sides. The section
between Gdansk Wrzeszcz and Sopot Wyscigi is the shortest, has less stations within and
does not contain terminal. The section towards Gdynia Redtowo contains only four stops
located in the longest distances from each other on the analyzed route. Computed
waveforms of voltage, current and power are shown on Fig. 6.29, 6.30 and 6.31.
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Fig. 6.29. Output voltage — substation Sopot
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Fig. 6.30. Output current — substation Sopot
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Fig. 6.31. Output power — substation Sopot

Voltage fluctuates during the day within bounds similar to TS Wrzeszcz, but the peaks are
less notable, as the substation operates under more consistent load. The peak hours are less
visible, with maximum currents of about 2000 A. Output power is smaller, as the section
is shorter and there are typically less vehicles going thru at the same time.

Lower substation load is also reflected in feeder losses. There are also four feeder cables,
but the maximal power of dissipation is about 22 kW, less than half of TS Wrzeszcz
maximum feeders losses. The energy wasted amounts to about 30 kWh (Fig. 6.32, Fig.
6.33), which is close to energy consumption of the vehicle for single station to station run.
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Fig. 6.32. Feeder losses power — substation Sopot
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Fig. 6.33. Feeder losses energy — substation Sopot

The last analyzed substation is located in Gdynia Redlowo, between stations Gdynia
Ortowo and Gdynia Redtowo. The substation is connected to catenary installed on SKM
line, but further north power supply is interconnected with intercity line and port
connection. Therefore, in order to analyze suburban line separately, author assumed that
one transformer—rectifier unit is connected to analyzed route. The rest of the units inside
substation are powering the next section independently, thus are not under consideration.
As a result, this substation is powering only one power supply section — but the section
itself is fed by two substations — from TS Redtowo and TS Sopot.

Similarly to substations described earlier, output voltage, current and power were computed
(Fig. 6.34, 6.35, 6.36).
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Fig. 6.34. Output voltage — substation Gdynia Redtowo
1600
hs [A]
1200
200 ““ ‘ Lo Ul ,||L| |.||.i.III||II‘|||I|. | l
400 I i L hd | |J||
t[h]
o .
2 6 10 14 18 22 2
Fig. 6.35. Output current — substation Gdynia Redtowo
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Fig. 6.36. Output power — substation Gdynia Redtowo

Output voltage rises to about 3800 V during regenerative braking and falls to slightly below
3400 V under the highest load. The highest current does not exceed 1400 A — this is because
there are rarely more than one vehicle going in each direction at the same time. Despite the
section between Sopot Wyscigi and Gdynia Redtowo is the longest within the analyzed
route, there are relatively few stops and those are separated by the longest distances.
Because of this, the vehicles cover this part of the route quicker than the other two, which
also translates to lower power load (rarely above 2 MW, as the probability of multiple
vehicles accelerating at the same time is very low). Less frequent accelerations are a factor
too.

Feeder losses also reflect the fact of only one transformer—rectifier unit powering the route
(Fig. 6.37, 6.38), and the feeders are half in number.
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Fig. 6.37. Feeder losses power — substation Gdynia Redlowo
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Fig. 6.38. Feeder losses energy — substation Gdynia Redtowo

Maximum power of dissipation is about 10 kW, which is an expected value as there are
only two feeder pairs connected. In terms of energy, only 9 kWh were wasted — the least of
the analyzed substations. This is a result of lower substation load, which stems from
powering only one section that has the least stops and shortest travel time.

6.4. System total

Comprehensive analysis should focus not only on parts of the transport system, but on
cumulative results for the whole network as well. For comparable results, author compiled
cumulative energy consumption chart, showing total energy figures in relation to time of
the day (Fig. 6.39). Please note that “vehicles movement” include energy recuperation, so
it shows the total balance.
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Fig. 6.39. Cumulative energy consumed by the transportation system

The most energy in transportation system is used by the vehicles, for both movement and
losses. The losses are significant in value, amounting to almost 40% of vehicle energy
requirement — this is because energy is dissipated not only during the acceleration and
cruising phases, but also during the regenerative braking. Losses in catenary are about 3%
of total energy balance, because of short power supply sections and large cross—section.
Losses in feeder cables are significantly smaller, below 1% of total consumed energy —
because of very large cross—section and relatively short length of the cables. However,
neither catenary nor feeders should be neglected, as their parameters impact value of
vehicle pantograph voltage, which, in turn, directly influences energy recuperation and
possible movement dynamics. Moreover, the distribution of energy consumption depends
on infrastructure and rolling stock in use, so it can be different for different routes and
modes of transport.

Energy dissipation by the traction substations (power transformer, rectifier, LC filter etc.)
was not considered within the scope of this analysis. However, author tested early version
of the presented model using exemplary transportation network [61], with results showing
losses in substations on level similar to the catenary.

The vehicles’ energy consumption is a key factor in analysis of efficiency of transport
systems. However, it is directly influenced by the regenerative braking, which, in certain
conditions, may result in significant energy savings. In this case, short length of power
supply sections and large catenary cross section were the main causes of good recuperation
efficiency (Fig. 6.40). This is despite the relatively long time intervals between the services,
often leading to single vehicle movement thru section in each direction.
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Fig. 6.40. Energy balance of all the vehicles

Figure shows that without regenerative braking, the vehicles would consume total of over
72 MWh of energy during the day of operation. However, energy recuperation lowers this
to about 54 MWh, so 25,5% of the required energy is provided by vehicles themselves thru
regenerative braking. In numbers, this translates to about 18,3 MWh of energy saved, and
equivalent emissions reduction of 12,7 Mg of CO2. This proves the significance of energy
recuperation and main advantage of electric vehicles over diesel-powered ones.

However, energy recuperation is highly dependent on traffic organization — if there is no
intersection of acceleration and braking phase between the vehicles, the energy could not
be regenerated. In case of suburban transport systems this is mitigated to an extent by
regular tact, leading to vehicles accelerating and decelerating often. Because of connecting
the whole system together by substations and utilization catenary with large cross section,
improvement of energy regeneration is achievable.

Nonetheless, looking into possible variability of energy recuperation efficiency can be
interesting, especially when developed model allows for execution of multiple velocity
profiles, with varying probability. Therefore, author carried out the simulation multiple
times with the same input parameters, changing only the seed values for the random number
generators in vehicles to look into possible impact of changed dwelling time and velocity
profiles on energy recuperation. The seed values were also obtained using RNG. The result
of this analysis is shown in Fig. 6.41.
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Fig. 6.41. Percentage of runs (out of 30) with specified regeneration efficiency

Analysis shows that 25,5% of regeneration efficiency was the most probable outcome of
the simulation. Higher efficiency is less probable, and was caused by combination of less
consumption (more “alternative”, coasting—based runs) and slightly better synchronization
between acceleration and braking. Less efficient runs were more numerous, and contained
more constant—velocity movement. Overall, the differences between maximum and
minimum recuperation efficiency are small, mostly due to limited variability within the
system. However, it is still valuable to be able to see how the energy recuperation can
change during the normal operation.
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7. PROPOSED OPTIMIZATION METHOD

Optimization of velocity profile and timetable for electrified transport systems is growing
in importance as the energy prices increase. The subject matter is studied since 1960s, and
during those years multiple methods for energy consumption reduction were developed.
Currently there are algorithms that allow for simultaneous optimization of both velocity
profile and timetable, some of which are designed to work and adjust the parameters to
actual traffic situation.

However, those advanced methods rely on precise execution of computed velocity profile
and following the timetable rigorously. This implies reliance of the system on advanced
signaling systems which send information to the driver, or even fully autonomous
operation, which is understandable, as the most papers are written with autonomous subway
systems in mind. Transportation networks that were presented as examples with such
automated and optimized control within the literature review were:

= Valencia Metro, Spain [151],

= Naples Metro, Italy [21],

= Taipei Metro, Republic of China (Taiwan) [147],

= Beijing Metro, People’s Republic of China [159],

= Subway systems in United States (BART/San Francisco, MARTA/Atlanta, New

York, Washigton, Los Angeles) [140,146],

= S-Bahn Hamburg, Germany (only one line) [46].
In reality, suburban railway systems are rarely fitted with such equipment — therefore
control of train movement is generally done manually. Even systems using various forms
of optimization (like JR Central and JR East in Japan, or Munich S—Bahn in Germany) rely
on human operation, using cab signaling as an information for the driver. Moreover, it is
harder to control departures and arrivals precisely, as rolling stock used by urban rail
operators is often not designed for quick passenger exchange, especially when passengers
with limited mobility are considered [15,27,97] — in Poland, vehicles used in suburban
operation have only two pairs of doors per carriage, while in Japan, the usual number is
four.

Because of this, author proposed optimization method designed for simple implementation
that does not require expensive advanced signaling, while allowing for considerable energy
savings. It is worth noting that in recorded runs, consistent use of cruise control was
observed. Because of this, presumed potential for savings is high.

7.1. Methods of optimization in electrified transport systems

Significance of lowering the energy consumption in electrified transport systems motivated
the research into possible improvements in this matter. Because of this, multiple methods
of optimization were proposed, varying in complexity, requirements and objectives
[6,18,31,95,166]. Existing optimization methods can be classified in relation to their
realization method or objective (Fig. 7.1). Methods selected by the author for this work are
highlighted.
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Fig. 7.1. Classification of existing optimization methods used for electrified transport networks
[28,44,56,68,78,86,90,125,147,151,161]
Conducting optimization requires use of model that can be different depending on selected
algorithm. While some of the algorithms can be used for most of the models, it is advisable
to use those which are efficient in analyzed case, e.g. nonlinear programming algorithms
are considered slow for multicriterial optimization problems with multiple design variables
[28,100,161].

There are also multiple possible objectives of optimization — while this dissertation is
aiming for reduction in energy consumption, there are other criterions that can be taken into
account, depending on requirements of analyzed transport system. The most advanced are
multiobjective optimization methods, which attempt to optimize multiple variables
simultaneously. While their potential is the highest, their practical implementation usually
requires the highest investment in both infrastructure and rolling stock.

Within the methods meant for reduction of energy consumption, author was interested the
most in velocity profile optimization. There are many solutions to such problem, but
significant part of them require precise velocity control. Therefore, for suburban railway
application methods that optimize velocity profile by determining location of movement
phase change might be useful. Those algorithms choose between acceleration, cruising,
coasting and braking, as shown in Fig. 7.2 for the run between two stops. While velocity
profiles obtained this way are not necessarily resulting in the highest theoretically
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achievable savings, they are possible to deploy without large investment in equipment, as
they can be realized by the human driver.

v4

Viim

Xo X4 X, X3 Xg Xs S

Fig. 7.2. Principle of phase change point setting: xo — starting location, x; — cruising to coasting, x»
— coasting to acceleration, x3 — acceleration to coasting, x, — coasting to braking, x, — target station
location
It is necessary to consider the methods carefully, and select the best suited one for the
analyzed transport system. Because even the simplest optimization will result in energy
savings, using the most advanced methods might not be necessary as they will provide only
small further improvement. Moreover, high cost of required additional infrastructure (about
$260000 per track—km) might outweigh savings from reduced energy consumption [112].

7.2. Proposed optimization approach

Author decided to use the relatively simple algorithm, which is cheap and easy to
implement (trackside signs are sufficient). In comparison to precise trajectory computation,
it does not require cab signaling and modification of vehicle that allow for autonomous
operation — it can be realized fully by the human driver.

Therefore, optimization through setting cruising and coasting points, as well as their
number has been chosen. Starting point and target station location are loaded from external
file. Braking point is not calculated thru optimization algorithm — in order to reduce number
of design variables, vehicle is braking using deceleration curve with constant deceleration
value. Exemplary vehicle used for the optimization was the EN57AKM, as this is the least
powerful vehicle. Acceleration was executed with maximum available motive force, and
braking with constant deceleration of 0,9 m/s?. For the EN57AKM vehicle (with the lowest
nominal power), hourly power was assumed — it is justified to do so, as the vehicle does
not operate continuously, so overheating of the motors is not an issue.

Optimization was carried out using the developed Simulink vehicle model and
programming tools from Matlab Optimization Toolbox. For this task model of a single
vehicle, identical to vehicle models used in the main transport system model, was used. It
should be noted that the vehicle model used throughout this work was fully parametrized,
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similar to elements from block libraries. Such model will work correctly as long as
sufficient parameters are provided (Fig. 7.3).

Vehicle parameters (power, mass, max. motive force)
Schedule (timetable, passenger flow)

Route data (inclination, curvature, speed limit, station locations)
Control parameters (set velocity profile, permission function)

————— Vehicle data frame
Line voltage > o » Vehicle current
H ——  Absolute location
—— > Energy consumed

—— Energy regenerated
—— Drivetrain losses

Absolute time

\ 4

Vehicle model

Fig. 7.3. Simplified diagram of vehicle model block with its inputs and outputs (data possible to

access within not shown)

Assumed simplifications are as follows:

Input voltage was assumed constant. Such simplification is allowed, as the pantograph
voltage value does not impact energy consumption unless it is within the power limiter
bounds,

The regenerative braking controller was switched off — as the timetable adjusting is not
considered, the optimization should provide energy savings without being overly reliant
on regenerative braking,

There is no initial cruising point defined — because the model is designed so the cruising
phase is a default movement phase; vehicle will try to accelerate and retain the set
velocity,

Similarly, braking distance or location of braking point is not a subject of optimization,
as the model still uses the braking curve for stopping on stations.

Therefore, the algorithm was set to minimize consumed energy. Optimization calculations
were performed separately for each part of the route (station to station) in both directions.

In order to perform calculations, objective function was assumed as combination of energy,
computed through simulation of developed model and nonlinear cost function, which
ensured satisfaction of the timetable:

F = E(model(ver, Xeo,Xer)+C(2)) (7.1)

where: F'— objective function, £ — consumed energy, ver — set cruising velocity, Xco= {xcol,

Xco2, Xco3}, Xer = {Xerl, Xer2, Xer3} — localization of coasting/cruising points, C(¢) — cost
function, dependent on time.

The design variables are as follows:

= values of set cruising velocity: 50 km/h > ve; > 70 km/h;
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= values of coasting/cruising points location xco, Xcr: they should fit between 50 m and
1500 m from each other (there can be up to 3 cruising or coasting points defined,
depending on the distance between stations and route inclination/curvature).
The constraints are defined as follows:

=  Maximum allowed velocity, equal to speed limit of 70 km/h;
=  Maximum run time between stops, equal to time specified in timetable for each
route part (optimization cannot cause delays).
There is also cost function C(¢) implemented, with value being dependent on run time. Its
value equals zero, when vehicle is within bounds of the schedule, and begins rising steeply
after run time enters time reserve. This is done in order to prevent computing impractical
velocity profiles, which prolong travel time.

Optimized velocity profile does not influence the braking phase — it is still executed in
accordance with set braking curve. This way, train will reliably stop on station regardless
of computed velocity profile. Such assumption allows for decrease of number of design
variables, improving calculation performance.

In Matlab, the objective function is defined using script, which is linked to optimization
task thru custom requirement option (Fig. 7.4). It can be decided, if output function value
should be minimized, maximized or to certain value.

Custom Requirement

Create a custom requirement. The optimizer evaluates the specified function during
optimization passing a structure with fields containing the optimized design variable values
and logged simulation results.

Mame: | CustomPReq

w Specify Function
Type: Minimize the function cutput w
Function: | @myCustemRequirement 1

Error if constraint is viclated

w Select Signals and Systems to Bound (Optional)

Signal

Create a signal logging definition so that it can be used in requirements.

Fig. 7.4. Specification of custom requirement — Matlab Optimization Toolbox

The script-based objective function can be complex, being factually a sub—program within
the analysis. This also includes interaction with the model itself, as there is a possibility of
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binding signals from the model. Those signals can be then referenced in the objective
function, being minimized directly or acting as arguments of the function.

For this problem, author specified the objective function using signal outputs of energy
balance and run time. The value of run time was used as an argument for the cost function,
which was added to energy value. This way, the objective function value was minimized
using the vehicle model, not just system of algebraic equations. This results in consistency
between all the developed models.

The design variables are defined by their name and maximum and/or minimum values.
Naming of the variables need to be consistent throughout the whole simulation, including
the main Matlab Workspace and the model diagram. It should be noted that numerical input
of the design variables parameters is required, so relations between them must be specified
differently.

Consequently, author modified Control Function used by the model — measurement—based
selection of probable velocity profiles, specified in lookup tables as coasting points and
speed limits location was removed. Instead, function accepting the location of cruising and
coasting points as well as set velocity value was implemented. The function specifies
sequence of the points, converting them from relative values used by the optimizer to
absolute values, required by the model.

Optimization process is conducted by running the model multiple times, with design
variables changed every time, according to selected algorithm [89]. Sequential quadratic
programming (SQP) algorithm (implemented in Matlab Optimization Toolbox) proven to
be the most reliable for this task — it can efficiently optimize any non-linear problem,
regardless from degree of non—linearity. It can still provide meaningful results even if the
non—linearity is found within the constraints. However, large number of design variables
or constraints can slow down the computation. For this problem, SQP algorithm was a very
good match, allowing for better precision and quicker computation than iterative methods
[60,100].

7.3. Optimized velocity profiles

Including the above—mentioned constraints, series of simulations were performed for each
route part. For the short and relatively flat fragments of the route, the vehicle accelerated
to 60—65 km/h (depending on length and curvature), coasted and braked to station stop.
Interestingly, optimized velocity profiles for longer and steeper fragments still included
only one coasting and cruising point — kinetic energy amassed during the acceleration was
enough to allow the train to cover distance between stops without need for re—acceleration.

The optimal speed vs. distance profile is shown in Fig. 7.5. for track 502 (direction Gdansk)
and in Fig. 7.6 for track 501 (direction Gdynia). Please note the movement direction, as the
figures present velocity in relation to absolute route distance (consistent with infrastructure
data [157]).
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Fig. 7.5. Optimized velocity profile in relation to absolute location — track 502, direction Gdansk
(movement: right to left)
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Fig. 7.6. Optimized velocity profile in relation to absolute location — track 501, direction Gdynia
(movement: left to right)

The cruising, coasting and braking points location along with set velocity limits are the
same for all the rolling stock considered. Because of this, there is a possibility of easy
implementation of this method, using the trackside signs (Fig. 7.7).

DOOO®

Fig. 7.7. Proposed trackside signs for optimized velocity profile: a) phase change signs for
accelerating/cruising, coasting, and decelerating; b) additional signs to be placed with phase
change signs: for station and set velocity
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The phase change signs could be placed at computed location, being an information for the
driver about the velocity profile. Additional signs are intended to be installed along the
phase change signs to specify information about the velocity: sign “60” placed with sign
“accelerate/cruise” would mean that the set speed for cruising is 60 km/h, and should be
achieved with pre—calculated acceleration (in case of this system: 0,8 m/s?). Additional sign
“station” should be used with phase change sign “decelerate” informing the driver about
necessity of applying brakes to stop on station. Example of signs placement along with
their computed location is shown in Fig. 7.8 for route fragment between Gdansk Gtoéwny
and Gdansk Stocznia stations. Table with complete velocity profiles data for the whole
analyzed route can be found in Appendix 3.
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Fig. 7.8. Example of optimized velocity profile and its proposed realization

The optimized run covers the same distance in nearly the same time (28 min actual vs 29
min optimized), satisfying the timetable. There is a possibility of further improvement,
however it would require lowering the velocity on certain parts of the route. Consequently,
travel time would be prolonged by a few minutes, making the passenger service less
attractive. Some offset to this can be achieved by reducing station dwelling time, but this
would require making the passenger exchange more efficient. However, rolling stock in
service of SKM Trojmiasto have only two pairs of doors per carriage, so acceleration of
boarding process is very unlikely as it would require purchasing uniform fleet of radically
different vehicles.

7.4. Analysis of energy efficiency improvement

Proposed improvement of energy efficiency was implemented in transport system model
described in detail in earlier chapters. The optimized velocity profile data was implemented
in velocity profile generator for all the vehicles with 100% probability along the whole
route. It is worth noting that the optimized velocity profile is considered a set velocity.
Because there are differences between the vehicles (mass, power, motive force, movement
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resistance etc.), there are also slight differences between the set and actual velocity. There
can also be minuscule differences between peak hours and outside of peak, as the mass of
the vehicle varies. This is, however accounted for to an extent, as the optimization was
carried out considering the full load of the vehicle. The HVAC controls were modified, so
the heating system will try to overlap with the regenerative braking, improving regeneration
efficiency, similarly to what was proposed by Pascal et al. [ 106]. The schedule for the whole
system remained the same, similar to power supply system settings. Random parameters
were also consistent with un—optimized simulation results shown in chapter 6, as RNG
function used returns repeatable values for any given seed. Because of this, presented
results for unoptimized and optimized runs can be compared directly.

7.4.1. Optimization results — current power supply structure

In order to provide insight in vehicle operation, the selected waveforms were plotted. For
exemplary vehicle (EN57AKM), values of velocity (Fig. 7.9), line voltage (Fig. 7.10),
current (Fig. 7.11), energy balance (Fig. 7.12), traction drive efficiency (Fig. 7.13), traction
drive losses (Fig. 7.14) and vehicle mass in relation to time (Fig. 7.15) are presented.
Author selected the same exact service towards Gdansk Srodmieécie station as shown in
chapter 6 to ensure comparability of the presented results.
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Fig. 7.9. Optimized velocity profile — EN57AKM, track 502
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Fig. 7.10. Pantograph voltage, optimized velocity profile — EN57AKM, track 502
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Fig. 7.11. Pantograph current optimized velocity profile — EN57AKM, track 502
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Fig. 7.12. Energy balance, optimized velocity profile —- EN57AKM, track 502

100
n [%]

80 I NN ANt bt b |

60

40

20

0 t [h]

12:45 12:51 13:01 13:07 13:13 13:19

Fig. 7.13. Drive efficiency, optimized velocity profile — EN57AKM, track 502
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Fig. 7.14. Losses power, optimized velocity profile — EN57AKM, track 502
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Fig. 7.15. Energy dissipation, optimized velocity profile — EN57AKM, track 502
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The results indicate that vehicle consumed 249,6 kWh, which is an improvement of 24%
ation to constant velocity run. The regenerated energy equals to 51,0 kWh, resulting
,4% regenerative braking efficiency — less than the constant velocity run. This is
caused by less vehicles ready to consume the energy surplus at given moment and mostly,
lower kinetic energy at the beginning of the braking phase as the vehicles dissipated part

in rel
in 20

of thi

Fig. 7.16. Passenger mass, optimized velocity profile — EN57AKM, track 502

s energy for overcoming movement resistances during the coasting phase. However,
the relative energy consumption is at 11,3 kWh/km, almost 17% less than for the exemplary
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constant velocity run. Losses amounted to 66,8 kWh, which is 29% less than exemplary
run (presented in chapter 6). This results show the potential of the presented optimization
method.

Moreover, cruising over short distance proven less energy—intensive than coasting and re—
accelerating, especially on uphill parts. This also leads to reduction of substation load;
drivetrain and catenary losses are reduced too. It is also worth noting that parts of the route
which were longer and/or going uphill have higher target velocity set. This is a consequence
of two factors: necessity for amassing more kinetic energy by the vehicle for the coasting
phase and need for the run time to fit within the specified timetable bounds. Such
occurrence is, however taking place mainly for trains running on track 501, from Gdansk
towards Gdynia — where the route goes uphill for the longest part.

Exemplary waveforms of run in the opposite direction are attached in the Appendix 4.
Summary of the average vehicles operation parameters under optimized regime is shown
below, in Tab. 9.

Tab. 9. Summary of vehicle energy efficiency — before and after optimization

Vehicle Track 502 (direction Gdansk) Track 501 (direction Gdynia)
Optimized | Current | Diff. % | Optimized | Current | Diff. %

ENS7AKM
Balance o o
[kWh] 194,7 2252 -15% 2252 229,0 2%
Drivetrain o o
losses [kWh] 64,2 81,7 -27% 66,5 83,3 -25%
ﬁ;%enera“on 22,5 25,8 3% 18,9 25,8 1%

(V]
Relative
consumption | 11,6 13,3 -15% 13,3 13,6 2%
[kWh/km]
EN71SKM
Balance o o
[kWh] 162,8 206,3 -27% 174,5 210,1 -20%
Drivetrain o o
losses [KWh] 48,3 63,7 -32% 50,1 65,5 -31%
o certon 21,9 26,9 5% 20,0 27,2 7%

()
Relative
consumption | 9,9 12,2 -23% 10,6 12,4 -17%
[kWh/km]
31WE
Balance o o
[kWh] 208,7 239,4 -15% 2325 241,0 -4%
Drivetrain o o
losses [kWh] 64,5 89,9 -39% 66,8 92,7 -39%
?)fac’enera“"“ 21,3 28,1 6,8% 18,6 29,0 110,4%

0
Relative
consumption 11,92 14,2 -19% 13,28 14,2 7%
[kWh/km]
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Higher savings occur for trains going towards Gdansk, as the most of the route goes
downhill. Because of this, less energy is dissipated for overcoming the route gradient;
therefore, it is easier to coast over a longer distance. In opposite direction, savings still exist
— but are lower. Energy recuperation decreased, which is a consequence of higher
movement dynamics — acceleration and braking phases take less time, so there is lower
probability of phase overlapping between the vehicles. However, drivetrain losses
decreased significantly for all vehicles, improving the overall efficiency.

The highest differences are for the EN71SKM vehicle, mainly because it is the only EMU
operating as a single unit (4 carriages), while other trains consist of two coupled units
(EN57AKM - 6 carriages, 31WE — 8 carriages). Consequently, the vehicle has the lowest
mass and movement resistance, but also the smallest passenger capacity. Moreover, it is
used for the least number of runs, so “lucky overlapping” between acceleration and braking
with other vehicles will have bigger impact on the analysis outcome.

After optimization, voltage variations increased, especially within power supply section
between the TS Gdansk Wrzeszcz and end of the line in Gdafsk Srédmiescie, where
maximum value peaks at over 3900 V and minimum falls below 3000 V. This, in turn,
limits the recuperation efficiency as the regenerative braking energy is dissipated in braking
rheostat under such conditions — as visible at about 13:14 in the vehicle current waveform.
The fluctuations on output bars of the substation are also larger than for unoptimized
operation (Fig. 7.17). Complete results can be found in Appendix 5.
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Fig. 7.17. Output voltage — TS Gdansk Wrzeszcz

This is a direct result of acceleration and deceleration being more dynamic — there is higher
current flowing within shorter time. Consequently, energy recuperation is lower as voltage
over 3900 V prevents the regenerative braking entirely. Acceleration and braking phases
are also shorter in duration, making the overlapping less likely. Higher value of deceleration
also means higher involvement of friction brakes, which also reduces energy recuperation.

The losses within power supply system rose very slightly, as the currents are higher in value
and vehicles are less likely to consume energy surplus. The difference is however
insignificant, amounting to 14 kWh (1661 vs 1675 kWh losses). Interestingly, losses in
catenary after optimization decreased by 10 kWh (Fig. 7.18), but losses in feeders rose by
24 kWh or 29% (Fig. 7.19). Those figures can be considered acceptable, because
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optimization allowed for significant reduction of losses in the vehicles. Therefore, much
less energy is wasted overall.
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Fig. 7.18. Difference between catenary losses after optimization and losses before optimization —
15 min average power
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Fig. 7.19. Difference between catenary losses after optimization and losses before optimization —
energy

Despite overall reduction of catenary losses, average 15 minute losses power can still be
higher after optimization, with visible peaks during morning and afternoon rush hours. The
difference is 20 kW at its highest, which amount to 20% — and this is a result of reduced
regenerative braking efficiency, but also higher currents resulting from higher movement
dynamics of the vehicles.

Feeder losses are presented in Fig. 7.20 (15 minute average power) and 7.21 (total
dissipated energy).

145


http://mostwiedzy.pl

/\/\\ MOST WIEDZY Downloaded from mostwiedzy.pl

e

12

Puiss (kW] . -
W optimized ™ non-optimized
10
8
6
4
2 ”"“ ‘“ || B
OWw O nowowmo wowmoe wywowmwowowmowowmowmoLwmoLwOowmo
o MmMd oI Moado s oI N a0 M A0 N O F N o MmO
N AN M S LW ONNONOO O d A NMST TN ONNNOOOO dNMMO A
Lo I e I IR e B T e T R o S o B - B o B o B o IO o Y o N o I o R o B o

Fig. 7.20. Difference between feeder losses after optimization and losses before optimization — 15
min average power

120
E [kWh]
100

80

60

40 — unoptimized

— optimized

20

t[h]

0
£ 2:00 5:00 8:00 11:00 14:00 17:00 20:00 23:00 2:00

Fig. 7.21. Difference between total feeder losses after optimization and losses before optimization
— energy

Feeder losses increased in value — because of reduced local energy recuperation, the surplus
is more likely to be pushed thru the substations (and consequently, the feeders) to other
power supply sections. At the same time, current values are higher as the vehicles accelerate
and decelerate faster and thus, are more likely to require full power.

Total energy dissipated by the vehicles in form of losses were significantly decreased: from
22990 kWh down to 17912 kWh, or by 28% (Fig. 7.22). Savings of 5 MWh translate to
roughly 20 train runs or emissions reduction by 3500 kg of CO2 equivalent — and this is a
daily figure. For the whole year (counting only workdays, 251 days in total) energy
dissipated by the vehicles in form of losses would be lowered by 1,25 GWh, improving
system efficiency.
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Fig. 7.22. Difference between total drivetrain losses after optimization and losses before
optimization (sum for all vehicles)

The losses are reduced along the whole day, as no energy is dissipated by the drivetrain
when the vehicle is coasting (power necessary for control, cooling etc. of the inverter is
considered as an auxiliary device, and its energy use is not included in losses).

For the whole system, energy consumption was lowered by 8%, from 56,4 MWh to 52,2
MWh. This translates to 4,2 MWh of energy saved daily, and equivalent CO2 emissions
lowered by 2,9 Mg. In scale of one year, the savings will equal to about 1,1 GWh, and
emissions by over 3000 Mg. The advantages of using optimized velocity profile are
significant, even if the method used is quite simple. Further improvement would require
synchronized timetable or implementation of energy storage.

7.4.2. Energy storage implementation

Energy storages used for improvement of energy recovery are growing in popularity — they
are successfully used by trolleybus, tram and subway operators. Therefore, author
conducted simplified analysis of impact that possible energy storage would have on energy
efficiency of the whole system.

There are multiple approaches to energy storage implementation — they can be installed
inside the vehicle, inside the traction substation and in some location between the
substations, coupled to catenary directly. Appropriate storage can improve energy
recuperation and reduce voltage fluctuations. There is also a possibility of coupling the
storage to the smart grid system, when energy can be exchanged with renewable sources or
electric vehicles chargers [37].

In this analysis, the highest volatility of voltage was detected in the power supply section
between TS Gdafsk Wrzeszcz and end of the line (Gdansk Srodmieicie station).
Regenerative braking efficiency was also reduced there. Because of this, author decided to
locate the storage inside the TS Gdansk Wrzeszcz — not only will it help to reduce voltage
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fluctuations within mentioned section, but will also absorb braking currents from section
between TS Gdansk Wrzeszcz and TS Sopot.

The storage itself is modelled in simplified version, as this is not the focus point of the
analysis. It is represented by controller, implemented as custom function and integrator
calculating energy stored inside. The controller feeds power to the integrator, and its value
is dependent on charge/discharge current and substation output voltage. The thresholds for
activation of the storage can be customized, however they should be set in such a way that
will prevent the storage from charging with energy coming from the transformer—rectifier
unit (Fig. 7.23).

irs A
discharge :
T oo oo
N S —— A— S——
charge
>
Ug Ue u

Fig. 7.23. Principle of energy storage control — in relation to substation current and voltage

The discharge happens, when output voltage decreases and substation load current
increases — this way, the storage stabilizes output voltage providing additional energy.
Moreover, the controller function prevents the storage from charging when the state of
charge (SoC) is at 100% and from discharging when it is at 50% or lower. The discharge
current is controlled so it will not be higher than the maximum specified value.

Additionally, there is set of basic parameters defined — including maximum discharge
current, storage capacity and maximum depth of discharge. The type of the device is not
specified — there are just required parameters. Summary of the assumed parameters is
shown in Tab. 10.

Tab. 10. Energy Storage Parameters

Parameter Unit Value

Capacity kWh 50

Max. depth of discharge (DoD) % 30

Max. discharge current A 2000

Max. charging current A 1000

Charge thresholds iom,uc A/V 10/3600

Discharge thresholds iox,uq AV 1000/3550
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Storage with presented parameters was coupled into the substation model, being between
the voltage output of the transformer—rectifier units and the feeders connection. Initial
charge for the analysis was assumed at 40% SoC. Notable are high values of required
charging and discharging current, so such storage could be realized only as supercapacitor—
based or hybrid (supercapacitor coupled with electrochemical battery).

The simulation was conducted using the same setup parameters (timetable, velocity
profiles, HVAC duty cycle etc.) from optimized system operation. Waveforms of SoC and
stored energy were obtained (Fig. 7.24, Fig. 7.25).
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Fig. 7.24. State of charge (SoC) — energy storage
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Fig. 7.25. Stored energy

It is worth noting that the full capacity of the storage is rarely used — in most cases SoC
oscillates between 50 and 75%. Only during the night train runs it is charged up to 100%,
as there are less vehicles able to consume the energy surplus. Therefore, there is a room for
optimization of storage parameters, including capacity — because of high cost of such
device.
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Implementation of storage decreased voltage volatility significantly — now vehicles are able
to regenerate energy, charging the storage. It is visible on the Fig. 7.26 and 7.27, showing
waveforms of current and voltage for the same vehicle, timeframe and input parameters
that was presented earlier. Flattened voltage peaks mean that vehicle is able to recuperate
energy, as for the most part the waveform falls below the rheostatic braking engage
threshold of 3700 V.
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Fig. 7.26. Pantograph voltage, EN57AKM — storage online
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Fig. 7.27. Vehicle current — EN57AKM, storage online

It can be observed that installation of the storage allowed vehicle on approach to Gdansk
Gléwny — Gdansk Srodmiescie stations to regenerate energy. This time voltage was below
3700 V during braking, and did not exceed that value.

Improvement of regenerative braking efficiency is noticeable despite the storage being
installed only in one substation. Without the storage, recuperation efficiency was at 18,1%,
and at 19,5% with the storage. While the difference is not very large, it still can add up thru
the year — and considering dynamics of energy prices, it may allow for not only energetic,
but also monetary gains.

Total system energy consumption fell to 50,8 MWh, by 3% in relation to optimized run
without storage and by 11% in relation to unoptimized run. The storage can, therefore, save
at least 1,4 MWh daily, reducing emissions by 970 kg of CO2. There is also room for
further improvements, if the storage was coupled into smart grid system, which could
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consume surplus of energy at night (e.g. for EV charger) or provide additional energy for
accelerating vehicles during the day, thru wind or solar generator.

7.5. Optimization — conclusions

Within the scope of this dissertation, author proposed algorithm for optimization of energy
efficiency of the electric multiple units in service of suburban railway operator. The
analysis shows that with minimal investment, energy consumption can be reduced. Shown
method is easily implementable in real systems, as it requires only trackside signs to be
placed — which is possible to do within single technical break at night. Author also proposed
the signs appearance, which would distinguish them from other signals thus avoiding
confusion.

There was also stationary energy storage considered — simplified analysis shown potential
for further improvement of energy efficiency, as the storage reduced the consumption while
improving voltage stability. In future work, author is planning implementation of more
advanced storage models, for both vehicles and infrastructure.

Summary of obtained results are grouped in Tab. 11. It is worth noting that non—optimized
run consumed significantly more energy that was mostly dissipated in form of losses.
Because of this, better regeneration efficiency is not as helpful as it could seem.

Table 11. Summary of energy efficiency analysis

Run/Parameter Non—optimized Optimized Optimized with
storage
Energy consumed [MWh] 70,8 61,6 60,8
Energy regenerated [kWh] | 18054 11150 11856
Drivetrain losses [kWh] 22990 17912 17910
Average recuperation | 25,5 18,1 19,5
efficiency [%]
Catenary losses [kWh] 1579 1569 1577
Feeder losses [kWh] 82 106 104
Total energy balance | 56,4 52,2 50,8
[MWh]
Difference Vs. non— | - -8% -11%
optimized run [%]
CO2 emissions [Mg] 39085 36175 35204
Energy saved (per year)* | - 1,05 GWh 1,41 GWh
[MWh]
Monetary  savings/year** | - 298296,00 (2019) 397728,00 (2019)
[PLN] 311850,00 (2021) 418770,00 (2021)
526050,00 (2022) 706410,00 (2022)
*only workdays, 251 days in total (weekends and holidays not included)
**based on electrical energy price for 2019, Bt21L tariff [22] and data for 2021/22 [88]
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Proposed method allows for reducing not only global energy efficiency, but losses as well.
The most energy is dissipated by the vehicle drivetrain — therefore, implementation of
velocity profile that can reduce such losses is advantageous. Energy savings translate into
significant reduction of CO2 emissions, as the most of the Polish power plants are coal—
fired. Rapidly rising costs of electrical energy show how much money can be saved, and
this number is significant, as the net profit of the SKM Trojmiasto is within 1 million PLN
range. Therefore, optimization of velocity profile is advisable.

Energy efficiency can be improved further by installing the energy storage. Despite the
improvement over optimized velocity profile without additional infrastructure is not very
large, it allows for enhancing power quality (reduction of voltage fluctuations) and can be
connected with smart grid system. It also consistently increases regenerative braking
efficiency (Fig. 7.28). However, price of such device might be a major drawback, especially
considering necessary capacity and charge/discharge currents required.
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Fig. 7.28. Comparison of energy recuperation efficiency — probability of achieving certain value
for optimized system without and with storage (data from 20 simulations for each option)

Author resigned from using precise optimization of velocity profile that would require
advanced signaling equipment or ATO. This is because analyzed route is not fitted with
any cab signaling system and there is no information if plans for installation of such
equipment exist. Similarly, optimizing the timetable would prolong the travel time
significantly requiring precise following of the timetable (time interval between the
vehicles is shortest at 7 minutes, optimized subway systems operate with 4—5 minute tact).

Another possibility is to regulate substation idle voltage using tap—switch, where lowering
the voltage value might increase energy recuperation, as the controller is voltage—
dependent. Author conducted such analysis for trolleybus system in Pilsen, concluding that
improvement is achievable in this way. Example of obtained results for the substation MRS,
as described in chapter 4, is shown in Fig. 7.29.
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Fig. 7.29. Regenerative braking efficiency (min. and max.) in relation to substation idle voltage
(Pilsen trolleybuses)

Lowering the voltage can increase regenerative braking efficiency, but only to a certain
degree — if there is no vehicle or storage receiving the energy, it cannot be recuperated.
Moreover, lower value of the substation voltage results in higher currents within the system,
and this leads to losses increase.

In this dissertation, author resigned from implementing such measure, as the voltage was
falling down to about 3200 V. Pushing down the value would result in voltage dips that
could result in engaging power limitation in vehicles and disrupt the velocity profiles.
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8. CONCLUSIONS AND FURTHER WORK

Increase in fuel and electrical energy prices and ecological consciousness motivates
research into improvement of energy efficiency in all branches of the economy. Because
the transportation consumes up to 30% of total energy produced, seeking savings there is
the natural outcome. This translates to not only electrification of means of transport (like
electric cars, bicycles or buses) but also to reduction of energy consumption in existing
systems. Moreover, within agglomerations with large number of inhabitants and high
population density, enlargement of existing electrified transport networks is a plausible
solution for a rising need for mobility. However, all of those investments require careful
planning, as the cost of both vehicles and infrastructure is high, and its reliable operation
thru decades is needed. Consequently, need for simulation software dedicated for analyzing
electrified transport systems arise — such software should provide precise data about
operation of the transport network, but also allow for testing multiple variants of
modernization.

As the importance of energy efficiency improvement in electrified transportation is widely
recognized, many programs dedicated to this task exist. However, there is still room for
further development, especially in the versatility matter. Large number of the existing
programs also realize rigid schedules and velocity profiles, so the possibility of statistical
analysis of the results is limited.

Seeing the room for possible improvements, author developed novel models that use
architecture inspired by industrial communication networks. Implementation of data bus
structure improves their scalability and versatility, as the subsystems are standardized,
“library—like” elements that require providing parameters to work. Consequently,
implementing larger network would require adding vehicles and supply sections, and
providing them with parameters.

This was achieved, because there is dynamic link between the vehicles and the power
supply, as the data circulates within the frames, addressed by unique identifiers. Complex
power supply structure, like branch lines and roundabouts can be therefore easily
implemented — linking vehicle to corresponding power supply section is done based on its
location. Structure of the equivalent electrical circuit does not change throughout the
simulation, and only values are loaded using the so called “Selectors” — there is no need for
CPU—intensive algorithm for connecting elements of equivalent circuit every timestep.
Everything necessary for conducting the analysis is included in the model, so it is only
single program to execute. As the model is Matlab/Simulink based, its compatibility is very
high, because every computer equipped with this environment can run the model,
regardless of operating system.

In order to present capabilities of the developed program, examples from two different
electrified transport systems were shown: trolleybus network from Pilsen, Czech Republic
and suburban railway system of SKM Trojmiasto. Both cases allowed to highlight
versatility of the proposed structure, as they included variable tact, multiple possible
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velocity profiles and complex power supply structure. Computation performance was also
proven to be very high — using PC computer (Intel Core 17@2.30 GHz), calculation of the
whole day of transport system operation took in both cases below 1 minute, or around 2000
timesteps per second. This performance can be improved further, thru better multitasking
optimization or GPU acceleration

The model was validated against recorded vehicle run at selected route fragment on
suburban railway system of SKM Trdjmiasto. Moreover, the power supply system model
was verified using large set of data recorded in trolleybus system, indicating relatively high
precision of the developed application, with error in energy balance below 5% and in
computed catenary voltage — below 2%. Such accuracy was achieved thru use of large set
of measurement data, enabling statistics—based parameter setting. This degree of
variability, which included velocity profiles, station dwell time and vehicle mass leads to
large set of results obtained, which allow to see a bigger picture than only single answer.
This opens a possibility for statistical analysis of the simulation results.

Then, in—depth analysis of the transport system of SKM Trojmiasto was carried out.
Velocity profiles were determined basing on large set of recorded data, and power supply
layout was assumed using published technical parameters of the infrastructure and tender
documentation. Series of simulations were carried out, uncovering energy consumption,
regeneration efficiency and energy usage of each vehicle. As the obtained results constitute
a large set of data, they can be used as plausible information about energy efficiency in
analyzed systems.

Consequently, obtained data was used as a basis for energy efficiency optimization. Author
proposed unique approach, which contrary to existing ones is simple, quick and cheap to
implement — as the trackside signs are sufficient. Then, simulation of the whole system
with optimized velocity profiles was executed, showing improvement of total energy
balance of around 8 %. Potential savings stemming from use of substation—mounted energy
storages were indicated, lowering energy consumption of analyzed railway system by 11%.

Author underlines the original achievements of this dissertation:

= Introduction of industrial data network structure into electrified transport system
model, which improves versatility and computation performance;
= Adaptive structure of the model: elements of the vehicle or power supply are easily

replaceable for different analyses; simulating every part independently is possible
also outside the main program;

= Simulation of interconnected systems: each vehicle can be of different type, follow
different route and schedule; power supply can have different parameters for each
section; Interconnected systems (e.g. tram and trolleybus) or smart grids can be
analyzed;

= Statistic—based determination of input parameters for the analysis;
= QOriginal algorithm for automatic analysis of large set of recorded vehicle run data,

that returns the summary of all velocity profiles;
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Implementation of original semi-randomized velocity profile selection, with

variable probabilities based on runs recorded in real system;
Unique control algorithm: vehicle movement is controlled by the set of logical

functions, with the Permission function being the highest in hierarchy;
Implementation of passenger flow data, which impacts mass of the vehicle, and

consequently, its movement dynamics and energy consumption;
Variability of station dwelling time: this includes not only prolonged stops at main

stations, but also random variability occurring in real systems;
Consideration of weather conditions: air temperature has an impact on heating and

air conditioning, and dry, wet or icy conditions have a consequences in wheel
adhesion. This can vary with time and/or distance;

Differentiation between route and power supply section: parameters of the route
(inclination, curvature) are independent from power supply — the vehicle can change
track during the run or travel outside the electrified route if equipped with energy
storage;

Scalability: it is possible to simulate a whole day of the network operation or focus
only on short timeframe, with reduced timestep — as the initial parameters are loaded

from external file.

Publications author was involved in during the PhD course include, but are not limited to:

Journal article in Energies (MDPI) [62],

Journal article in Vehicle System Dynamics (Taylor & Francis) [154],
Journal article submitted to Sensors (MDPI),

Journal article in Electrotechnical Review [64],

WoS-listed conference papers, IEEE [58,60] and CETRA [61].

Author was also involved in peer review process for MDPI journals, with two articles in
JCR-listed ones (Sustainability, Applied Sciences).

Author also took part (as contractor) in international research projects, including:

Development of an innovative method for determining the precise trajectory of a
railway vehicle. Program Operacyjny Inteligentny Rozwd¢) 2014-2020, The
National Centre for Research and Development. Projekt w ramach Wspodlnego
Przedsigwzigcia BRIK (POIR.04.01.01-00-0017/17),

EfficienCE — Energy Efficiency for Public Transport Infrastructure in Central
Europe. Interreg CENTRAL EUROPE Programme (CE1537),

POWER 3.5 Zintegrowany Program Rozwoju Politechniki Gdanskiej. European
Social Fund programme (POWR.03.05.00-00-Z044/17).

Author considers this work to be a basis for further development, as the developed model
had already seen its first application. Being used for determination of possibilities of energy
efficiency improvement in trolleybus system in Pilsen, the model proven to be powerful
tool for analysis of electrified transport systems. In future, there are plans for:

Implementation of energy storages and their control algorithms, including onboard
applications and vehicles moving thru partially electrified routes,
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= Improvement of losses and voltage drops calculation within rail tracks,
= Implementation of smart—grid interconnections,
=  Modeling of AC power supply systems,
* Broadening the weather part of the model, implementing influence of air
temperature and currents within on catenary resistance and losses,
* Implementation of reliability—focused features, including calculation of stray
currents and EMC compatibility.
The long—term goal is to combine all the developed models into single program with broad
functionality. Such software can be usable within the industry providing improvements
over existing commercial programs.
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Appendix 1 — Code and subsystems examples
la — Permission function setting

Bpermissiun table - wehicle #1, ENS7AKM (571)
#starting from Gdansk Srodmiescie

rjat = 2*36884+75%60;

zdl = randi[1 2@8&&],1,1);

rjay = [ @ 1188116861180 11061160110861166116866116a];

rjax = [@ %o
4¥36884+30%60-1 X0
A*36084+30% 60 ¥1
A¥3p084+30%6R4+75%60%5-1 X1
A*36084+30%6B4+75% 605 %o
A¥3608430% 6B+ 75%60%5+5%60-1 X0
A*36884+30%6B+75%60*5+5% 60 ¥l
A% 3p8B430% 6B+ 75*¥6R* 5+5F 64757 EB- 1 ¥l #1
A¥3E084+30% B4+ 75%608*5+5¥68+75% 50 *a
4*3608438%684+75% 605457 60B%2475%60-1 X0
A*3608430% B4+ 75¥68*54+5%60* 2475% 60 ¥1 #2
4* 360643607 647 S*ER* S5 6% 24+75%60R%2-1 #1
A* 36084 30% 604+ 75%60*5+5% 60 24 75% 6% 2 *e
4% 36064367 647 5*ER* SH5F60* 3+75%60%2-1 o
A* 36084 30% 6B+ 75%60* 5+5% 60 3+ 75%60* 2 ¥1 #3
A*¥3E08+30% 6B+ T75*¥6R*5+5*6B* 3+T75%RR*3-1 #1
A* 36084+ 30% 6B+ 75%60* 5+5% 60 3475 60* 3 ¥8 14.45
A*¥3E08+30% 6B+ T5*¥6R*5+5* 6B A+T5¥RR*3-1 %8
A¥3p084+30% 6B+ T75%60* 54560 A4+ TS¥ER* 3 ¥1 #4
A*¥3608+30% 6B+ 75%6B*5+5% 6B  4+T75%6R%4-1 ¥1
A¥ 36884 30% BB+ 75 ¥ 60* 55760 4475 60% 4 %8 15.85
A¥3E084+30% B4+ 75¥6B8*5+5¥ 60 4475 R*44+2%60-1 %o
A% 36884 30% 6B+ 75¥60* 545 BB 44 TS ¥ RR¥ 44 2% 60 ¥1 16.87

4* 36064 30F G4 TSFERF ST T TSFERF M 2F TS REY2-1 ]

4% 360643686047 5T AT 5+5T 60T A4+ 75T AT 442 68475 68% 2 *8

4* 36064 30F 4T SFERF ST T AL TS R4 2F TS ERT 24360 -1 M
4%3600430% 684+ 75F 60 SHSF AR TS RAT A 2¥ER4 TSR RA* 243% 60 ¥1 18,48
4% 36084307 684+7 5% 60* 54560 44+ T7 5% 6R* 44 2¥ 60475 68 2+ 3% 60+75%60-1 &1

4* 36064307 64T SFER* SH5F 6* 44+ TS5 ¥ ER* 44+ 2 6B TSF ER* 24+ 36847560 o
4*360E4+38% 6847 5% 60 5457 60% 5+7 5% 60 44+ 2 ¥ 6475 60* 243664 75%60-1 e
A*360E4+30% 684+ T75*6B*54+5F6R* 5+ T5* 60 44+ 2 ¥ 6B+ T5*6R* 24+ 3*¥ 604+ T5% 60 ¥1 26.80
4*360E4+30% 6847 5% 0% 545 60* S4+75 60 44+ 2% 604+ 75 60* 243% 684 75% 0% 4 -1 ¥1
A*360E4+30% 684+ 75% 0¥ 54+5F6B¥ 5475 ¥ 60 44+ 2 ¥ 6B+ 7S¥60* 24+3* 604+ T75%60% 4 *e
4*360E4+30% 6847 5% 0% 545 60* B+75 60 44+ 2% 604+ 75 60* 243% 684 75%60%4 -1 ke
A*360E4+30% 684+ T75% 0¥ 54+5F6B* B+T75¥ 60 44+ 2 ¥ 6B+ 7S¥60* 24+3* 604+ T75%60% 4 #1
4*36084+38% 647 5% 6B* 545 6T BT 5 BB A4+ 2¥ 6475 EA* 243% 684 75%E0%5-1 ¥1
A*360E+3B* 6B+ T5*B¥5+5F ¥ B+ T75* 60 44+ 2 ¥ 64+ 7S ¥ 60* 243684 75%60%5 e
4*360E4+38% 684+ 75% 0% 54+5F 6T BT 5F 60 A4+ 2 ¥ 6B+ T75FRA* 243%664+T75% 607 108 *e
]

#4 obieg, potem 45
#4 obieg +5min
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1b — HVAC duty cycle setting

EHVAC duty cycle setting

temp = 7; Htemperature (degree C)

TV =[-1@ -8 -6 -4 -2 8 2463 18 12 14 16 18]; ¥temperatures (arguments)
TU = [18@ 97 8@ 68 59 5@ 4@ 3@ 28 12 6 2 @ @ @]; duty cyecle (up)

TD = [8@ 75 6@ 45 35 25 16 18 5 @ @ @ 8 & 8]; Hduty cycle (down)

UB = interpl(TV,TU,temp)*1EE; ¥interpolate upper curve

LB = interpl(TV,TD,temp)*1eE; ¥interpolate lower curve

ADC = randi([LB UB],1,1)/1e@; ¥random HVAC duty cycle - within curves

1c — Reverser

[l function rewv = fen({cnt,do)
pom = modicnt,2); %2 possible directions
if do == treverser dependent on starting direction 'do!
if pom == 0 $and number of circulations
rev = 1;
else rev = -1;
end
else Count
. —»Inc U Cnt cnt
if pom == P ‘
revi—
rev = —-1; , ik do fcn
else rev = 1; Circ_counter
T initial_direction reverser
end
~end
By = us

1d — Supply section selection

4@

reset_trig

D
velocity (m/s)

[ > 1
> el
o g Section_Location
@ x 4 section_dist
x_absolute (m) 4 n fen
(3 ) i fen
direction ps_distance
section_selection
»{_2
Section_ID
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function sn = fcn(x,dir)

—“|%$power supply section selection

%$section 11: PT Wrzeszcz (one sided, closed)

$section 21/22: PT Wrzeszcz - PT Sopot (two sided, track 501 & 502)
$section 31/32: PT Scpot — PT Redlowo (two sided, track 501 & 502)
F%section 99%: out of bounds of analysis (ignored)

switch(dir)
case 1

if u<4744
sn = 11;

elseif x»>=4744 && x<10352
sn = 21;

elseif x>=10352 && x<17131
sn = 31;

else sn = 999;

end
case -1

if x<4744
sn = 11;

elseif x>=4744 s& x<10352
sn = 22;

elseif x>=10352 && x<17131
sn = 32;

else sn = 999;

end

otherwise sn = 999;

-end
5y = u;
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function [xo,kd] = fen(dir,sn)

—~|%power suppply section beginning relative distance

%0 for track 501 (positive velocity integration, distance increase)
$section length for track 502 (negative integration)

$section 11 converted into two sided - integration always positive
%k is correction of reverser for section distance integration

if dir ==
kd = 1;
if sn == 11
xo = ©l44;
else

xo = 0;

end

else

switch sn

case 11

xo = 0;

kd = -1;
case 22

xo = 5608;

kd = 1;
case 32

xo = 6779;

kd = 1;
otherwise xo = 0;

kd = 1;

end

—end
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le — mass and stop time variability

e

‘Statian_No.

diraction

ime_(nE5)

time_(ABS) a0d_siop_ime|—

‘Route_coumer

B
vlacity (mis)

ipaie_tiggar Siation_no

Initis|_station_no

[

only_integers armay_lock

H

‘Staten_iocation

Fandom,

Stop._tima_salection

velocity

base_stop_time

reverser

7l
Ll

P_Sopot 12
.
e Kamenny |53
GA_Orlowo .14
:
Station_No.
> 1
update_trigger
long_stop
- o =y =
Station_no.
F ¢
random_time
SP_Sopot1
»{_1
Station_No.

@ > :
add_stop_time

stop_time_var.

1D T(u)

passengers@station

time_(ABS) I

Vehicle_mass (kg)

1-D T(u)

passengers@time
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Appendix 2 — Simulation results for other vehicles

2a— EN57AKM, track 501 (direction Gdynia)
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EN57AKM — velocity waveform, track 501
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U V]
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EN57AKM — pantograph voltage waveform, track 501
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-600
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EN57AKM - vehicle current waveform, track 501
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EN57AKM - vehicle energy balance waveform, track 501
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EN57AKM — drivetrain efficiency waveform, track 501
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EN57AKM - drivetrain losses waveform, track 501
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EN57AKM — dissipated energy waveform, track 501
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ENS57AKM — passenger mass waveform, track 501
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EN57AKM - consumed energy for each route part, track 501
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Ereq [KWh] — average
— minimal

— maximal

GAO-SPK  SPK-SPT  SPT-SPW SPW-GDA GDA-GDO GDO-GDU GDU-GDZ GDZ-GDW GDW-GDP GDP-GDT GDT-GDG GDG-GDS
EN57AKM - regenerated energy for each route part, track 501
Eluss [kWh]
— average
— minimal
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GAO-SPK  SPK-SPT  SPT-SPW SPW-GDA GDA-GDO GDO-GDU GDU-GDZ GDZ-GDW GDW-GDP GDP-GDT GDT-GDG GDG-GDS

EN57AKM — dissipated energy for each route part, track 501
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EN57AKM — energy consumption per 1 km, track 501
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EN57AKM — consumed energy vs load mass, track 501
2b — EN71SKM, track 502 (direction Gdansk)
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EN71SKM - velocity waveform, track 502
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EN71SKM - pantograph voltage waveform, track 502
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EN71SKM - vehicle current waveform, track 502
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EN71SKM - vehicle energy balance waveform, track 502
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EN71SKM - dissipated energy waveform, track 502
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EN71SKM - passenger mass waveform, track 502
E, [kWh]
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EN71SKM — consumed energy for each route part, track 502

E..q [kWh] — average
—— minimal

— maximal

GAO-SPK  SPK-SPT  SPT-SPW SPW-GDA GDA-GDO GDO-GDU GDU-GDZ GDZ-GDW GDW-GDP GDP-GDT GDT-GDG GDG-GDS

EN71SKM - regenerated energy for each route part, track 502

178


http://mostwiedzy.pl

A

/\/\\ MOST WIEDZY Downloaded from mostwiedzy.pl

16

14

12

10

Eluss [kWh]
——average

—— minimal

— maximal

GAO-SPK  SPK-SPT  SPT-SPW SPW-GDA GDA-GDO GDO-GDU GDU-GDZ GDZ-GDW GDW-GDP GDP-GDT GDT-GDG GDG-GDS
EN71SKM - dissipated energy for each route part, track 502

E, [kwh/km] — average
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GAO-SPK  SPK-SPT  SPT-SPW SPW-GDA GDA-GDQ GDO-GDU GDU-GDZ GDZ-GDW GDW-GDP GDP-GDT GDT-GDG GDG-GDS

EN71SKM — energy consumption per 1 km, track 502
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EN71SKM - pantograph voltage waveform, track 501
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EN71SKM - vehicle current waveform, track 501
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EN71SKM - vehicle energy balance waveform, track 501
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EN71SKM - drivetrain efficiency waveform, track 501
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EN71SKM - passenger mass waveform, track 501
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EN71SKM — consumed energy for each route part, track 501
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GAO-SPK  SPK-SPT  SPT-SPW SPW-GDA GDA-GDO GDO-GDU GDU-GDZ GDZ-GDW GDW-GDP GDP-GDT GDT-GDG GDG-GDS

EN71SKM - regenerated energy for each route part, track 501
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EN71SKM - dissipated energy for each route part, track 501

E; [kWh/km] — average
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GAO-SPK  SPK-SPT  SPT-SPW SPW-GDA GDA-GDO GDO-GDU GDU-GDZ GDZ-GDW GDW-GDP GDP-GDT GDT-GDG GDG-GDS

EN71SKM - energy consumption per 1 km, track 501
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31WE — pantograph voltage waveform, track 502
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31WE — vehicle current waveform, track 502
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31WE — drivetrain efficiency waveform, track 502
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31WE - passenger mass waveform, track 502
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31WE — consumed energy for each route part, track 502
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31WE —regenerated energy for each route part, track 502

188


http://mostwiedzy.pl

A

/\/\\ MOST WIEDZY Downloaded from mostwiedzy.pl

12

10

20

18

16

14

12

10

Eyoes [kWh]
— average

— minimal

— maximal

GAO-SPK  SPK-SPT  SPT-SPW SPW-GDA GDA-GDO GDO-GDU GDU-GDZ GDZ-GDW GDW-GDP GDP-GDT GDT-GDG GDG-GDS
31WE — dissipated energy for each route part, track 502
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31WE — energy consumption per 1 km, track 502
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31WE — pantograph voltage waveform, track 501

190


http://mostwiedzy.pl

/\/\\ MOST WIEDZY Downloaded from mostwiedzy.pl

e

1500
1200
900
600
300

1A]

-300
-600
-900

t [h]

8:52 8:58 9:04 9:10 9:16 9:22
31WE — vehicle current waveform, track 501
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31WE — vehicle energy balance waveform, track 501
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31WE — drivetrain efficiency waveform, track 501
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31WE — drivetrain losses waveform, track 501

780
Eloss [kWh]
760
740
720
700

680
t[h]

660

8:52 8:58 9:04 9:10 9:16 9:22

31WE — dissipated energy waveform, track 501
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31WE - passenger mass waveform, track 501
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31WE — consumed energy for each route part, track 501
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31WE —regenerated energy for each route part, track 502
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31WE — dissipated energy for each route part, track 502
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31WE - energy consumption per 1 km, track 502
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31WE — consumed energy vs load mass, track 501
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Appendix 3 — Optimized velocity profiles data

Table. Data for implementing optimized velocity profiles

Track 501 Route distance [km] Track 502
(direction Gdynia) Station (direction Gdansk)
Action Set velocity Set velocity Action

Accelerate 55 -1,017 0 Stop
Gdansk Srodmiescie
-0,876 0 Brake
Cruise 55 -0,822
Coast -0,498
-0,186 Coast
Brake 0 -0,125
Accelerate 40 0,000 55 Accelerate
Gdansk Glowny
Cruise 40 0,083
0,154 0 Brake
Accelerate 65 0,400
Coast 0,610
0,759 Coast
Brake 0 0,892
Accelerate 66 1,040 65 Accelerate
Gdansk Stocznia
1,139 0 Brake
Cruise 66 1,434
Coast 1,585
1,857 Coast
2,199 65 Cruise
Brake 0 2,373
Accelerate 65 2,520 65 Accelerate
Gdansk Politechnika
2,638 0 Brake
Cruise 65 2,932
3,256 Coast
Coast 3,391
3,904 65 Cruise
Brake 0 4,018
Accelerate 64 4,180 65 Accelerate
Gdansk Wrzeszcz
4311 0 Brake
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Coast 4,459
4,930 Coast
5,092 65 Cruise
Brake 0 5,269
Accelerate 40 5,390 65 Accelerate
Gdansk Zaspa
Cruise 40 5,477
5,489 0 Brake
Accelerate 64 5,592
Coast 5,792
6,649 Coast
Brake 0 6,890
Accelerate 64 6,980 64 Accelerate
Gdansk Przymorze
7,155 0 Brake
Coast 7,292
7,744 Coast
Brake 0 7,925
Accelerate 64 8,080 64 Accelerate
Gdansk Oliwa
8,290 0 Brake
Coast 8,349
8,977 Coast
Brake 0 9,098
Accelerate 64 9,270 65 Accelerate
Gdansk Zabianka
9,421 0 Brake
Coast 9,597
10,117 Coast
Brake 0 10,258
Accelerate 64 10,410 65 Accelerate
Sopot Wyscigi
10,556 0 Brake
Coast 10,716
11,338 Coast
Brake 0 11,514
Accelerate 67 11,660 65 Accelerate
Sopot
11,751 0 Brake
Cruise 67 12,027
12,505 Coast
Coast 12,785
13,223 65 Cruise
Brake 0 13,438
Accelerate 67 13,560 65 Accelerate
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Sopot Kamienny
Potok
13,661 0 Brake
Cruise 67 13,912
Coast 14,092
14,667 Coast
15,571 66 Cruise
Brake 0 15,770
Accelerate 64 15,900 66 Accelerate
Gdynia Ortowo
16,012 0 Brake
Coast 16,215
16,992 Coast
17,244 65 Cruise
Brake 0 17,420
Stop 17,540 65 Accelerate
Gdynia Redtowo
All velocities are given in km/h
All distances are given in absolute route km
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Appendix 4 — Results of optimization — track 501 waveforms
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EN57AKM - velocity waveform, track 501 (optimized run)
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EN57AKM — pantograph voltage waveform, track 501 (optimized run)
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EN57AKM - vehicle current waveform, track 501 (optimized run)
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EN57AKM — vehicle energy balance waveform, track 501 (optimized run)
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EN57AKM - drivetrain efficiency waveform, track 501 (optimized run)
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EN57AKM — drivetrain losses waveform, track 501 (optimized run)
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EN57AKM - dissipated energy waveform, track 501 (optimized run)
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EN57AKM - passenger mass waveform, track 501 (optimized run)

201


http://mostwiedzy.pl

/\/\\ MOST WIEDZY Downloaded from mostwiedzy.pl

e

Appendix 5 — Results of optimization — power supply
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Output power — substation Gdansk Wrzeszcz (optimized run)
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