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Abstract

This thesis is concerned with the topic of increasing energy efficiency in DC
railway systems, to reduce CO; emissions associated with this form of transportation
by minimising the energy consumption and energy loss of the system. In this work a
method is proposed and implemented to model a DC railway that enables the effects
of incorporating an energy storage system (ESS) to improve energy efficiency to be
investigated. To date, no systematic investigation has considered the parameters by
which an ESS can be controlled, the effects this has on the power flows of the electrical

system and hence be able to provide an accurate energy analysis.

Electric trains are capable of regenerating energy that can be utilised by other
trains operating on the same conductor rails, reducing the traction energy demand by
up to 50%. However, poor synchronisation between accelerating and decelerating
trains causes an excess of regenerative energy to be dissipated in braking resistors in
the form of heat. ESSs have been proposed to assist in the energy efficiency
improvement of electric railways by exploiting the captured excess braking energy to

reduce the traction energy demand.

A simulation model for an electric railway system was developed in MATLAB
software to investigate the application of a generalised ESS to the railway model. A
comprehensive sensitivity analysis was carried out to explore the optimal voltage
thresholds of an ESS controller that could maximise the energy savings in the electric
railway system. The results show that optimising for the best energy savings will lead
to a significant imbalance of the ESS import and export energy, meaning that the ESS
will always trend to reach its state of charge (SOC) boundaries. As an ESS cannot have
infinite capacity, and practical restrictions mean that its SOC cannot be separately
managed, under normal operation the ESS would always become unavailable

negating any positive effect it would have had.

A multi-objective algorithm was used to select the optimal voltage thresholds

for an ESS controller, with fixed current control, and simulated under deterministic



behaviour of the railway system operation. This was then extended to investigate two
adaptive control methods to dynamically change the ESS current in response to
variable railway operations. The first adaptive control method used state machine
control while the second method employed fuzzy logic control to adapt the ESS
current to avoid ESS unavailability without compromising on the energy savings. The

proposed control methods were implemented experimentally for validation.

Three case studies representing different railway operations were applied to
the electric railway model and then simulated for two days to test the impact of the
proposed control methods on the energy savings. The results indicate that the ESS
controller applying the optimal voltage thresholds and fixed current provided energy
savings of 42.34%, 41.02%, and 30.18% when simulating the first, second, and third
case study, respectively. The first adaptive control method implementing state
machine achieved energy savings of 38.96%, 41.55%, and 38.75%, while the second
adaptive control method implementing fuzzy logic yielded 41.43%, 43.08%, and
39.21%, respectively. The proposed control methods were validated experimentally to
prove their capability in real-world applications. The experimental results of the
proposed controllers applied to the three case studies were compared against the

simulation results, showing a percentage error ranging from 1.8 to 3.6%.

The findings reported in this thesis suggest that ESSs can effectively import and
exploit the regenerative energy to improve the energy efficiency of electric railways.
Moreover, the benefits of ESSs could be maximised while avoiding their unavailability

through adaptive control and careful selection of the ESS operating parameters.
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CMI
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DCP
DOD
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Ni-Cd
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Alternating current

Current injection
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Direct current positive
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Chapter 1

Introduction

1.1 Background and motivation

Global demand for fossil fuels is rapidly increasing owing to continued
industrialisation and population growth. As these energy sources are non-renewable,
they will eventually be depleted, necessitating the gradual adoption of alternatives
such as solar and wind energy. Indeed, as climate change and many health issues have
been shown to be closely linked to greenhouse gas emissions, reliance on fossil fuels
must be reduced [1]. According to the Intergovernmental Panel on Climate Change,
by 2050, greenhouse emissions in Europe must be reduced to 80 —95% of their 1990
levels to stop these alarming trends from progressing further. However, this will
require a major shift in societal attitudes as well as industry practices. As can be seen
from the data on energy consumption in Europe depicted in Figure 1.1, transport is
the sector that has contributed most significantly to the increase in gas emissions since

1990, as it is presently the main source of energy consumption [2].

In 2017, transportation accounted for 30.8% of the total energy consumption in
Europe and was responsible for 21.1% of the total greenhouse gas emissions.
Therefore, to reduce the energy consumption incurred by this sector, greater reliance
on public transportation must be promoted at the policy level while ensuring that such
systems run efficiently and are not solely reliant on fossil fuels [2]. Railways are the
most effective public transportation systems as they can improve safety, reduce traffic
congestion, and adhere to a precise timetable more closely than other public transport

modes. Among railway systems, electric trains consume less energy than diesel and



steam trains due to the light weight resulting from not carrying energy sources on-
board. Moreover, electric railways release fewer carbon dioxide (C0O,) emissions
compared to other transportation systems. Therefore, the use of electric railways
should be increased where possible. However, in recent years, increased reliance on
electric railways has led to greater energy consumption; a consumption that must be

managed and reduced to fully capitalise on the aforementioned benefits [3].
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Figure 1.1: Total energy consumption in Europe by sector in (a) 1990 and (b) 2017 [2]

Most new trains include regenerative braking that is known as a process of
slowing the train down by feeding its kinetic energy to braking resistors, ESSs, or the
transmission line to be used by accelerating trains. [4]. In most cases of metro systems,
which this study pertains to, the regenerative power cannot be utilised by the
substations because, they are rectifiers where the power flow is unidirectional. As a
result, the regenerative power is consumed by the available accelerating trains.
However, due to the mismatch in the power requirements for acceleration and the
power provided by decelerating trains, the track voltage rises and if not managed will
exceed safe levels causing breakdowns. For example, the safe levels for DC traction

systems of 600 V, 750 V, 1500 V, and 3000 V are 720 V, 900 V, 1800 V, and 3600 V,



respectively [5]. Therefore, trains carry braking resistors to limit the voltage rise by
dissipating some of the regenerative power in the braking resistors as illustrated in
Figure 1.2. Thus, rather than being utilised within the transport network to reduce the
traction energy demand by up to 50%, the regenerative energy is dissipated in the
form of heat and only 35% is recuperated in the best case scenario. The dumping of
regeneration energy represents a wasted opportunity as shown by the energy loss
explanatory diagram which includes other losses in traction and transmission, Figure
1.3 [7]—[12]. The figure shows how the traction energy supplied by substations is

distributed in a typical metro system.

The wasted regenerative energy can be recuperated by energy storage systems
(ESSs) to be used in improving the energy efficiency of electric railways. However,
ESSs can be unavailable due to their capacity limits, which reduces their effectiveness
in fulfilling their purpose. These issues have motivated the present study, the aim of
which is to investigate various energy management methods and identify those that
have the greatest potential to reduce ESS unavailability, reduce energy losses, and
exploit the dissipated energy in braking resistors, thus maximising the energy

efficiency of electric railways.
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Figure 1.2: Illustration of power exchange process between two trains in a track section
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Figure 1.3: Typical traction energy flow in metro systems [7] —[12]

1.2 Scope of work

In this thesis, power system analysis is adopted to investigate the energy
efficiency of direct current (DC) electric railways comprised of several passenger
stations serviced by multiple trains. For this purpose, application of a stationary
(wayside) ESS, as well as innovative control methods aimed at maximising the energy
efficiency of electric railways, are investigated. Stationary rather than on-board ESSs
are considered because of the 1—2% additional weight that on-board ESSs introduce
to the vehicle, which increases its energy consumption [13], [14]. Within this thesis
the term electric railway will refer to a DC electric railway only and not an alternating
current (AC) electric railway. Throughout this thesis, the term energy efficiency will
be used to refer to minimisation of transmission losses, braking losses and energy
demands. As ESS type and chemistry are beyond the scope of the present study, only

the general functionality of the ESS is considered. Evaluation of various control



approaches considered in this work are based on simulation and experimental results
to test the applicability of the control methods in real-time applications. In sum, the
main focus of this thesis is the ability of the investigated control techniques to improve

DC electric railway energy efficiency through energy management by an ESS.

1.3 Thesis contributions

This thesis presents some novel contributions that are reported in four chapters

(3—6), as outlined below:

e In Chapter 3, a novel method is proposed for modelling DC electric
railways to support power flow analysis of a simulated metro train
service. The model critically features regenerative braking, ESSs and
supports multiple trains. The non-linear model can be employed to
obtain voltages at any position along the track as well as the voltages
experienced by any train. The associated publications to this

contribution are:

» H. Alnuman, D. Gladwin and M. Foster, “Development of an
electrical model for multiple trains running on a DC 4th rail
track,” in IEEE International Conference on Environment and
Electrical Engineering and IEEE Industrial and Commercial Power
Systems Europe (EEEIC /I&CPS Europe), Palermo, Italy, 2018.

» H. Alnuman, D. Gladwin and M. Foster, “Electrical modelling of
a DC railway system with multiple trains,” Energies, vol. 11, no.
11, pp. 3211-3231, Oct 2018.

e The work presented in Chapter 4 investigates the importance of voltage
control in optimal energy exploitation with metrics proposed to measure
the impact of the ESS. These metrics go beyond those previously

reported in literature and a sensitivity analysis of different



charge/discharge voltage limits and the effects this has is presented. The

associated publication to this contribution is:

» H. Alnuman and D. Gladwin, “Energy storage application into a
double DC electric railway,” Energy Procedia, vol. 151, pp. 12-16,
Oct 2018.

e Novel adaptive control techniques are proposed in Chapter 5 aiming to
protect an ESS interfaced with a DC electric railway from reaching state
of charge (SOC) limits. The proposed control methods are based on state
machine and fuzzy logic control strategies. It is shown that by
employing the proposed control methods it is possible for the ESS to be
managed despite disturbances in expected train schedules. The ESS
models are validated with experimental results in Chapter 6 using a
hardware setup incorporating a track emulator, DC/DC bi-directional
converter and a supercapacitor module. The associated publication to

this contribution is:

» H. Alnuman, D. Gladwin, M. Foster and T. Fantham, “Adaptive
control method to manage SOC for energy storage in DC electric
railways,” in IECON 2019 - 45th Annual Conference of the IEEE

Industrial Electronics Society, Lisbon, Portugal.

1.4 Thesis structure

This thesis is divided into seven chapters. Chapter 1, introduces the reader to
the research objectives and Chapter 2 provides a brief overview of pertinent literature.
The four main contributions outlined above are presented in the subsequent four
chapters (Chapter 3—6). The thesis closes with Chapter 7, where final conclusions are
reached and suggestions for further research are offered based on the knowledge

gained from this study.



Chapter 1 is an introductory chapter that is designated for outlining the study
aims and key contributions and presenting the thesis structure. Chapter 2 provides
the background to the present study, focusing on the development of electric railways
and ESS applications. It commences with a historical overview of railway systems,
culminating with the suggestion that electric railways are the future of urban
transport. Next, extant studies focusing on the energy efficiency issues affecting
current electric railways are reviewed, followed by research in which use of ESS is
considered as a solution. Finally, control techniques that can be used when ESSs are
integrated with electric railways are discussed, before gaps are identified in extant

research that then pave the way for the major contributions of this thesis.

A new method of modelling DC electric railways that avoids complex power
flow calculations is introduced in Chapter 3. A double-track railway with single
electrical section and multiple trains is analysed. Several verification methods for the
system configuration are proposed and their findings are presented and discussed.
The following chapter (Chapter 4) investigates the impact of voltage control of a
stationary ESS and its positioning on the electric railway energy efficiency. Based on
the findings yielded, recommendations for good choices of siting and voltage control

are made to ensure efficient ESS integration into electric railways.

Two control methods for SOC management are proposed in Chapter 5, based
respectively on state machine and fuzzy logic control. Their design and
implementation is described in detail before critically examining their performance by
applying each method to different traffic scenarios. The two control methods are
experimentally applied and analysed in Chapter 6. The chapter commences with a
detailed description of the hardware and software configuration of the equipment
used in the experiments, as a part of which multiple voltage profiles are considered to
practically assess the validity of the control methods. Finally, a comparison between

the experimental and simulation results is carried out for validation.



Chapter 2

Background and State-of-the-Art Review of
Electric Railways and Related ESS

Applications

2.1 Electric railways

This chapter provides a brief overview of the history of electric railways and
their importance to human development. Thereafter, a comparison between AC and
DC traction systems is carried out before the main structure of common DC
electrification systems is described. This is followed by an examination of different
ESS types and their applications in electric railways. Finally, shortcomings in extant
electric railway modelling approaches and energy management methods are

identified, with a particular focus on ESS incorporation into DC electric railways.

2.1.1 History

The steam engine was invented by the Englishman Thomas Savery in 1698.
Following on from this, developments in engine design during the 18t century
revolutionised railway freight and later passenger transportation, which was
previously limited to the use of pack animals and haulage. Not only was the use of

engines more efficient, but also more cost-effective, especially in the early 19t century



when the price of horses increased rapidly as a result of their increased demand by
the army during the Napoleonic Wars (1803-1815) [15]. The growing popularity of
steam engines, particularly at the end of the 18t century, prompted major
developments in their design in the 19th century, allowing Richard Trevithick to create
the first steam locomotive in 1804, which was used to transport iron at Wylam Colliery
near Newcastle. However, his engine was too heavy for the iron rails, causing them to
break. To overcome this issue, John Blenkinsop cooperated with Fenton, Murray, and
Wood to build a lighter engine, benefiting from Richard’s experiment. This introduced
other issues, most notably inadequate adhesion between the locomotive and the track,
especially in sections under steep gradient. As a result, Blenkinsop invented a toothed
rail and toothed locomotive wheels and used this novel design to transfer coal from
Middleton Colliery to Leeds, which was commercialised in 1811. This thus
represented the first commercially successful steam locomotive. In 1825, steam was
used for the first time to power the Stockton and Darlington Railway as a public
freight service. Initially, it took two hours to travel 15 km, but following subsequent
improvements, a speed of 24 km/h was achieved. At that time, steam locomotives
were only used to pull freight (mostly to transfer coal) while still relying on horses to
pull passenger carriages. In 1830 the Liverpool and Manchester Railway began using
steam power exclusively for passenger transportation, thus ushering in a new era in

railway systems [16]—[18].

Steam railways were the major railway system during the 19t and first half of
the 20th century. During that time, steam railways were limited by the heavy weight
of steam engines, low speed, controllability of speed, and short distance covered
before stopping for fuel and water. These drawbacks highlighted the need for diesel
and electric railways that were developed for commercial use from the beginning of
the 20t century. After major developments in the diesel engine during the first two
decades of the 20t century it was finally deemed to be reliable for different industrial
applications. This enabled the rail industry to begin to fully replacing steam trains
with improved diesel versions. Relative to steam trains, the diesel trains were lighter
in weight, faster in speed, could regulate their speed more easily, and could cover a

longer distance before refuelling. These advantages rapidly expanded the use of



diesel-powered trains in railway transport during the 34 and 4t decade of the 20t
century. Indeed, by the second half of the same century it became the main traction

system despite the rise in oil prices after 1973 [19], [20].

In terms of the main drivers of electrification of the railways early in their
development, it was considered vital to avoid the high-emissions generated by steam
trains, especially inside tunnels, where major collisions were likely to happen due to
poor visibility. However, the cost of electric railway infrastructure in the first two
decades of the 20th century could be four to six times higher than that of steam railways
without improving upon the transport capacity, especially when the efficiency of
power supply and transmission in electric railways was similar to that of steam
railways. Over the years, electricity supply improved, while importing coal became
more challenging and costly, especially during the First and Second World War,
prompting some European countries to adopt electric railways. In fact, in the early
years of electric railway development, only railways operating in mountainous areas
were electrified due to the availability of hydroelectric power and the need for high
traction power at steep inclines that could only be achieved by electric trains. Thus,
gradual electrification of railways was motivated by uncertainties related to
petroleum resource supply as well as a desire to reduce emissions and operating costs.
And so, once electricity became more readily available, railway companies started
abandoning steam engines in favour of electric traction due to higher speed and ease

of operation [21].

Prior to widespread adoption though, electric railways witnessed a fairly slow
evolution. The history of electric railways can be traced back to 1828 when Slovak-
Hungarian Priest Anyos Jedlik used an electric motor to move a tiny model car. This
prompted Strattingh and Becker to use electricity supplied by a battery to drive a two-
axled vehicle in Groningen, Netherlands, in 1835. A similar experiment was
accomplished in the same year by Thomas Davenport in the United States, who
submitted an electric vehicle powered by a lead—acid battery for an exhibition. The
tirst practical electric locomotive was achieved in 1842 by Robert Davidson, who used

zinc—acid batteries to power a 7,000 kg electric locomotive named Galvani. The
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Galvani locomotive was able to achieve a speed of 6 km/h while carrying a 6,000 kg
load on the Glasgow—Edinburgh line. While this was the first locomotive to be
powered by electricity, it did not attract investors due to the high cost of replacing
depleted chemical batteries because rechargeable batteries had not yet been invented.
Still, this prompted further developments, which led to Werner von Siemens
presenting a small train powered by a 150 V electric locomotive capable of running at
a speed of 12 km/h in 1879 at an exhibition in Berlin. In this pioneering design, a third
rail between the running rails was used to supply current to the electric locomotive to
pull the train on a 0.3-km-long electric railway. In 1881, Werner von Siemens built the
world’s first electric tram in Lichterfelde, Germany (see Figure 2.1). The tram car—5

m long and 2 m wide, weighing 4,800 kg —was able to carry 20 passengers [22]—[24].

Figure 2.1: The world’s first electric tram [25]

The advancements in the design of electromechanical generators and DC
motors that took place during the 19th century motivated Gaston Plante to invent the
first commercialised rechargeable lead—acid battery in 1859. However, these batteries
could only be recharged by primary cells, a requirement which proved costly [24].

Still, as this was seen as the way forward, further developments ensued, resulting in
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use of a lead—acid battery with 1,332 Ah capacity in 1912 to stabilise the voltage at the
Maruyama and Yagasaki traction substation in Japan [26]. In 1926, the Edison battery-
electric railcar was used in New Zealand to power a tram carrying 60 passengers at a
speed of 48 km/h for approximately 161 km, after which it required charging for at
least three hours. However, due to a fire incident in a depot in Christchurch, this
project was abandoned after eight years [27]. In 1932, a rechargeable nickel-zinc
battery was installed on a rail car in Ireland on the Dublin—Bray railway line. The rail
car was capable of carrying 130 passengers and took only a few minutes to charge the
batteries at the final station. An added bonus was that the train was able to store the
regenerative energy generated while braking. However, at the time nickel-zinc
batteries had very short lifetime and were costly to replace [28]. This prompted British
railways to use lead—acid batteries to power a train from Aberdeen to Ballater in 1958.
Unfortunately, the Ballater branch closed in 1965 [29]. Nonetheless, as this design was
deemed effective, lead—acid batteries were successfully used in the Deutsche Bahn
Railway in Germany between 1950 and 1995 to power trains at a speed of 100 km/h
[30].

While in the past most railways operated on fossil fuels, since the end of the
20th century there has been a growing demand to replace diesel-powered with electric
trains in order to reduce harmful emissions and noise, and to take advantage of
lighter-weight locomotives. This transition is also being motivated by uncertainties in
oil supply and the consequent rising prices due to its use in other transport modes
such as cars and planes. Most importantly, electric railways produce less noise,
require less maintenance, and do not rely exclusively on oil because electricity can be
generated from several sources, including renewables. The operational and
maintenance cost of electric trains is 50% cheaper than that in diesel trains. In addition,
the trains” high power to weight ratio requires less energy for traction and allows
faster acceleration, making electric railways relatively energy efficient as the overall
efficiency of electric and diesel railways are 76% and 30%, respectively [31]. In
contrast, diesel-powered trains expend high amounts of energy in traction mode due
to their much greater weight, which is caused by the need for on-board energy

sources. One of the disadvantages of electric railways is the high capital cost (four
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times higher than diesel railways), especially for long-distances journeys, while
upgrading existing infrastructure can also be prohibitively expensive on sections
involving tunnels and bridges. Added to this is the fact that, in the last few decades,
the power demand of electric railways for freight and passenger transport has
increased due to the need of increasing number of services and size of trains.
Accordingly, the adoption of ESS for electric railways to increase energy efficiency

and limit peak demands has become a primary concern [32], [33].

In electric railways, trains are supported by regenerative braking systems that
allow power to be fed back to the traction system during braking to be used for
different purposes. In regenerative braking, the kinetic energy and momentum of the
moving vehicle drive the motors—normally induction AC motors—acting as
generators converting the kinetic energy into electrical energy, which slows the train
down. This occurs when the speed of the rotor becomes higher than the synchronous
speed inside the motor. If the mains frequency is controllable then regenerating power
can be accomplished at a lower speed than the synchronous speed. Mechanical brakes

are only acting when the regenerative braking is not sufficient to stop the train [34].

Injecting regenerative energy onto a power system can create localised over
voltage if the grid is not able to accept and distribute the energy and under quite often
it is easier and cheaper to dump the energy rather than reinforce grid infrastructure.
Recent developments in energy storage technology have encouraged industry
practitioners to develop systems capable of storing the regenerative energy coming
from reversible generators in electric trains. In Japan, flywheels were installed in the
Keikyu Railway in 1988 and supercapacitors were adopted in the Seibu Railway in
2007. Lithium—ion (Li—ion) batteries were first applied in West Japan Railway in 2006,
prompting other railway operators across Japan (East Japan, Tobu, Osaka City,
Kagoshima, and Keio) to do the same. Nickel-metal-hydride (Ni-MH) batteries were
tirst adopted in the Osaka City railway line in 2010, followed by Tokyo Monorail in
2013, Sapporo City in 2014, and East Japan Railway in 2016. It is worth mentioning
that all of the aforementioned ESS applications in Japan are wayside systems [35].

Most recently, in 2015, a Li—ion battery with a capacity of 550 Ah was installed on-
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board a 185,000 kg train on Mayflower line in Essex, United Kingdom, to power the
train entirely by the battery when running through non-electrified sections or in case
of electric failures [36]. Another example of electrification of railways can be found in
the Seville Metro in Spain, where supercapacitors that can be charged to 750 V by
overhead lines at every stop have been in use since 2011. When a train stops to load
and unload passengers, the energy storage charges very quickly, allowing catenary-
free operation until the next passenger station [37]. A hybrid energy storage system
(HESS) consisting of Ni-MH batteries and supercapacitors has been used in Portugal
on the railway line between Almada and Seixal to run trains catenary-free for 2.5 km
[38]. Huai’an Tram Line in China can also run catenary-free by using supercapacitors

that were installed in 2015 to be charged at stops [39].

2.1.2 Railway electrification system

Electric railways can be powered by AC or DC voltage. Three phase voltage
systems of 66 kV, 132 kV, 220 kV, and 400 kV are commonly used for transmitting
power from the national grid before being stepped down for distribution in voltages
between 11 kV and 132 kV. The distribution voltage is received by the traction
substation that could be AC or DC. The most common electrification systems along
with the permissible lower voltages and the economic distance between the
substations are shown in Table 2.1. The choice between AC or DC traction is based on
safety, efficiency, and economic benefits. Historically, DC traction was preferred, as it
was easier to control the speed of trains with DC motors. However, DC traction
requires short distances between feeder stations due to the supply high currents, and
also necessitates the installation of thick cables capable of withstanding the high
currents that are problematic as they cause high voltage drops that are limited to the
levels displayed in Table 2.1. The distance between the substations also depends on
the traffic density, and the vehicle type [6], [41]. Conversely, AC power traction is
more economically advantageous due to its ability to step the voltage up and down,

reducing conductor size. In high-voltage electric railways (above 3000 V), it is easier
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to break fault currents in AC compared to DC traction. In addition, fewer feeding
substations are used to span a greater distance, making it necessary to use AC traction
to benefit from voltage step up and down. However, AC railways are not always more
economical than their DC counterparts, since the impedance of the electric cables is
higher in the former due to the skin effect and loop inductance, causing a high voltage
drop across the line. In urban areas, where short distances between stations are
common, rapid acceleration and deceleration is necessary. Whilst AC trains are
considered faster than DC trains, the latter have the capability to accelerate and
decelerate faster than the former, which makes DC traction more suited for urban

transport systems [20], [42].

Table 2.1: Characteristics of the most common railway traction systems [5], [6], [40]

Electrification system Lowest permanent voltage  Typical distance between
substations

600 V [DC] 400 V 2—4 km

750 V [DC] 500 V 4—6km

1500 V [DC] 1000 V 8§—13 km

3000 V [DC] 2000 V 20—30 km

15 kV [AC] 12 kV 12—15 km

25 kV [AC] 19 kV 35—50 km

Overhead transmission lines were first introduced into electric railways in 1881
at the International Exposition of Electricity in Paris by Werner von Siemens when he
powered a DC electric tram. It is important to note though that overhead transmission
lines are not commonly used in urban areas because they are challenging to build in
confined spaces, such as tunnels, and are not aesthetically desirable. To avoid this
issue, in 1890, the 3rd rail was introduced in the City and South London Railway,
making it the first underground railway in the world to use this design. Only one
feeder conductor is required in this case, designed as the 3d rail, positioned either
beside the running rails or between them. The running rails are responsible for
carrying the return current to the substations through the connection between the
train’s wheels and the rails. However, as currents pass through the running rails, they

can produce destructive arcing. Furthermore, the currents might pass through rails to
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the ground and return to substations via different paths, giving rise to stray currents

that cause corrosion at the locations where they leave or re-join the running rails.

In order to avoid damage to the railway track, a 4t rail is introduced as
depicted in Figure 2.2. In this case, the rail track has two running rails and two power
rails, whereby the live (3td) rail is placed on the side of the running rails. The return
rail, which is the 4th rail, is located in the centre, or on the other side of the track. The
4th rail acts as a return conductor to substations, eliminating the need to pass the
current via running rails, and thus mitigating the aforementioned premature erosion
issue. A train is connected to the 3 and 4th rails through a contact shoe that is depicted
in Figure 2.3. While in the previously used designs, the contact shoe touched the live
rails at the top, it presently touches the live rails at the sides or from underneath to
prevent accidents as well as to protect live rails from adverse weather conditions.
While in this configuration, contact between the train shoe and the 34 rail becomes
difficult at speeds exceeding 160 km/h, but the 34 and 4t rail lines are cost-effective
to construct and maintain, and can be installed in limited spaces. Moreover, unlike
overhead lines, they do not require expensive civil works for modifying existing
infrastructure. However, overhead lines are safer due to a much lower risk of

electrocution [20], [43].

Figure 2.2: Train supplied by a 4t rail traction system
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Figure 2.3: Contact shoe touching a conductor rail [44]

Metro systems implementing the 4th rail track are commonly used in densely
populated urban environments, where distance between passenger stations is short
(0.3—2 km). As a result of the short distances, trains need to accelerate and decelerate
rapidly in order to achieve top speeds. The typical maximum speed in metro systems
is 80—120 km/h and the acceleration/deceleration rate is 1—1.3 m/s? [45]. For
example, in Yizhuang Line in Beijing Metro, trains take approximately 39 s to
accelerate to the top speed 80 km/h and 27 s to decelerate from the top speed to zero
[46]. Therefore, lightweight vehicles travelling at low speed are favoured due to their
ability to accelerate and decelerate rapidly. This results in high power consumption
before leaving a passenger station along with high power regeneration before
reaching the next passenger station. This surge in power can cause voltage peaks and
dips due to the resistance in the conductors. In braking mode, traction motors
transform into generators, whereby the kinetic energy is transformed into electric
energy that is then fed back through the traction system to the track. The traction
inverter increases the voltage generated to a level higher than at the rail conductor.
The regenerated power is first consumed by the auxiliary loads in the train before
passing the excess power back to the rail track. The substations are commonly simple
AC to DC rectifiers preventing any power from flowing back to the grid.
Consequently, if the regenerative power cannot be consumed by other trains on the

track it needs to be dissipated, this is achieved through braking resistors mounted on
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the train. The braking resistors weigh up to 500 kg in a single car (see Figure 2.4). The
resulting heat from the dissipated energy in the braking resistors warms up tunnels
and increases the overall energy requirements for cooling underground rail systems.
Thereby, to improve the energy efficiency of electric railways, bidirectional
substations, on-board or stationary ESSs can be employed to store for reuse the

regenerative energy of braking trains [47].

(b)
Figure 2.4: Photos of braking resistors mounted on the roof of trains [48]

2.2 DC electric railway energy
efficiency

2.2.1 Electric railway modelling methods

To study the energy efficiency of electric railways and to design appropriate
techniques for its maximisation, it is necessary to develop a sophisticated electrical
model. The model must be capable of supporting multiple train simulations to enable
realistic power flows and calculate the time-based voltages and currents at a high
number of nodes in the system. The electrical configuration of the railway system is

time variant based on the moving trains. Unfortunately, the network variability and
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nonlinearity (mainly due to the rectifier substations) make the analysis of system
power flow challenging. Figure 2.5 shows an example of an electrical network of a
metro system at a particular time. In extant studies on this topic, power flow in DC
railways is commonly modelled by adopting Gauss-Seidel, Newton-Raphson, and
current injection (CI) methods. The Gauss-Seidel method is easy to implement but
introduces convergence issues, whereas the Newton-Raphson and CI methods
converge quickly but require complex formulation for the corresponding Jacobian

matrix, especially when applied to large-scale networks [47], [49].
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Figure 2.5: Snapshot of the electrical configuration of a metro system at a particular time

where SC refers to supercapacitors [50]

In [49], the author not only solved the power flow of a multi-train model, but
also avoided the complication that arises due to using derivatives within matrices. The
author proposed a simplified Newton-Raphson method that is claimed to be efficient
in reducing the simulation time and calculation complexity when simulating a 21.6
km railway line with 22 passenger stations serviced by multiple trains that operate
with 5 min headway (time displacement between adjacent trains). In conventional
iterative methods, the entire Jacobian matrix needs to be recalculated iteratively until

convergence criteria have been met. However, when the simplified Newton-Raphson
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method is applied, the off-diagonal elements are calculated only once while the

diagonal elements are recalculated at every iteration.

Mohamed, Arboleya, and Gonzalez-Moran proposed an iterative method for
solving the electric railway power flow in DC traction, which they denoted as the
modified current injection (MCI) method [7]. This method is a modification of existing
algorithms, aimed primarily at improving the convergence and reducing the solver
time required. Moreover, MCI can be applied to solve the electric railway power flow,
irrespective of whether the substations are bidirectional or unidirectional. The authors
tested their method by applying it to only two trains running on a 20 km track line
equipped with three substations. One of the drawbacks of this method stems from the
need to provide the initial voltage profiles for the nodes in order to calculate the
currents injected into the nodes. Thereafter, the voltage profiles are updated based on

the iterative algorithm method that recalculates currents until convergence occurs.

The authors of [51] implemented the CI method—also known as the
conductance matrix iterative (CMI) method —in a MATLAB M-file to solve the power
flow of a single train running on the Sukhumvit Line in Bangkok with ten traction
substations and 22 passenger stations. The study aimed to calculate the voltage at the
train’s location, rail voltage, traction substation power, and power losses in the
system. The CI method was also used in [52] to solve the power flow of a DC railway
with up to 144 running trains. This approach was modified in braking mode, thus
avoiding overvoltage by adjusting the regenerative energy that is reinjected through
bidirectional substations. Furthermore, when the substations are non-bidirectional
(rectification only), they are switched off, and the regenerating trains are switched to
voltage—current sources. The main objective of the CMI is to reduce the number of
required iterations, thus reducing the time required to generate the system solution.
In another related study, the authors of [53] used the CI method to solve a DC railway
network incorporating modern features such as bidirectional substations,
unidirectional substations, on-board ESSs, offboard ESSs, regenerative braking

systems, and overcurrent and overvoltage protection circuits.
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The adverse impact of the railway power network variation on the complexity
of matrix formulation was avoided in [54] by adopting a new technique based on
graph theory, which allowed the authors to develop a simple matrix formulation to
solve the power flow of a DC power system, as well as an AC power system, which is
often neglected by other researchers. The system included three trains and three
substations. The proposed approach exhibited higher accuracy compared to that of
the commercial software DIgSILENT. Multi-train simulation with different headways
based on Yizhuang Line of the Beijing Metro case study was achieved in [55]. The
simulated system had 12 substations and 14 passenger stations with 13 trains running
on a 22.73 km line. The authors used the bi-factorisation iterative algorithm method
to compute the formulated admittance matrix for the nonlinear system. However, the
modelling method was only described in a flow chart without providing sufficient

information to allow replication.

The new technique based on graph theory proposed in [54] was subsequently
used in [56] to solve the power flow of a DC railway network that included four trains
equipped with on-board ESSs, which increased the computation time by 18% relative
to those without ESSs. The study aimed to evaluate the impact of ESSs on the
substations” peak power demand and energy consumption. On the other hand, the
efficiency of a light electric railway when considering on-board supercapacitors was
investigated in [57], along with the impact of changes in traffic on train movements
and thus overall system efficiency. The system was solved using the nodal voltage
analysis method and was simulated by considering the train power requirements as a
function of movement with the results being used to change the power network
behaviour. The injected train speed profiles were obtained from Blackpool Tramway
and the network was simulated in MATLAB Simulink. However, the train currents
were not solved in the model as they were obtained from real-world measurements,
which reduces the complexity of solving the system especially when simulating only

one train on each of the double track system.

The authors of [58] developed a model in MATLAB Simulink to solve the

power flow of an electric system with seven substations. The main aim of this work
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was to improve the energy efficiency of an electric railway by 16.56% through the
implementation of stationary supercapacitors. However, only the output results of the
model were presented in the article without description of the modelling approach. In
[59] a railway network involving a single train was implemented in MATLAB
Simulink using the graphical modelling tool of energetic macroscopic representation.
The model was accurate with only 2.98% error when validated against real
measurements obtained on a test track involving only one train and two substations.
Neural networks were implemented in [60] to develop a model that is capable of
calculating energy consumption of the Valencia Metro Network. The modelling
results fit real measurements with high accuracy, as the error was 0.9% based on the
comparison of energy consumption and traction power, without including any

voltage profiles for the metro system.

MATLAB Simscape environment was adopted in [61] to simulate a high-speed
railway with a single running train. The model was used to test the impact of
stationary and on-board ESSs on the energy efficiency of electric railways. However,
the modelling approach and the output results of the model were presented with
insufficient details. A more detailed model of regenerative braking systems on-board
trains was provided in [62] to increase the accuracy of braking energy estimation
before determining the most optimal ESS size. The model was validated by
comparison with real measurements of Line 7 of New York City Transit system. In
addition to the simulation methods developed by academic researchers, several
railway simulation tools have been provided by industry practitioners, such as
TrainOps, Sitras Sidytrac, eTraX, and TOM. Some simulation tools initially designed
for academic research subsequently became commercially available, such as

OpenPowerNet, OpenTrack, and Vehicle Simulation Program [47].

However, extant studies in the field of modelling DC electric railways have
tended to focus solely on solving the power flow without comprehensive analysis of
the traction system, which would involve model validation, headway impact, and ESS
impact. A small number of authors have developed simulation tools that eliminated

the need for complex algorithms while permitting analysis of system energy efficiency
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with respect to headway and ESS factors. However, in most of these cases, simulations
were limited to a small number of trains, or the authors failed to provide sufficient
description of the modelling approach. Another crucial aspect that has been neglected
by most of the studies, is providing the track voltage that is important for ESS control.
A new multi-train modelling methodology that eliminates the need for complex
algorithms is proposed in this thesis. Its design is described in detail in Chapter 3,
along with the implementation and verification protocol and the results yielded.
Moreover, the energy efficiency of the system is comprehensively investigated with

respect to variation in traffic density, ESS location, and ESS control method.

2.2.2 Methods for improving DC electric
railway energy efficiency

Up to 14% of energy saving in electric railways can be achieved by adjusting
train timetables to more closely align the power demand between the decelerating and
accelerating trains. Furthermore, bidirectional substations could be employed to send
the regenerative power back to the grid, while on-board or stationary ESSs could be

employed to store the regenerative energy to be reused by accelerating trains [47].

Train timetable optimisation and eco-driving methods can increase energy
savings in a highly cost-effective manner. Timetable optimisation methods are mainly
based on adjusting the train headway, dwell time, and departing time to increase the
synchronisation level between accelerating and decelerating trains, while eco-driving
methods provide guidance to the driver to adapt the train speed profile to improve
fuel consumption. However, it is reported in [47] that these methods are more effective
if applied in driverless trains to avoid conflict with human decision-making. Multi-
objective algorithms were used in [63] to generate speed profiles that decreased the
total energy consumption of Metro de Madrid by 3-14%. The method generated
optimal speed profiles without increasing the scheduled train running time while
considering uncertainties in traffic and passenger load variations. A numerical

algorithm was designed in [64] to calculate the optimal train departure time in order
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to synchronise the acceleration profile with the deceleration profile of braking trains
for efficient use of regenerative energy. According to the authors, the method was able
to reduce the total energy consumption of a metro system by 2.4% without affecting
punctuality. In a case study based on the Beijing Metro, the authors of [65] applied a
genetic algorithm for train timetable optimisation to reduce the energy consumption
and passenger waiting time. The proposed genetic algorithm reduced the energy
consumption and the passenger waiting time by 8.86% and 3.22%, respectively. Other
authors have also attempted timetable optimisation for energy efficiency

maximisation in electric railways [46], [66], [67].

Energy efficiency of electric railways can also be improved by using
bidirectional substations, whereby regenerative energy is fed to the substation or the
national grid. Bidirectional substations allow energy to be sold to the main grid on
different pricing schemes to maximise profit. However, bidirectional substations do
not support voltage stabilisation (keeping the voltage within certain range that
reduces the trains power demands and line losses) as the regenerative energy cannot
be stored to support voltage drops at the substations and can only be injected to the
grid at the presence of voltage peaks. Further, the regenerative braking power injected
to the grid can affect the power quality of the national grid by injecting harmonics and
reactive power. As a further drawback of this technology, redirecting the DC braking
power into the AC distribution network is prohibitively expensive. For example, the
cost of a 3 MW unidirectional converter is 175,000 $ while it is 600,000 $ for a
bidirectional converter. However, the energy saving caused by bidirectional

converters makes them more cost effective over a life time [47], [68].

While some attempts have been made to upgrade unidirectional substations to
operate in bidirectional mode, this requires complex and expensive civil works. To
alleviate this issue, the INGETEAM Traction Company designed a new energy
recovery system called INGEBER that connects a DC/DC converter in series with a
three-phase inverter to be connected in parallel with an existing unidirectional
substation as shown in Figure 2.6. In addition, to not adversely affect the system

reliability, the converter was designed to be easily disconnected from the traction
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system without affecting the operation. Similarly, ABB produced two commercial
rectifiers —Enviline Traction Controlled Rectifier (TCR) and Enviline Energy
Recuperation System (ERS) — that can work with an existing unidirectional substation
to provide bidirectional power flow back to the national grid. Alstom produced the
Harmonic and Energy Saving Optimiser (HESOP) converter comprising of a thyristor
rectifier connected in parallel with an insulated-gate bipolar transistor (IGBT) inverter.
As this converter can be installed with existing unidirectional substations, it is already
used in Paris, London, Milan, Sydney, Panama City, Riyadh, Dubai, and Hamburg.
The cost of these commercial bidirectional converters is 50 —300 $/kW [69]—[71].
Exporting power back to grid, however, can result in power quality issues, such as
voltage fluctuations, voltage and current imbalance, and harmonics, which may
require mitigation by applying transformer control techniques, reactive power

compensation methods, and harmonic active/passive filters [72].

Owing to the recent advances in ESS technology, power converter design and
the decline in their respective costs, ESS technology is increasingly being adopted as
a means of improving energy efficiency. The main advantage of this approach is that
regenerative energy can be stored in ESSs to be released when needed. It is worth
mentioning that ESSs can save up to 15—30 % of the traction energy consumption
while bidirectional substations can only save 7—11 % [73]. Moreover, ESSs yield
benefits such as catenary-free operation, voltage stabilisation, and peak power

reduction that cannot be achieved by other methods [81].
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Figure 2.6: Schematic diagram of the INGEBER system integrated into an existing substation
[69]

2.2.3 Review of ESSs

Since most substations in metro railway systems are unidirectional which
causes the regenerative power to be dissipated as heat, ESSs have been employed in
systems such as Madrid Metro, Beijing Metro, and London Underground to capture
the regenerative power and release it back to trains as needed. The key requirement
of using ESSs is to improve electric railway performance by reducing energy
consumption and energy losses. To achieve this aim, the storing device has to satisfy
the following key electric railway requirements: effective management of high power,
and the ability to store high amounts of energy. The existing body of research on ESS
application in electric railways suggests that batteries, supercapacitors, and flywheels
are the most suitable storage technologies for recovering braking energy [7], [47], [82].
These are technically compared in Table 2.2 and explored in turn in the following sub-

sections.

26



2.2.3.1 Batteries

Batteries are the oldest energy storage technology and are widely used in
electric railways due to their ubiquity and developing performance. They store and
deliver electricity via electrochemical reactions that occur inside multiple cells that are
connected in series and in parallel. Each cell includes a cathode and an anode isolated

by an electrolyte solution.

In applications with higher power demand, nickel-cadmium (Ni—-Cd),
Ni—MH, and Li—ion batteries are commonly used. The lead—acid is commercially the
oldest and cheapest of all storage devices per kWh. Although it is characterised by
high reliability and low self-discharge, it is not suitable for wayside storage
applications due to its short-life cycle (denoting the number of charging/discharging
cycles before the capacity declines to 80% of the original capacity), low charging
currents, and low energy density (the amount of energy per unit volume). The short-
life cycle is due to the changes to the positive electrode when deeply discharged.
Figure 2.7 shows the life cycle of a lead-acid battery in relation to the depth of
discharge (DOD)—defined as the discharged energy relative to full capacity of a
storage system [37], [83].

2

£ 120

3 100

=

8 80

S

£ 60100%00D0 50% DOD 30% DOD
-

=

€ 301

8

& o | | | I | | 1

200 400 600 800 1000 1200 1400
Number of cycles

Figure 2.7: Life cycle of a lead-acid battery with respect to DOD [84]

27



Nickel-based batteries have high power density (the amount of power per unit
volume) and high energy density. This makes them suitable for high-power
applications, although they suffer from high self-discharge and low efficiency. Ni-Cd
batteries are robust and durable, as well as being capable of withstanding high and
low temperatures. However, Ni-Cd batteries are hazardous to the environment due
to the existence of the toxic cadmium metal and suffer from memory effect —a concept
which denotes the battery remembering the smallest capacity when it is repeatedly
partially discharged. Mitigating this effect requires periodic deep charging and

discharging cycles in order to retain capacity.

Due to the environmental concerns related to cadmium, Ni-Cd batteries have
been replaced by Ni-MH batteries in which hydrogen substitutes cadmium in the
cathode, while retaining the electrolyte and the anode from the Ni—-Cd design. The
energy storage capacity and the charge/discharge currents are higher in Ni-MH than
in Ni-Cd batteries. However, Ni-MH batteries suffer from high self-discharge and
short lifetime, especially when discharged at high currents. Indeed, Ni-MH has a
wide temperature rate, but overcharging and deep discharging produces heat that can
cause leakage, fire, or explosion. Under those circumstances, a complex charge
algorithm is necessary to control the charging and discharging process and

maintenance is regularly required.

Li—ion batteries are currently the preferred power source in portable electrical
devices due to their high energy and power density, high efficiency, low maintenance,
long lifetime, long shelf-life and low self-discharge, without suffering from memory
effect (see Table 2.2). The average operating cell voltage of Li-ion batteries is higher
than Ni-based batteries and lead-acid batteries as described in Figure 2.8. Owing to
these advantages, Li—ion batteries are considered the most promising battery

technology for transportation applications [37], [83].
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Figure 2.8: Discharge curves of several primary (P) and secondary (S) batteries [84]

2.2.3.2 Supercapacitors

Another energy storage technology with the potential for use in electric
railways is the supercapacitor, also known as the ultra-capacitor. Supercapacitors
exhibit high power density and have the ability to store 100 —1000 times more energy
compared to conventional capacitors. As explained in Equation 2.1, the energy stored
in a supercapacitor (Es;) in Joules is proportional to its voltage (V) squared and
capacitance (C) in Farad. Due to the large electrode surface area, high permittivity
dielectric, and small charge separation, supercapacitors have higher energy density
compared with conventional devices. The E, is proportional to the area (4) in m? of

the supercapacitor plates and dielectric permittivity (¢) in Farad/m as follows:
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As can be seen from the expression above, it is possible to store high energy with low
voltage by having high permittivity and electrode plates of large surface area.
Moreover, increasing the distance (d.) in m between the electrodes decreases its
capability of storing energy. The power density of supercapacitors is high as energy
is stored in their electrodes, which allows them to be completely discharged. Using
supercapacitors in storage applications requires consideration for the large voltage
range over the SOC range where high currents will be required to be drawn by
converters; compared to batteries that operate over a smaller voltage range as seen in
Figure 2.9. Therefore, due to the significant decrease of the voltage, power converters
need to be capable of drawing high currents from the supercapacitor to maintain the

wattage level.

Ultracapacitors are frequently flexible and durable, they can be installed in
different environments. Moreover, their operating temperature is wide and their
efficiency is high due to the low internal resistance owing to the absence of chemical
reactions in the device. Supercapacitors also have a longer lifecycle relative to batteries
because their electrodes experience minimal chemical changes when working
continuously in charging and discharging mode. However, the energy density in

ultracapacitors is low and the self-discharge is high (see Table 2.2) [37], [83].
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Figure 2.9: (a) Typical charge and discharge curves of a Li-ion battery with 80 mA charge
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2.2.3.3 Flywheels

Flywheels are electro-mechanical energy storage devices characterised by high
response to transients, which makes them suited for electric railway applications. A

rotating mass is used to store kinetic energy (Ef) in Joules, as indicated below:
E; = -lw? 2.2)
f 2 :

where I is the moment of inertia in kg - m* and w is the angular velocity in rad/s. A
rotating machine acting as a motor or a generator is combined with a flywheel to
transform the kinetic energy into electric energy. The machine acts as a motor in
charge mode to increase the energy stored in the flywheel by increasing the angular
velocity or the moment of inertia. In discharge mode it acts as a generator to supply
the stored energy into loads. Modern flywheels are made of light material, due to
which their moment of inertia is low; nonetheless, the energy stored is high due to

their high angular velocity.

As described in Table 2.2, flywheels have a much longer lifetime than batteries
and supercapacitors and require less maintenance. They can also operate in a wide
temperature range, and have good power and energy density, as well as high
efficiency. Their cost per kW is relatively low, whilst that per kWh is high. Another
disadvantage is that flywheels suffer from high self-discharge and safety concerns in
the event of mechanical failure to the rotor that could break apart requiring protective

barriers to be installed [37], [83].
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Table 2.2: Technical comparison between ESSs [37], [71], [73] —[80]

Storage type Energy Power Cycle Self- Operating Lifetime Cost Cost
density density efficiency | discharge | temperature (cycles) ($/kWh) | ($/kW)
(Whikg) | (W/kg) %) (daily% 0)
of rated
capacity)
Battery (lead- 10—50 25—300 85—90 0.05—0.3 -5—40 200—2000 50—100 200—
acid) 650
Battery (Ni- 10—80 50—300 60—90 0.2—0.6 -40—50 1500—3,000 200— 350—
Cd) 1000 1000
Battery (Ni- 30—90 200—250 50—80 1-2 -40—50 1200—1800 240— 420—
MH) 1200 1200
Battery (Li- 100—300 125—5000 85—98 0.1-0.3 -30—60 3000—10,000 273— 900—
ion) 1000 1300
Supercapacitor | 2.5—15 500—10,000 85—98 20—40 -40—65 10,000— 300— 100—
1,000,000 2000 300
Flywheel 5—200 1000—5000 90—95 100 -30—45 20,000— 1000— 250—
10,000,000 5000 350

2.2.3.4 Hybrid energy storage systems

When choosing energy storage technology for urban railway applications, it is
important to satisfy the requirements of high energy density, high power density, long
life cycle, and high charge and discharge rate. Examples of real-world applications are
stated in Table 2.3, where supercapacitors in Seibu electric railway can supply up to
2,560 kW but with only 6.9 kWh rated energy. Similarly, flywheels were applied in
Keihin electric railway to supply 3,000 kW with a low energy capacity of 25 kWh.
While batteries show high energy capacity they need to be oversized as an option for
overcoming the low rated power issue, this would increase the physical size and cost.
Moreover, lifetime of batteries is a concern when these are employed as energy storage
devices in urban electric railways where their lifetime is 5—15 years and the payback
time is around 6 years [60]. The payback period of supercapacitors is twice that in
batteries while their lifetime is 10 —30 years [71], [76]. For the London Underground
flywheel application, the payback time was estimated to be five years with a life
expectancy of 20—25 years [89]. Additionally, due to the limited lineside space
available in most urban railways, such as the London Underground, oversizing
batteries is not the most appropriate solution. An example of a stationary ESS is shown
in Figure 2.10 where large space is needed. Space restrictions also apply if ESSs are

installed on-board a train, in which case the increased weight must also be considered,
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as the inclusion of large-sized ESSs would increase energy demand, thus diminishing
the benefit of energy recuperation. Bombardier Transportation produced on-board
supercapacitor system (see Figure 2.11) that is called MITRAC Energy Saver where
two supercapacitor banks are installed with each having a weight of 450 kg and
dimensions of: 1900 x 950 x 455 mm3. The system was first applied in Mannheim
Railway, Germany where the added weight of the supercapacitors increased the train
energy demand by 2%. Although the system has a satisfactory rated power of 600 kW,
the rated energy is low with only 2 kWh [9], [46]. To alleviate the issue of low energy,
Siemens produced a HESS including a Ni-MH battery and a supercapacitor bank that
is called Sitras HES shown in Figure 2.12. The system has a rated power of 373 kW, a
rated energy of 18.85 kWh, and a total weight of 1,646 kg increasing the train energy
demand by 1.5%. The dimensions of the battery pack is 1670 x 1025 x 517 mm?3 and
the dimensions of the supercapacitor bank is 2000 x 1520 x 630 mm3 [92].

Battery energy density is high and power density is low compared to
supercapacitors and flywheels (see Table 2.2). Moreover, to ensure good performance
and minimise degradation, batteries must be monitored and their cell voltages,
currents, and temperature must be carefully managed. In addition, their lifecycle
rapidly declines if operating at high temperatures (above 20°C), while low
temperatures (below -20 °C) reduce their power and energy capability. Cell balancing
is another concern when working with batteries, as it leads to rapid degradation and
may even cause fire [83]. Given these issues, supercapacitors are the preferred storage
technology in electric railways due to their high power density and long lifetime. The
use of flywheels in urban railways is limited due to the high self-discharge and safety
concerns resulting from overloading that may cause explosions. Regarding the capital
cost, flywheels are the most expensive per kWh, whereas batteries are the most
expensive and the supercapacitors are the cheapest per kW. When considering the
lifecycle, batteries are the most expensive of the three technologies, which significantly
increases the time required to recuperate their cost. Since no single energy storage
technology can meet all aforementioned objectives, HESSs can be adopted to improve

the efficiency of electric railways [37].
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Table 2.3: Examples of ESS applications [9], [86] —[91]

Storage type Application Method Purpose Rated Rated
energy | power
(kWh) (kW)
Li-ion battery Kagoshima City Tram, Japan Stationary | Voltage stabilisation 18.1 250
Li-ion battery Seishin-Yamate Line, Japan Stationary | Energy saving 374 1,000
Li-ion battery East Japan Railway, Japan Stationary | Voltage stabilisation 76 2,000
Li-ion battery West Japan Railway, Japan Stationary | Energy saving and 140 1,050
voltage stabilisation
Li-ion battery Market-Frankford Line in North Stationary | Energy saving 420 2,200
Philadelphia, US
Ni-MH battery Osaka Municipal Subway, Japan Stationary | Energy saving 576 5,600
Supercapacitor Madrid Metro, Spain Stationary | Energy saving, 2.3 1,000
voltage stabilisation,
and peak shaving
Supercapacitor Seibu Railway, Japan Stationary | Energy saving 6.9 2,560
Supercapacitor Daejeon Metro, South Korea Stationary | Energy saving and 10.39 1,870
voltage stabilisation
Flywheel London Underground, UK Stationary | Energy saving and 3 300
voltage stabilisation
Flywheel Los Angeles Metro, US Stationary | Energy saving 8.33 2,000
Flywheel Keihin Electric Express Railway, Japan Stationary | Energy saving 25 3,000
Ni-MH battery Nice Tramway, France On-board | Catenary free 27.7 200
operation
Li-ion battery Sapporo Municipal Subway, Japan On-board | Energy saving 72 600
Ni-MH battery Sapporo Municipal Subway, Japan On-board | Energy saving and 120 250
catenary free
operation
Supercapacitor Chuo Line, Japan On-board | Energy saving 0.28 180
Supercapacitor Mannheim Railway, Germany On-board | Energy saving and 2 600
peak shaving
Flywheel Rotterdam Tramway, Netherlands On-board | Energy saving 4 325

positive
cabinet

negative
cabinet

control

cabinet

copverter cabinet

SC cabinet

Figure 2.10: 1 MW supercapacitor system at Liyuan substation of Batong Line of the Beijing
Metro, China [92]
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Figure 2.11: On-board supercapacitor at Mannheim Railway, Germany [9]

Figure 2.12: Sitras HES installed on the roof of a train [93]
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2.2.4 Review of ESS applications in DC electric
railways

2.24.1 ESS installation location

Before addressing the impact of incorporating ESSs into electric railways, it is
necessary to consider the location within the system at which they should be installed.
When used in railways, ESSs can be installed on-board trains or be stationary, located
alongside the track. As the ESS weight and volume significantly affect the energy
efficiency, installing an ESS on-board of a train increases its traction energy
consumption by approximately 2%. On-board ESSs allow peak power reduction
during acceleration, as well as catenary-free operation. However, retrofitting them on
existing trains is expensive due to the lack of available space. Stationary ESSs can
obtain energy from multiple braking trains and they can support energy consumption
reduction, voltage stabilisation, and peak shaving (charging during low power
demands and discharging during high power demands). Of these, voltage
stabilisation and peak shaving require complex control methods since they are
dependent on the traffic on the line, whereas controlling on-board ESSs is independent
of traffic. Stationary ESSs can also support voltage drop at weak points in the network,
thus eliminating the need for reinforcement through additional substations. Another
drawback of on-board ESSs stems from train operations disruption for maintenance
and repair of ESSs, which is avoided if wayside ESSs are employed. Stationary ESSs
are also preferable when the distance between adjacent substations is short due to the
low losses in transmission [47], [94]. It is worth mentioning that in some countries such
as the UK, Germany and Sweden investment decisions are shared between multiple
organisations due to privatisation of electric railways, which adds complexity to the
optimisation of railway systems. Infrastructure and train operations belong to
different organisations that makes installing on-board ESSs less favoured due to the
complexity of investment decisions. The infrastructure operators are normally
responsible for the operation of tracks, stations, signalling, electrical supply, and the

management of timetables [95]. As stationary ESSs provide broad benefits to the
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power network and are cost-effective if existing trains are not equipped with on-board

ESSs, they are the focus of this present study.

2.24.2 Energy efficiency improvement using ESSs

In stationary ESS applications, determining the optimal ESS size, location
alongside the track, and control strategy for power flow management can be very
challenging, as the load profile is uncertain due to unpredictable traffic density and
passenger volume. Moreover, offboard ESSs might increase losses in transmission and
reduce power utilisation when their location and control method are not optimal,
which passively affects the energy efficiency of the railway system. Therefore, it is
essential to ensure active contribution of ESSs when applied to electric railways,

particularly when the initial capital investment is high.

Stationary supercapacitors were employed in [96] to increase energy savings
and reduce line voltage drop in the Italian Tramway Network in the city of Naples.
The case study was based on two trains operating on a single track and one
unidirectional substation whereby voltage control based on the measured track
voltage profile was applied to the stationary supercapacitor. The charging and
discharging voltage thresholds of the controller were selected in real-time by a control
algorithm that was designed to optimise the substation energy consumption, the
substation peak currents, and the voltage drop along the line. The reported findings
indicate that the supercapacitor working within the optimal voltage limits could meet
the objectives of the study satisfactorily even when different voltages representing
different traffic conditions were injected into the system. These results were validated

via laboratory tests involving a scaled system with a track emulator.

A stationary supercapacitor bank was adopted by the authors of [97] to reduce
the energy supplied by a substation in a railway line. A state machine was utilised to
switch the voltage and current thresholds of the ESS controller to different values
based on five states, i.e. charging, discharging, high charging, high discharging, and
standby. In addition, a genetic algorithm was implemented to update the gain

parameters of the ESS controller in real-time, with the aim of optimising its dynamic
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performance and enhancing its robustness. The improvements in the electric railway
energy efficiency and the ESS control robustness were verified via both simulations
and laboratory tests before the system was applied at Liyuan substation of the Batong
Line of the Beijing Metro. Based on the 2-week field test results, the authors reported

12% average daily savings in the energy supplied by the Liyuan substation.

A mathematical model based on the Batong Line of the Beijing Metro was used
in [98] to increase the energy recovery by varying the charging and discharging
voltage thresholds of a stationary supercapacitor through a designed control
algorithm. The proposed energy management method was used to automatically
adjust the control parameters based on the train operating conditions to achieve 1,016
kWh daily reduction in the energy consumption under normal operational conditions.
The proposed control algorithm was first tested on a modelled railway system
comprising of two trains operating on a double railway line with two rectifier

substations separated by 2 km before it was implemented at Liyuan substation.

A numerical optimisation method was developed in [99] to select optimal
voltage thresholds of a controller managing the power flow between a stationary
supercapacitor and an electric railway. The objective of the optimisation method was
to identify voltage limits that would minimise the line voltage drop, the substation
current peaks, and the substation energy consumption, including reduction of the
losses in the transmission line and in the internal resistors within the substation. The
control method was applied to determine the most optimal voltage limits based on
offline estimation of the traction load, which remained fixed during the entire
operating cycle. The case study included one train running on a single-track of 1.4 km
length with one rectifier substation and a supercapacitor on its respective terminal
points. The effectiveness and robustness of the control method in terms of meeting the
predetermined objectives were validated experimentally in the laboratory at the

University of Naples.

Stationary supercapacitors were used in [100] to boost the voltage along the
contact line. A mathematical model was generated for an electric railway serviced by

nine trains and equipped with three substations. The supercapacitor storage system
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performance was evaluated by increasing the ESS size and changing its location while
monitoring factors that caused minimal voltage decrease along the line. When the
numerical model was applied to different traffic scenario based on the railway system
in the city of Naples, the ESS was shown to be capable of reducing the line voltage
drop by 32%.

Line 5 of the Beijing Metro was modelled mathematically in [51], based on real
traffic scenarios reflecting the network operations, including different departure
times. Lineside supercapacitors with unidirectional substations were also
incorporated into the model. A state machine control mechanism was employed for
energy management between the ESSs and the substations, resulting in 12% energy
savings, equivalent to 1,500 MWh per year. In the study provided in [58], the authors
investigated the optimal size, location, and energy management method of a wayside
supercapacitor storage system for economic efficiency improvement (difference
between the saved electricity price and the installation cost of ESSs) and voltage
compensation. The modelled railway system was based on a real case study of a 11.3
km line section in the Beijing Metro, equipped with seven unidirectional substations.
Stationary supercapacitor banks were connected in parallel with each substation to
reduce traction energy consumption and voltage drop along the line. A novel
optimisation method based on genetic algorithm was implemented to control the ESS
charging/discharging current. According to the authors, the proposed method was
efficient in enhancing both economic efficiency and voltage drop. The proposed
method increased the economic efficiency by 16.56% and the voltage drop

compensation by 23.05%.

A battery was employed in [101] to reduce the annual energy cost of a DC
railway system. A control algorithm was designed to calculate the optimal site, size,
and energy management method that would maximise energy savings and improve
battery lifetime. Simulation results indicated that 13% energy saving can be achieved
on a route of an Italian railway system in Rome. The wayside Li—ion battery system
was used in [102] for voltage stabilisation, minimisation of energy consumption, and

peak power reduction at Letterly Substation located at the Market—Frankford section

40



of north Philadelphia Line. The authors also aimed to reduce on-board braking
resistor losses and allow surplus electricity to be sold to the grid to maximise economic
benefits. Field test results demonstrated that the installed batteries reduced the annual

energy cost by 1 million USD.

In the work presented in [103], the authors discussed the benefits of
hybridisation between batteries and supercapacitors as a means of storing the excess
regenerative energy in electric railways. The case study considered in this research
was based on real data pertaining to a Spanish high-speed railway, which was used
to test the impact of HESSs on energy savings and economic benefits. The proposed
combination of the two technologies reduced the railway energy consumption and
energy cost by 3.37% and 16.37%, respectively, based on a simulation involving two

trains running on a single track for full day.

In conclusion to the literature review, incorporating ESSs into electric railways
is an active area of research and has the potential for substantial energy efficiency
improvements. However, a comprehensive sensitivity analysis of energy efficiency to
ESS voltage control has never been conducted and is not fully understood. To address
this gap in extant research, the significance of voltage control is critically examined in
Chapter 4 of this thesis. As a part of this investigation, the effects of modifying ESS

charging and discharging voltage thresholds as well as its location are evaluated.

2.3 ESS control methods for SOC
management in DC electric railways

When adopting ESSs in electric railways, it is essential to ensure that they
remain within their SOC boundaries, as failure to meet the load demands could limit
their utility. This critical issue was discussed in [104], where the authors proposed a
SOC management method. In this work, an on-board HESS was considered,
comprising batteries, supercapacitors, and fuel cells (devices that generate electricity

via chemical reactions with a source of fuel). This configuration was simulated in
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MATLAB Simulink and based on the actual operating conditions of a metro line in the
downtown of Zaragoza, Spain. The goal of the study was to develop energy
management methods to fully meet the train power demand by the HESS while
reducing the energy demand, and maintaining the SOC of batteries and
supercapacitors within their respective predetermined limits. The fuel cell was
responsible for ensuring that the battery and supercapacitor SOC remained within the
required boundaries whilst fully meeting the power demand of the train. The authors
chose a 90 Ah Li—ion battery for this project and opted for a 63 Farad supercapacitor.
The battery and supercapacitor SOC was actively managed to operate within the
desired 50-80% and 60-95% range, respectively. The SOC of the battery was set to this
range as it was claimed that the charge acceptance above 80% is poor and working
below 50% degrades the battery faster. The supercapacitor was limited to a 95% SOC
as this causes capacitance loss and reduces the lifetime of the device, while the
minimum SOC limit was set to 60% to avoid working in the nonlinear zone (the zone
where the supercapacitor simulated voltage did not match the measured voltage)
when discharging at high currents. However, in this study the impact of the SOC
management method on the traction power system and energy efficiency was not

discussed.

An adaptive control method was designed in [105] to manage the power flow
between fuel cells, batteries, and supercapacitors on-board a train that had no
connection to the grid. The fuel cells were used to manage both supercapacitor and
battery SOC to reduce stress imposed on these devices and prolong their useful life.
The control strategy was subjected to field testing, and the findings confirmed its
ability to reduce stress and minimise hydrogen consumption of the HESS. In similar
research, a state machine control strategy was proposed in [106] to manage the SOC
of a supercapacitor set hybridised with a fuel cell system aboard a train. The goal was
to reduce the hydrogen consumption by maintaining the supercapacitor SOC within
the optimal limits of 40—-95% and to ensure that the final SOC (i.e. the value measured
at the end of the train operating cycle) converged to the initial SOC of 80% that allowed
high discharge power and satisfactory braking recovery. This target was shown

experimentally to be achieved effectively and also reduced the hydrogen consumption

42



in the HESS by 4.18%. Although the authors of the studies reported in [105] and [106]
applied different operating conditions to add uncertainty to the system, in both cases,
a single-train operation was considered in the testing phase, which is inadequate to
comprehensively assess the performance of the proposed control methods. Moreover,
both studies focused solely on reducing the fuel cells energy consumption, while

neglecting that of the traction railway system.

A feed-forward control strategy with multiple optimisation functions was
implemented in [107] to control the SOC of an ESS on-board a train when imposing
stringent space and size constraints. The specific objective of this study was to
maximise the benefits of the ESS size by controlling its SOC. The controller generated
a reference SOC profile through a simple set of rules that were formed based on train
position and load profile. Its performance was tested on a multi-train model based on
a case scenario from the Greater Tokyo Railway Network. The objective was to reduce
the difference between the initial (at the start of the journey) and the final (at the end
of the 37.8 km line) SOC value of an ESS on-board a specific train. The reference SOC
was calculated based on the train position along the line, the remaining energy in the
ESS, and its capacity. It was assumed that the traction load of the railway line could
be predicted with high accuracy. The reported results showed that the proposed
control approach reduced the energy consumption, line losses, and line voltage drop.
However, the authors failed to provide sufficient evidence in support of the control
method validity, as uncertainties in the load profile were neglected. Moreover, the
reference SOC was generated for each train independently, which caused deviations
between the reference SOC and its actual value because the impact of individual SOCs
on those of other running trains was not considered. In other words, application of the
proposed control method to manage the SOC of a certain ESS modified the contact
voltage waveform along the line, which was not considered when managing other on-
board ESSs, as their SOC profiles were established prior to executing the simulation.
Finally, the controller’s ability to improve the electric railway energy efficiency was
only evaluated against a case in which no ESS was incorporated, which was

inadequate to reach generalisable conclusions. To fully test its performance, the
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proposed method should have been compared with a case in which an ESS performed

under conventional control methods.

A state machine control strategy was designed in [98] to adjust the charging
and discharging voltage thresholds of a stationary ESS. The ESS included
supercapacitors connected to one side of a double-track railway while a rectifier
substation was connected to the other side. The traction system was simulated based
on parameters pertaining to the Batong Line of the Beijing Metro before real field
testing was performed. The aim of the proposed control strategy was to manage the
SOC of the supercapacitor set as a means of increasing its energy charge and discharge
rate to reduce the imported energy from the substation. The control strategy was first
validated via simulation, which confirmed its ability to enhance the energy
conservation rate (the ratio between the energy discharged by the supercapacitor bank
and the substation). Thereafter, it was applied in the field at substations located in
Liyuan Passenger Station under seven scenarios reflecting normal operating
conditions, where it was shown to increase the energy conservation rate by an average
of 13.5% relative to a conventional control method pertaining to the fixed threshold
condition. Although reaching the minimum SOC limit was avoided and the energy
conservation was improved, these findings do not reflect the full impact of the control
strategy on the traction system. Therefore, further analysis of the impact of the SOC
management strategy on the line power utilisation, power losses, and power peaks is
needed for accurate and comprehensive controller assessment. Furthermore, the
adaptation process was not based on forecasts of future changes of the load profile,
and the authors only considered a small number of voltage threshold variations and

failed to incorporate adaptation of current limits.

SOC control of a stationary Li—ion supercapacitor by adjusting its current was
discussed in [81]. The control strategy aimed to provide a reference SOC profile for
the supercapacitor to ensure good cell balancing and to reduce the traction system
energy consumption, energy losses, and voltage drops. The control strategy was
tested on a scaled experimental model comprising one substation, a 30.5 F Li—ion

supercapacitor, and two induction motors representing trains travelling in opposite
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directions. The authors concluded that the proposed controller maintained the SOC
between the allowed limits while reducing the line voltage drop, total energy losses,
and total energy consumption. However, such conclusions are unsatisfactory because
the authors only focused on one traffic load condition that was assumed to be known

at the start of the experiment that lasted for less than a minute.

Despite the importance of ESS SOC management for maximising their benefits,
there remains a paucity of systematic investigations into the sizing restrictions that
diminish the ability of ESS to improve the energy efficiency of electric railways. In
extant studies on ESS applications in electric railways, it is typically assumed that the
traction load is predictable, which does not reflect real-world operational conditions.
Surprisingly, most papers reviewed as a part of the present study that focus on ESS
control methods, were aimed at improving the electric railway energy efficiency
without examining the effects of SOC constraints, which is a significant shortcoming,
especially since the ESS in many locations has no access to the traction substations nor
external sources. Therefore, in Chapter 5 of this thesis, the impact of working at the
SOC limits of a stationary ESS is examined, assuming that there is no external power
source/sink available. This is followed by a systematic investigation, including global
efficiency analysis of the railway system with different traffic conditions and over
extended operational periods. Finally, strategies for managing the SOC of the ESS are

provided, and their experimental validation is presented in Chapter 6.

2.4 Conclusion and research gaps

ESSs are considered an effective means for improving energy efficiency of
electric railways while reducing gas emissions. However, practical ESSs are limited
by their high cost, large physical size, and limited lifetime. Recent developments in
ESS technology and a rapid decline in price have made their application in electric
railways more realistic, promising improvements in the regenerative energy recovery

rates, thereby improving the energy efficiency of the traction system. Moreover,
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hybridising different storage technologies with appropriate energy management
methods has been shown in previous research to play a vital role in reducing the ESS
size and degradation, and at the same time better meeting the power and energy
requirements of the system. However, considerable uncertainty in the relationship
between methods of control of an ESS and the energy efficiency of an electric railway
system still persist. Another issue that has not been widely studied is the potential use
of ESSs operating within capacity limits, as this markedly diminishes their benefits,
especially when there is no access to any external power sources/sinks. Finally, the
studies reviewed in this thesis regarding modelling methods of electric railways
outline the critical role of railways modelling in understanding the energy/power
requirements first before applying and evaluating the ESSs. However, none of these
studies developed a modelling method with sufficient details to allow replication.
Therefore, a detailed multi-train simulation method that adopts ESS and allows
implementation of advanced energy management methods is needed to

comprehensively assess the impact on the traction power system.
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Chapter 3

Development of an Electrical Model for
Multiple Trains Running on a DC 4t Rail
Track

3.1 Introduction

In the extant literature, employing ESSs in electric railways is increasingly
recognised as desirable to enhance performance. To investigate the ESS benefits,
researchers make use of simulation tools to model the electric railway to enable them
to analyse the size, location, control methodology, and requirements for the storage
technology type. Further, simulation tools allow changes in electrical network,
timetabling, and train speed profiles, which is fundamental for the planning and
development of electric railways. When simulating electric railways, it may be
challenging to adequately represent their nonlinear characteristics resulting from the
rectifier substations, overvoltage protection circuits, and the continuous changes of
the load according to the train position. The power exchange between trains and the
change of the rail resistance between them require high temporal resolution and thus
results in high computational complexity. Given these goals and challenges, the main
objective of this work was to develop a sufficiently simple, fast to simulate, yet
accurate, simulation method based on real-world assumptions. Further, the

simulation method should be extendable to ESS and control to allow designing control
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methods for energy management using ESSs to maximise the energy efficiency of

electric railways.

A key motivator for this research is to avoid the protracted simulation times
present in the common approach of forming iterative methods for solving the
nonlinear equations characterising the system. Iterative methods are complex to be
formed especially when adding ESSs with advanced control methods, which is the
main focus of this thesis. Alternative approaches using MATLAB Simulink for
modelling electric railways which have been discussed in a few articles such as [5],
[56] —[58], [61], but no sufficient details were provided to allow replication of the
work. Therefore, it was decided to develop a simulation method that is able to
calculate the track voltage at any point and provide the voltages to which trains are
subjected during normal operation. The model should be able to support on-board or
stationary ESSs into the power flow model enabling energy efficiency analysis and

design optimisation.

In this work, a simulation approach was developed for modelling the
mechanical and electrical characteristics of a 4th rail track in a metro system. The
simulation model operation requirements and parameters were based on the publicly
available data regarding the Yizhuang Line in Beijing Metro. The model included
multiple vehicles, power rails and substations. The electrical performance of
individual trains and their effects on the behaviour of other trains within the same
railway track were studied. To simulate the actual operational conditions most
accurately, all trains were assumed to be in motion unless they were stopped at
passenger stations, this was then reflected in the system configuration and related
equations at every time step. The primary aim of this approach was to ensure that the
proposed simulation tool was capable of incorporating these features when
calculating the power flow. Finally, multiple verification approaches were applied to

investigate the accuracy of the proposed modelling method.

This chapter describes the development of a framework for modelling the
power flow within an electric rail network referenced to case study example. Prior to

describing the framework in detail the operating characteristics of an electric railway
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system are introduced starting with a description of the train, then the electrical power
network and finally the operation of rail network (train journeys). Then, the
fundamental mathematical modelling concepts to capture the mechanical and

electrical behaviour of an electric railway system is discussed.

3.2 Electric railway system

3.2.1 Train

A typical representation of a DC train is shown in Figure 3.1, where the contact
shoe collects power from the DC network before being converted to AC power to
operate motors. In order to move a stationary train along track—two steel rails
supported by concrete (sleeper) that is placed on crushed stones (ballast) to provide a
surface and guidance for the train wheels as shown in Figure 3.2—tractive force
produced by motors needs to be applied to wheels through gearbox. The tractive force
value depends on many factors including track gradient (rolling resistance originates
due to inclination in tracks where it increases when the train moves upward while it
decreases when the train moves downward), and curvature of track (rolling resistance
originates due to curves in tracks). Further, while the train is moving, the drag force
that consists of vehicle mass, rolling resistance and air resistance would counter its
movement. The train motion is limited by the train maximum speed, maximum
tractive force, and maximum power consumption. Similarly, bringing the train to a
standstill requires braking force. When the train is decelerating, its kinetic energy is
used to drive the motor behaving as a generator which slows the train down, a process
known as regenerative braking, before applying mechanical braking to stop the train

completely [108].
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Figure 3.1: Representation of an electromechanical system in an AC train fed by a DC
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Figure 3.2: Typical structure of a rail track [109]

3.2.2 DC railway traction power system

The common configuration of a traction system—i.e. the mechanism through
which electric power is converted to mechanical motion allowing the vehicle to travel
along the track —in DC electric railways is shown in Figure 3.3 where the (electrical)
substations include transformers and rectifiers. In such systems, transformers are
responsible for stepping down the distribution network voltage and rectifiers are used
to convert the distribution network AC voltage into DC voltage. The 3t rail is
responsible for conveying the electric power from the substations to the trains,
whereas the power is transmitted back to the substations through the 4t rail. The train

obtains power from the 3t rail by continuous connection between its shoe and the 3rd
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rail. The conductor rails are different from the rail track on which a train moves as

illustrated in Figure 3.4.
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Figure 3.3: Configuration of a double-track DC railway power system
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Figure 3.4: Schematic of a train running on a rail track and powered by a 4t rail system
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In the Beijing Metro, the distribution network voltage is 10 kV and in each
substation, two 12-pulse rectifier sets with the same capacity of 3000 kW are connected
in parallel to supply the DC network with 750 V [46], [110]. The minimum voltage of
a typical 750 V rectifier system is 500 V and the permanent maximum voltage is 900 V
according to EN 50163 international standards for DC traction systems displayed in
Table 3.1. The rated current of a typical 750 V rectifier system is 4000 A with overload
capabilities of 150% (6000 A) for 1 hour, 300% (12000 A) for 1 minute, and 450% (18000
A) for 10 seconds [5].

Table 3.1: DC traction system voltages [5]

Definition of operating DC system voltages [V] 600 750 1500 | 3000
Lowest permanent voltage duration indefinitely [V] | 400 500 1000 | 2000
Nominal voltage designed system value [V] 600 750 1500 | 3000

Highest permanent voltage duration indefinitely [V] @ 720 900 1800 | 3600
Highest non-permanent voltage duration 5 min [V] 770 950 1950 | 3900

At each substation location, section gaps (i.e. neutral sections) are positioned,
representing a dead zone required to electrically isolate the railway sections, thus
ensuring that any faults in one section are not transmitted to an adjacent section. This
design allows all traction system to work normally except the faulted section. When
the train reaches section gaps, the shoe (electrical contact between the train and
conductor rail) is disconnected from the rail to ensure the vehicle is drawing no power
in order to avoid electric arcs. Traction sectioning is also useful for maintenance, as
work can be done on the traction substations without affecting the operation of the
traction system, which increases the operational flexibility when the lines are

subjected to frequent traffic [111].

The most common configurations for feeding substations in electric railways
are single-end and double-end as shown in Figure 3.5. In single-end feeding mode,
each rectifier substation is responsible for feeding the two adjacent electrical sections
only. Furthermore, each train can only sink regenerative energy available within the

same section. This is achieved by adding normally open circuit breakers between the
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two parallel rectifier sets in each substation which allows each rectifier set to feed only
one section [112]. In Beijing Metro, the substations are double-end fed where all
sections are electrically connected through normally closed circuit breakers located at
the substations. The length of neutral sections should be longer than the distance
between collector shoes of a passing train to prevent the train from connecting
adjacent electrical sections. The length of the neutral section in Beijing Metro was
designed to be 14 m in order to be longer than the distance between two collector
shoes in one carriage that is 12.6 m and longer than the distance between two collector

shoes in different carriages that is 6.9 m [113].

Incoming Supply Incoming Supply
X X X X X X X X
+Ve Power Rail I I I I
|| ||
Section 1 Section 2 Section 3
-Ve Power Rail I I | I
|| |||
(@)
Incoming Supply Incoming Supply
X X X X X X X X
+Ve Power Rail I I I I
|| ||
Section 1 Section 2 Section 3
) i1 ] 1
-Ve Power Rail
|| |||
(b)
I I Neutral Section X Circuit Breaker Normally Closed _/x_ Circuit Breaker Normally Open

Figure 3.5: Power supply feeding schemes: (a) single-end feeding mode; (b) double-

end feeding mode
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3.2.3 Train operation

A passenger station is the place where the trains load and unload passengers
(see Figure 3.4). The time spent at passenger stations for passengers loading and
unloading is called dwell time. The departure and arrival times of trains with respect
to passenger stations form a railway timetable. The timetable is cyclic when it is
repeated at consistent time intervals where a train leaves a certain passenger station
at the same time interval. The planned time interval between consecutive trains is
known as headway. The cyclic (repeated) timetable was first used in 1931 in
Netherlands for passenger convenience, making the timetables easy to memorise,

before it was adopted in other countries [114].

In practice, sections between passenger stations are divided into speed
segments with different speed limits. Therefore, train drivers try to achieve the target
speed limits with respect to constraints such as maximum acceleration, minimum safe
distance between consecutive trains, allowable travel time, and passenger comfort
criterion. This driving style is known as flat-out operation [115]. A speed profile
example of a train travelling between two passenger stations separated by 1000 m is
shown in Figure 3.6. This speed profile represents the typical behaviour of trains in
metro railway systems as stated in [116]. In acceleration mode, which is also called
motoring mode, the train consumes power from the railway traction system, while in
deceleration mode, the train regenerates power which is supplied to the railway
traction system. In cruising mode representing the constant speed region, the drawn

power is constant if the track is flat.

In principle, a train’s regenerative power when decelerating can be passed to
other trains in demand of power. However, in many instances a mismatch exists
between a train’s regenerative braking power and coincident train demand such that
an excess of power is available that, unfortunately, cannot be passed to the national
grid as the electrical substations are commonly unidirectional in metro systems and
cannot assist in absorbing the excess power. Therefore, trains are equipped with on-

board braking resistors that are switched on at a certain voltage threshold to protect
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the power network from the overvoltages stated in Table 3.1. Another benefit of the
on-board braking resistors is that they reduce the reliance on mechanical braking, thus
extending the useful life of their disk brake pads. Typically, when braking resistors
are employed, mechanical brakes are only deployed when the train speed drops below
10 km/h (2.78 m/s) to ensure correct stopping distance, whilst the electrical braking

system is turned off to activate the mechanical braking system [117].

Since this thesis is concerned with capturing and recycling the energy wasted
in the braking resistors a simulation model representing the typical operation of a

metro will be described in the next section.
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Figure 3.6: Typical driving cycle of a train between two consecutive passenger stations

3.3 Modelling approach

In train modelling, there are two main approaches called forward and
backward modelling. With forward modelling, the input to the model is the train
power profile and that is used to calculate the train speed. In backward modelling,

also known as effect-cause modelling, the effect is the train speed that is the input to
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the model and the cause is the train power demand that is calculated in the model [4].
Since metro train journeys are train/distance constrained the latter approach was
adopted in this study due to the data availability in the literature regarding the typical

speed profile of a train in a metro system.

To model a metro system it was decided to separate it into a train model and a
DC traction power system model. This method is called decoupled modelling
approach and is widely used in the literature [7], [52], [53], [55]. This modelling
approach was essential, as it allowed for the impact of train behaviour on the rail track
as well as the effect of the railway power network on the train, to be assessed. The
premise used in this work is that the train has a specific speed/time profile to follow
and the train driver, simulated here by a proportional controller, will ensure
adherence to the aforementioned profile. Figure 3.7 shows the model used with the
input (speed target profile such as see in Figure 3.6) on the left hand side and the
outputs on the right. The outputs are the distance travelled by a particular train and
the train power demand (import/export). The proportional (P) controller was added
to the train model to get a realistic speed profile by simulating the driver’s behaviour
where in practical life the driver aims to achieve the target speed according to the
reference speed limits. Therefore, the P controller aimed to achieve the target speed
with respect to the maximum jerk (the change of acceleration), and the maximum
tractive/braking force provided by the train manufacturer that it is measured on a test

track and varies with speed.

The equations used in this work to model train dynamics were adopted from

[11], [108]. Train behaviour was studied based on Newton’s Second Law, given as

follows:
Force (F) = mass (m) - acceleration (a) (3.1)
F(v)—B(w)=m-a (3.2)
F(v) - B(v) = m- 22 (3.3)
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where v is train velocity, F(v) is tractive force in kN and B (v) is braking force in kN.

The drag force Q (v) in kN is represented by the Davis equation:

QW) =a+p -v+y- v? (3.4)
where, a represents bearing resistance in kN and it is dependent on the vehicle mass,
where f denotes rolling resistance in kNs/m, and y represents air resistance in
kNs2/m?. The coefficients of the Davis equation depend on the train type, and they
are determined experimentally by the manufacturer. It should be noted that, for
simplicity, gradient resistance force was neglected assuming that the track was flat in
this model. Further, the curvature resistance force was ignored, i.e. a straight track

was assumed. Therefore, the motion of a train is described as follows:

Jav(t) _
ac

F(v) —=B(v) - Q(v) (3-5)

Power is the rate at which work is done (P = W /t) and work is the product of

force and distance (W = F - d). Therefore, power is (P = F—td) ; since distance over time

is velocity then power is (P = F - v). The train traction power P, and regenerative
power P, in kW are given by the following relationships:
F(v)wv

Ng'NMmMi (36)
b= _B(v)'v'ng'nm'rli

Pt=

where 7, is the gearbox efficiency, 7,, is the motor efficiency, and 7; is the inverter
efficiency [4], [45], [108]. The product of ng4, 1y, and 7; represents the transmission
efficiency of the train. It is worth mentioning that Equation 3.6 calculates the electrical
power measured at the connection point between the contact shoe and the power rails.
The mechanical traction power (P = F - v) is calculated by multiplying the train speed
by the tractive force. The mechanical traction power is divided by the transmission
efficiency to obtain the electrical power collected by the contact shoe (feed in power)
to meet the train speed that is assumed to be known in this modelling approach.
Similarly, the mechanical braking power is calculated by multiplying the train speed
by the braking force. However, the mechanical braking power is multiplied by the

transmission efficiency instead of division to obtain the electrical power injected by
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the train to the conductor rails through the contact shoe (feed out power) after losing
power in the gearbox, motor, and inverter. The electromechanical system of a generic

DC train is represented in Figure 3.1.
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Figure 3.7: Dynamics of a single train

Figure 3.8 shows the electrical configuration of a single-track railway where the
trains travel in one direction while Figure 3.9 shows the electrical configuration of a
double-track railway where the trains travel in two directions. The power system
includes rectifier substations, trains, and transmission lines. DC traction is the focus
of the present investigation, hence, the AC side of the substation was disregarded and
it was assumed to provide a fixed DC voltage. Moreover, traction substations were
modelled as ideal DC voltage sources with internal resistances representing
Thevenin’s equivalent. The substation was grounded and positioned between the
positive (the 3td rail) and negative (the 4t rail) power lines. Ideal diodes were used to
allow a unidirectional power flow by preventing braking currents from returning
through the substations. The trains were represented by ideal current sources where
the current demand of each train was calculated by dividing the power demand
calculated in the train model by the measured voltage across the current source. A
braking resistor box was connected in parallel with the train through a switch that was
triggered when the voltage amplitude measured by the decelerating train exceeded
the maximum allowed voltage. In Figures 3.8 and 3.9, the braking resistors of the

decelerating trains are not activated due to the assumption of not reaching the
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maximum voltage threshold which causes all of the regenerative power to be injected

back to the transmission line to be consumed by the accelerating trains.

The transmission lines were represented by variable resistors where the
resistance ahead and behind the train changed continuously according to the traffic
density as will be explained later in this chapter. Since the resistance between the
trains and their departure and arrival points should change instantly, each resistive
line was represented by a series of variable resistances, the values of which changed
based on the train positions. As shown in Figures 3.8 and 3.9, the resistance between
the train and the substation changes with the distance travelled by the train, which
can be obtained by multiplying the per unit rail electrical resistance and the distance
between the train and substation. Since the electrical resistance between a specific train
and the previous or next substation is time variant, the other trains running either
behind or ahead of that particular train would change the value of the electrical
resistance between that train, the next substation and the previous substation. It is
worth mentioning that the electric resistance of cables will change as the ambient
temperature changes. However, for simplicity in this model, it was assumed that the

resistive elements and cable conductivity were unaffected by their surroundings.
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Figure 3.8: Electrical configuration of multiple trains running on a single-track with

two substations
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Figure 3.9: Electrical configuration of multiple trains running on a double-track with

two substations

3.4 Beijing Metro and the development of
a test scenario

The previous section described a mathematical model for the train traction
system and set out the operating principles for the electrical simulation, the
combination of which will provide a framework for obtaining the electrical demands
for train and the instantaneous voltages to be used in the ESS application research
presented in later chapters. This section applies the framework to a section of the
Beijing Metro system with the intention of demonstrating the application of the
framework. In this section, a double-track railway is described and followed by a
detailed power system analysis before closing with the description of verification

methods adopted for the case study.
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3.4.1 Beijing Metro system

Yizhuang Line in Beijing Metro shown in Figure 3.10 was used as a case study
due to the availability of published data about the system. Table 3.2 shows the
locations of fourteen passenger stations and twelve substations along the line. It is
noticed that the passenger stations and substations in Yizhuang Line share the same
locations except for two passenger stations named Wanyuan and Ciqu that do not
have any substations at their locations. The dwell time in the passenger stations is
shown in Table 3.3 where it is noticed that the dwell time in most of the passenger

stations is 30 s.
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Figure 3.10: Topological map of Yizhuang Line in Beijing Metro [118]
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Table 3.2: Passenger station and substation location in Yizhuang Line [108]

Passenger station

Songjiazhuang

| 10 | Tongjinan
| 11 | Jinghai

| 12 | Ciqunan
| 13 | Ciqu

| 14 | Yizhuang

| Wenhuayuan

Substation
Songjiazhuang
Xiaocun
Xiaohongmen
Jiugong

Yizhuanggiao

Rongjing
Rongchang
Tongjinan
Jinghai

L Ciqunan

| Yizhuang

Location (km)
0

2.631

3.906

6.272

8.254

9.247

10785

12.065
13.419
15.757
18.022
20.108
21.394
22.728

Table 3.3: Dwell time at passenger stations of the Yizhuang metro line [11]

Passenger station Dwell time (s)

Songjiazhuang 30
Xiaocun 30
Xiaohongmen 30
Jiugong 30
Yizhuanggiao 35
Wenhuayuan 30
Wanyuan 30
Rongjing 30
Rongchang 30
Tongjinan 30
Jinghai 30
Ciqunan 30
Ciqu 35
Yizhuang 45

In Yizhuang Line, each section between any two passenger stations is divided
into three intervals with different speed limits that cannot be exceeded under any
circumstances and if this happens, emergency brakes are applied or power reduced to
keep cruising. The practical speed limits across the whole line of Yizhuang are detailed
in Table 3.4 [66]. For example, the section between Songjiazhuang and Xiaocun is

divided into three intervals where the speed limit is 13 m/s for the distance between
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0 and 133 m representing the first interval. The second interval has a speed limit of 20
m/s for the distance between 133 and 2300 m while the last interval has a speed limit
of 10 m/s for the distance between 2300 and 2631 m. The table also shows the time
boundaries according to the operation requirements of the Yizhuang Line, where
trains travel between passenger stations with respect to the minimum and maximum
journey time. The columns T and E shows the journey time and energy consumption,
respectively, of a practical case of a train travelling along the whole line. The train
energy consumption could increase or decrease based on the driving strategy. An
example of a train travelling on Yizhuang Line with an optimised speed profile for the
aim of reducing the train energy demand is shown in Figure 3.11. It is worth
mentioning that not every speed profile is achievable as the train is limited to its
maximum power, acceleration/deceleration, jerk, and tractive/braking force. The
maximum tractive/braking force of trains on the Yizhuang Line when trains are
overloaded is shown in Figure 3.12 as measured by the train manufacturer. The
maximum tractive/braking force is measured experimentally and limited by the
maximum adhesion, motor power, acceleration/deceleration, and jerk. In the first
region, the train is limited to maximum adhesion that allows the train to move without
slipping the wheels. The force is constant until reaching the base speed where the
vehicle reaches the maximum power caused by the motor limitation before the force

decreases as a function of speed [119].
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Figure 3.11: Field test in Yizhuang Line of train trajectory optimisation [120]
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Table 3.4: Yizhuang Line practical data of speed limits, journey time, and energy

Passenger
station
Xiaocun
Xiaohongmen
Jiugong
Yizhuanggiao
Wenhuayuan
Wanyuan
Rongjing
Rongchang
Tongjinan
Jinghai
Ciqunan

Ciqu

Yizhuang

d (m)

2631

1275

2366

1982

993

1538

1280

1354

2338

2265

2086

1286

1334

consumption [66]

vmaxl (%) vmaxz (%) vmax3 (%) Tmin (S)
d1 (m) d2(m) = d3(m)

13/0—133 | 20/133— | 10/2300— | 183
2300 2631

14/0—130 | 20/130— | 13/1151— | 74
1151 1275

14/0—128 | 20/128— | 13/2165— | 141
2165 2366

14/0—123 | 20/123— | 13/1781— | 117
1781 1982

13/0—130 | 20/130— | 13/796— | 49
796 993

14/0—130 | 20/130— | 13/1350— | 87
1350 1538

14/0—130 | 20/130— | 13/1087— | 69
1087 1280

14/0—130 | 20/130— | 13/1168— | 75
1168 1354

13/0—120 | 20/120— | 12/2143— | 150
2143 2338

13/0—128 | 20/128— | 13/2073— | 138
2073 2265

13/0—129 | 20/129— | 11/1897— | 142
1897 2086

13/0—130 | 20/130— | 13/1085— | 69
1085 1286

10/0—128 | 20/128— | 14/1147— | 70

1147

1334
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Tmax (s)
234
110
177
152
85
123
105
110
185
171
179
106

106

T(s)

194

102

153

132

84

112

99

102

158

146

137

99

102

E (kWh)
29.59
11.7
21.77
21.11
17.5
15.34
10.04
13.56
12.4
22.73
28.44
24.15

16.57
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Figure 3.12: Maximum tractive force and maximum braking force for vehicles in the
Yizhuang Line [121]

3.4.2 Test scenario

In the test scenario, equal distances between the adjacent passenger stations
were assumed and trains were assumed to stop at three passenger stations separated
by 1 km, as shown in Figure 3.13. The total track length was set to 2 km, with two
substations positioned 2 km apart as this is approximately the average distance
between substations in Yizhuang Line [108]. It is described in the previous subsection
that it is not necessary for passenger stations to have substations at their locations.
Therefore, to simulate both practical cases it was decided in the current study to place
two substations at the passenger station locations except for the passenger station in
the middle that did not have a substation at its location. Moreover, this assumption
will allow examining the impact of ESSs when located equidistant from the two

substations as will be discussed in the next chapter. Focus was given only to one
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electrical section because it was assumed that the traffic is similar in different electrical

sections and studying more than one section would not change the conclusions of the

studies in this thesis.
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Figure 3.13: Double-track railway with 2 substations, 3 passenger stations, and 8

running trains

In the simulation, eight trains staggered by a headway of 90 s were modelled.
The headway was decided to be 90 s because this is the standard headway in Yizhuang
Line as stated in [122]. In the up line, each train starts its journey at Passenger Station
A and finishes at C. In contrast, each train operating along the down line starts its
journey at Passenger Station C and finishes at A, as illustrated in Figure 3.13. Thus,
one journey —complete when the trains in the up line finish travelling from Passenger
Station A to C and those in the down line finish travelling from Passenger Station C

to A —was modelled as one full operating cycle, denoted here as a ‘journey’.

Since the distance between Yizhuangqgiao Passenger Station and Wenhuayuan
Passenger Station is 993 m, which is approximate to the distance between the

passenger stations in the model considered in this thesis, it was decided to adopt its

66



speed limits and operation requirements. The trains in the current simulation model
were set to travel between passenger stations in 84 s to match the practical case
provided in Table 3.4 for a train travelling between Yizhuangqiao Passenger Station
and Wenhuayuan Passenger Station. The eight modelled trains were assumed to have
identical speed profiles between any two consecutive passenger stations. Whilst this
may seem as a simplification, it is not too dissimilar to strictly timed automated

railway systems that exist around the world.

The cyclic railway timetable shown in Table 3.5 reflects the arrival times for all
passenger stations, except for the initial point in the journey, for which departure time
is given instead. In the traffic scenario considered in this case study, it was further
assumed that each train would dwell at the passenger stations for 30 s as this is the
standard dwell time in most passenger stations of Yizhuang Line according to the
actual operating schedules stated in Table 3.3. In practice, the dwell time is variable as
it is governed by the number of passengers boarding and disembarking from the train

carriages.

Table 3.5: Train timetable adopted for the double-track railway (in seconds)

Train number Passenger Station A | Passenger Station B Passenger Station C
Train 1 0 (Departure) 84 (Arrival) 198 (Arrival)

Train 2 90 (Departure) 174 (Arrival) 288 (Arrival)

Train 3 180 (Departure) 264 (Arrival) 378 (Arrival)

Train 4 270 (Departure) 354 (Arrival) 468 (Arrival)

Train 5 198 (Arrival) 84 (Arrival) 0 (Departure)

Train 6 288 (Arrival) 174 (Arrival) 90 (Departure)

Train 7 378 (Arrival) 264 (Arrival) 180 (Departure)

Train 8 468 (Arrival) 354 (Arrival) 270 (Departure)
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3.4.3 Train model

The train was modelled in MATLAB Simulink as illustrated in Figure 3.14
where the model parameters are reported in Table 3.6. The speed limits between
passenger stations were injected to the simulated train model as a reference speed
profile that the P controller aimed to achieve with respect to the timetable, maximum
tractive/braking force, and maximum jerk rate that was set to 0.75 m/s3 as this is the

recommended limit for metro systems [123], [124].

The maximum tractive force of trains is F,, 4, (v) in kN is given by:

{F(v) = 310, v<v,m/s 37
F(v) = (310-v;)/v, v > v, m/s (37)
The maximum electrical braking force B,,,(v) in kN is given by:
{B(v) = 260, v<v,m/s 18
B(v) = (260 - v,)/v, v > v m/s (38)

Equations 3.7 and 3.8 were derived by the author of [108] from Figure 3.12, which was
provided by the train manufacturer, to approximately estimate the force limits at each
speed value to be applied to the model. The first part of each equation represents the
constant line while the second part represents the decreasing curve at a rate of 1/v.
The base speed in which the line starts to decrease is v; while v represents the
measured speed. It is deduced from Figure 3.12 that the base speed in traction is 10

m/s (36 km/h) while it is 16.67 m/s (60 km/h) in braking [108].
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Figure 3.14: Screen capture of a single train modelled in MATLAB Simulink



Applying the above equations to Train 1 yielded the results shown in Figure
3.15. It should be noted that the same values were obtained for all trains included in
the simulation. The graph shows that the train was working on the maximum
tractive/braking force most of the time. The acceleration/deceleration reduced when
the train approached the maximum speed or reached the maximum allowed jerk,
which resulted in reduction of the applied force. The P-gain was set to 180 as this
guaranteed a jerk rate below the maximum limit (0.75 m/s3), and a journey time of 84
s matching the practical journey time. The acceleration/deceleration and jerk of Train

1 is shown in Figure 3.16.

Maximum Tractive/Braking Force Actual Tractive/Braking Force

——Train Speed Maximum Speed

330 5 22
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Figure 3.15: Speed profile, actual tractive/braking force and limits of speed and
tractive/braking force of a single train travelling between two passenger stations
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Figure 3.16: Acceleration and jerk rate of a single train travelling between two

passenger stations

The speed profiles of all four trains in the up line across the complete journey
are shown in Figure 3.17 where they are identical with the speed profiles of the trains
in the down line. The integration of the speed profiles provided the train trajectories
for the entire journey as shown in Figure 3.18. Train 1 started the journey by departing
from Passenger Station A at 0 s before attempting to reach the maximum speed limit
13 m/s that was applied to the first 138 m. Afterwards, the train increased the speed
to meet the new speed limit that changed to 20 m/s between 138 m and 804 m. After
approximately 43 s of the train departure it started decelerating in order not to exceed
the speed limit of 13 m/s that was applied to the distance from 804 m to the next
passenger station located at 1000 m. When reaching 804 m the train maintained the
speed at the maximum limit 13 m/s before decelerating to meet the required journey
time 84 s for trains when travelling between any two passenger stations in the
proposed model. The train arrived at Passenger Station B at 84 s and dwelled for 30 s
before travelling to Passenger Station C with the same driving behaviour where it
arrived at 198 s. This driving process was also accomplished by Train 2, Train 3, and
Train 4 but after 90 s, 180 s, and 270 s, respectively, of Train 1’s departure. The same
operating cycle was achieved in the down line but in the reverse direction where Train

5 was synchronised with Train 1, Train 6 was synchronised with Train 2, Train 7 was
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synchronised with Train 3, and Train 8 was synchronised with Train 4. This approach
of synchronisation in the train departure times on each track permits electrical
verification by guaranteeing that an identical load is applied to each substation, and
that the trains are uniformly distributed along the railway line, as will be discussed in

the verification section.

Due to the short distances between the passenger stations, trains start and stop
frequently. The effect of these interruptions was modelled jointly in this simulation
study. From the graphs depicted in Figures 3.17 and 3.18, an overlap between the
trains is evident, whereby one train is braking while another one is accelerating. In
practical railway operations, this overlap plays a vital role in the energy exchange
management and voltage stability. The greater the traffic density, the greater the
regenerated energy exchange between the vehicles and the lower the dissipated
energy. Consequently, it is expected in this study to observe more energy dissipated
at the beginning and end of the journey, as the traffic density is lower at the initial and

terminal passenger stations.

When verifying the electrical aspects of the modelled scenario, several identical
journeys were examined, and the same characteristics and loads were applied to all
trains. This feature of the proposed simulation model permits good judgment of the
validity of the results by applying logic. However, in order for the model to simulate
realistic metro railways, real traffic scenarios should be considered as will be
demonstrated in later chapters. Furthermore, the train mass changes dynamically due
to the number of passengers travelling on the train varying between each passenger
station, therefore energy demand of the traction system would also fluctuate.
However, in the case considered here, the trains were considered to have fixed mass

as they were assumed to be at full passenger capacity throughout each journey.
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Figure 3.17: Speed profiles of four trains running on a 2 km segment of a double-track

railway with 90 s headway between consecutive trains
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Figure 3.18: Train diagrams of eight trains running on a double-track railway serving

three passenger stations

The trains were considered to import power during acceleration or in the
cruising mode while decelerating trains were considered to export power. Thus as the
speed profiles were variable, the train power demand would also fluctuate. The train

power demand that is depicted in Figure 3.19, and the position were injected to the
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power system model that will be discussed in the following subsection. The eight
modelled trains had identical power profiles to enable the electrical verification of
results yielded by repetitive journeys. The drop in power when approaching the speed
limits is reasonable due to the decrease in the acceleration that can be seen in the
practical case displayed in Figure 3.11. It is noticed in Figure 3.19 that the electrical
power in traction was limited to the value of 3736.4 kW while in braking it was limited
to 3596 kW. The power limits can be calculated from Figure 3.12 based on the fact that
when reaching the base speed the train reaches its maximum power [108]. In other
words, when calculating the mechanical power by multiplying the tractive/braking
force by the train speed depicted in Figure 3.12 it is found that the power increases
until reaching its maximum value at the base speed where the force starts decreasing
indicating that the power never exceeds its value at the base speed. The maximum

electrical power is calculated by the following equations:

Ng MmMNi (39)

Frax®
{Pt(max) = —maxr’lL
Pr(max) = —Brnax " V1 "Ng *NMm "N

where F,,, at the base speed is 310 kN and B,,,, at the base speed is 260 kNN.

Therefore, the maximum electrical power is:

310-10
{Pt(max) "~ 0.975:0.915:0.93 3736.4 kW (3.10)

Pr(maxy = —260 - 16.67 - 0.975 - 0.915 - 0.93 = —3596 kW

It is noteworthy that the energy consumption for each train when travelling from
Passenger Station A to B was 22.41 kWh that falls within the measured energy
consumption range in kWh [10.04, 29.59] of trains in Yizhuang Line when travelling

between two passenger stations as described in Table 3.4.
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Figure 3.19: Power and speed profiles of Train 1 when travelling from Passenger
Station A to B

3.4.4 Power system model

Modelling railway electrical systems is challenging because train locations are
variable, and this causes instantaneous changes to the network electrical
configuration. Moreover, train power demands change with location on the track,
which requires a calculation of the voltages and currents at each node along the track.
In other words, the network is time varying, and the circuit equations change based
on the train speed and location, as well as the number of trains in operation. In order
to address these challenges, as a part of the present investigation, a 4th rail track model
was implemented and simulated in MATLAB Simulink using the Simscape toolbox
that was integrated with the vehicle model discussed in Section 3.4.3. The Simscape
toolbox allowed for changes in the network electrical configuration to be solved
during the simulation. The solver type in MATLAB was set to odel4x with a time step
of 10 ms. The solver type odel4x was selected as it was the only that was able to solve
the model. The total simulation time was fifty minutes and it was performed using a
personal computer with Intel® Core™ i5-4590 CPU @ 3.3 GHz processor and memory
(RAM) with 8.00 GB. The power system parameters are summarised in Table 3.6.
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Table 3.6: Parameters of describing the modelled electric railway system [11], [46]

Symbol Quantity Value

a Davis equation constant coefficient 2.965 kN

B Davis equation linear term coefficient 0.23 kNs/m
% Davis equation quadratic term coefficient 0.005 kNs2/m?2
M Train mass 311,000 kg
Vimax Train maximum speed 80 km/h
Acmax Maximum acceleration 1.2m/s?
Admax Maximum deceleration -1 m/s?

Vs Substation DC voltage 750 V

Rs Substation internal resistance 20 mQ

R4 Rail electrical resistance 9 mQ/km
ni Efficiency of inverter 93%

Nm Efficiency of motor 91.5%

N Efficiency of gear 97.5%

Vimax Voltage threshold for braking resistors activation 900 V

A screen capture of the DC traction power system model in MATLAB Simulink
is shown in Figure 3.20 where it was combined with the train model shown in Figure
3.14 to analyse the power flow in the track. In the proposed model, the power rails
were represented by two resistive lines, pertaining to the 3rd and 4t rail, denoting a
feeder conductor and a return conductor. The rectifier substation was represented by
a voltage source in series with an internal resistance and a diode to allow a

unidirectional power flow.

The train model fed the power demand to the power system model before being
divided by the contact voltage to get the train current demand that was injected to the
current source representing the train. The measured track voltage affected the amount
of energy exchanged between the trains and the amount of energy dissipated as heat
in the braking resistors. For the purpose of simulation, the train was represented by
an ideal current source to simplify the complexity of the regenerative braking model.
This and other simplifications such as fixing the train weight and neglecting the track
gradient and curvature resistances were made because the main objective of this work
was to simulate the voltage and current profiles in the conductors in order to analyse
the power flow and to develop a control system to maximise energy efficiency as will

be discussed in the next chapters.
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Figure 3.21 shows a closer look on the modelling approach used in this study
to simulate a train equipped with a braking resistor in a housing on top of the train.
In this simulation method, the trains were connected in parallel with braking resistors
that were activated through switches when the trains contact voltages exceeded a
predefined voltage threshold. The braking resistor represented by a diode was
connected in parallel with the train to reduce the amplitude of voltage peaks when
triggered. In this configuration, the contact voltage between the train and the rail track
was sensed and, if the contact voltage exceeded the forward bias voltage that was 900
V, then the diode would short out the train by connecting the on-resistance that had a
value of 0.1 mQ (reducing this value stopped the simulation due to failure of
convergence), whereby all the regenerative power was dissipated. If the train contact
voltage was below the forward bias voltage but was above the no-load voltage, then
the train injected all of the braking power into the track as the diode off-resistance had
a value of 1 MQ (increasing this value did not change the results). In the case
considered here, the cut-off (forward bias) voltage was set to 900 V in order to
correspond to high voltage constraints for a 750 V DC traction system as stated in
Table 3.1. Thus, if the voltage to which a specific train was subjected was below the
voltage threshold, then the train would operate normally and no intervention by the

braking resistor would be required.

77



8L

Figure 3.20: Screen capture of the power system model created in MATLAB Simulink
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Figure 3.21: Screen capture of a train equipped with a braking resistor modelled in
MATLAB Simulink
The electrical resistance between a train and the previous passenger station or
the following train is obtained by applying Equation 3.11. To calculate the electrical
resistance between a running train and the next passenger station, or the train ahead
if there is one, Equation 3.12 is applied. For example, Figure 3.22 shows the electrical
resistance difference between Train 1 and the next or previous passenger station. The

equations were applied to all trains interacting with the network configuration

variation.
Ryn(t) = Ry - dy(t); d,(t) < PS; .
{R&n(t) =Ry (d,(®) — dp(D)); d, (t) > PS, (3.11)
Rélln(t) =Ry (ds - dn(t)); da(t) = PS; 12
{Rzli’n(t) =Rg- (da(t) - dn(t)); d,(t) < PS, (3.12)
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Where Ry, (t) is the electrical resistance in Q between train n and the previous
passenger station or the following train, Ry, (t) is the electrical resistance between
train n and the next passenger station or the train ahead, R, is the electrical resistance
of the power rails, d,, (t) is the distance in km travelled by train n which is time variant,
and d is the distance between any two consecutive passenger stations, which was
always 1 km. PS, represents the location of the passenger station ahead of train n and
PS; represents the location of the passenger station that was most recently passed by
train n. It is worth mentioning that, as d,, (t) represents the travelled distance by train
n between any two consecutive passenger stations, it can only vary from 0 to 1 km,
and these fluctuations are replicated across all passenger station segments along the
train journey. The travelled distance by a train that is running between train n and the
passenger station ahead of train n is denoted by d,(t), and the travelled distance by a
train that is running between train n and the last passenger station passed by train n
is represented by d, (t). Figure 3.23 illustrates how Equations 3.11 and 3.12 are applied
to train n when travelling between two passenger stations. In Figure 3.23 (b), Ry, (t)
represents the electrical resistance in Q between train b and the previous passenger
station PS;, which is calculated by the same concept provided in the first part of
Equation 3.11. In Figure 3.23 (c), R;,(t) represents the electrical resistance in Q
between train a and the next passenger station PS,, which is calculated by the same

concept provided in the first part of Equation 3.12.

It is worth mentioning that the resistance was varied to passenger station and
not substation to allow Simscape to model a midpoint for connecting ESSs as will be
investigated in the next chapter. That said, when varying the resistance with respect
to Passenger Station A/ C has the same meaning of varying the resistance with respect
to Substation 1/2 as they share the same location. In the current study, Passenger
Station B was located in the middle to allow measuring the voltage at the furthest
point from the two substations. Further, in the Yizhuang Line there are 12 substations
and 14 passenger stations where the substations are located at the passenger stations
except for Wanyuan Passenger Station and Ciqu Passenger Station that do not share
their locations with any substations, indicating that trains must accelerate at a far

distance from substations causing high voltage drops [11].
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Figure 3.22: Electrical resistance between Train 1 and the passenger stations in the
modelled double-track railway
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Figure 3.23: Calculation process illustration of the transmission line electrical
resistance between two passenger stations when: (a) only train n is travelling; (b) a
train is travelling behind train n; (c) a train is travelling ahead of train n
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In the simulations, the Ry, (t), and Ry, (t) values were injected into the variable
resistors incorporated into the electrical model of the railway. The train model shown
in Figure 3.14 was responsible for feeding the travelled distance by trains and meeting
the power demand of the trains captured by the electrical model. Therefore, the train
power demands and the electrical resistances between the trains were assumed to
vary instantly. This variation with respect to time represented the train movements.
However, the two substations and three passenger stations were stationary. A screen
capture of how the electrical resistance was varied in the model when Train 2 travelled

from Passenger Station B to C is shown in Figure 3.24.

E’—L\—_\ Resistance ahead of Train 2
H>2 : »(D

Resistance between Train 1 and Train 2
-m = Resistance behind Train 1
Wl H>2
[
Elﬁ Resistance ahead of Train 3
~1>2 »(2)
~>2
Resistance between Train 2 and Train 3
-—m < Resistance behind Train 2
i H>2
L >

(b)
Figure 3.24: Screen capture of the MATLAB Simulink model representing electrical
resistance variation: (a) ahead of Train 2; (b) behind Train 2
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3.4.5 Power system analysis

In this subsection, the power flow analysis based on the track voltage and
interactions among multiple trains is presented in line with the previously described
scenario. The number of trains travelling along the track from the beginning until the
end of the simulation is as shown in Figure 3.25. During the on-peak periods (time
periods when the track is highly congested with operating trains), four trains were
operational, whereas this number declined to two during the off-peak periods (time
periods when the track is less congested with operating trains). Thus, as the on-peak
periods coincided with the middle portion of the simulation period, a high-power
demand and good power utilisation were expected to occur due to the high traffic
volume. On the other hand, as the beginning and end of the simulation period

coincided with off-peak periods, high power losses in the braking resistors were

expected.
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Figure 3.25: Number of trains running on a double-track railway during the simulation
period
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Since the load demand in the up and down line was identical, the substations
behaviour should follow the same pattern. Voltage, current, and power values at the
substations are depicted in Figures 3.26, 3.27, and 3.28, respectively. It is evident that
voltages at the substations as well as those supplied to the operating trains were
variable due to the changes in train location and power demand. It can also be
observed that the substation voltages dropped below the nominal voltage when the
trains accelerated in their vicinity due to supplying power. Thus, voltages below 500
V are highly problematic, as they can lead to the operational failure of the train.
Moreover, to compensate for lower voltage, additional current must be supplied to
meet the power requirements which results in high transmission losses.
Consequently, when reaching this voltage threshold in railway systems, the train
engines shut down because the power demand cannot be met by the traction
substations. Voltage peaks above 900 V are undesirable as they cause the excess
regenerative energy to be dissipated in braking resistors in the form of heat. This heat
is particularly problematic in underground railways, as additional energy must be
sourced for cooling. In practice, railway operators strive to avoid such fluctuations by

varying headways to reduce the power peaks.
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Figure 3.26: Voltage at two studied substations on the modelled double-track railway
system

84



Substation1  ------- Substation 2

Current (kA)
O = W R U - 0 WD

AL LR LR LA

0 40 80 120 160 200 240 280 320 360 400 440 480
Time (s)

Figure 3.27: Substation currents of a double-track railway represented by the

simulation model
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Figure 3.28: Substation power of the modelled double-track railway

85



The energy consumption of a substation is calculated by integrating the power

of that substation with respect to time as follows:
Eg= [ IV, dt (3.13)

where E; is the substation energy consumption, /5 denotes the current supplied by the
substation, V; represents the substation voltage, and T is the total simulation time. The
peak power demand P;_,cq of the i*" substation is calculated by applying Equation
3.14, where P; represents the power demand of the i*" substation. Based on these
calculations, the two substations had the same peak power demand of 4.95 MW, which
is less than the rated power of 6 MW, and they had an identical total journey energy
demand of 157.9 kWh.

Pi—peak = max {Pl} (314)

The voltages to which all eight trains were subjected during the simulation
period and their current demands are displayed in Figure 3.29. Rapid changes in
voltage level were induced by the fluctuations in power demand and by the location
of individual trains as well as their interactions. Moreover, high transient currents
caused by braking and traction further increased the voltage fluctuations. In the
braking mode, the train voltages exceeded the no-load voltage at the substations
before the braking resistors were activated to control for this deviation once the 900 V
threshold was reached. It is worth noting that, in traction mode, the train voltages did
not drop below the minimum system voltage. It is evident that, high voltage drop
occurred when trains started accelerating at a track location that was equidistant to
the two consecutive substations. In periods when more than one train were
operational, their respective voltages were not solely governed by their individual

mode of operation and position on the track, but also on that of other trains.
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Figure 3.29: Voltages and currents of individual trains on the modelled double-track
railway: (a) Train 1; (b) Train 2; (c) Train 3; (d) Train 4; (e) Train 5; (f) Train 6 (g) Train
7; (h) Train 8
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The unused braking energy of each train is shown in Figure 3.30 and it is

calculated via the following expression:
T
Epr = fo Iyr " Verain dt (3.15)

where E}, is the dissipated energy in the braking resistor of the train, I}, is the current
passing through the braking resistor, and Vi, 4, is the train voltage that is 900 V when

activating braking resistors.
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Figure 3.30: Dissipated energy in the braking resistors of the eight trains as a
percentage of the substations energy consumption when the headway was 90 s

3.4.6 Power utilisation discussion

Effective power exchange between the running trains can reduce the power
consumption of the rectifier substations. Based on the simulation results, it can be
deduced that greater power exchange occurs when the headway between the trains is
shorter. To examine this phenomenon further, different traffic scenarios were
considered, whereby the headway duration varied, and its impact on energy
exploitation was assessed. The quality of power exchange in the railway system was
examined in terms of the utilisation factor 1,;;isq¢i0n indicating that the ratio of utilised

braking energy and the total braking energy as follows:
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Er—YEpy
Nutilisation = % -100% (316)

where Y E, is the total regenerative energy supplied by the decelerating trains and
Y.Ep is the total dissipated braking energy in the braking resistors of all trains in

operation.

The receptivity of the railway line, which is defined as the capability of trains
to accept the available regenerative energy provided by decelerating trains, is shown
in Figure 3.31. When simulating the 2 km railway track with a 70 s headway, a 37.6%
Nutitisation Was obtained, suggesting that, due to the high train circulation, minimal
energy was wasted. This dissipated energy was considered minimal because it was
stated in [10] that in practical cases only 35% of the regenerative energy can be utilised
in the best case scenario. In the second scenario considered in this investigation, the
headway was increased to 90 s, due to which 7y,4isation declined to 27.6%.
Unsurprisingly, when the headway was increased to 190 s, the 1y;jisation declined
significantly to 0.1% as the available regenerative power could no longer be timely
utilised by the accelerating trains. It can thus be concluded that increasing the
headway reduces the potential for a power exchange between the trains, which
increases the losses in the braking resistors as the regenerative power produced by the
braking trains cannot be supplied to other trains demanding power. This assertion is
confirmed by the graph shown in Figure 3.32, depicting the total wasted energy
during braking in the on-board braking resistors as a function of different departure

intervals for one complete cycle.
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Figure 3.32: Total energy dissipated through the on-board braking resistors of the

trains running on a double-track railway as a function of headway duration

These findings demonstrate that the likelihood of a power exchange between
simultaneously braking and accelerating trains is higher for short headways than for
long headways due to the presence of a greater number of trains on the same section

of a short track. It is worth noting that, in DC electric railways, it is common to
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consider short electrical sections as this would minimise the voltage drop. A strong
positive relationship between headway length and energy demand observed in the
present study aligns with the previously reported results [125], [126]. However, this
finding cannot be generalised as, for example, if all trains start accelerating and
decelerating simultaneously, then the energy dissipated in the on-board braking
resistors will be high, significantly reducing the utilisation factor even if the headway
is short. It is also worth noting that very short headways may cause safety issues due
to the small gap between trains, whereas long headways would increase the number
of passengers on-board each train causing passenger inconvenience, and increase the
journey time that might not meet the operation requirement. The minimum safe
distance in Beijing Metro is 100 m while it is 400 m in the London Underground.
Minimising the distance between trains is one of the reasons for the Beijing Metro to
be punctual in meeting the timetables. The punctuality rate in Beijing Metro is 99%
where trains are counted to be punctual if they arrive within 1 minute from the
scheduled time, while there are no fixed timetables in the London Underground to
measure punctuality. Due to these practical considerations, changing the headway to

save energy is constrained [127].

3.4.7 Model verification

Before assessing the effect of integrating ESSs into the double-track system in
the next chapter, it is essential to verify the model proposed as a part of the present
study. The simulation model presented in the preceding sections was verified using a
number of methods. As previously noted, the track was 2 km length where the
electrical resistance of the track section was calculated by multiplying the section
length with the electrical rail resistance per km (2 km -9 mQ/km =18 mQ). To facilitate
modelling, the transmission line between each two consecutive substations was
represented by a series of resistors with different values depending on the locations
of the individual trains. However, as the total electrical resistance of the section of the

rail track should always be equal to 18 mQ, this was the constraint imposed on the
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equations adopted to determine the electrical resistance difference between the trains
as well as between the trains and passenger stations. In other words, the sum of those
resistances should always be 18 mQ), irrespective of the individual train locations. It
was confirmed during the simulation that the sum of the electrical resistances in each
electrical section was maintained at 18 mQ irrespective of the network configuration

variation.

Moreover, the proposed model was verified by comparing the voltage
measurements at the train locations and passenger station locations with respect to
time. Given that the passenger station locations are fixed, their positions along the
track can be used to check the voltage measurements of the relative positions of trains
as they progress on their journeys. As trains need to follow a predetermined timetable,
the passenger station and train voltages should coincide when a particular train is
located at a certain passenger station. This verification approach is beneficial because
even though the passenger stations are stationary and the trains are in motion, when
a train reaches a specific passenger station, their respective voltages should match.
From the data reported in Table 3.5, it can be deduced that Train 1 and 5 reached
Passenger Station B at 84 s. During their dwell period of 30 s, an identical voltage
should be measured at both the passenger station and trains, which is the case as
shown in Figure 3.33. Similarly, Figures 3.34, 3.35 and 3.36 confirm a match between
the passenger station voltage and the train voltages when the trains were at the
passenger station. As previously stated, in this scenario, the train characteristics and
operational cycles were assumed to be the same. The graph shown in Figure 3.18
illustrates that Train 1 and Train 5 started and finished their journeys at the same time,
but at different locations since they travelled in opposite directions. Correspondingly,
Train 2 and Train 6 started and finished at the same time, and so on. As a result, each
pair of trains that had the same start, stop, and dwell time should be subjected to the
same voltage as illustrated in Figure 3.33 —3.36. It is noteworthy that, despite the
highly dynamic behaviour of the electric railway in the model, high accuracy of

voltage calculation was achieved.
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Figure 3.33: Passenger Station B, Train 1, and Train 5 voltage as a function of time
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Figure 3.34: Passenger Station B, Train 2, and Train 6 voltage as a function of time
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Figure 3.35: Passenger Station B, Train 3, and Train 7 voltage as a function of time
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Figure 3.36: Passenger Station B, Train 4, and Train 8 voltage as a function of time

Finally, the model was also verified by comparing the total power generation
and the total power demand, which should be equal in each cycle. In other words, the
sum of the output energy of the two substations and the regenerative energy of all
operational trains should be equal to the energy consumption by all trains on the track

and the total losses in the system, as shown below:

YEs+ YE. = YE: + YEline tosses T LEbr (3'17)
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where Y E; is the total energy supply of all substations, which is the time integral of
the power profiles shown in Figure 3.28; ) E, is the total traction energy of trains; and
Y. Eline 10sses denotes the total energy losses in the 3td and 4 rail. The railway system
energy consumption and losses per journey are reported in Table 3.7, indicating that
the two sides of Equation 3.17 are equal. There is a small error of 0.11% which is
attributed to the transients created by the switches incorporated in the simulation

model.

Table 3.7: Energy consumption and losses in the modelled double-track railway

Energy supply Energy consumption
YEs(kWh) LE,(kWh) YE (kWh) 2Eiine 10sses (kWh) LEpr (kWh)
315.83 2144 358.67 15.83 155.14
Z E, +E, = 530.23 ZEt + By losses + Epr = 529.64
Error = w x 100 = 0.11%
530.23

3.5 Conclusion

The purpose of the work presented in this chapter was to develop an electrical
model that describes the effect of a multi-train operation on an electric DC railway
system. The train and rail track characteristics were assumed to be variable and they
needed to be updated at each time step. The effect-cause modelling method was used
where the data pertaining to individual trains were considered to be the inputs into
an existing electric railway power system. A mechanical model was coupled with the
electrical model to provide the inputs necessary for determining the power flow in the
traction power system as a function of time. The proposed simulation method is
sufficiently simple to be of high practical value, while being accurate and adaptable to

changes in the circuit configuration. The model was simplified to provide an
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understanding of the power and energy requirements of metro systems to enable the

design of control techniques for energy management using ESSs.

In this chapter, a test scenario was presented comprising of eight trains running
on a double rail track in order to verify the model against expected observations. The
simulation model included two DC traction substations separated by 2 km and three
passenger stations separated by 1 km. The model operation requirements and
parameters were based on the Yizhuang Line in Beijing Metro. The proposed test
scenario allowed the model to be verified for accuracy and is used in the remainder of
the work in this thesis. The verification was accomplished via different methods and
the obtained results confirm that the proposed modelling approach is accurate as the
error between the supplied and consumed energy was only 0.11%. This model can
support the integration of ESSs and therefore will be used in the subsequent chapters
to investigate energy storage in railway systems and to design advanced control

techniques.
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Chapter 4

Voltage Control Sensitivity Analysis for a

DC Electric Railway with Energy Storage

4.1 Introduction

Increasing power exchange between trains in DC electric railways is an
effective method of improving their energy efficiency, as the regenerative power of a
braking train is passed to other trains that require additional power. However, this
regenerative braking power can only be utilised if adjacent trains are in traction mode.
Moreover, a power mismatch (difference between the regenerative and traction
power) or a great distance between trains reduces the energy utilisation in the railway
line, as most of the regenerative power is dissipated as heat either in the braking
resistors or as losses in the conductor rails. As pointed out in the literature review,
incorporating ESSs into electric railways can improve their performance and reduce
the dissipated energy. However, it will be shown in this thesis that employing ESSs in
electric railways could also have a negative impact since they could increase
transmission losses, resulting in reduced energy efficiency of the railway system.
Moreover, it will be shown that the ESS control method could significantly affect the
impact of the ESS on the energy efficiency maximisation. In this study, the power flow
between a double railway line and a stationary ESS was accomplished via a controller
that regulated charging/discharging based on track voltage. The tests conducted and
presented in this chapter aim to analyse and assess the sensitivity of an electric railway

to ESS voltage control for the purpose of maximising its energy efficiency. Therefore,

97



the aim of this chapter is to extend the electric railway model presented in Chapter 3

by including ESS to demonstrate that ESS provides operating benefits to a railway

system and that these benefits can be maximised by careful selection of operating

parameters.

4.2 Modes of power exchange between

a DC electric railway and a
stationary ESS

This section explains the modes of interaction between a DC electric railway

with multiple trains and a stationary ESS:

(@)

The regenerative power is divided between the running trains, ESS, and on-
board braking resistors. This scenario applies when decelerating trains
regenerate more power than is needed by adjacent trains in traction power
demand or they decelerate at a significant distance from accelerating trains.
Simultaneously, the ESS charges at its maximum current/power or it is located

far from the braking trains, which reduces the power it receives.

A portion of the regenerative power is consumed by the running of other trains
on the same section; the remaining power charges the ESS. This occurs when
train voltages are less than the voltage threshold that activates the braking

resistors.

Running trains and braking resistors consume the braking power. Here the ESS
is full or charging at a voltage threshold higher than the measured voltage. The
braking resistors are activated because the braking trains regenerate power
more than that required by the running trains or they brake at a significant
distance from the running trains resulting in the voltage threshold being

reached.
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(d) A portion of the regenerative power is passed to the ESS, and the remainder is
dissipated through the braking resistors. This scenario applies when no
accelerating trains are available in the section of track and the ESS is charging

at its maximum current/power limit or is located far from the braking trains.

(e)  All of the regenerative power is dissipated in the braking resistor system. Here
there are no trains in power demand on the track section while the ESS is full
or has a charging voltage setpoint higher than the measured voltage at the

terminals.

) All of the regenerative power is consumed by accelerating trains. This scenario
occurs when braking trains regenerate power that is less than or equal to what
is needed by running trains, which should demand power from a nearby
location to braking trains. Simultaneously, the ESS is fully charged or has a

charging voltage setpoint higher than the measured voltage at the terminals.

(g)  All of the regenerative power is stored in the ESS, which occurs when charging
the ESS requires less than the maximum current/power and is located close to
decelerating trains. Simultaneously, no trains in traction power demand are

available on the track.

4.3 Energy storage system model

The power flow control between the ESS and the track was achieved with a
bidirectional DC/DC converter, as shown in Figure 4.1, and the ESS output and input
power was controlled via a voltage controller, as depicted in Figure 4.2. The ESS was
charged if the track voltage (V;) was higher than or equal to the charging voltage
threshold (V,,) and discharged if the track voltage was lower than or equal to the
discharging voltage threshold (V). The ESS was in standby mode if the sensed
voltage at the terminals was within the charging and discharging limits. The

maximum charging and discharging current limits are denoted as I, and I,
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respectively, with the coefficients k. and k; denoting controller gains. The ESS current
d represents the current before applying the ESS current limits I, and I;s where it is
calculated by summing the controller actions §. and &, representing the initial
charging and discharging currents, respectively. The ESS current increased linearly
with the voltage deviation until the maximum current of ESS was reached. The
charging current was proportional to the voltage deviation between V,, and V., while

the discharging current was proportional to the voltage deviation between V, and V.
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Figure 4.1: Charging and discharging process
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Figure 4.2: Voltage control method

Figure 4.3 shows the ESS model used in this study, which was represented by

an ideal current source with no internal losses. In other words, the ESS was lossless
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and did not include any internal losses. The power conversion was considered to have
95% efficiency as this is the typical efficiency of DC/DC converters as reported in
[100], [128] —[131]. The representation of the ESS as an ideal current source was
adopted in [100], [101], [130] —[139] to simplify solving the power flow. Since the ESS
was ideal and its type was not specified, operation within 100% and 0% SOC
boundaries were imposed. As recommended by the authors of [6] the initial SOC was
set to 50% to allow equal capacity of the ESS to be used for storing the available
braking energy and delivering the traction energy demand, which minimises the
possibility of running out of capacity when experiencing uncertain load demands. The
ESS size was set to 400 Ah (see Figure 4.4) to avoid running out of capacity during the
journey when experiencing high traffic density (70 s headway), moderate traffic
density (90 s headway), and low traffic density (190 s headway). These three traffic
scenarios were discussed in Section 3.4.6. It is worth mentioning that the journey is
complete when the trains in the up line finish travelling from Passenger Station A to
C and those in the down line finish travelling from Passenger Station C to A, which is
explained in Section 3.4.2. Figure 4.4 shows that the ESS did not reach the energy
capacity limits during one operating cycle (complete journey) when experiencing the
worst-case scenario of being only charged or discharged. The energy stored in Ah was
calculated by accumulating the hourly current input and output of the ESS
represented by a current source before being added to the initial stored energy in Ah.
The ESS size was increased in steps while measuring the ESS charged/discharged
energy with respect to multiple traffic scenarios. Once the increase in sizing was
constant and the increase in the ESS charged/discharged energy was negligible then
the ESS size was deemed acceptable, which was decided to be 400 Ah in this study as
shown in Figure 4.4. The ESS sizing methodology was limited to only one journey as
it was assumed that the worst-case scenario cannot remain for the rest of the day and
proper selection of voltage thresholds would reduce the situation of reaching capacity
limits as will be explained later in this thesis. It is worth mentioning that this sizing
methodology is not cost effective and applying advanced control methods can reduce
the ESS size without compromising on the ESS benefits as will be explained in Chapter

5.
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To maximise the use of the ESS, the current limits I, and I;;; were set to 6300
A that was never reached when simulating the high, moderate, and low traffic density,
meaning that increasing the current limits beyond this value did not import/export
extra power. In other words, the ESS was initially applied without any current limits
and simulated under multiple traffic scenarios and installation locations, before it was
noticed that the current never exceeded the value of 6300 A that was then decided to
be the maximum current limit in this study. The charging voltage threshold was set to
755 V and the discharging voltage threshold was set to 745 V. When the measured
voltage was between 755 and 745 V it was considered to be in the dead-band zone that
was set to comply with the data presented in [140] —[142]. In a real-world application,
this dead-band zone is wused to avoid continuous switching between
charging/discharging and standby modes resulting from fluctuation in the no-load
voltage. The sensitivity of the railway system to voltage thresholds is discussed in the
next section. The gains of the controller k; and k. were set to 53 as this was the
maximum value that ensured the stability of the system. Figure 4.5 shows that
increasing the controller gains from 53 to 54 destabilised the system by causing voltage
oscillation that was considered a perturbation to the control system. The other option
for analysing the stability of the system was by providing a mathematical model for
the whole system before performing eigenvalue analysis. However, the method of
examining the model response when changing controller gains was adopted because
the model was not represented mathematically in this study. The traction system
considered in this study is a double DC electric railway representing a metro system

as discussed in Chapter 3.
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4.4 Voltage sensitivity analysis

One of the aims of this study was to determine the sensitivity of railway energy

efficiency to voltage control; as such, voltage control limits are investigated in this
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current section. Specifically, the factors that determine the appropriate voltage limits
are examined by studying the effects of modifying voltage limits in phases while
testing the effect of this change on the railway energy efficiency. The results of this
analysis are then compared with those of a railway system that does not incorporate
an ESS. The analysis in this section is based on one journey, which is complete when
trains finish travelling from Passenger Station A to C in the up line and vice versa in
the down line simultaneously. All analyses presented in the following sections were
carried out using MATLAB software. The solver type in MATLAB was set to odel4x
with a time step of 30 ms. The time step was increased from 10 ms to 30 ms to reduce
the simulation time from 50 minutes to 30 minutes approximately. The error was only
1% compared to that when using 10 ms. This action was taken due to the high number
of repeated simulations to complete the sensitivity analysis in this Chapter. The
simulation was repeated 540 times when varying the charging and discharging

voltage thresholds with respect to two locations of the ESS installation.

4.4.1 Substation energy demand

This study calculated the reduction of Substations 1 and 2 energy demand as a
percentage of the difference between the maximum traction energy of the two
substations for one typical operation cycle for the system with and without an ESS.
The energy demand of the two substations without the ESS was 315.83 kWh. Figure
4.6 illustrates the impact of incorporating the ESS at Passenger Station A, indicating
that increasing the discharging voltage threshold reduced the energy demand in the
substations while varying the charging voltage threshold had no impact. The
substations were not sensitive to the charging voltage threshold modification because
of their unidirectional behaviour, which inhibits their ability to absorb regenerative
power. The highest impact of 29.77% was achieved at Vy;; = 745 V due to the ESS early
involvement in supplying power to accelerating trains. This result is consistent with
the studies provided in [47], [89], [142] that reported that stationary ESSs can save up

to 30% of the substations energy demand in a metro system.
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Figure 4.7 shows the impact of incorporating the ESS at Passenger Station B.
Notably, when the ESS was placed equidistant from the substations, the same
relationship between the substation energy consumption and the voltage threshold
variation was achieved whilst saving more energy relative to Passenger Station A’s
location. For instance, the highest impact of 31.72% was achieved when discharging
at 745 V. This improvement in reducing the substations energy demand compared to
when the ESS was positioned at Passenger Station A’s location was due to the ESS
feeding power over a short distance from the load demand, which was a result of a

lower resistance of the transmission line.
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Figure 4.6: Reduction of the substation energy demand under voltage limit variation

when placing the ESS at Passenger Station A
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Figure 4.7: Reduction of the substation energy demand under voltage limit variation

when placing the ESS at Passenger Station B

4.4.2 Substation peak power demand

Peak power is defined as the maximum power that a substation delivers. Since
peak power demand is costly and places a significant burden on substations should it
be close to maximum operational limit, it is desirable to choose appropriate voltage
setpoints that can effectively reduce power peaks. The peak power demand for both
substations before adding the ESS was 4.95 MW. Intuitively, varying the ESS charging
voltage was not expected to assist in reducing peak demands since they are linked to
voltage troughs rather than voltage surges. However, increasing the discharging
voltage threshold was expected to decrease the substation peak power demand due
to the discharge of extra energy, which provides more voltage support to the
substation when experiencing voltage troughs. The results shown in Figure 4.8 and

4.9 confirm these statements. The positive contribution of the ESS to Substation 1 was
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higher than that to Substation 2 because the ESS shared the same location with

Substation 1. Further analysis of peak power reduction was conducted by installing

the ESS at the midpoint between two substations to confirm the validity of this claim.

The results confirm that the impact of the ESS on both substations was identical, as

can be seen in Figure 4.10 and 4.11. This identical impact was caused by the equal

distance between the ESS and each substation.
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Figure 4.8: Reduction of Substation 1 peak power demand under voltage limit
variation when placing the ESS at Passenger Station A
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Figure 4.10: Reduction of Substation 1 peak power demand under voltage limit

variation when placing the ESS at Passenger Station B
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Figure 4.11: Reduction of Substation 2 peak power demand under voltage limit
variation when placing the ESS at Passenger Station B

4.4.3 Transmission line losses

Transmission losses are defined in this study as resistive losses in the 34 and
4th rajls created by the power supplied by the substations and the power exchanged
between the trains. The transmission losses were calculated by the product of the rail
electrical resistance and the square of the passing current, before the accumulation
over the simulation period. Figure 4.12 shows the reduction in transmission line losses
when the ESS was located at Passenger Station A (transmission losses before
introducing the ESS were 15.83 kWh). The figure shows that decreasing the charging
voltage threshold increased line losses. This negative impact was caused by the extra
energy utilised in the line due to early ESS engagement. In contrast to changing the
charging voltage threshold, changing the discharging voltage threshold had less

impact on the line losses because the ESS delivered power at the substation location.
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Furthermore, discharging at higher voltages resulted in less losses than discharging
at lower voltages. This decrease in losses was a result of the extra reduction in the
voltage drop leading to less load current demand and less transmission losses. When
charging late (large V) and discharging early (large V) the reduction in losses had
positive values, denoting that the losses in the line reduced compared to that before
including the ESS. This effect was a result of large support to the voltage drop by
discharging early and small regenerative energy transmitted to the ESS because of the

late action of charge.
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Figure 4.12: Decline of transmission line losses under voltage limit variation when the
ESS was located at Passenger Station A
As shown in Figure 4.13, the ESS was placed equidistant from the two
substations to confirm that the reason for the increased transmission losses was
because the substation and the ESS shared the same location. The graph confirms that
charging at low values of V., increased the losses. It also supports the earlier claim
that the impact of varying the discharging voltage threshold on the transmission
losses is highly associated with the ESS’s location since increasing the discharging

voltage threshold contributed significantly to reducing the transmission line losses.
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For further support of the impact of location on transmission losses, consider that
when the energy storage was positioned at the substation and charged at 755 V and
discharged at 745 V, the ESS reduced the substation energy demand by 94.04 kWh
(29.77%) and increased the line losses by 2.6 kWh (16.45%). Although the ESS reduced
the energy demand of the substations, it also increased the line losses. However, using
the same voltage limits but changing the ESS’s location to Passenger Station B saved
100.2 kWh (31.72%) of the energy demand of the substations and reduced the line
losses by 1.19 kWh (7.52%). These results suggest that if the ESS is installed at
Passenger Station B, the accelerating trains in the middle consume most of their power
demand from the ESS, which reduces transmission losses by reducing the distance
travelled by the traction power. Moreover, when trains decelerate at a considerable
distance from the ESS’s location, this increases the regenerative power loss in the
transmission line, which could be diminished by reducing the transmission distance
of the braking energy. As a result, it is more efficient for the ESS to be located at the

midpoint because that decreases the distance the power must pass.
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Figure 4.13: Decline of transmission line losses with respect to voltage limit variation
when the ESS was positioned at Passenger Station B
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4.4.4 Energy dissipated in on-board braking
resistors

Braking resistors are activated at a certain voltage threshold to dissipate
regenerative power as heat. In the proposed model, this threshold occurred when the
trains contact voltages reached 900 V. The energy dissipated in the braking resistors
before applying the ESS was 155.14 kWh. Since the braking resistors are activated on
overvoltage, the dissipated energy in these resistors was not sensitive to modifications
to the ESS discharge voltage threshold, as confirmed by Figure 4.14. There is however
a significant positive correlation between charging at low threshold voltages and

reducing energy losses in the braking resistors.
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Figure 4.14: Reduction of energy losses in the on-board braking resistors with respect

to voltage limit variation when the ESS was positioned at Passenger Station A
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Comparing the results provided in Figure 4.14 with those in Figure 4.15,
representing the case when the ESS location was changed, shows that the position of
the ESS did not have a significant impact on reducing the losses in the braking
resistors. This result is likely related to the appearance of almost identical voltage
peaks on the line, which activated the braking resistors at different locations. Having
similar voltage peaks at different locations may be explained by the fact that the
discussed traffic scenario held identical power demands for the trains, and applying
any changes to this ideal scenario would result in different voltage peaks at different
locations. Another reason for the appearance of similar voltage peaks at different
locations is that the substations were not involved in supporting the load profile in
the braking mode. These results suggest that it would be more beneficial to reduce the
braking losses when storing energy at the location that experiences the highest and

more frequent voltage peaks.
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Figure 4.15: Reduction of energy losses in the on-board braking resistors with respect

to voltage limit variation when the ESS was positioned at Passenger Station B
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4.4.5 Total energy saving

The total energy saving is defined in this study as the reduction in the total
losses in the system added to the reduction in the substation energy demand as given

by the following equation:

Esv = Z(Esl - Esz) + Z(Eline losses1 ~— Eline losses 2) + Z(Ebrl - Ebrz) (4'1)

where Eg, is the total energy saving in kWh, } Es; is the total energy demand of all
substations before applying the ESS in kWh, ) E, is the total energy demand of all
substations after applying the ESS in kWh, }; Ejjse 10sses 1 1S the total energy losses in
the transmission lines before applying the ESS in kWHh, }; Ej;,¢ josses 2 1S the total energy
losses in the transmission lines after applying the ESS in kWh, ] Ep,; is the total
dissipated braking energy in the braking resistors of all trains before applying the ESS
in kWh, and )} E},, is the total dissipated braking energy in the braking resistors of all
trains after applying the ESS in kWh. It is worth mentioning that reducing the losses
was considered part of the energy saving because this study pertains to metro systems
where the losses contribute in extra heat in the tubes which necessitate importing
energy from the grid to cool the tubes down. Further, reducing the losses in braking
resistors means that the energy is stored in ESSs for later use to increase the energy
saving in metro systems. The total energy saving in percentage is calculated by
Equation 4.2 and displayed in Figure 4.16 and Figure 4.17. The two figures show that
charging and discharging near the no-load voltage maximised the energy saving. This
statement is supported by the studies provided in [134], [142], [143] where it was
recommended to charge/discharge as early as possible to maximise energy saving.
Figure 4.17 shows that when placing the ESS centrally between the substations,
increased energy saving was achieved. For example, when charging at 755 V and
discharging at 745 V the total energy saving in percentage was 46.03% for centrally
located ESS while it was 43.9% when it was placed at Passenger Station A.

X Egp +2 Eline losses2t % Epra
E,, =(1— - 1009 4.2
v ( 2E51+2 Eline losses 1+ZEbr1) /0 ( )
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4.4.6 SOC drift

Voltage setpoints should be selected to reduce substation energy consumption,
transmission losses, braking power losses, and power peaks. These aims can be met
but this results in unbalanced charging and discharging which causes the SOC at the
end of the journey to deviate from the value at the beginning. It was assumed, for the
purposes of this study, that the ESS could not be charged or discharged purely for the
purposes of SOC management outside of train operating times. Consequently, SOC
deviation would result in reaching the maximum and minimum limits of the storage
capacity, potentially before the end of an operational period and certainly over a series

of days, reducing the effectiveness of the ESS in maximising energy efficiency.

The SOC can be calculated by adopting Equation 4.3, whereas the SOC drift —
defined as the difference between the desired SOC and the instantaneous SOC —is

calculated by Equation 4.4.

B 17 1gss () dt
SOC,,: (V) = SOC(t-) + W -100 (43)
SOCayipe () = 2auD=3%Ca . 4 (4.4)

50Cq

Where Q is the rated ESS’s capacity which is 400 Ah, SOC,,.(t) is the instantaneous
SOC as a percentage (%), SOC(t.) is the initial SOC in %, SOCg.if(t) is the
instantaneous SOC drift in %, SOC; denotes the desired SOC in %, and Igzgs(t)
represents the instantaneous ESS current in As, which has a positive/negative value
during discharging/charging. The t. is the initial simulation time in seconds and ¢; is
the final simulation time in seconds. The desired SOC was set to 50% because the
optimal SOC is out of the scope of this PhD study that does not relate to a specific type
of ESS. Therefore, symmetrical capacity available for traction and braking modes was

desired since the load profile could be unpredictable.

Figure 4.18 depicts a SOC drift sensitivity analysis on varying the charging and

discharging voltage threshold for one operating period when the ESS was positioned
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at Passenger Station A. In this case, positive drift represents a higher SOC at the end
of the journey than the beginning, while negative drift indicates that more energy is
supplied by the ESS and hence a lower SOC at the end of the journey than the
beginning. Increasing the charging voltage reduced the positive drift but increased the
negative drift. Similarly, increasing the discharging voltage threshold decreased the
positive drift while increasing the negative drift. Figure 4.19 shows the absolute value
of the SOC drift at the end of a completed journey. The graph demonstrates the
nonlinear relationship between the SOC drift and the voltage limits, with the valley
representing the minimum drift. In terms of maximising energy efficiency, it is
important that the SOC drift remains in the vicinity of the valley, a requirement which
can be achieved by choosing suitable voltage thresholds that also satisfy other energy

requirements.

When the ESS was moved to Passenger Station B, the negative SOC drift was
aggravated due to the appearance of high voltage drops in the measured voltage,
which caused a high release of energy by the ESS. By contrast, the positive deviation
was even less than when it was placed next to the substation. This result may be
explained by the fact that the voltage peaks measured at the terminal were similar,
while the voltage troughs were higher in the middle than at the beginning of the track.
This scenario caused the ESS to release a high amount of energy, resulting in a high
negative SOC drift and low positive SOC drift. For example, the SOC drift was -5.73%
when placing the ESS at Passenger Station A and charging/discharging at 755/745 V.
The SOC drift increased to -7.32% when changing the ESS location to Passenger

Station B.
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4.4.7 Voltage threshold selection

The findings presented in the previous sections, where the ESS is positioned at
Passenger Station A show that a high discharging voltage reduced the substation
energy demand and peak power. On the other hand, a high charging voltage
minimised the transmission losses, while a low charging voltage minimised the losses
in the braking resistors. However, the SOC drift required a complementary choice
when the drift was positive, as decreasing the charging voltage threshold necessitated
increasing the discharging voltage threshold. In contrast, when the drift was negative
and as the discharging voltage increased, the charging threshold had to be decreased.
Thus, the results reported so far in this chapter provide insight into the challenges
related to selecting the most suitable voltage thresholds to maximise the benefit of

using an ESS.

It was decided in this study to use a methodology for the voltage threshold
selection based on two objectives that are the total energy saving and SOC drift. Multi-
Criteria Decision Making (MCDM) also called Simple Additive Weighting (SAW)
method was used for decision making of the voltage thresholds. This method is widely
used to select the most preferred alternative among others. In this method, a decision
matrix is first identified for each criterion serving as a parameter for choosing the most
preferred alternative, before normalising the matrices to a common unit. Thereafter,
the importance of each criterion is represented by assigning weights and calculating
the total score of each alternative, which is the pair of V,; and V. Finally, the
alternative with the highest score is selected as the preferred option. The method is

described mathematically in Equation 4.5.
Si = ?’/I=1 ijrij for i=12,..,N (4'5)

Where S; is the overall score of the it" alternative, r; ; is the normalised rating of the ith
alternative for the j** criterion, W; is the importance (weight) of the j* criterion, N is
the total number of alternatives, and M is the number of criterion [144]. The steps of

finding the solution of the voltage thresholds are summarised in the following;:
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1. Identify criteria and measures.

The first criterion was the total energy saving that was measured by the
reduction in the substation energy demand, transmission losses, and braking
resistor losses. The second criterion was the SOC drift that was measured by

the deviation of the final SOC from the desired value of 50%.

2. Collect data.

The data of the total energy saving and SOC drift are presented in Figure 4.16
and Figure 4.19, respectively.

3. Rescale each measure to a common unit.

To simplify the comparison, a common unit was calculated by dividing the
difference between the value of each alternative and the least preferred value
by the difference between the most preferred value and the least preferred
value. Each alternative represented a combination between V., and V;;; where
the alternative had two values one was for the total energy saving and the other
was for the SOC drift. The most preferred value of the first criterion (total
energy saving) was the highest percentage of energy saving while the least
preferred value was the lowest percentage based on the data presented in
Figure 4.16. The most preferred value of the second criterion (SOC drift) was
the lowest percentage of SOC drift while the least preferred value was the
highest percentage based on the data presented in Figure 4.19. The least and
most preferred values of the total energy saving were 1.54% and 43.9%,
respectively, while the least and most preferred values of the SOC drift were
66.83% and 0.16%, respectively. The new scale represented alternatives in
scores between 0 and 1, where 0 represented the worst option whilst 1
represented the best option. The rescaled total energy saving is shown in Figure

4.20 and the rescaled SOC drift is shown in Figure 4.21.
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Total Score

4. Assign weights.

Weights of the measures were calculated by dividing the value of each measure
by the total value. The total energy saving was given a value of 50 and the SOC
drift was given a value of 50 indicating that they were equally important with

0.5 weight for each measure.

5. Calculate total scores.

The score of each alternative in each measure was calculated by multiplying
the common unit calculated in step 3 and the weight assigned in step 4.
Thereafter, each alternative had two scores where the sum of which

represented the total score shown in Figure 4.22.
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Figure 4.22: Total score of each alternative corresponding to all criteria when placing
the ESS at Passenger Station A
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6. Final decision.

In this step, the result with the highest score is selected as the most preferred
result. Figure 4.22 shows that the highest score occurred when charging at 755
V and discharging at 745 V. However, to get a more accurate solution, the step
size was decreased from 10 V to 1 V in the voltage range between 745 V and
735 V where the optimal result should locate. This speculation was based on
the linear relationship between the voltage thresholds and the two measures.
Further, the SOC drift transformed from a negative value to a positive value
when changing the discharging voltage from 745 V to 735 V indicating that the
minimum value of SOC drift was located in this range. The total energy saving
only decreased from 43.9% to 41.08% when changing the discharging voltage
from 745 V to 735 V, which should increase the total score when reaching the
minimum SOC drift resulting from the equal weight of the two measures. The
charging voltage was fixed at 755 V since increasing it reduced the energy
saving and increased the SOC drift resulting in reducing the total score. Table
41 shows that the highest score occurred when charging at 755 V and
discharging at 740 V, which was considered the most preferred solution. When
the ESS was placed at Passenger Station B and using the MCDM method, the
most preferred charging voltage was 755 V while the most preferred
discharging voltage was 737 V. It is worth mentioning that reducing the
controller gains (53) or current limit (6300 A) while setting the voltage
thresholds to the values found by the MCDM method decreased the energy
saving and increased the SOC drift as seen in Table 4.2 and Table 4.3. Although
setting both controller gains k. and k, to the value of 52 and then to 51 reduced
the SOC drift, they reduced the total energy saving which made them less
appropriate than 53 controller gain after applying a comparison using the
MCDM method. Therefore, the results presented in the tables show that it was
efficient to work at the maximum value of the controller gain that guaranteed
stability of the system and maximum current limit that maximised the use of

the ESS.
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Table 4.1: Final decision calculation when charging at 755 V and varying the
discharging voltage when placing the ESS at Passenger Station A

Discharging voltage (V)  Total energy saving (%) SOC drift (%) Total score

745 43.9 -5.73 0.95817
744 43.58 -4.63 0.96269
743 43.27 -3.53 0.9673

742 42.96 -2.46 0.97161
741 42.66 -1.42 0.97586
740 42.38 -0.42 0.98005
739 42.1 0.53 0.97595
738 41.84 1.46 0.96592
737 41.58 2.37 0.95605
736 41.33 3.25 0.94644
735 41.08 4.13 0.93693

Table 4.2: Impact of varying the controller gain when placing the ESS at Passenger
Station A with 6300 A current limit, and charging/discharging at 755/740 V

Controller gain Total energy saving (%) SOC drift (%)
53 42.38 -0.42

52 42.07 -0.07

51 41.75 0.29

50 41.42 0.65

40 37.67 4.18

30 32.14 5.75

20 24.62 5.84

10 14.24 3.88

Table 4.3: Impact of varying the current limit when placing the ESS at Passenger
Station A with 53 controller gain, and charging/discharging at 755/740 V

Current limit (A) Total energy saving (%) SOC drift (%)
6300 42.38 -0.42

5300 41.62 -2.6

4300 39.69 -7.95

3300 35.84 -14.91

2300 27.81 -13.94

1300 17.3 -10.04

300 4.56 -3.31
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4.5 Location of the ESS

Since the ESS in the analysed case study was positioned alongside the rail track,
it is clear that selecting its location can significantly influence the electric railway
energy efficiency as it may increase energy losses in the transmission line if its location
is not optimal. The previous section illustrated that, in the proposed model, the
location’s impact on energy storage significantly affected the energy efficiency
analysis. Further analysis of the location’s impact on energy efficiency development
is investigated in this section. When the ESS was placed at Passenger Station A the
charging and discharging voltage thresholds were set to 755 V and 740 V, respectively,
while the discharging voltage threshold was changed to 737 V when moving the ESS
to Passenger Station B. These voltage thresholds were deemed to provide satisfactory
energy saving and SOC drift based on the analysis presented in the previous section.
Comparison between the two locations with respect to the new voltage threshold
settings is detailed in Table 4.4. Locating the ESS at Passenger Station B compared to
Passenger Station A’s location increased the total energy saving from 42.38% to

43.94%.

Table 4.4: Comparison between placing the ESS at Passenger Station A and
charging/discharging at 755/740 V against placing the ESS at Passenger Station B and
charging/discharging at 755/737 V

ESS located at ESS located at

Passenger Station A Passenger Station B
Substations energy demand reduction @ 27.42% (86.6 kWh) 28.52% (90.06 kWh)
Transmission line losses reduction -16.42% (-2.6 kWh) 7.45% (1.18 kWh)
Braking resistors losses reduction 78.82% (122.3 kWh) 79.07% (122.7 kWh)
Total energy saving 42.38% (206.3 kWh) 43.94% (213.9 kWh)

Figures 4.23 and 4.24 show the voltage profiles before and after installing the
ideal ESS at Passenger Stations A and B, respectively. Notably, the impact of the ESS

on reducing the voltage drop in the second case was higher than that in the first case.
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Reducing voltage peaks resulted in a reduction in the braking resistors losses, while
reducing voltage troughs allowed the substation energy consumption and peak power
to be lowered. Therefore, when using an ESS to import and export energy, placing it
at a location where it significantly reduces system energy losses and substation energy
demand achieves the most energy saving; the power analysis in this study identified
that location to be Passenger Station B. However, in practical life the ESS installation
at locations other than the substations has a number of serious drawbacks such as high
cost and physical constraints. Locating the ESS within an existing electrical substation
in most circumstances would reduce installation costs due to electrical connection
availability and existing facilities for the housing of the system. Physical space at
passenger stations is often limited, particularly those that are underground. Therefore,
placing the ESS at the location of Passenger Station A where there is a substation will

be focused on for the remainder of this thesis.
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Figure 4.23: Terminal voltage at Passenger Station A before and after including the
ESS
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Figure 4.24: Terminal voltage at Passenger Station B before and after including the
ESS

4.6 Conclusion

This chapter has presented a case study of eight trains running on a 2 km
double railway with a generalised ESS. The railway system has been discussed in
terms of improving energy efficiency by recovering excess energy that would have
been dissipated during regenerative braking. A voltage sensitivity analysis on the
control of the ESS was carried out calculating a number of metrics to explore the

impact on energy efficiency.

This chapter’s importance and originality stem from its exploration of the
charging and discharging voltage thresholds that optimise the performance of the ESS.
Optimality was demonstrated by maximising energy saving and minimising SOC
drift. The results of this study indicate that a multi-objective approach to choose
voltage limits is essential, as reducing the SOC deviation might result in minimising
the system energy saving. However, in practice, track voltage is not deterministic and
exhibits stochastic behaviour due to the presence of uncertainties in the railway

system operations. These uncertainties can cause poor charging/discharging
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decisions that affect the system energy efficiency improvements, especially with high
SOC drift. SOC deviation is a crucial issue since the positive influence of the ESS
would not extend to multiple journeys due to the ESS being full or depleted. The
findings of this research suggest that designing an adaptive controller that can
mitigate these system uncertainties is essential. The challenge thus facing the adaptive
control method is to ensure low SOC deviation whilst maximising the energy saving

in the system.
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Chapter 5

Adaptive Control Methods for Managing
SOC for Energy Storage in DC Electric

Railways

5.1 Introduction

As shown in Chapter 4, incorporating ESSs into electric railways is
advantageous for energy saving. However, for efficient use of a wayside ESS,
adequate charge/discharge control must be designed. One of the key requirements in
this process is avoiding reaching the minimum and maximum SOC limits while train
services are running, as this could diminish the benefits of incorporating ESSs into
electric railways. In certain applications, the SOC cannot be managed by charging
from, and discharging to, an external source (i.e. an AC grid) as the connection is only
established with the track-side DC of the power network. There are a number of
reasons behind this design choice, including the need to avoid additional costs
incurred by power converters and protection circuits. Moreover, as shown in Chapter
4, an ESS should ideally be located between substations, thereby preventing access to
an AC grid connection. Discharging to a vacant track is not feasible since there are no
trains that can absorb power and the reliance on rectifier-only substations with no
bidirectional power flow capability. Similarly, charging from the track when no trains
are running is not always possible as the power supplied from the substations is

switched off outside the operational hours to facilitate track maintenance. Therefore,
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it is important to design control methods that can be adopted to manage the power
flow between the track and the ESS with respect to storage capacity. In this chapter,
two control techniques are proposed to avoid the ESS from reaching the maximum
and minimum SOC limits without compromising on the benefits yielded by the

system.

5.2 Proposed control techniques

It is proposed here that the controller can adjust in real-time its current limits
to manage the SOC. This adjustment involves changing the charging and discharging
current limits in order to reduce the SOC drift. However, from the previous chapter,
we know that this will affect the energy saving. In this chapter, two adaptive control
methods are proposed which allow the control current limits to be adjusted in real-
time depending on the operating conditions of the electric railway. The aim of the real-
time control parameter tuning is to manage the SOC in scenarios characterised by
unpredictable train movements and thus uncertain changes in the track voltage. It is
worth mentioning that the control parameters do not require manual retuning when
applying changes to the railway operating conditions. The ultimate goal of the
proposed methods is to prevent the ESS from reaching the SOC limits whilst
maintaining the beneficial effects of energy storage on the railway system, such as
reduction in energy losses as well as substation energy usage. The analyses presented
in this chapter were produced using MATLAB Simulink software with odel4x solver
type and 10 ms time step. The time step was set back to 10 ms as the number of

simulations in this chapter is much less than that performed in Chapter 4.
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5.2.1 SOC controller 1

The flowchart for the SOC controller 1 presented in Figure 5.1 is proposed as
an effective means of modifying the current limits I, and I;;; of the stationary ESS
controller presented in Figure 4.2. The current limits in the proposed control approach
were modified dynamically to address the challenges of reducing the SOC drift

without sacrificing the energy saving.

The described control method based on a state machine strategy was governed
mainly by the SOC deviation and the train operating times. The controller aimed to
reduce the SOC drift to minimum values before the end of the journey by using the
operation of the last train. It was assumed that the trains operated for 18 hours per
day where the number of journeys n, per day was defined by dividing the total train
operation time per day by the duration of the journey. The journey was complete
when the trains in the up line finished travelling from Passenger Station A to C and
those in the down line finished travelling from Passenger Station C to A. It was
assumed that the traffic scenario of each journey was identical. The V., and V,;; were
fixed at 755 V and 745 V, respectively, as these values were the closest to the no-load
voltage as recommended by the authors of [134], [142], [143]. Moreover, these voltage
thresholds were found in Chapter 4 to maximise the energy saving by 43.9% but with
a SOC drift of 5.73%. The initial SOC was set to 50% while the current limits I.; and
14;s were set to the maximum value, which was 6300 A. Thereafter, the simulation of
the current journey n. representing the first journey started running. When the last
train in the journey started running, the SOC drift was measured and when it was a
positive drift and greater than 0.5% then the ESS discharging current limit (/4;5) was
set to the maximum value whilst the charging current limit (/.,) was set to zero. In
contrast, when the drift was negative and smaller than -0.5%, then the ESS charging
current limit (/) was set to the maximum value whilst the discharging current limit
14;s was set to zero. This process of control continued until the end of journey to keep

the SOC drift between +0.5% and -0.5%. The final SOC of the first journey was the
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initial SOC of the second journey. This control process was repeated until reaching the

last journey in the day.

A screen capture of the ESS model when placed at Passenger Station A and
implementing the SOC controller 1 is shown in Figure 5.2. When SOC controller 1 was
applied to the described railway model based on the typical traffic scenario detailed
in Table 3.5, the SOC deviation was successfully controlled to the value of 0.5% as
shown in Figure 5.3. The total energy saving in the system —which includes the
reduction in the substation energy demand, the transmission losses, and the braking
losses—was initially 213.7 kWh, decreased to 190.5 kWh after applying the SOC
controller 1. Although the SOC drift was successfully kept to a small value, the total
energy saving reduced significantly. This was a result of strict changes to the current
limits at the end of the journey, where the discharging current that was set to zero (see
Figure 5.3). Although the current limits of the SOC controller 1 can be optimised, this
optimisation needs to be accomplished every time the load profile is changed. The
other option is to write numerous if-then statements in order to deal with the
uncertainty in the load profile which makes the design process more complex.
Therefore, it is important to design a more general, simple to construct, and adaptable
method for SOC control that can smoothly change the current limits to further

maximise the energy saving.
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Figure 5.1: Flow chart of the SOC control
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Figure 5.3: SOC and current of the ESS implementing SOC controller 1 when

simulating the ideal traffic scenario

5.2.2 SOC controller 2

The SOC controller 1 discussed in the previous subsection did not gradually
change the current limits until reaching the desired SOC. It simply set the
input/output (as required) current of the ESS to zero when the last train started
operating in order to reduce the SOC drift to minimum levels. Moreover, it did not
fully capture the knowledge of future changes to SOC that could be predicted from
the load profile variability. Therefore, fuzzy logic control was adopted to render the
controller more flexibility in changing its control parameters by introducing
additional control actions based on the variability in the load profile. Moreover, the
effectiveness of the proposed state machine control can be tested by comparing its
performance with that of other control methods; namely, static control and fuzzy
control. The test aims to check the ability of the control methods to reduce the SOC
deviation in the presence of disturbances in the traffic conditions. A fuzzy logic control
technique was adopted because of its ability to adapt control decisions based on expert
knowledge in the form of linguistic rules stored in the controller. Further, a fuzzy logic

control method simplifies and speeds up the design process in state machine control
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that requires numerous if-then statements to deal with the uncertainty in the load

profile.

Fuzzy logic control is where expert knowledge with linguistic measures —
known as fuzzy set theory —is used to design controllers, allowing users to represent
variables in natural language. In this study, expert knowledge is referred to those who
work in the field of electric railway operation and control to improve energy
efficiency. This approach is illustrated in Figure 5.4, where the expert has deep
knowledge about the operation of the system and classify its behaviour and response
to control inputs into different regions. For example variable 1 is low, increase input
2, variable 2 is very high, decrease input 2 by a large amount. Fuzzy logic embeds this
knowledge in the form of membership functions where the verbal descriptors (such
as too high) as assigned a numerical range in a process called fuzzification. The set
points and measurements are combined to form the outputs using an inferencing
system providing ranges for the outputs. Precise output signals are then created
through a defuzzification process. It is the fuzzification, inferencing system and
defuzzification process embed the expert’s knowledge and it can provide remarkable

results for systems that are nonlinear, subject to change or are difficult to model.

—_—_———— e e e e e e e e e e e e e —— —— — — — — —— — — —

Rules

Fuzzification Inference » Defuzzification

Crisp Input Crisp Output

Figure 5.4: General structure of fuzzy control [145]
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The inference engine produces fuzzy outputs from fuzzy inputs by applying
fuzzy rules. Generally speaking, fuzzy rules are expressed in linguistic terms to
describe relationships between the input and output variables. The degree of
applicability is calculated for each rule and is represented in an output fuzzy set.
Finally, the fuzzy outputs are synthesised and defuzzified to produce a crisp output
value. As the input and output values of the fuzzy controller are crisp, the controller
can be interfaced on both sides with technical devices. In the present study, the SOC
controller 2 was implemented to the stationary ESS placed at Passenger Station A
using the Fuzzy Logic Toolbox for MATLAB as seen in Figure 5.5. The operational

block diagram of the fuzzy control system is shown in Figure 5.6.
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The SOC controller 2 based on a fuzzy control strategy assessed the degree of
SOC deviation with respect to time. If the SOC drift was high, the track power
absorption/injection was reduced to minimum levels until it was cancelled. The
remaining running time was used as an input, allowing the desired SOC value, which
was 50% in this case, to be reached faster. Thus, the higher the deviation and the closer
the time to the end of the predefined period (the time length of the journey) the more

responsive the controller became.

The fuzzy rules were applied based on the expert knowledge regarding the
railway system’s operation to produce two outputs, i.e. I, and I;;5. These current
limits were transmitted to the stationary ESS controller, as shown in Figure 5.7. The
SOC controller 2 adjusted the current limits of the ESS controller based on the
deviation of the actual SOC value from the desired one (SOC™) that is 50%, SOC rate
of change, and running time. Inclusion of the rate of change to the inputs was aimed
to improve controller predictability by improving the forecast of the system
behaviour, since both error value and its change were considered. This design should
permit the controller to be more reactive to changes in the track power demand.
Unfortunately, the capacity of SOC controller 1 implementing state machine to predict
future changes is comparatively limited, which diminishes controller reactivity and

thereby the improvements in the system performance that can be attained.
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As the SOC value can be both higher and lower than that desired, the
corresponding SOC drift can be both positive and negative. Linguistic values of the
SOC drift with a positive/negative sign indicate that the current SOC is higher/lower
than the desired SOC value. Therefore, SOC drift input set was separated into positive
and negative values to ensure that the controller behaved accordingly. In the negative
drift stage, the controller attempted to increase the charge energy and reduce the
discharge energy, while the reverse applied in the case of the positive drift stage. The
“SOC rate of change” input (related to the “track voltage” input) played a vital role in
reducing the SOC deviation. For example, when the SOC drift was negative, the track
voltage was below the no-load voltage and the SOC rate of change was high, the fuzzy
controller attempted to rapidly reduce the ESS discharge energy in order not to
aggravate the situation. In contrast, when the track voltage was above the no-load
voltage, the controller intervention was less intrusive because the high rate of change
indicated that the energy trend would help mitigating the negative deviation causing

the SOC to shift towards the required value.

The rule table that draws relationships between input and output variables to
be submitted to the inference engine—as provided in Appendix 1, Table Al—
comprises 256 rules that were applied to control the outputs based on if-then
statements. It was mentioned in [146] that formulating the rules is the heart of the
fuzzy controller design and they can be deduced from observations made by human

experts. The rules have to be complete (any combination between inputs produces an
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output value), consistent (no contradictions), and continuous (small change in the
input value does not result in a high change in the output value). In this present study,
the Mamdani fuzzy interface (a type of fuzzy inference where the input and output of
each rule are linguistic variables necessitating defuzzification) was adopted for
processing the input variables; namely, the SOC drift, the running time, and the rate
of change in the SOC profile. The numerical input variables are transformed into
linguistic format to allow the rule base to determine the output linguistic variables
based on the membership degree—a real number ranging from 0 to 1. The
membership degree for different elements in the universe of discourse (the set
comprising of all the elements considered in the problem) forms a fuzzy set. The fuzzy
sets pertaining to the input and output variables are shown in Figure 5.8 —5.14, where
the membership functions (fuzzy regions) denoted as VL, L, A, and H represent very
low, low, average, and high, respectively, and membership function VH represents
very high. It is worth mentioning that the other option for fuzzy processing was
Sugeno fuzzy interface that is the same as Mamdani except for the output
memberships where they are represented in mathematical functions which does not
involve a defuzzification process. However, this method is less commonly used as it

is more difficult to formulate [146].

In this instance, the rules governing the performance of the SOC controller 2
were formed to avoid the SOC from approaching too closely the maximum and
minimum limits while satisfying energy saving. As previously noted, 50% SOC served
as the reference value for the controller, the sensitivity of which was governed by the
required end time. The closer the running time to the end of the chosen period, the
more responsive the controller became. Consequently, the controller attempted to
shift the SOC as close to the 50% reference value as was feasible before the end of the
predetermined period. However, the controller was designed to be reactive to the SOC
value that deviates significantly from the reference value even at the beginning of any
journey under consideration. This of course will have more effect on the SOC drift as

the remaining time decreases.

143



The design of the membership function in terms of width, shape and position
in the universe of discourse of each element was determined via a trial-and-error
process, which ceased once the controller performance was deemed satisfactory.
There are no theoretical methods for defining membership functions and trial-and-
error is the common approach as the design of fuzzy logic control mainly depends on
the knowledge and experience of the designer. Therefore, the designer should make
initial choices before testing and evaluating the influence on the system performance
and based on the analysis results adjustments to the control parameters should be
performed. The author of [146] recommended using this method for designing
membership functions where Professor Lotfi Zadeh, who first introduced fuzzy logic
in 1965, approved the book. It is worth mentioning that the number of membership
functions describing each variable should be increased until being satisfied with the
performance. However, the increase of memberships will increase the complexity of
the controller because of the increase in the number of rules. Therefore, the number of
membership functions is a compromise between the desired performance and control
complexity. While the membership functions for all inputs and outputs were of a
Gaussian shape, the outputs were subsequently defuzzified into crisp numerical
values. It was stated in [146] that the performance of the system is not sensitive to the
shape of the membership function and only small improvements can be achieved in
particular cases. The defuzzification method implemented in this study was the
middle of maximum. In this defuzzification method, the first and last from all values
belong to the maximal membership degree are taken and the average of these two
values is output as a crisp value. There are many defuzzification methods such as
centre of area, centre of largest area, first of maximum, and last of maximum.
However, no specific method has been proved to be better than the others, which

allowed the middle of maximum method to be used in the current study.

The fuzzy set of the running time was set to cover the whole journey time with
four subsets to give the controller the ability to behave differently in each time section.
Further, the severity of the control action increased gradually until reaching the fourth
subset where the controller harshly attempted to reduce the SOC drift to minimum

levels. The fuzzy sets of the positive and negative SOC drift were set similarly where
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the L, A, and H membership functions were uniformly distributed. The VH
membership function was made wider to allow the controller to take rough actions
when working in this SOC drift range to avoid the SOC drift from having high values
that would make it challenging for the controller to manage before the end of the
journey. The rate of change fuzzy set was set to give indications about future changes
to the SOC profile to affect the control actions especially when working in the H and
VH subsets of the SOC drift fuzzy set. The fuzzy set of the track voltage was only
added to the controller to differentiate between positive and negative rate of change.
It was noticed from the results presented in Chapter 4 that the system was more
susceptible to have a positive SOC drift than that of a negative drift. Therefore, it was
decided to make the VL membership function of the fuzzy set of the charging current
limit I, narrower than that in the discharging current limit /;;;. This setting allowed
the controller to charge with smaller currents than discharging currents especially at
the end of the journey where there were more voltage peaks than voltage troughs. In
contrast, the H membership function of the discharging current limit set was made
narrower than that in the charging current limit set. This setting maximised the
discharging energy while reducing the charging energy, which facilitated controlling
the SOC when reaching the last time section of the journey. The A and L membership
functions of the charging/discharging current limit fuzzy set were set to allow smooth

transition from very low currents to high currents.
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Figure 5.8: Input variable of the running time comprising four membership functions

modelled using the Fuzzy Logic Designer Toolbox in MATLAB
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Figure 5.9: Input variable of the positive SOC drift comprising four membership
functions modelled using the Fuzzy Logic Designer Toolbox in MATLAB
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Figure 5.10: Input variable of the negative SOC drift comprising four membership
functions modelled using the Fuzzy Logic Designer Toolbox in MATLAB
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Figure 5.11: Input variable of the rate of change comprising four membership
functions modelled using the Fuzzy Logic Designer Toolbox in MATLAB

146



plot points: 181
Membership function plots
T

Below-the-no-load-voltage

Above-the-no-lcad-voltage

F=1

I I T I I

Figure 5.12: Input variable of the track voltage comprising two membership functions

o T e o acn ann

input variable "Track-Voltage™

modelled using the Fuzzy Logic Designer Toolbox in MATLAB
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Figure 5.13: Output variable of the charging current limit comprising four membership
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functions modelled using the Fuzzy Logic Designer Toolbox in MATLAB
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Figure 5.14: Output variable of the discharging current limit comprising four

membership functions modelled using the Fuzzy Logic Designer Toolbox in

MATLAB
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Table 5.1 depicts a global analysis of the electric railway energy efficiency per
journey when different ESS control approaches were applied under the ideal traffic
scenario. The charging/discharging voltage threshold before applying the SOC
control techniques was 755/740 V, whereas 6300 A was chosen as the maximum
absolute current limit for charging/discharging. These limits were considered to be
effective based on the energy analysis presented in Chapter 4. Although the deviation
in the SOC was small before applying the SOC control methods, it declined even
further to minimal levels when applying the SOC controller 2 as seen in Figure 5.15.
It can be seen that the SOC drift was minimised considerably when using the fuzzy
control strategy compared to the values obtained by applying the ESS without SOC
control and the SOC controller 1. Moreover, the SOC controller 2 was clearly superior
to the SOC controller 1 in terms of reducing the energy demand at substations. The
static controller was capable of yielding the greatest reduction in the braking losses,
which were least affected by the SOC controller 1. Since incorporating ESSs in electric
railways increases the transmission losses, all three control techniques increased the
transmission losses, especially the SOC controller 1, i.e. there was a 2.84 kWh increase
in transmission losses. The impact of the static controller on the total energy saving
was higher compared to those of other control methods. Even so, when interpreting
these results, it should be noted that these calculations were based on a single journey.
Consequently, the obtained savings cannot be extrapolated to multiple journeys when
the SOC is not controlled, because the ESS is unavailable once the capacity limits are
reached. The controllers were set to minimise the SOC deviation to minimum levels
before the end of the journey. Therefore, the adverse impact of the controllers on the

energy saving could be negated in the long term.
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Table 5.1: The impact of applying different control approaches to the ESS on the
railway’s energy efficiency under the ideal traffic scenario

Without SOC Control  SOC Controller 1 | SOC Controller 2

Substations energy 27.42% (86.6 kKWh) 25.18% (79.53 kWh) 26.79% (84.61 kWh)
demand reduction
Transmission line losses -16.42% (-2.6 kWh) -17.97% (-2.84 kWh) -17.7% (-2.8 kWh)
reduction
Braking resistors losses 78.82% (122.3 kWh) 73.35% (113.8 kWh) 77.41% (120.1 kWh)
reduction
Total energy saving 42.38% (206.3 kWh) 39.13% (190.5 kWh) 41.48% (201.9 kWh)
SOC drift -0.4% 0.5% 0.03%

—— Without SOC Control ——S0OC Controller1 —— SOC Controller 2

Time (s)

Figure 5.15: SOC of the ESS when the ideal traffic scenario was simulated

The impact of applying different control techniques to the ESS on the voltage
at Passenger Station A can be seen in Figure 5.16, and the ESS current is displayed in
Figure 5.17. The graphs show that, the three control techniques tended to maintain the
charging and discharging current limits at high values, which reduced the voltage
peaks and drops. When the SOC control was applied, at the beginning of the journey,
the SOC controllers 1 and 2 maximised the charging/discharging current, but reduced
it to minimum values near the journey’s end to limit the SOC deviation. The related
graphs show that the fuzzy approach was more dynamic in the charging and

discharging process due to the high number of subsets describing each input/output
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variable. It is also noteworthy that the change in the current limit imposed by the fuzzy
control near the end of the journey was more frequent than the SOC controller 1 but
its amplitude was lower than the static controller. When applied, the state machine
control initially maintained the current limits at maximum values, while it started

vacillating between 0 and the maximum braking current near the end of the journey.

Before ESS —— Without SOC Control
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Figure 5.16: Voltage at Passenger Station A under the ideal traffic scenario

—— Without SOC Control ——SOC Controller1 —— SOC Controller 2
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Figure 5.17: The ESS current yielded by different control approaches when the ideal

traffic scenario was assumed

150



5.3 Energy efficiency analysis when

applying multiple traffic scenarios

In this section, the performance of the proposed control methods is evaluated
by observing the electric railway model response, and controller robustness to
changes in operational conditions is examined. The impact of the proposed control
methods on the SOC profile is evaluated by considering two scenarios, which have
been specifically chosen to demonstrate the effects of variations in train timetables on
the ESS SOC profile. The static controller was applied with 755/740 V
charging/discharging voltage threshold and 6300 A current limit. It is worth
mentioning that the SOC controller 1 and SOC controller 2 were not retuned when
changing the traffic scenario. However, when using the SOC controller 2 the journey
time was changed to match the new traffic scenario by adjusting the range end of the

running time input variable where all membership functions were scaled

automatically by MATLAB.

5.3.1 Changing train headway scenario

To assess the performance of the new proposed control methods with respect
to multiple traffic scenarios, it was decided to apply a change to the headway. In
practice, even a small deviation in the headway could result in significant variations
in the track voltage and the ESS SOC profile. Therefore, the ability of the proposed
control methods to cope with a change in train headway was examined by focusing
on a scenario in which Train 8 headway was changed from 90 to 190 s. Train 8 was
chosen for headway changing because this was the last train in the journey to stop at
the ESS location, which was expected to lead to a significant impact on the SOC profile.
The train headway was set to 190 s as this was the minimum headway to allow power

utilisation as mentioned in Chapter 3, Section 3.4.6. The graph shown in Figure 5.18
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indicates the capacity of the proposed control techniques to handle the impact of this
sudden change in the system operation on the SOC drift. As shown in Table 5.2, the
initial total energy saving in the system of 212.6 kWh declined to 207.6 kWh after
applying the SOC controller 1 while the SOC controller 2 increased it to 214.3 kWh.

Although inducing changes to the Train 8 headway exacerbated the SOC
deviation to a value of 5.04% (calculated using Equation 4.4), the SOC controllers 1
and 2 were successful in maintaining this deviation within the minimum limits. They
were also effective at reducing the energy demand at the substations compared to the
static control technique that reduced the substations energy demand by only 85.4
kWh. The SOC controller 1 had less impact than the SOC controller 2 in reducing the
substations energy demand as it reduced it by 87.04 kWh where the latter one reduced
it by 90.17 kWh. The dynamic controllers increased the losses in the transmission lines
in slightly bigger amounts than the static controller. The SOC controllers 1 and 2
increased the transmission losses by 3.43 and 3.36 kWh, respectively, while the static
controller increased them by only 3.35 kWh. The static controller outperformed others
in reducing the losses in the braking resistors as it reduced the losses by 81.31%, which
equates to 130.5 kWh. The SOC controller 1 was observed to be the worst in reducing
the braking losses as it reduced them by only 77.27%, which equates to 124 kWh while
the SOC controller 2 reduced the losses by 79.46%, which equates to 127.5 kWh.

—— Without SOC Control ——S0C Controller1 ——S0OC Controller 2
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Figure 5.18: SOC of the ESS when Train 8 headway was modified
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Table 5.2: The impact of applying different control approaches to the ESS on the
railway’s energy efficiency when Train 8 headway was modified

Without SOC Control  SOC Controller 1 | SOC Controller 2

Substations energy 26.59% (85.4 kWh) 27.11% (87.04 kWh) 28.08% (90.17 kWh)
demand reduction

Transmission line losses -21.11% (-3.35 kWh) -21.57% (-3.43 kWh) -21.13% (-3.36 kWh)
reduction

Braking resistors losses 81.31% (130.5 kWh) 77.27% (124 kWh) 79.46% (127.5 kWh)
reduction

Total energy saving 42.72% (212.6 kWh) 41.73% (207.6 kWh) 43.08% (214.3 kWh)
SOC drift 5.04% 0.5% 0.07%

The voltage at Passenger Station A shown in Figure 5.19 indicates that, there
was less available traction energy for SOC management in this scenario compared to
the previous case. In other words, the assumption that Train 8 headway was changed
to 190 s led to a reduction in voltage drops of the ESS terminal voltage, which in turn
reduced the energy released by the ESS, limiting the negative SOC deviation.
Therefore, the positive SOC deviation was high which caused the SOC controller 2 to
discharge more energy than the SOC controller 1 to reduce the positive SOC drift. To
be more specific, at the end of the journey the charging/discharging current limit of
the SOC controller 1 was maintained within a very narrow range from the maximum
value as indicated in Figure 5.20. The graph shows that the ESS current in the absence
of SOC control was maximised, and became dynamic after application of the two
control methods, whereby the fuzzy approach can be seen to have been smoother and

more flexible in adapting the limit.
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Figure 5.19: Voltage at Passenger Station A when Train 8 headway was modified
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Figure 5.20: The ESS current determined by different control approaches when Train 8
headway was modified
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5.3.2 Stochastic traffic scenario

The results reported in the preceding subsections were based on ideal traffic
conditions, including fixed dwell time, headways, and speed profiles. Small
disturbance to the ideal traffic scenario was also applied to test the performance of the
controller. In this scenario, more complex traffic conditions were simulated to test the
reliability of the proposed controllers. Passengers and drivers introduce random
variations to the dwell time, headways, and speed profiles. Therefore, stochastic dwell
time, headways, and speed profiles were adopted in this test. The new traffic scenario

is illustrated in Figures 5.21 and 5.22.
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Figure 5.21: Train diagrams for the railway system exhibiting stochastic behaviour
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Figure 5.22: Train speed profiles in the railway system exhibiting stochastic behaviour

The simulation results demonstrate that the SOC controllers 1 and 2 were able
to accommodate the more complex situation, as shown in Figure 5.23. The data
presented in Table 5.3 show that the total energy saving after the first journey was
increased from 80.92 kWh when implementing the static control technique to 86.21
and 86.66 kWh, after applying the SOC controllers 1 and 2, respectively. Figure 5.24
shows the voltage at Passenger Station A before and after applying the ESS, and the
ESS current is shown in Figure 5.25. It can be noted that the voltage troughs were
lower and the voltage peaks were more frequent than those in the previous traffic
scenarios. Further, the ESS charging and discharging currents were lower in
magnitude due to the traffic scenario that did not always require the trains to work on

the maximum power.

According to the global energy efficiency analysis of the railway system shown
in Table 5.3, the SOC controllers 1 and 2 were capable of reducing the SOC drift
without having a negative impact on the energy efficiency. The only exception to this
rule is the transmission line losses, as the SOC controller 1 and SOC controller 2
increased the losses by 1.3 and 1.28 kWh, respectively, while the static controller
increased it by 2.11 kWh. The static controller, SOC controller 1, and SOC controller 2
reduced the braking resistors losses by 55.05, 51.00, and 51.01 kWh, respectively. In
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line with the results reported in the preceding sections of this chapter, the static
controller imposed a greater reduction to the losses in the braking resistors compared
to the other two control techniques. The static controller was found least capable
compared to the other methods in reducing the substations energy demand as it
reduced the demand by 27.98 kWh while the SOC controller 1 and SOC controller 2
reduced it by 36.51 and 36.93 kWh, respectively.

—— Without SOC Control ——SOC Controller1 ——SOC Controller 2
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Figure 5.23: SOC of the ESS under a stochastic traffic scenario

Table 5.3: The impact of applying different control approaches to the ESS on the

railway’s energy efficiency under the stochastic traffic scenario

Without SOC Control  SOC Controller1 | SOC Controller 2

Substations energy 17.91% (27.98 kWh) 23.37% (36.51 kWh) 23.64% (36.93 kWh)
demand reduction

Transmission line losses -35.78% (-2.11 kWh) -21.98% (-1.3 kWh) -21.64% (-1.28 kWh)
reduction

Braking resistors losses 95.01% (55.05 kWh) 88.02% (51 kWh) 88.04% (51.01 kWh)
reduction

Total energy saving 36.76% (80.92 kWh) 39.17% (86.21 kWh) 39.38% (86.66 kWh)
SOC drift 8.74% 0.5% 0.21%
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Figure 5.24: Voltage at Passenger Station A under a stochastic traffic scenario
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5.3.3 Two-day simulation

To assess the impact of the control methods considered in the present study on
the railway’s energy efficiency after multiple journeys, the ideal traffic scenario was
simulated assuming two-day operation. It was assumed that the trains could only
operate for approximately 18 hours per day which equates to 137 journeys. The two-
day operation is equivalent to 36 hours and it was decided to show the impact of
reaching the SOC boundaries when no SOC control was applied. The ESS was
assumed to be lossless as stated previously in this thesis. It can be seen in Figure 5.26
that, in the absence of SOC control, the ESS repeatedly reached the lower SOC limit in
the second day of operation, while the SOC controllers 1 and 2 were able to avoid this
undesirable effect. Moreover, Table 5.4 shows that the total energy saving of 56,482
kWh for the two-day operation period without SOC management decreased to 51,971
kWh and 55,278 kWh after adopting the state machine method and the fuzzy control
method, respectively. Although the SOC reached the minimum limit when applying
the static controller, the ESS saved more energy than that when applying the SOC
control methods that avoided reaching the minimum SOC limit. Further, the total
energy saving only diminished by 0.08% compared to the case when the SOC
boundaries were not reached. This was a result of the static controller applying the
optimised voltage limits found by the MCDM method as explained in Chapter 4.
However, the MCDM method is limited to known voltage profiles and cannot deal
with online changes to the voltage profile as will be seen in the following tests. It is
worth mentioning that the simulation results presented in this chapter indicate that
the proposed control methods could increase the energy efficiency of a DC electric

railway while minimising the ESS size and cost as they only used a small SOC range.
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Figure 5.26: Two-day simulation based on the ideal traffic scenario

Table 5.4: Energy efficiency analysis when simulating the ideal traffic scenario for two

days

Without SOC Control = SOC Controller1 | SOC Controller 2
Substations energy 27.37% (23,684 kWh) 25.18% (21,794 kWh) 26.77% (23,164 kWh)
demand reduction
Transmission line losses -16.42% (-712 kWh) -17.82% (-773 kWh) -17.66% (-766 kWh)
reduction
Braking resistors losses 78.83% (33,510 kWh) 72.81% (30,950 kWh) 77.35% (32,880 kWh)
reduction
Total energy saving 42.34% (56,482 kWh) 38.96% (51,971 kWh) 41.43% (55,278 kWh)
SOC drift -82.38% 0.52% 0.04%

Figure 5.27 shows the ESS SOC profile when simulating the railway system
including modification to Train 8 headway. The railway system was simulated for two
days (36 hours) where the number of journeys per day were 113 journeys. The static
controller caused the SOC to reach the upper limit after twenty journeys, while the
SOC controllers 1 and 2 avoided this undesirable effect. The SOC reached its
boundaries much faster than that in the ideal traffic scenario due to releasing less
energy and receiving more energy. Further, the shift in the headway caused the
overlap between Train 4 and 8 to reduce, which reduced the voltage drop leading to

less discharged energy. On the other hand, this shift in headway increased the number
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of voltage peaks resulting in more charged energy by the ESS. The action of reaching
the upper SOC limit in the absence of SOC control affected the total energy saving to
diminish by 4% compared to the case when the SOC boundaries were not reached.
The impact of the discussed control methods on the total energy saving in the system
is presented in Table 5.5, depicting a global comparison across different cases. The
total energy saving in the system after applying the ESS with static control approach
was 46,112 kWh, and increased further to 46,728 kWh after applying the SOC
controller 1. The SOC controller 2 increased the total energy saving to 48,416 kWh. The
table shows that the static controller was the worst in reducing the dissipated energy
in the braking resistors with only 27,535 kWh. Interestingly, the static controller was
the best in reducing the braking resistors losses when simulating the system for only
one journey as presented in Table 5.2. However, due to the frequent reach of the upper
SOC limit, the ESS could not effectively store the regenerative energy which was the

main reason for the static controller to cause less energy saving than the others.
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Figure 5.27: Two-day simulation based on the traffic scenario involving changes to the
Train 8 headway
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Table 5.5: Energy efficiency analysis when involving changes to the Train 8 headway

Without SOC Control  SOC Controller1 = SOC Controller 2

Substations energy 26.6% (19,303 kWh) 27.11% (19,676 kWh) 28.08% (20,381 kWh)
demand reduction

Transmission line losses -20.24% (-726 kWh) -21.46% (-770 kWh) -21.11% (-758 kWh)
reduction

Braking resistors losses 75.94% (27,535 kWh) 76.73% (27,822 kWh) 79.41% (28,793 kWh)
reduction

Total energy savjng 41.02% (46,112 kWh) 41.55% (46,728 kWh) 43.08% (48,416 kWh)
SOC drift 100% 0.5% 0.06%

Finally, the system was simulated under the stochastic traffic scenario for two
days with 80 journeys per day. Figure 5.28 shows the ESS SOC profile where it shows
that the static controller could not avoid the SOC from reaching the upper boundary
while the SOC controllers maintained the SOC near the desired value. The SOC
boundary was reached only after 12 journeys, which was faster than that in the
previous tests. This adverse impact was a result of the low voltage drops and frequent
voltage peaks. The low voltage drops were induced by the low train power demand
and the frequent voltage peaks were induced by the low synchronisation between the
trains when they were in the decelerating mode. Table 5.6 shows the global energy
efficiency analysis where it can be seen that the SOC controller 2 successfully
surpassed the other controllers in all aspects except for the transmission line losses
reduction where it was better than the SOC controller 1 but worse than the static
controller. The total energy saving when simulating the railway system for two days
with the static controller reduced by 17.9% compared to the case when the SOC
boundaries were not reached. The main reason for this significant effect was the
inability of the ESS to receive sufficient regenerative energy, causing the dissipated
energy in the braking resistors to increase. This can be explained by noting the
reduction in the braking resistors losses after only one journey (see Table 5.3) where
the static controller was superior before it became the worst among others after two-

day operation.
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Figure 5.28: Two-day simulation based on the stochastic traffic scenario

Table 5.6: Energy efficiency analysis when simulating the stochastic traffic scenario

for two days

Without SOC Control @ SOC Controller1 | SOC Controller 2

Substations energy 17.88% (4,471 kWh) 23.37% (5,842 kWh) 23.64% (5,909 kWh)
demand reduction

Transmission line losses -19.76% (-187 kWh) -21.91% (-207 kWh) -21.54% (-204 kWh)
reduction

Braking resistors losses 68.44% (6,345 kWh) 86.41% (8,011 kWh) 87.39% (8,101 kWh)
reduction

Total energy saving 30.18% (10,629 kWh) 38.75% (13,646 kWh) 39.21% (13,806 kWh)
SOC drift 100% 0.5% 0.2%

5.4 Conclusion

In this chapter, simulation results pertaining to a number of operating
conditions were presented and compared to test the validity of the proposed control
methodology. In addition, multiple traffic scenarios, involving changes to the
headway, dwell time, and train speed profiles, were applied to introduce a degree of

uncertainty to the system. The proposed controllers were demonstrated to be effective
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under different traffic conditions, as they were successful in controlling the SOC by
inducing dynamic variation to the current limits. The proposed SOC control methods
eliminated the unavailability of the ESS due to the ESS being fully charged or
discharged. The modifications in the ESS control characteristics resulting from
adapting the configurations governed by the disturbance in the operating conditions
were shown to improve the system energy efficiency. The applicability of the two
discussed control methods to real application systems will be tested experimentally in

the next chapter.
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Chapter 6

Experimental Application of Adaptive
Control Methods

6.1 Introduction

In Chapter 5, implementation in MATLAB software of two control methods for
SOC management was explained in detail. The reported findings have demonstrated
that the SOC levels can be adequately managed by applying appropriate dynamic
charge/discharge control, without the need for an external load or power source. In
this chapter, the experimental work is reported; the manner in which the previously
discussed methods were applied to a lab-based supercapacitor ESS using a NI
CompactRIO controller and a track voltage emulator. The main purpose of these
experiments was to assess the applicability of the proposed control methods to
practical hardware-based systems. Thus, this chapter also presents an evaluation of
various track voltage profiles in order to determine their impact on the obtained SOC
results. This series of evaluations is subsequently compared with the simulation

results for validation.
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6.2 Hardware configuration

During the experiments, the power flow between two DC sources was
managed by a SINAMICS DCP bidirectional DC/DC converter (Siemens, Germany).
For this purpose, an AL3000R programmable power supply (Zenone Elettronica, Italy)
was connected to one side of the SINAMICS DCP converter to emulate the track
voltage and a supercapacitor (Maxwell Technologies, United States) was connected to
the other side to represent the ESS. A CompactRIO 9063 controller (National
Instruments, United States) was used for data acquisition, transmission, and control.

The hardware setup is depicted in Figure 6.1; a single-line diagram can be viewed in

Appendix 2, Figure Al.
e I 7
o — # | SINAMICS DCP
—_| = =| DC/DC Power
_ Converter

nnnnnnnnnnnn

Maxwell Supercapacitor

Zenone Elettronica
Power Supply AL
3000R

NI cRIO-9063
Controller

Figure 6.1: Hardware setup
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6.2.1 Zenone Elettronica programmable DC
power supply

A Zenone Elettronica power supply AL 3000R series with 600 V maximum
voltage and 100 A maximum current was used according to the I-V characteristics
shown in Figure 6.2. This type of power supply contains a series of fast AC/DC static
converters that feature IGBT devices contained within two power conversion units,
allowing it to supply/absorb power to/from the load. Due to the high conversion
speed, this equipment can be used in applications characterised by highly dynamic
requirements [147]. Therefore, this bidirectional power supply was used to emulate
the track voltage that was previously simulated in MATLAB. The power supply is
shown in Figure 6.3 and the relevant technical data are reported in Table 6.1. The front
panel of this equipment contains a voltage adjustment potentiometer, current
adjustment potentiometer, digital voltage display, digital current display, emergency

stop, and line main circuit breaker.

A
100 A |
50 A
5 | | | | »Vout
2 | | | | >
300 V 60D v
-50 A e
//,/
100A p------ -
A\ 4

Figure 6.2: I-V characteristics of the bidirectional DC power supply with line
regenerator [148]
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Figure 6.3: Bidirectional DC power supply AL 3000R

Table 6.1: Technical specifications of the bidirectional power supply [148]

Quantity Value
Voltage input 400V, £10%
Frequency 45-65 Hz
Maximum line current 52 A
Maximum output power 30 kW
Maximum regenerated power 30 kW
Voltage output 0-600 V
Current output at Vmax -50to 50 A
Current output from 0 V to 300 V -100 to 100 A
Dimensions (depth X width X height) 1000 x 800 x 1900 mm
Weight 500 kg
Operating temperature 5-40 °C
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6.2.2 SINAMICS DCP DC/DC power converter

The SINAMICS DCP power converter is capable of controlling the power flow
between two DC systems by performing voltage and current control. In the present
study, this device was used due to its ability to charge/discharge ESSs with dynamic
setpoints, which was required for the practical assessment of the control methods
described in Chapter 5. During the experiments, the input side of the power converter
was connected to the track emulator; the output side was connected to the
supercapacitor. The technical specifications of the device are provided in Table 6.2,
and the device voltage and current limitations are depicted in Figure 6.4. High power
transfer efficiency of the SINAMICS DCP converter was established through

measurements, as is shown in Figure 6.5.

Table 6.2: Technical specifications of the SINAMICS DCP power converter [149]

Quantity Value
Rated voltage 600 V
Rated current 50 A
Rated power 30 kW
Switching frequency 20 kHz
Maximum power loss 800 W
Minimum operating voltage 30V
Maximum operating voltage 800 V
Electronic power supply 24V
Dimensions (depth x width X height) 545 x 150 x 600 mm
Weight 38 kg
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Figure 6.4: I-V characteristics of the SINAMICS DCP power converter [149]
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Figure 6.5: SINAMICS DCP DC/DC power converter efficiency measurements

The device was designed for cabinet mounting, as shown in Figure 6.6. In the
present study, it was mounted vertically to allow the air to flow in the upward
direction. Fuses, and line contactors were connected to the input and output side of
the SINAMICS DCP converter. Four precharging resistors were also added to the
cabinet to protect the capacitors on both sides of the drive unit from high current
peaks. There were capacitors on the input and output of the SINAMICS DCP
converter that were charged to the voltages of the connected devices on both sides.

Therefore, the precharging resistors were used to slowly charge the capacitors to
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protect the SINAMICS DCP converter from damages. Direct connection of the
capacitors without the precharging resistors could result in high current peaks causing
arcing that could permanently weld the contactors. Finally, an emergency stop, AC
isolator, and on/off switch were attached to the cabinet’s front door. Switching the

device on switch enables the precharging resistors on both sides and the controllers.

Figure 6.6: SINAMICS DCP DC/DC power converter

6.2.3 CompactRIO controller

The CompactRIO controller is a real-time embedded controller equipped with
a microprocessor and input (I)/output (O) modules. It was employed in the
experiments to allow the SINAMICS DCP converter charging/discharging setpoints
to be modified in real-time, according to the application requirements. In the work
presented here, an NI cRIO-9063 controller with a microprocessor speed of 667 MHz

was employed. The device can operate at temperatures ranging from -20 to 55 °C, and
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since its voltage input ranges from 9 to 30 V, it was powered by an external power

supply of 24 V capacity [150]. The device and its dimensions are shown in Figure 6.7.

The data exchange between the SINAMICS DCP converter and the
microcontroller was accomplished by connecting two series I/ O modules (the NI 9263
- 4 x analogue output and NI 9206 - 32 x analogue input) to the CompactRIO which
imported voltage measurements from the SINAMICS DCP and exported voltage and
current setpoints to the device. The NI 9263 and NI 9206 modules were used for
analogue signal export and import, respectively. The track emulator voltage and the
supercapacitor voltage measurements were measured using the analogue input ports
of the NI 9206 module at 100 ms intervals. The sampling time was set to 100 ms as
recommended by the manufacturer of the Zenone Elettronica power supply that
cannot process data faster than 100 ms. The SINAMICS DCP DC/DC converter was
configured to accept a +10 V analogue reference for both voltage and current
setpoints. For each ESS controller update, the calculated voltage and current setpoints
were scaled appropriately to provide the reference signal through the output ports of

the NI 9263 module.
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87.3 mm
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(0.161in.)

A

(b)
Figure 6.7: cRIO-9063: (a) device; (b) dimensions [151]

The NI 9206 module has 32 analogue inputs with +10 V signal range, as shown
in Figure 6.8. The NI 9263 module has four analogue outputs with +£10 V signal range,
as indicated in Figure 6.9. During the experiments, pin 49 and 56 of the SINAMICS
DCP were connected to pin 5 and 23 of the NI 9206, respectively, to import voltage
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measurements of the track emulator. Moreover, pin 51 and 33 of the SINAMICS DCP
were connected to pin 8 and 26 of the NI 9206, respectively, to import the
supercapacitor voltage measurements. Finally, pin 0 and 1 of the NI 9263 were
connected to pin 7 and 8 of the SINAMICS DCP converter, respectively, to export the
voltage setpoints, while pin 4 and 5 of the NI 9263 were connected to pin 5 and 6 of

the power converter, respectively, to export the current setpoints.
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Figure 6.8: NI 9206: (a) device; (b) pinout [152]
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Figure 6.9: NI 9263: (a) device; (b) pinout [153]
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6.2.4 Maxwell supercapacitor

For experimentation a Maxwell BMODO0063P125B08 supercapacitor module,
that is pictured in Figure 6.10, was connected to the output side of the SINAMICS DCP
converter. This electrochemical double-layer capacitor has a wide voltage and
temperature range, and is designed to sustain 1,000,000 cycles when cycling between

the rated voltage and half voltage at 25 °C. The technical specifications of the

supercapacitor are provided in Table 6.3 [154].
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Figure 6.10: Maxwell supercapacitor module
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Table 6.3: Technical specifications of the Maxwell supercapacitor [154]

Quantity Value
Rated capacitance 63 F

Rated voltage 125V
Absolute maximum voltage 136 V
Absolute maximum current 1,900 A
Equivalent series resistance 18 mQ
Specific power 1,700 W/ kg
Specific energy 23 Wh/kg
Stored energy 140 Wh
Dimensions (depth X width X height) | 619 x 349.8 X 313 mm
Weight 61 kg
Operating temperature -40—-65 °C

6.3 Software configuration

In the present study, the SINAMICS DCP was monitored and controlled using
STARTER software provided by Siemens. This software exported voltage
measurements on both sides of the SINAMICS DCP converter to the microcontroller.
Under different traffic conditions the voltage profile was injected into the power
supply after scaling the simulated no-load voltage down to 400 V to match the Zenone
Elettronica capability. Therefore, the simulated track voltage profiles were multiplied
by a scaling factor of (400/750). LabVIEW software was used to inject the simulated
voltage profiles at the terminals of Substation 1 shown in Figure 6.11 into the
programmable power supply as well as to build the control methods in the
CompactRIO controller. The data exchange between the drive unit and the

CompactRIO controller was accomplished using STARTER and LabVIEW software.

175



Time (s)

(a)

0 50 100 150 200 250 300 350 400 450 500 550
Time (s)

(b)

0 100 200 300 400 500 600 700 800
Time (s)

()

Figure 6.11: Substation 1 scaled voltage under: (a) ideal traffic scenario; (b) changing
train headway scenario; (c) stochastic traffic scenario

6.3.1 Zenone Elettronica programmable DC
power supply

During the experiments, the power supply output voltage followed the track

voltage profile generated by MATLAB. The track voltage profile was supplied to the
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microprocessor inside the programmable power supply by external analogue signals
via serial interface communication. In terms of its principle of operation, the
microprocessor is responsible for the energy management as well as for monitoring
the system parameters. It controls the output voltage by receiving an analogue input
in the 0-10 V range and providing an output voltage ranging from 0 and 600 V. The
voltage/current setting and monitoring is allowed via AL Manager software, as
shown in Figure 6.12. The voltage and current levels in this device could be modified
by sending commands through the communication port or directly by adjusting the
potentiometers on the front panel, as shown in Figure 6.13. Since the track voltage has
been shown to exhibit high and frequent variations due to the fluctuations in train
power demand, in this work, voltage was injected into the power supply using the
serial port. AL Manager was replaced by LabVIEW because it did not allow importing

the simulated voltages to be injected into the power supply.

(5] AL3000R 600V 30kW CP - 1604 | 1- Running - a8
€9Device connected info ELETTRONICA | |
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Figure 6.12: AL Manager software utilised for controlling AL3000R power supply
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Figure 6.13: AL3000R power supply control interface

6.3.2 SINAMICS DCP DC/DC power converter

In this work, the SINAMICS DCP was programmed using STARTER software
version 4.4.1 to manage the power flow between the track emulator and the
supercapacitor. Communication with the device was accomplished via a process field
bus (PROFIBUS) connection; specifically, the connection was achieved via the Siemens
universal serial bus (USB) PROFIBUS adapter CP5711 shown in Figure 6.14. The USB
adapter was connected to the control unit DC master (CUD) via an X126 socket to
allow parameters to be monitored and adjusted via STARTER software. The desired
functionality of the drive unit was established by setting the adjustable parameters in
the parameterisation tool shown in Figure 6.15. It is worth noting that the adjustable
parameters displayed on the STARTER user interface can be both read and written,
and that some of the parameters can also be adjusted in real-time. Moreover, these
parameters can be interconnected to modify the device functionality according to the
application requirements. An example of real-time data monitoring by the device

when changing its functionality is shown in Figure 6.16.
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Figure 6.14: PROFIBUS connection: (a) USB adapter; (b) CUD
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Figure 6.15: Screen capture of STARTER parameterisation tool
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Figure 6.16: Real-time data monitoring using STARTER software

Prior to conducting the experiments, the CompactRIO external microcontroller
was connected to the test rig to adjust the SINAMICS DCP DC/DC converter voltage
and current setpoints. For correct and efficient operation, all data to be sent to and
received by the external controller had to be connected to certain parameters in the
software. Owing to this link between software parameters and the exchange data, the
SINAMICS drive unit could be managed by the CompactRIO controller, which was
used as an external controller. In addition, the I/O terminals fixed on the CUD (see
Figure 6.17) were used to import/export measurements. Voltage measurements on
both sides of the SINAMICS DCP converter were transmitted to the CompactRIO via
the CUD outputs; voltage and current setpoint supplied by the CompactRIO were
captured by the CUD input terminals. An overview of the input and output terminals
of the CUD module can be seen in Appendix 3, Table A2. Analogue output 0 (terminal
49) was programmed to export the voltage measurement on the track side of the
SINAMICS DCP converter to the CompactRIO controller. Similarly, analogue output

1 (terminal 51) was programmed to export the voltage measurement on the ESS side
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of the SINAMICS DCP converter to the CompactRIO controller. Moreover, dynamic
current and voltage setpoints were imported from the CompactRIO controller using
analogue input 5 (terminal 5) and analogue input 6 (terminal 7), respectively.
Although STARTER software allowed controlling the SINAMICS DCP converter, it
did not permit dynamic variation of the voltage and current setpoints within the
parameterisation tool. Therefore, the CompactRIO controller was integrated with the
SINAMICS DCP converter to adapt the voltage and current settings according to

changes in the track voltage and supercapacitor SOC.

Figure 6.17: The terminal module cabinet [149]

The manufacturer settings of the parameters appear in the parameterisation
tool shown in Figure 6.15 were kept the same except for the following parameters. The
voltage controller setpoint signal source (p54100) was set to CUD analogue input 6
result (r52025). The positive current limit (p54141) and negative current limit (p54142)
were set to the CUD analogue input 5 result (r52023) measuring the current setpoint.
The first analogue output signal source (p50750) was set to the measured voltage on
the track side of the SINAMICS DCP converter (r55501). The second analogue output
signal source (p50755) was set to the measured voltage on the ESS side of the
SINAMICS DCP converter (r55502). Finally, the minimum voltage on both sides
(p55105) was set to 0% to allow the device to work below 30 V that was originally set
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by the manufacturer to mandate its use at voltages above 30 V, thus preventing the

supercapacitor from reaching low voltages.

The device could be switched on and off by pressing the push button on the
front door or by sending commands to the parameter p0840. However, as the adaptive
controller behaviour changed according to the operating time when managing the
SOC, the operation of the Zenone power supply and the SINAMICS DCP had to be
synchronised. Consequently, in this work, both devices were operated remotely from
the same computer to ensure that the measurements sent by the SINAMICS DCP
converter to the microcontroller matched the time count of the operation cycle that
was initiated when the power supply started emulating the track voltage. While
LabVIEW software was used to operate the programmable power supply, STARTER
was adopted to send the digital signal required for operating the SINAMICS DCP

converter, as shown in Figure 6.18.
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Figure 6.18: Remote initiation of the SINAMICS DCP device using STARTER
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6.3.3 CompactRIO controller

Static and dynamic control, including the state machine control and fuzzy
control technique, were implemented in LabVIEW to supply the information of the
voltage/current setpoints to the SINAMICS DCP DC/DC converter. The
CompactRIO controller transmitted the setpoints to the SINAMICS and received
actual measurements from it. The ESS controller was built in LabVIEW Real-Time
Module, which was added to LabVIEW for direct access to the I/ O modules. The Real-
Time Module allows complex algorithms to be downloaded to hardware applications.
Screenshots of the static controller (Chapter 4, Section 4.3), SOC controller 1 (Chapter
5, Section 5.2.1), and SOC controller 2 (Chapter 5, Section 5.2.2) that were built in
LabVIEW Real-Time Module are shown in Figure 6.19, Figure 6.20, and Figure 6.21,
respectively. The SOC controller 2 implementing fuzzy logic was designed using the
Fuzzy System Designer tool that is available in LabVIEW. The same fuzzy rules and
sets discussed in Section 5.2.2 were implemented in LabVIEW but with multiplying
the track voltage fuzzy set by the scaling factor (400/750) and scaling down the
charging/discharging current limit to 0-20 A range. After building the SOC controller
2 in the Fuzzy System Designer tool in LabVIEW it was saved in a file in an accessible
location. The file path was entered to a block named FL Load Fuzzy System VI to load
the SOC controller 2 into the FL Fuzzy Controller VI block for implementation of the
fuzzy system in the control structure shown in Figure 6.21. In this work, after
graphical programming of the control methods in LabVIEW Real-Time Module, they
were downloaded to the NI cRIO-9063 for execution and selection of I/O. The
communication between the NI cRIO-9063 and the host computer was accomplished

via ethernet network.
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Figure 6.21: Screen capture of the SOC controller 2 model built in LabVIEW




6.3.4 Maxwell supercapacitor

In the present study, the supercapacitor is discussed only in terms of the SOC,
neglecting any other considerations, such as state of health (SOH), cell balancing, and
life cycle. The energy stored in the supercapacitor is proportional to its voltage
squared and capacitance. Since the capacitance is stable, for the purposes of analysis,
it was assumed that the SOC is calculated as the square of the measured voltage
divided by the square of the design voltage as follows:

SOCse(t) = —25<9° . 100 ©6.1)

2
Vsc (design)

Where SOCs(t) is the instantaneous SOC of the supercapacitor in %, Vsc(t) is the
measured voltage of the supercapacitor in V, and Vsc(design) is the maximum
allowed voltage of the supercapacitor that is a 100 V in this study. When the relative
voltage reaches the maximum allowed voltage, the SOC is considered to be 100%, and
when the voltage reaches the minimum allowed voltage, the SOC is 0%. The
supercapacitor voltage against SOC when applying the ESS controllers under the ideal
traffic scenario is shown in Figure 6.22. The measured voltage at the output terminals
of the supercapacitor to be communicated to the microcontroller could be obtained
via STARTER. As a result, in this work, no communication modules were added to

the supercapacitor, and STARTER was used for remote voltage diagnostics.
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Figure 6.22: Voltage versus SOC profile when applying the ESS under the ideal traffic
scenario: (a) without SOC control; (b) SOC controller 1; (c¢) SOC controller 2

Exceeding the rated voltage of the device is a serious issue because it can lead
to capacitance loss, equivalent series resistance increase, and heat accumulation that
reduces the device lifetime. Such issues can occur when the device operates at high
ambient temperatures, even if the operating voltage is below the rated voltage [155].
Moreover, high voltage ripples at the SINAMICS DCP DC/DC converter terminals

that manifest as large amplitudes, due to increasing the voltage ratio between the two
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sides of the converter, could result in reaching the rated voltage of the supercapacitor
when working in the vicinity of the rated voltage. Hence, to avoid these issues, the
operating voltage was limited to a maximum value of 100 V. Moreover, the
supercapacitor was protected against overcharging by upper voltage limits to the

SINAMIC DCP, achieved via setting of parameter p0848, as shown in Figure 6.23.
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Figure 6.23: Overvoltage protection control: (a) status monitoring; (b) limitation

function against overcharging
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6.4 Experimental results

In order to assess the performance of the proposed control methods and
demonstrate their applicability to real systems, several cases emulating real traffic
conditions were implemented experimentally for one typical operation cycle also
referred to as a journey. Voltage profiles for the operational cases discussed in Chapter
5 were injected to the programmable power supply after they were scaled down to
400 V no-load voltage. For the purpose of these experiments, the SINAMICS DCP
DC/DC converter received commands from the CompactRIO controller to charge,
discharge or to work on standby mode. For charging the supercapacitor, the
SINAMICS DCP converter applied 100 V on the ESS side and 5 V for discharging. The
standby mode was achieved by feeding a 0 A current demand to the SINAMICS DCP
converter, which served as the current limit. The aim of implementing a controller is
always to reduce the gap between the desired SOC —which was set to 50% for all

experiments —and the measured SOC before the end of the operational cycle.

6.4.1 Ideal traffic scenario

The voltage at Passenger Station A based on the ideal traffic scenario before
applying the ESS that is shown in Figure 6.11 (a), was injected into the Zenone
Elettronica power supply. The CompactRIO controller was responsible for managing
the energy in the system based on the power supply voltage imitating the track
voltage. The impact of applying the static control method, SOC controller 1, and SOC
controller 2 is shown in Figure 6.24. Applying the static control method depicted in
Figure 6.19 to manage the power flow between the power supply and the
supercapacitor caused the SOC drift to be -55.1%. The SOC controller 1 depicted in
Figure 6.20 (implementing state machine method) reduced the SOC drift to -25.3% and
the SOC controller 2 depicted in Figure 6.21 (implementing fuzzy method) was able

to reduce the SOC drift toward the end of the experiment to 3.5%, as indicated by a
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small deviation from the initial SOC value. The fuzzy control technique produced a
smaller SOC drift because it was capable of maintaining the SOC in a narrower range,

allowing it to rapidly minimise the error at the end of the experiment.
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Figure 6.24: Experimentally obtained supercapacitor SOC values based on different

control approaches under the ideal traffic scenario

6.4.2 Changing train headway scenario

The significant impact on railway system energy calculations of changing train
headway has already been discussed in detail in Chapter 3, Section 3.4.6. Moreover,
in Chapter 5, it was demonstrated that, when Train 8 was delayed by 100 s than
scheduled (headway was changed from 90 to 190 s), the SOC drift increased
significantly. Therefore, it is crucial to experimentally establish whether the proposed
control methods are capable of handling this undesirable situation. The track voltage
profile before implementing the ESS is shown in Figure 6.11 (b). The graph displayed
in Figure 6.25 shows that the SOC controllers 1 and 2 were able to correct the SOC
profile toward the end of the experiment, thus resulting in minimal deviation from
the desired value. Applying the static controller resulted in a SOC drift of -43.7% while
the SOC controller 1 reduced it to -11.2% and the SOC controller 2 reduced it to 2.4%.
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It is noticed that the fuzzy technique had a narrower boundary than the state machine
technique, which introduced significant reduction of the SOC deviation from the
desired SOC at the end of the experiment. On the other hand, the impact of the state
machine control method on the SOC drift reduction was less than the fuzzy control

method while outperforming the static controller.

—— Without SOC Control ——SQC Controller1 ——5SO0OC Controller 2

55
50 3 4\

45 \ \

40 +\J \
X 35 \

Y 30

A
3 "/’\
" \ \'\

10
0 50 100 150 200 250 300 350 400 450 500 550

e

Time (s)

Figure 6.25: Experimentally obtained supercapacitor SOC values based on different

control approaches when Train 8 headway was modified

6.4.3 Stochastic traffic scenario

During the work performed as a part of the present study, it emerged that
emulating changes to the traffic tended to introduce variability to the substation
voltage. The applied changes had significant impact especially for those arising from
major changes to the dwell time, headway, and speed profiles. The use of simplified
traffic models might lead to an inaccurate assessment of the proposed controllers.
Thus, as parameters such as dwell time, train operation interval, and speed profile
have a significant impact on energy calculations, they must be allowed to fluctuate

randomly. Consequently, it is crucial to experimentally apply the proposed control
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methods on the stochastic traffic scenario described in Chapter 5, Section 5.3.2. The
track voltage profile before implementing the ESS is shown in Figure 6.11 (c). The
impact of the three proposed control methods on the supercapacitor SOC when
applying the stochastic traffic scenario is shown in Figure 6.26. Unsurprisingly, the
static control method imposed the highest SOC drift among other control methods
with a value of 14.1%, while the SOC controllers 1 and 2 reduced the SOC drift to -
1.8% and 2.2%, respectively. Indeed, both methods were capable of reducing the error
to minimal values toward the end of the experiment, as they succeeded in maintaining
the SOC within narrow boundaries. Moreover, the state machine control technique
initially allowed for a flexible charge and discharge in the typical operation cycle
before abruptly reducing the gap between the measured value and the reference
value. However, owing to this smoothness and flexibility, the final SOC error was
higher relative to that produced by the fuzzy control technique. It can also be noted
that the fuzzy controller boosted the SOC profile gradually before causing more

abrupt changes near the end of the experiment.

—— Without SOC Control ——SOC Controller1 ——S0C Controller 2

Figure 6.26: Experimentally obtained supercapacitor SOC values based on different

control approaches under a realistic traffic scenario
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6.5 Comparison of experimental and
simulation results

In this section, the experimental results presented in the previous section are
compared with the simulation results in order to validate the proposed methods. For
this purpose, the test rig shown in Figure 6.1 was built in MATLAB Simulink as shown
in Figure 6.27. The solver type in MATLAB was set to ode45 and the time step was set
to 0.5 ms. It is worth mentioning that in this particular case the solver type was not
restricted to ode45 and the user could select ode23, odel13, odel5s, ode23t, or ode23tb.
The time step was reduced from 0.1 s to 0.5 ms to reduce the ripples resulting from
the switches involved in the DC/DC converter that was assumed to be ideal in
previous chapters. The time step was reduced in steps until observing an approximate

response to the experimental one in terms of SOC and current.
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Figure 6.28 shows the supercapacitor SOC comparison when applying the SOC
controller 1 under the typical traffic scenario, indicating good alignment between the
measured and simulated results with an error of 3.6%. The measured and simulated
supercapacitor current are compared in Figure 6.29. The fuzzy controller was applied
to the same test scenario and the comparison results are shown in Figure 6.30 and
Figure 6.31. The total percentage error of the SOC was only 3%. As can be seen from
the graphs, at the beginning of the journey, the error between the measured and
simulated SOC was small, after which, toward the middle of the journey, it increased

slightly before it decreased again toward the end of the journey.
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Figure 6.28: Comparison between the experimental and simulation results pertaining
to the supercapacitor SOC determined by the state machine control under the ideal

traffic scenario
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Figure 6.29: Comparison between the experimental and simulation results pertaining

to the supercapacitor current determined by the state machine control method under
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Figure 6.30: Comparison between the experimental and simulation results pertaining

to the supercapacitor SOC based on the fuzzy control approach under the ideal traffic

scenario
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Figure 6.31: Comparison between the experimental and simulation results pertaining
to the supercapacitor current based on the fuzzy control method under the ideal traffic

scenario

The SOC and current profile of the supercapacitor obtained during the
experiments aimed to assess the SOC controller 1 performance with respect to the
track voltage when Train 8 headway was modified, are shown in Figure 6.32 and
Figure 6.33, respectively. The impact of the SOC controller 2 on the SOC profile is
shown in Figure 6.34, and the graph displayed in Figure 6.35 depicts the
supercapacitor current profile. It can be noticed that as the current difference
increased, so did the SOC. This issue is particularly prominent in the middle part of
the operating cycle. The total percentage error of the SOC profile when applying the
SOC controller 1 was 3.3% while it was 2% when applying the SOC controller 2.
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Figure 6.32: Comparison between the experimental and simulation results pertaining

to the supercapacitor SOC yielded by the state machine control method when Train 8

Current (A)

headway was modified

—— Experiment ——Simulation
é [ [ . 1 [ [l 1 i L
:" LN T nrrt ' ) L ) v L 4 L LI A !
f 5 100 |150}| 200{ 2501} 300 |350 | 40C 500
.
Time (s)

Figure 6.33: Comparison between the experimental and simulation results pertaining

to the supercapacitor current yielded by the state machine control method when Train

8 headway was modified
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Figure 6.34: Comparison between the experimental and simulation results pertaining
to the supercapacitor SOC imposed by the fuzzy control approach when Train 8
headway was modified
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Figure 6.35: Comparison between the experimental and simulation results pertaining
to the supercapacitor current imposed by the fuzzy control approach when Train 8
headway was modified
Figure 6.36 shows a good agreement between the supercapacitor SOC
experimental and simulation results with only 2.4% error pertaining to the case under
the stochastic traffic scenario when the SOC controller 1 was applied. The current

profile comparison when applying the SOC controller 1 is shown in Figure 6.37 while
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the current profile comparison when applying the SOC controller 2 can be seen in
Figure 6.39. The fuzzy controller was more dynamic in changing the current limits as
it was attempting to rapidly reduce the SOC drift. The supercapacitor SOC profile
yielded by the fuzzy control method when applying the stochastic traffic scenario is

shown in Figure 6.38 where the total percentage error was 1.8%.
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Figure 6.36: Comparison between the experimental and simulation results pertaining
to the supercapacitor SOC produced by the state machine control under a realistic

traffic scenario
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Figure 6.37: Comparison between the experimental and simulation results pertaining
to the supercapacitor current determined by the state machine control under a realistic

traffic scenario
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to the supercapacitor SOC obtained by applying the fuzzy control approach under a
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Figure 6.39: Comparison between the experimental and simulation results pertaining

to the supercapacitor current obtained by applying the fuzzy control approach under a

realistic traffic scenario
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The similarity between the experimental and simulation results reported in this
section is deemed to be satisfactory with respect to the following challenges. The
supercapacitor model available in the MATLAB/Simulink environment was used in
the simulations and was merely adapted to match the parameters of the real device
used in the experiment without accurate representation of the response of the actual
device. It is also noteworthy that a time delay in executing the devices contributed to
the observed error. Specifically, during the experiment, three codes were needed to be
run simultaneously to control the Zenone power supply, the CompactRIO
microcontroller, and the SINAMICS DCP converter. However, as the user could not
initiate all three codes simultaneously, the controller downloaded to the CompactRIO
was not able to match the accurate timing of the operation cycle to the SOC deviation.
This inaccurate timing affected the controller accuracy in dealing with the SOC
deviation, because time is a vital aspect of the controller’s design. Further, the fuzzy
controller included a fuzzy set representing the running time with four membership
functions. Therefore, the inaccurate timing might cause the measured time to fall
withing a different membership from the simulated time. This should only happen in
the overlapping regions of the running time membership functions which caused
different rules to be fired in the experiment from those in the simulation. This impact

can be seen clearly in Figures 6.31, 6.35, and 6.39.

After operating the controller, the SINAMICS DCP power converter was
switched on, which caused a delay in sending the readings to the controller. It is
crucial for the SINAMICS DCP converter not to be started before the microcontroller
because it will discharge the supercapacitor promptly, before involving the controller.
This rapid discharge of the supercapacitor could contribute to the deviation from the
initial SOC due to the low energy capacity of the device. It has been established that
the controller behaviour is primarily driven by the deviation from the initial SOC,
which was set to 50% in all experiments performed in this work. Therefore, if the
SINAMICS DCP converter discharges the ESS to values that significantly deviate from
50% before operating the controller, the error between the simulation and the
experimental results will be high, leading the controller to perform differently from

the simulation.
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6.6 Conclusion

In this chapter, the experimental results that enabled validation in hardware of
the control methods proposed in Chapter 5 were presented and discussed. For this
purpose, a test rig comprising a bidirectional power supply, an ESS, a power
converter, and a microcontroller was built, and full details of the hardware and
software configuration were provided. A number of traffic scenarios were applied to
test the controller performance and the obtained results indicate that the control
methods developed as a part of this work are capable of operating in real applications
with good performance. Thereafter, the test rig was implemented in MATLAB
software, thus allowing real measurements to be verified against simulations. The
experimental results were shown to be in good agreement with the simulation results
as the error percentage was ranging from 1.8 to 3.6% depending on the applied control

method and traffic scenario.
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Chapter 7

Conclusions and Future Work

7.1 Summary of research objectives

The first goal of this thesis was to develop a DC electric railway model to
examine the capabilities of ESSs in improving the energy efficiency of DC electric
railways as a means of reducing energy consumption and losses. The second goal of
this research was to avoid the ESSs unavailability whilst maximising the electric
railway energy efficiency. When an ESS is deployed in an electric railway and
interfaced with the track while lacking access to the main grid, it will potentially be
unavailable to charge/discharge energy due to being full/empty, which could limit
its contribution to energy efficiency maximisation. Therefore, as part of this research,
a number of control methods that could be adopted to ensure the ESS availability and,
at the same time, maximise electric railway energy efficiency were investigated and

assessed.

7.2 Conclusions

The findings yielded by this study provide several original and highly relevant
contributions to both research and practice. First, a DC electric railway simulation

method was developed. Second, an ESS was integrated into the railway model and a
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sensitivity analysis was carried out on the import/export of power. Finally, control

methods for SOC management were designed and validated experimentally.

The simulation methodology developed for this work and presented in
Chapter 3 differs from other methods reported in pertinent literature as it facilitates
modifications to the model by avoiding the common approach of forming iterative
methods for solving the power flow. This novel simulation approach can thus be used
to expand current knowledge of DC electric railways by observing the power system
when modifying certain parameters such as speed profile, headway, dwell time,
number of trains, number of substations, and location of substations. Consequently,
this simulation method will be of interest to researchers and industry practitioners
when testing the performance of innovative methods for energy efficiency

improvement in electric railways.

It was concluded in Chapter 4 that introducing a wayside ESS to the railway
model was also highly beneficial, as it increased the total energy saving by 42.38%
(206.3 kWh) in a single journey when applying the ideal traffic scenario. Therefore, a
comprehensive analysis of the system was carried out, involving studying the impact
of ESS voltage control on different factors (i.e. energy demand at substations,
transmission line losses, braking resistor losses, peak power demand, and SOC drift).
This was the first comprehensive assessment of the effects of ESS application on
electric railway performance conducted to date, yielding findings on which railway
operators can base their systems to maximise the benefits of ESS deployment.
Moreover, results reported in this study will allow operators to choose the appropriate
voltage control values that meet their specific requirements. For example, some
operators may give priority to reduction of substations energy demand, braking and
transmission losses. Therefore, they could avoid upgrading infrastructure that is at
capacity (asset deferment) and reduce heat dissipation that minimises the energy
required for cooling. SOC drift is likely to be of high importance to some operators

where it is not possible to connect the ESS to an external source/sink of power.

Three traffic scenarios were discussed in Chapter 5 and applied to the model

incorporating a stationary ESS before being simulated for two days to show the
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adverse impact of SOC drift in the long term. Compared to the case when the SOC
boundaries were not reached, the total energy saving reduced by 0.08%, 4%, and 17.9%
when applying the static controller under the first (ideal), second (changing train
headway), and third (stochastic) traffic scenario, respectively. The total energy saving
measuring the reduction in substations energy consumption, braking losses, and
transmission losses was 42.34% (56,482 kWh), 41.02% (46,112 kWh), and 30.18%
(10,629 kWh), respectively. The SOC drift was -82.38%, 100%, and 100%, respectively.
Therefore, two adaptive controllers named SOC controller 1 and SOC controller 2 that
aimed to reduce SOC drift were proposed. The first method was based on a state
machine, including a control algorithm specifically designed for this purpose that
succeeded in reducing the drift to 0.52% but was less effective in terms of energy
saving as it only saved 38.96% (51,971 kWh) when simulating the first traffic scenario
for two days. Further, when simulating the second traffic scenario the proposed
controller saved 41.55% (46,728 kWh) with 0.5% SOC drift, while saving 38.75%
(13,646 kWh) with 0.5% SOC drift when simulating the third traffic scenario.
Therefore, another approach incorporating a fuzzy logic controller was developed
that further reduced the SOC drift to 0.04% and increased the energy saving to 41.43%
(55,278 kWh) when simulating the first traffic scenario. The fuzzy logic controller
saved 43.08% (48,416 kWh) with 0.06% SOC drift when simulating the second traffic
scenario while it saved 39.21% (13,806 kWh) with 0.2% SOC drift when simulating the
third traffic scenario. It is worth mentioning that the adaptive controllers did not

require retuning when applying different traffic scenarios.

Both adaptive control methods were tested experimentally to evaluate their
performance in real applications as presented in Chapter 6. The adaptive controllers
were compared with simulation results for validation where the error between the
SOC profiles when applying the SOC controller 1 to the first traffic scenario was 3.6%
while it was 3% when applying the SOC controller 2. Applying the SOC controller 1
to the second traffic scenario resulted in an error of 3.3% between the measured and
simulated SOC profiles while it was only 2% when applying the SOC controller 2. The
percentage error was 2.4 and 1.8% when applying the SOC controllers 1 and 2,

respectively, to the third traffic scenario.
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Based on extensive literature search, this appears to be the first attempt to
examine the SOC drift issue relative to its impact on the energy efficiency of electric
railways with unpredictable traffic density. Hence, the findings yielded by this study
lay the groundwork for future research into control methods aimed at addressing this

issue.

7.3 Study limitations and
recommendations for future work

In research studies, certain limitations cannot be avoided, and in this particular
case, the main limitation stemmed from the simulation tool utilised in this research,
as it could not easily provide analysis over long operational cycles. The simulation
model accuracy was demonstrated by applying multiple verification methods, none
of which incorporated other simulation tools. To assess the modelling approach
accuracy more objectively, it could be compared with the available commercial tools
such as TrainOps, Sitras Sidytrac, eTraX, and TOM on like-for-like scenarios.
Experimental investigations involving online simulators are required to accurately
assess the performance of the proposed control methods in terms of their capability of
energy efficiency improvement. Despite these limitations, the work presented in this
thesis has certainly enhanced the current understanding of the SOC drift issue and the

dynamic performance of the designed control methods in practical applications.

Finally, several questions still remain to be answered. These include the
following: What is the impact of the energy efficiency maximisation methods
developed in this research on the energy price of various electric railway systems?;
and What is the ESS investment recuperation period with respect to its lifetime
limitations? These and other issues offer ample opportunities to extend this research
turther, as it is essential to precisely determine the economic benefits of incorporating

ESSs into electric railways along with the technical analysis in this thesis.
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Appendices

Appendix1 Fuzzy controller rules

Table Al: Rule table of the fuzzy logic controller consisting five inputs and two

outputs

1 Beginning L N/A L Below N/A H
2 Beginning L N/A A Below N/A H
3 Beginning L N/A H Below N/A H
4 Beginning L N/A VH Below N/A H
5 Beginning N/A L L Below N/A H
6 Beginning N/A L A Below N/A H
7 Beginning N/A L H Below N/A H
8 Beginning N/A L VH Below N/A H
9 Beginning A N/A L Below N/A H
10 Beginning A N/A A Below N/A H
11 Beginning A N/A H Below N/A H
12 Beginning A N/A VH Below N/A H
13 Beginning N/A A L Below N/A H
14 Beginning N/A A A Below N/A H
15 Beginning N/A A H Below N/A H
16 Beginning N/A A VH Below N/A H
17 Beginning H N/A L Below N/A H
18 Beginning H N/A A Below N/A H
19 Beginning H N/A H Below N/A H
20 Beginning H N/A VH Below N/A H
21 Beginning N/A H L Below N/A H
22 Beginning N/A H A Below N/A H
23 Beginning N/A H H Below N/A H
24 Beginning N/A H VH Below N/A H
25 Beginning VH N/A L Below N/A H
26 Beginning VH N/A A Below N/A H
27 Beginning VH N/A H Below N/A H
28 Beginning VH N/A VH Below N/A H
29 Beginning N/A VH L Below N/A H
30 Beginning N/A VH A Below N/A H
31 Beginning N/A VH H Below N/A A
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32 Beginning N/A VH VH Below N/A A
33 First-Mid L N/A L Below N/A H
34 First-Mid L N/A A Below N/A H
35 First-Mid L N/A H Below N/A H
36 First-Mid L N/A VH Below N/A H
37 First-Mid N/A L L Below N/A H
38 First-Mid N/A L A Below N/A H
39 First-Mid N/A L H Below N/A H
40 First-Mid N/A L VH Below N/A H
41 First-Mid A N/A L Below N/A H
42 First-Mid A N/A A Below N/A H
43 First-Mid A N/A H Below N/A H
44 First-Mid A N/A VH Below N/A H
45 First-Mid N/A A L Below N/A H
46 First-Mid N/A A A Below N/A H
47 First-Mid N/A A H Below N/A H
48 First-Mid N/A A VH Below N/A H
49 First-Mid H N/A L Below N/A H
50 First-Mid H N/A A Below N/A H
51 First-Mid H N/A H Below N/A H
52 First-Mid H N/A VH Below N/A H
53 First-Mid N/A H L Below N/A H
54 First-Mid N/A H A Below N/A H
55 First-Mid N/A H H Below N/A A
56 First-Mid N/A H VH Below N/A A
57 First-Mid VH N/A L Below N/A H
58 First-Mid VH N/A A Below N/A H
59 First-Mid VH N/A H Below N/A H
60 First-Mid VH N/A VH Below N/A H
61 First-Mid N/A VH L Below N/A A
62 First-Mid N/A VH A Below N/A L
63 First-Mid N/A VH H Below N/A L
64 First-Mid N/A VH VH Below N/A VL
65 Second-Mid L N/A L Below N/A H
66 Second-Mid L N/A A Below N/A H
67 Second-Mid | L N/A H Below N/A H
68 Second-Mid L N/A VH Below N/A H
69 Second-Mid N/A L L Below N/A H
70 Second-Mid | N/A L A Below N/A H
71 Second-Mid | N/A L H Below N/A H
72 Second-Mid N/A L VH Below N/A H
73 Second-Mid | A N/A L Below N/A H
74 Second-Mid | A N/A A Below N/A H
75 Second-Mid | A N/A H Below N/A H
76 Second-Mid A N/A VH Below N/A H
77 Second-Mid | N/A A L Below N/A H
78 Second-Mid | N/A A A Below N/A H
79 Second-Mid N/A A H Below N/A H
80 Second-Mid | N/A A VH Below N/A H
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81 Second-Mid H N/A L Below N/A H
82 Second-Mid | H N/A A Below N/A H
83 Second-Mid | H N/A H Below N/A H
84 Second-Mid H N/A VH Below N/A H
85 Second-Mid | N/A H L Below N/A L
86 Second-Mid | N/A H A Below N/A VL
87 Second-Mid N/A H H Below N/A VL
88 Second-Mid N/A H VH Below N/A VL
89 Second-Mid | VH N/A L Below N/A H
90 Second-Mid VH N/A A Below N/A H
91 Second-Mid VH N/A H Below N/A H
92 Second-Mid | VH N/A VH Below N/A H
93 Second-Mid | N/A VH L Below N/A VL
94 Second-Mid N/A VH A Below N/A VL
95 Second-Mid N/A VH H Below N/A VL
96 Second-Mid | N/A VH VH Below N/A VL
97 End L N/A L Below N/A H
98 End L N/A A Below N/A H
99 End L N/A H Below N/A H
100 End L N/A VH Below N/A H
101 End N/A L L Below N/A VL
102 End N/A L A Below N/A VL
103 End N/A L H Below N/A VL
104 End N/A L VH Below N/A VL
105 End A N/A L Below N/A H
106 End A N/A A Below N/A H
107 End A N/A H Below N/A H
108 End A N/A VH Below N/A H
109 End N/A A L Below N/A VL
110 End N/A A A Below N/A VL
111 End N/A A H Below N/A VL
112 End N/A A VH Below N/A VL
113 End H N/A L Below N/A H
114 End H N/A A Below N/A H
115 End H N/A H Below N/A H
116 End H N/A VH Below N/A H
117 End N/A H L Below N/A VL
118 End N/A H A Below N/A VL
119 End N/A H H Below N/A VL
120 End N/A H VH Below N/A VL
121 End VH N/A L Below N/A H
122 End VH N/A A Below N/A H
123 End VH N/A H Below N/A H
124 End VH N/A VH Below N/A H
125 End N/A VH L Below N/A VL
126 End N/A VH A Below N/A VL
127 End N/A VH H Below N/A VL
128 End N/A VH VH Below N/A VL
129 Beginning N/A IL L Above H N/A

226




130 Beginning N/A L A Above H N/A
131 Beginning N/A L H Above H N/A
132 Beginning N/A L VH Above H N/A
133 Beginning L N/A L Above H N/A
134 Beginning L N/A A Above H N/A
135 Beginning L N/A H Above H N/A
136 Beginning L N/A VH Above H N/A
137 Beginning N/A A L Above H N/A
138 Beginning N/A A A Above H N/A
139 Beginning N/A A H Above H N/A
140 Beginning N/A A VH Above H N/A
141 Beginning A N/A L Above H N/A
142 Beginning A N/A A Above H N/A
143 Beginning A N/A H Above H N/A
144 Beginning A N/A VH Above H N/A
145 Beginning N/A H L Above H N/A
146 Beginning N/A H A Above H N/A
147 Beginning N/A H H Above H N/A
148 Beginning N/A H VH Above H N/A
149 Beginning H N/A L Above H N/A
150 Beginning H N/A A Above H N/A
151 Beginning H N/A H Above H N/A
152 Beginning H N/A VH Above H N/A
153 Beginning N/A VH L Above H N/A
154 Beginning N/A VH A Above H N/A
155 Beginning N/A VH H Above H N/A
156 Beginning N/A VH VH Above H N/A
157 Beginning VH N/A L Above H N/A
158 Beginning VH N/A A Above H N/A
159 Beginning VH N/A H Above A N/A
160 Beginning VH N/A VH Above A N/A
161 First-Mid N/A L L Above H N/A
162 First-Mid N/A L A Above H N/A
163 First-Mid N/A L H Above H N/A
164 First-Mid N/A L VH Above H N/A
165 First-Mid L N/A L Above H N/A
166 First-Mid L N/A A Above H N/A
167 First-Mid L N/A H Above H N/A
168 First-Mid L N/A VH Above H N/A
169 First-Mid N/A A L Above H N/A
170 First-Mid N/A A A Above H N/A
171 First-Mid N/A A H Above H N/A
172 First-Mid N/A A VH Above H N/A
173 First-Mid A N/A L Above H N/A
174 First-Mid A N/A A Above H N/A
175 First-Mid A N/A H Above H N/A
176 First-Mid A N/A VH Above H N/A
177 First-Mid N/A H L Above H N/A
178 First-Mid N/A H A Above H N/A
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179 First-Mid N/A H H Above H N/A
180 First-Mid N/A H VH Above H N/A
181 First-Mid H N/A L Above H N/A
182 First-Mid H N/A A Above H N/A
183 First-Mid H N/A H Above A N/A
184 First-Mid H N/A VH Above A N/A
185 First-Mid N/A VH L Above H N/A
186 First-Mid N/A VH A Above H N/A
187 First-Mid N/A VH H Above H N/A
188 First-Mid N/A VH VH Above H N/A
189 First-Mid VH N/A L Above A N/A
190 First-Mid VH N/A A Above L N/A
191 First-Mid VH N/A H Above L N/A
192 First-Mid VH N/A VH Above VL N/A
193 Second-Mid N/A L L Above H N/A
194 Second-Mid | N/A L A Above H N/A
195 Second-Mid N/A L H Above H N/A
196 Second-Mid N/A L VH Above H N/A
197 Second-Mid | L N/A L Above H N/A
198 Second-Mid | L N/A A Above H N/A
199 Second-Mid L N/A H Above H N/A
200 Second-Mid | L N/A VH Above H N/A
201 Second-Mid | N/A A L Above H N/A
202 Second-Mid N/A A A Above H N/A
203 Second-Mid N/A A H Above H N/A
204 Second-Mid | N/A A VH Above H N/A
205 Second-Mid A N/A L Above H N/A
206 Second-Mid A N/A A Above H N/A
207 Second-Mid | A N/A H Above H N/A
208 Second-Mid | A N/A VH Above H N/A
209 Second-Mid N/A H L Above H N/A
210 Second-Mid | N/A H A Above H N/A
211 Second-Mid | N/A H H Above H N/A
212 Second-Mid N/A H VH Above H N/A
213 Second-Mid H N/A L Above L N/A
214 Second-Mid | H N/A A Above VL N/A
215 Second-Mid H N/A H Above VL N/A
216 Second-Mid H N/A VH Above VL N/A
217 Second-Mid | N/A VH L Above H N/A
218 Second-Mid | N/A VH A Above H N/A
219 Second-Mid | N/A VH H Above H N/A
220 Second-Mid | N/A VH VH Above H N/A
221 Second-Mid | VH N/A L Above VL N/A
222 Second-Mid | VH N/A A Above VL N/A
223 Second-Mid | VH N/A H Above VL N/A
224 Second-Mid | VH N/A VH Above VL N/A
225 End N/A L L Above H N/A
226 End N/A L A Above H N/A
227 End N/A L H Above H N/A
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228 End N/A L VH Above H N/A
229 End L N/A L Above VL N/A
230 End L N/A A Above VL N/A
231 End L N/A H Above VL N/A
232 End L N/A VH Above VL N/A
233 End N/A A L Above H N/A
234 End N/A A A Above H N/A
235 End N/A A H Above H N/A
236 End N/A A VH Above H N/A
237 End A N/A L Above VL N/A
238 End A N/A A Above VL N/A
239 End A N/A H Above VL N/A
240 End A N/A VH Above VL N/A
241 End N/A H L Above H N/A
242 End N/A H A Above H N/A
243 End N/A H H Above H N/A
244 End N/A H VH Above H N/A
245 End H N/A L Above VL N/A
246 End H N/A A Above VL N/A
247 End H N/A H Above VL N/A
248 End H N/A VH Above VL N/A
249 End N/A VH L Above H N/A
250 End N/A VH A Above H N/A
251 End N/A VH H Above H N/A
252 End N/A VH VH Above H N/A
253 End VH N/A L Above VL N/A
254 End VH N/A A Above VL N/A
255 End VH N/A H Above VL N/A
256 End VH N/A VH Above VL N/A
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Appendix 2 SOC control test rig

mmmmmmmmm

======

4 €9 ‘Y 006T ‘A STT
1oypedeasadns |pmxey

b

—

.

SNaId0¥d

S8vSy

3 |epas

un [ou0)

d

103e|NPOIN INMd

Zapis=anding

nlj

.

T apis=andu|

noda ==

D

swn

Ajddns samod
2aAVT

N
A

I

W

1313AU0D-Da

w o

M OE 'V 0S ‘A 008-A OE

d2a SOINIVNIS SNIW3IS

3un Jamod

W“

J3)j013u0)
paads uey

SNAI40

dd

N

doys AouaBiawg

1

0lg UleN

-+

z0

-0

]
]

]
]

MV OF ‘Y 00T ‘A 009

B/uU0J13|3 INON3Z

Ajddns 1amod 5@ |qewwessoid

Lo
i a8ieydaid
e e | Te

SNal04d

Er

19)10:3u0)
awil)-Jeay pappaqwi3

Figure Al: Single-line diagram for the experimental setup
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Appendix 3 SINAMICS DCP electrical
connection

Table A2: Terminals on the connector board of the SINAMICS DCP power converter

[147]
Terminal Function Technical specifications
-X177
Analog inputs (assignable inputs)
1 Al 3+ | Analog input 3 Input type (signal type): Differential input £10 V; 1580 kQ resolution
2 Al 3- approx. 5.4 mV (+11 bits) common-mode controllability: £15 W
3 Al4+ | Analog input 4
4 Al4-
5 Al 5+ | Analog input 5
6 AlS-
7 Al 6+ | Analog input &
) Al G-
Digital inputs (assignable inputs)
9 Dc 24 V supply (output) 24 VDC, short-circuit proof
10 24y Max. load 200 mA (terminals 9 and 10 combined),
internal supply in relation to internal ground
11 DI O Digital input 0 H signal: +15 V to +30 V
12 DI 1 Digital input 1 L signal: — 30 V to +5V ar terminal open circuit
13 DI 2 Digital input 2 8.5 mAat 24V
14 DI 3 Digital input 3
Digital inputs/outputs (assignable inputs/outputs)
15 DI/DC | Digital input Type, parameterizable input/output
4 Joutput 4 Input characteristics:
16 DI/DO | Digital input H signal: +15 W to +30 Vv
5 Joutput 5 L signal: 0 V to +5 V or terminal open
——— 8.5 mAat24V
17 DI/DC | Digital input o
& Output characteristics:
Joutput 6 )
——— H signal: +20 V to +26
18 DI/DO | Digital input L signal: 0 to +2 V/
7 loutput 7 short-circuit proof, max. current carrying capacity: 100 mA per DO;
max. fotal load of all DO (CUD left -X177:15-22 + CUD
right -X177:15-22): 800 mA
Internal protection circuit (free-wheeling diode)
If overload occurs: Alarm AG0018
19 DO O Digital output 0 H signal: +20 V to +26 V
20 DO 1 | Digital output 1 L signal: 0 to +2 V/ _ _
— short-circuit proof; max. current carrying capacity: 100 mA per DO;
21 Do 2 Digital output 2
— max. fotal load of all DO (CUD left -X177:15-22 + CUD
22 Do 3 Digital output 3 )
— right -X177:15-22). 800 mA
%..24 M Ground, digkal Intermal protection circuit {free-wheeling diode)
If overload occurs: Alarm AG0018
Analog inputs, setpoint inputs {assignable inputs)
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25

Al 0+ |[Analoginput0

Parameterizable input type (signal type):

26 AlD- Differential input £10 V; 150 k0
27 Al 1+ | Analog input 1 Current input 0 mA - 20 mA; 300 O or 4 mA - 20 mA; 300 0 resolu-
28 Al1- tion approx. 0.66 mV (+14 bit)
Common-mode controllability: £15 V
29 Al 2+ [Analog input 2 Input type (signal type):
30 Al2- - Differential input £10 V; 150 kQ

Resolution approx. 0.66 mV (+14 bits)
Common mode controllability £15 V

Reference voltage

31 P10 Reference voltage £10 V Tolerance £1% at 25° C Stability 0.1% per 10° K

az n1o | (outpuf) 10 mA short-circuit proof

33, 34 M Ground, analog

Terminals not used

35, 36 M Ground, digital

a7 Not used

38 Mot used

39 Not used

40 Not used

Terminals not used

41 Supply +13.7 V 1o +15.2 V, 300 mA short-circuit proof

42 Ground (electronically protected)
If overioad occurs: Alarm AG0018

43 Not used

44 Mot used

45 Mot used

46 Mot used

47 MNat used

48 Mot used

Analog outputs (assignable outputs)

49 AC D Analog output 0 +10 WV, max. 2 mA short-circuit proof, resolution +15 bits

50 M Ground, analog

51 ACA Analog output 1

52 M Ground, analog

Connections for temperature sensors

53 Temp1 Sensor according to P50490 (see SINAMICS DCP List Manual). The

54 Temp2 (sense cable) cable to the temperature sensor must be shielded and connected to

55 Temp3 ground at both ends. The cables from the Temp 1 and Temp 3 con-
nections to the temperature sensor must have approximately the
same length.
The sense cable (Temp 2) is used for compensating for the cable
resistances. If you are not using a sense cable, connect terminals 54
and 55.
Connection with / without sense cable:

Temp 1 Temp 2 Temp 3 Temp 1 Temp 2 Temp 3
56 M Ground, analog
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