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Abstract
Although the metro is a very energy efficient option for passenger transportation compared to internal
combustion vehicles, it is still a very prominent energy consumer. Further, due to the global pressure to
reduce 𝐶𝑂2 emissions, there is a worldwide demand for efficiency and sustainability improving solutions
and approaches for railway traction systems. Also, in Amsterdam, the municipality sets great ambitions
regarding installed PV power in the city and the emissions related to public transit. The municipality
of Amsterdam has the goal to have an installed PV power capacity of 250 𝑀𝑊 in 2022 and to reduce
CO2 emissions with 55% by 2030 compared to 1990. Also, the metro system has to become 35%
more energy efficient in 2030 compared to 2013. Moreover, the municipality wants to offer emission
free public transport in 2025. To reach these ambitious goals, no piece of land suitable for PV can be
left unused.
In the past, PV systems have already been installed on metro station roofs, connected to the ACside
of the metro traction network. However, no PV systems have yet been connected to the DCside of
the traction network, which would have enabled the connection of PV systems anywhere along the
track. Also, there is still a lot of unused land along the metro tracks in Amsterdam, with a total available
surface of 47991 𝑚2. This land could potentially be used to install PV systems with a total installed
power of 4511 𝑘𝑊𝑝 [1]. To increase the amount of installed PV power and to fully utilise the available
land along the metro tracks, this report focuses on the connection of PV systems directly to the metro
traction system, at the DCside of the traction network, to accelerate the energy transition and to reach
the sustainability goals in Amsterdam.
This report includes a comprehensive study on the challenges related to the integration of PV systems
at the DCside of the traction network, as well as possible solutions to mitigate these challenges. To
further increase the energy efficiency of the traction network with PV systems, the integration of ad
ditional solutions like energy recuperating inverters in power substations and energy storage systems
are discussed as well.
To study the energy saving effects as well as challenges of PV systems connected to the DCside of
the traction network, a Simulink model of the traction network is created, using measurement data of
an M5 metro, the metro timetables and traction network parameters as an input. The input data for a
specific pilot location, located nearby station Amsterdam RAI, is used for the simulations. Also different
PV systems, with sizes of 202 to 799 𝑘𝑊𝑝 are simulated with PVsyst, using meteorological data for
the pilot location. The simulation results are used in the Simulink model, to simulate a PV system con
nected to the traction network. Also inverters and storage systems are simulated using the Simulink
model.
The results show an energy saving enhancement effect, due to decreased ohmic losses in the network
as a result of the injection of PV power, meaning that more energy is saved than supplied by the PV
system. However, due to the intermittency of the load and regenerative braking, only 51.583.0% of
the potential PV energy yield can be supplied to the traction network, depending on the PV system
size, resulting in a waste of PV energy. A variable PV output control strategy is proposed, which can
increase the energy output of the PV system with about 1322%.
When using an inverter in a substation, the amount of supplied PV energy can be increased to 83.4
97.6%, by exporting the surplus of energy to the power grid. Also, using the inverter, a significant
amount of braking energy can be recuperated, which would otherwise have been wasted in the braking
resistors of the metros, leading to even more energy savings. Also, an energy storage system is sim
ulated. The results show that the storage system could theoretically prevent any waste of PV energy,
while also saving braking energy and decreasing ohmic losses even more.
Using the results for an economical feasibility study on a PV system with and without inverter shows
that a PV system operating alone would have payback period of 11 years, which can be reduced to 5
years by using an inverter.
Although this research focuses on integrating PV systems on the metro network of Amsterdam, the
methodology can be applied to DC traction systems worldwide.
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1
Introduction

1.1 Background
Although the metro is a very energy efficient option for passenger transportation compared to internal
combustion vehicles, it is still a very prominent energy consumer. Further, due to the global pres
sure to reduce 𝐶𝑂2 emissions, there is a worldwide demand for efficiency and sustainability improving
solutions and approaches for railway traction systems. In 2020, European studies predicted a large
increase in passenger traffic and there is still a great potential to further optimise the energy efficiency
and sustainability of rail transport [2].

In Amsterdam, various successful attempts have been made to make the use of metros more energy
efficient and to decrease the related carbon emissions. This has been done by for example acquiring
metros with more efficient motors, metros with regenerative braking capabilities and placing PV sys
tems on station roofs (Figure 1.1) [3][4]. With the presence of new metros which are able to recover
braking energy, also new solutions like substations with inverters and storage devices to recuperate
braking energy have to be considered to increase efficiency and lower power consumption [5]. To
gether with the implementation of PV systems, this is a challenging task, but it also offers numerous
advantages over the conventional traction systems.
Up until 2019, the energy consumption per travelled kilometre per passenger of the Amsterdam metro
is reduced with 2% per year. The goal set by the GVB (responsible for the public transport in Amster
dam) is to become 35% more energy efficient in 2030 compared to 2013. Moreover, the goal is to offer
emission free public transport in 2025 [3]. This is an ambitious goal and renewable energy sources
and energy efficiency increasing solutions are therefore highly necessary.

Figure 1.1: 83 kWp PV system on roof of metro station Reigersbos [6]

1



2 1 Introduction

Further, the municipality of Amsterdam has the goal to have an installed PV power capacity of 250𝑀𝑊
in 2022 and to reduce CO2 emissions with 55% by 2030 compared to 1990 [7]. To reach this ambitious
goal, no piece of land or roof suited for PV systems can be left unused. Therefore, the municipality of
Amsterdam, but also other cities around the world, are increasingly interested in installing PV systems
along metro tracks. Electrified metro networks have a great potential for PV systems, not only because
metro networks consume a lot of energy, but also because there is a lot of unused land alongside the
tracks. Also the PV systems can potentially be connected anywhere along the track, since there is
always a feeder network available. For these reasons and more reasons that will be discussed in the
remainder of the report, the focus of this report will be on connecting PV systems at the DC side of the
metro traction network.
To exploit the advantages of connecting PV systems to the DC side of the metro traction network, in
this report the associated challenges will be analysed and possible solutions will be discussed to come
a step closer to a more sustainable way of using public transit. The goal of the study presented in this
report is to accelerate the direct integration of PV systems on the metro traction network and to increase
its sustainability. This report focuses on integrating PV systems on the metro network of Amsterdam,
but applies to DC traction systems worldwide.

1.2 Previous studies
In the past, various studies have been done to explore the potential of connecting PV systems directly
to the metro traction network. Already in 2011, the benefits of connecting PV systems to the DC side
of traction networks are described, such as decreased transmission losses from the PV system to the
consumer (the metro) [8].
In 2014 an interesting system design was proposed, including PV systems connected to the DC side
of the traction network [9]. In this design an electric vehicle charging station is connected to the DC
traction network, effectively creating a DC microgrid. The advantage of this design is that any surplus
of braking energy or PV energy can be used to charge electric vehicles.
In 2018, a study was done on how PV systems could be indirectly integrated to the traction network by
connecting them via supercapacitors to the traction system [10]. In the proposed approach, the PV
systems charges the supercapacitors and the stored energy is then used to support the power supply
during the acceleration of the metro. However, no direct connection of the PV system was discussed.
Another study in 2018 introduced a hybrid traction power supply design, consisting of a bidirectional
substation and a PV system connected at the DC side of the substation [11]. In this study, control
methods for the converters are discussed in detail. Also the interface with the high voltage grid is
included in this study. However, results were only given for time intervals of 2 seconds and mainly
focused on voltage quality and harmonics. Also, the study focuses on the substation and the grid
connection, but not on the traction network itself and the possible energy savings during a day were
not discussed.
In 2018, the PV potential of the Amsterdam metro is explored, by calculating the available area to
install PV systems including every piece of surface that can be used, like fields, embankments, spaces
between tracks, sound barriers and even the sides of overpasses [1]. The available land is in the metro
area and owned by the municipality of Amsterdam. This study shows that the total available surface for
installing PV systems is 47991 𝑚2, the equivalent of 7 soccer fields. If this space is fully filled with 300
𝑊𝑝 Ptype monocrystalline PVmodules from LG, an installed PV power of 4511 𝑘𝑊𝑝 can be achieved.
However this study did not include the consequences of the challenges that will be discussed in Section
1.3 and only included the possible PV yield at the generation side.
Also in London, the PV potential for DC railways is investigated. A large project with multiple partners
and founders was started to explore the potential of connecting PV systems directly to the DC traction
network [12]. The researches recognised the potential of direct integration of PV systems on the DC
traction network, as well as the challenges of doing this, which will be further explained in this thesis
report. However to shorten the project timeline and to overcome the intermittency problem that will
also be discussed in this thesis report, the initiators eventually decided to continue with PV systems
connected to the AC side of the traction network [13].
In 2020, a team of researchers studied the potential of PV for the trackside of suburban elevated
urban rail transit in Shanghai, which mainly uses a 1500𝑉 DC traction network [14]. This study was
a continuation of the study that was already done in 2012 [15]. The researchers took the study one
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step further and simulated the traction network with PV and storage using power system simulation
software. From this study it became clear that the energy saved by injecting PV power can be more
than the energy actually injected, due to the decreased ohmic losses in the traction network. This effect
was even further exploited when using a storage system alongside the PV system. The researchers
concluded their study stating that a connection of the PV system at the DC side of the traction system
is superior to a connection at the AC side in terms of energy saving rate, traction power quality and
safety improvement. However, the conclusions of the study were mainly based on a PV system working
together with a storage system and did not include a detailed analysis of the mismatch effect of a PV
system working alone. Also, simulations were done for only one metro, in a relatively small time interval
of only maximal 100 seconds.

1.3 Problem statement
In this report the focus will be on connecting PV systems directly to DC side of the traction network of
the Amsterdam Metro. Until now, there has been no known case of a PV system connected directly to
the DCside of a DC traction network in real life. There are still too many unknown factors and there
is not yet a finished solution for the challenges that will be discussed in this report. The goal of the
study presented in this report is to come one step closer to the actual implementation of a DCside
connected PV system. To do this, the studies on PV integration at the DCside of the traction network
will be taken a step further and the advantages/opportunities as well as the challenges will be analysed
in more detail.
To connect a PV system at the DCside, a power converter specifically designed for this purpose is
required. Therefore, available solutions on the market will be explored, and different topologies for the
total system will be discussed. Further, due to the intermittency of the load and the fact that the metro
in Amsterdam is able to regenerate energy during braking, load matching is a challenge. The effect of
the mismatch should be investigated in more detail in order to make a more reliable estimation for the
PV yield in terms of financial savings. To solve the mismatch, additional solutions such as storage or
bidirectional substations will be explored and the effects on the energy savings will be investigated in
more detail. On top of that, voltage levels of the traction network should not rise beyond a critical level as
a result of the energy injection of the PV system, or operation of additional equipment. Therefore it must
be made sure that all proposed solutions will maintain or increase the voltage quality. Lastly, to gain
better insight in the financial aspects of integrating PV systems directly on the metro traction network,
a case study is required including an estimation of the return on investment, based on the actual PV
yield, energy savings of additional equipment and costs of the required equipment and materials. The
results discussed in this report will be used to make this case study more reliable.

1.4 The research objective
The main research objective that arises from the opportunities, challenges and research topics as
described in Section 1.3 is:

How can the Amsterdam metro contribute to the acceleration of the energy transition by
integrating PV systems directly on the traction network?

The emphasis in this research is on the word how. How can PV systems be connected directly to the
traction network, what is the most optimal way of doing so and what are the challenges to overcome?
To find the answer on the main research question, in this report, the following subquestions will be used
to guide the study towards this answer:

1. What would be an optimal spot for a pilot and why?

(a) What would be the most efficient design of the PV system for the pilot location?
(b) What is the optimised kWp considering the metro network consumption profile if the system

would be scaled up?
(c) How much yearly electrical yield is expected from the prospected PV systems?

2. How can the PV installations be directly integrated on the metro traction network?
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(a) What is the best conversionstage design architecture?
(b) Can the proposed design satisfy the safety requirement of the metro network?
(c) What are the potential options in the electrical market for buying the equipment?

3. How can storage contribute to further improvement of the system?

(a) Is using storage a necessity for this system? Or we can rely on the grid as the storage?
(b) How and how much storage can improve the current system?
(c) What technology and size for the storage is recommended? Higher energy density or higher

power density or a combination of both?

Research subquestion 1 mainly focuses on the PV system itself, including its location, design and yield.
Research subquestion 2 further explores the options to actually integrate this PV system on the metro
traction network. Lastly, research subquestion 3 aims to find out the need for additional equipment
to further improve the system like an energy storage system, but also the option to use the grid as
”storage”, using an inverter.

1.5 Thesis outline
This thesis report is build up step by step towards the point that enough information and data is col
lected to be able to answer the research questions that are listed in the previous section.
Chapter 2 starts by explaining how the current metro traction network in Amsterdam works. Next, the
PV potential for the metro in Amsterdam as well as the criteria for the PV system are given, based on
previous studies. Lastly the reasoning behind the choice for a pilot location is discussed in Chapter 2,
which answers research subquestion 1.
In Chapter 3 different topologies that can be used for the integration of PV systems on the traction
network are discussed, as well as their advantages and disadvantages, based on literature. The infor
mation in this chapter answers research subquestions 2, 2a, 2b and 2c.
In Chapter 4 it is explained how a model of the traction network and any connected system can help to
answer the research questions. Also, the model that is used during this study is discussed, including
an explanation of how the model is made and how simulations are done.
In Chapter 5 some control strategies are discussed to control the various systems that are modelled,
such as the PV system, an inverter and an energy storage system. These control strategies are used
to manage the power flow in the system such that it optimises the efficiency of the system, while main
taining the safety and reliability of the traction system.
Then in Chapter 6 the results are discussed which are obtained using the models discussed in Chapter
4 and the control strategies discussed in Chapter 5. In this chapter, the answers for research subques
tions 3, 3a, 3b and 3b are discussed.
These results are then used in Chapter 7 to recommend a system, which is then studied in more detail.
This answers research subquestions 1a, 1b and 1c. Also the economical feasibility of this system is
assessed in Chapter 7.
Lastly, the conclusions of this study are given in Chapter 8. Also a discussion and some directions for
future studies that may be interesting are given in Chapter 8.



2
The Amsterdam metro traction network

and its PV potential

2.1 The Amsterdam metro traction network
The metro network of Amsterdam, as depicted in Figure 2.1, consists of 5 lines, with a total length of
52.2 𝑘𝑚. 80% Of the metro tracks are above ground, which means a great potential for PV installations
installed along the track [16].

The traction network of the Amsterdam metro is a DC network with a nominal voltage of 750 𝑉, that
uses a third rail to feed the metro and uses the railway track as a return path. The third rail is fed by
substations, which are connected to the 10.5 𝑘𝑉 grid. The substations use a threephase transformer
to step down the voltage and a 6pulse or 12pulse rectifier for AC to DC conversion. A schematic
overview is given in Figure 2.2. The spacing between different substations is in the order of a few
kilometres. The locations of the substations are shown in Figure A.1, included in Appendix A.

Figure 2.1: Metro network of Amsterdam [17]

5
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Figure 2.2: Schematic overview of metro traction network

The metro operation can be divided into three main modes: acceleration, coasting and braking. During
the acceleration mode, the metro accelerates and consumes power from the third rail located next to
the traction rails. In the coasting mode, the speed of the metro is nearly constant, and it consumes a
negligible amount of power compared to the acceleration mode. In the braking mode, the metro decel
erates [18]. It is important to know that an increasing number of metros in Amsterdam is able to recover
its kinetic energy during braking, known as regenerative braking. The electric motors of these metros
have to ability to act as generators [19]. This energy is fed back to the traction network and can be
consumed by other metros nearby and/or can be fed to the auxiliary equipment in the braking metro like
heating and lights. If no other consuming metros are nearby, the injected regenerative braking energy
can cause voltage spikes. Therefore, the metros are equipped with a braking chopper or rheostat that
is activated and dissipates power when the line voltage exceeds 900 𝑉. However, as this dissipated
power is completely wasted, it is desired to use these resistors as little as possible.

A typical load profile for the traction system of a M5metro in Amsterdam is shown in Figure 2.3. This
profile does not include the load of the auxiliary equipment of the metro. Here, the metro drives from
station Amsterdam RAI to station Amsterdam Zuid. For this profile, measurement data of an actual
driving metro is used [20]. Here, one can clearly see the power consumed during the acceleration
at station Amsterdam RAI, some additional acceleration in between and the braking when the metro
arrives at station Amsterdam Zuid.
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Further, the metro consumes power for auxiliary equipment like airconditioning and lighting. In Figure
2.4, a Sankey diagram is depicted for a DC traction network, which clarifies the energy flows in the
traction network. Also sources for several energy losses are shown. Here the ”rectified” energy is the
output of the substations. Note that for the metro traction network in Amsterdam, a third rail is used
instead of a catenary. Because of the great variations in energy that is consumed (or regenerated)

Figure 2.4: Energy flow diagram for DC traction network [21]

during the three operating modes of the metro, the third rail voltage also fluctuates a lot. This is also
due to the resistance of the third rail and the traction network in general, which causes voltage drops.
This can make the control of any connected systems like PV or storage more complex.
A PV system could either be connected to the AC side or the DC side of the traction network. PV
systems have already widely been integrated to traction networks around the world using an AC side
connection, also in Amsterdam. However, the next step is to consider the integration of a PV system
at the DC side of the network. The reasons for this will be further explained in Section 3.1.2.

2.2 PV potential
As mentioned in Section 2.1, 80% of the Amsterdam metro lines are above ground. In 2018, a study
has been done to determine suitable locations for PV systems around the metro track [1], to estimate
the total available area to install PV systems. All the following information in this section comes from
this study. For potential locations the following stakeholder criteria where used:

1. Maintenance:
A Obstruct the accessibility of machines as little as possible
B Obstruct the maintenance processes as little as possible
C The PV system must be low maintenance

2. View:
A The PV system must not obscure the metro driver’s view
B The PV system must not contain any reflective objects that could cause glare for the metro

driver
3. Safety:

A The constructional safety must be guaranteed so that no inadmissible safety risk arises
B The PV system is outside the profile of free space (see Figure B.1 in Appendix B)
C The solar panels should not obstruct escape routes and accessibility for emergency services

in case of calamities. More specifically: every 12 solar panels, a space of 0.5 meters must
be left empty that can serve as an escape route in the event of an emergency
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4. Lifespan:
A Decrease the lifespan of the assets as little as possible
B The PV system has a lifespan of 25 years

5. Security: The PV system is protected against theft and vandalism
6. Functionality: The solar panels will hinder the function of the assets as little as possible. The

assets are not dissected
7. Accessibility: The PV system does not impede the option of accessing the track with a machine
8. Availability: The PV system does not impede the possibility of infrastructural adjustments
9. Sustainability: Use the green area as little as possible for placing the PV system

10. Energy:
A Install as many solar panels as possible
B Catch as much solar irradiation as possible

11. Appearance: The PV system has a representative appearance
12. Design vision: The PV system will hinder the design vision of the surrounding objects as little as

possible

Further, it is required that the PV system must:

1. have optimal efficiency
2. have a service life of ≥25 years in operation
3. be reliable and available at all times
4. have minimal impact on existing maintenance processes
5. not pose any danger to the operator, travellers and local residents
6. be sustainable
7. provide as few visual disturbances as possible

Using al these requirements and criteria, the available space to install PV systems is estimated to be
47991 𝑚2, the equivalent of 7 soccer fields. This includes areas like fields, embankments, spaces
between tracks, sound barriers and even the sides of overpasses. This available space is in the metro
area and owned by the municipality of Amsterdam. If this space would be fully filled with 300 𝑊𝑝
monocrystalline PV modules from LG, an installed PV power of 4511 𝑘𝑊𝑝 could be achieved.

2.3 The pilot location
To test the proper functioning of a PV system connected to the traction network, first a pilot location is
chosen where a PV system can be tested before it is used at other locations. To determine a suitable
pilot location, another study in 2020 by Movares is used to narrow down the options from the list ob
tained during the study in 2018 by A.A. Messaoudi [22]. Using all the requirements mentioned above,
a list was compiled with all possible locations for a PV system around the metro track. From this list,
the eight most promising locations for a pilot were picked and a more detailed study was performed by
Movares on the following aspects to ensure the feasibility of a PV system:

• Underground infrastructure, like cables and pipes
• Flora and fauna
• Soil quality
• Archaeology
• NonBurst Conventional Explosives (NGCE in dutch)
• Geotechnics:

– Soil structure
– Groundwater level
– Geometry
– Track load

• Carrying capacity and mounting options for artwork (for flyover Ganzenhoef)
• Arrangement and number of solar panels
• Power and connection to the network

The five most suitable pilot locations resulting from this study are listed below, with option 1 being the
option with the least uncertainties and option 5 with most:
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1. Location 15b, natural slope
2. Location 16a, natural slope
3. Location 21e, space between tracks
4. Location 15a, natural slope
5. Location 11b, ground level

From the 5 options, location 11b seems to be the best option, because of the following advantages:

• A lot of space
• PV panels can be installed using any orientation desired
• Good accessibility
• Flat terrain
• Few surrounding objects (also not planned [23]) that can block irradiation [24]
• Relatively easy to defend against vandalism
• Location can satisfy all requirements that are mentioned before

This location is next to station RAI in Amsterdam. The pilot location is shown in Figure 2.5 and 2.6.
Note that, as stated in the Movares report, for this location it has to be investigated whether the local
ecology is not harmed by the solar panels and the cadastral data has yet to be obtained. However
looking at the cadastral data that is available on the internet, it appears that the plot at the pilot location
is owned by the municipality of Amsterdam [23]. Further, there is some vegetation at this location that
might limit the usable area, or that might have to be removed. The available area at the pilot location
is about 10300 𝑚2 [23].

Figure 2.5: Pilot location next to station RAI, Amsterdam [25]
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Figure 2.6: Pilot location next to station RAI, Amsterdam [25]
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System Topology

When actually integrating a PV system on the metro traction network, there is some degree of freedom
in the design of the total PV system. For example, the point of connection has to be chosen, the
type of converter and potentially supplementary equipment like inverters and storage. In this chapter
several possible topologies for the integration of PV and the optimisation of the energy efficiency of
the system will be discussed, along with their advantages and disadvantages. The topologies can
be summarised in two categories, DCside connected and ACside connected. A DCside connection
implicates a connection of the PV system directly to the third rail, or at the output of the rectifier in the
power substation, albeit with the help of a power converter. An ACside connection means that the PV
system is connected to the grid, either directly to the 10.5 𝑘𝑉 grid, or at the ACside of the rectifier in the
power substation. Further, the topologies can be further categorised by systems either with or without
an electrical storage system.
Although more energy saving topologies and systems exist, this chapter gives an overview of the most
promising topologies for the implementation of PV systems to the DC side of the traction network.

3.1 Topologies without storage
First the topologies without any form of storage are discussed in this section. These systems are most
straightforward and minimise the investment costs for the total system.

3.1.1 PV system with grid connection
The most straightforward approach to connect a PV system to the traction network, is by connecting
the PV system to the ACside at the power substation by means of a DC/AC converter, as shown
in Figure 3.1 [26]. In fact, this method of connecting PV systems to the traction network is already
performed in several cities, including Amsterdam [4][13][27]. Although this thesis study focuses on
DCside connected PV systems, this topology is included for the sake of completeness.
DC/AC converters are widely available on the mass market and the technology for these converters is
very mature. Also, besides powering the traction network, the PV system could power the AC loads at
a metro station. Another advantage is that any surplus of generated PV power could be exported to
the grid, meaning that the intermittency of the metro load would not cause any problems [13].
However, the downside of this topology is that the power that is generated by the PV system needs
several conversion steps before it can be fed to the third rail of the metro network, leading to conversion
losses. Also, the need for a grid connection is a problemwhen a PV system is to be installed at a location
where no grid connection is available, or too expensive.

11
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Figure 3.1: PV system connected at the ACside of the traction network

3.1.2 Direct DC/DC connection
A promising way to connect PV systems to the traction network is by connecting it directly at the DC
side to the traction network, without a grid connection and outside the substation. This allows the PV
system to be connected anywhere alongside the metro track. Not only does this allow the installation of
PV systems where a grid connection is not possible or too expensive, but it could also be more efficient.
This topology is shown in Figure 3.2a.

A PV array voltage output between 600 and 800 𝑉 DC is very common. This is very close to the
nominal voltage of the metro traction network of Amsterdam. This means that only a small DC/DC
conversion step is required to connect the PV system to the traction network. This is more efficient
compared to an ACside connection, where a DC to AC conversion is required to feed to PV power to
the substation or grid, and another AC to DC conversion to feed the PV power to the traction network.
A previous study suggests that supplying DC power directly to DC traction substations should yield 4
to 5% more useful electricity from a given PV system compared with a standard grid export model [12].
This also means that no harmonics are created by a DC to AC inversion. Also, transmission losses for
a DC side connection are lower compared to an AC side connection of the PC system [8].
Moreover, experimental calculations done by Shen et al. suggest that during acceleration of the metro,
the energy that is saved with the topology as shown in Figure 3.2a, is 1.2 more than is generated by the
PV system [14][15]. This is mainly due to the fact that the PV system can increase the voltage of the
traction network during acceleration and decrease the power loss in the traction network due to ohmic
losses.
Another advantage is that a DC side connection can help to stabilise the voltage fluctuation of the
traction network caused by the frequently switching operation modes of the metro [14][15]. G. Zhang
et al. have proposed a DC/DC converter design at component level as well as a design for the con
trol strategy for the converter to connect a PV system directly to a DC traction system [11]. X. Zhu et
al. performed a comprehensive study on the stability of the DC traction network and the interaction
between DC/DC converters and the substations when connecting PV systems [28].
However, there are some challenges related to this topology.
Both the load as the PV generation are very intermittent. This means that matching the generation
with the load can be very difficult. If the load is too low, and/or the generation too high, the injection of
PV power can cause the line voltage to rise beyond a critical level. On top of that, when the metro is
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(a) DCside connection of PV system with DC/DC converter

(b) Back to back converter topology

Figure 3.2: DC and DC/ACAC/DC topologies

braking, it is delivering electrical power to the traction network as well, dropping the power demand of
the traction system. Therefore the sizing of the PV system is very important. Also, it should be possible
to disconnect the PV system, or to curtail the PV power output, to maintain a safe voltage level.
Although a direct DC/DC converter is hard to find, at the moment of writing a company claims to be
able to make this converter with a power capacity of 200𝑘𝑊 and an efficiency of 90%. Also multiple
of these converters can operate in parallel to increase the power capacity. The specifications of this
converter will be used as a reference for the models described in this report. Other companies like
SMA and Siemens have indicated that they are considering manufacturing DC/DC converters for this
application in the future, but are not able to supply this converter in the near future.

3.1.3 Back to back converter
Another way to connect the PV system at the DCside of the traction network, is by using a grid forming
DC to AC converter connected to a AC to DC converter or i.e. a rectifier. This is shown in Figure 3.2b.
Although this topology may be less efficient than using a direct DC/DC conversion due to the extra
conversion step and this may seem like a cumbersome topology, it may also be the key to finding the
required components for a DCside connection in the near future since both converters individually are
widely available on the market and the technology used for these converters is very mature. However
some adjustments may be necessary.

3.1.4 Inverter at substation
One way to solve the intermittency problem of the load and generation, is by installing a bidirectional
AC/DC converter in the substation, or an inverter antiparallel to the rectifier in the substations like
shown in Figure 3.3 [5]. In this way, not only the surplus of PV energy can be exported to the grid,
but also the surplus of braking energy. This would make it unnecessary to install any batteries. Also,
this technology is already very mature and relatively easy to get on the market. Also, the efficiencies
for such inverters are relatively high. Efficiencies of up to 98% are no exception. Different companies,
like Siemens, Alstom, Meiden, Dynniq, ABB and Ingeteam are already able to supply these kind of
equipment. Inverters of these companies have also been implemented in traction systems already,
also in Rotterdam [29].
Inverters also have some advantages over storage, like a high efficiency due to fewer transformation
losses, inverters need less space and they have lower safety constrains [30].
However, since the inverter must be placed in a substation, some PV power will be lost due to the
ohmic losses in the network between the PV system and the inverter during export of PV power to the
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grid. Also, power cost savings could be lower compared to energy storage systems, due to the fact that
exported energy is sold for a lower price than it is imported. However this is not the case in Amsterdam.
The use of inverters in DC traction system is already studied many times and in great detail [18][31][32].
Also algorithms to determine the optimal location and size of inverters have been studied [33].

Figure 3.3: Inverter in substation

3.2 Topologies with storage
A combination of PV and an energy storage system (ESS) can be very useful for compensating voltage
drops at weak points of the traction network [34]. Not only do voltage sags lead to higher ohmic losses,
but it can also lead to damage to the electronic equipment in the metro [18]. Also, using an ESS allows
the system to store the surplus of energy due to regenerative braking, or the generated PV energy,
when no (other) metro is nearby to consume the generated energy. The stored energy can be fed into
the traction network again when a metro nearby is accelerating and can compensate voltage drops
[35]. This allows for peak shaving and peak shifting during voltage peaks [36]. This also prevents
power from being wasted in the braking resistors of the metro [18]. In short, using an ESS solves the
intermittency problem mentioned in Section 3.1.2.
Another advantage is that since the ESS does not require a connection to the AC grid, an ESS can be
both installed inside the metro or along the metro track. In this report, only ESS along the track will be
considered, since the equipment inside the metro is not to be changed.

3.2.1 PV system with supercapacitor
One way to implement an ESS is by using supercapacitors [10][37]. This system can be connected
anywhere along the track using DC/DC converters. An overview of such a system is given in Figure 3.4.
The high power density of the supercapacitors is especially useful for stabilising the grid voltage, since
the grid voltage can vary a lot due to the large discontinuous power consumption of the metros. The
supercapacitors are able to release or store the large amounts of energy quickly that is needed during
acceleration or that is generated during braking, respectively [36]. This also increases the available
peak power in the system [2]. Further, supercapacitors have a high energy efficiency of about 95%, a
long lifetime and a long cycle life of more than 100000 cycles [18][30][38].
The proposed design is a modular design and can distributed along the metro track. This does not
only increase the system reliability, but can also decrease losses due to the resistance of the traction
network. In Section 3.1.2, it is already noticed that using a direct DC connection can lead to energy
saving of 1.2 times the energy that is generated by the PV system. The same study shows, that
connecting an energy storage system (ESS) can also save another 6.45% of the power consumption
of the metro by absorbing and releasing the braking energy of the metro [14][15]. Moreover, when the
ESS and PV system are used together, the energy consumption is decreased by 2 times the PV energy
yield. This is mainly due to the fact that the third rail voltage can be increased when power consumption
is high, leading to less current through the third rail, hence less resistive losses. The topology used for
these calculations is shown in Figure 3.5 [14].
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Figure 3.4: PV system with supercapacitors

However, supercapacitors are not able to efficiently store energy for longer periods [38]. Also, although
supercapacitors are already used for railway applications, such a system in combination with PV does
not seem to be available on the market yet. Nevertheless, the supercapacitors could be installed apart
from the PV system in its vicinity. Various examples of supercapacitors integrated on traction systems
already exist with equipment manufactured by wellknown companies like ABB, Adetel, Bombardier,
Meiden and Siemens [29].

Figure 3.5: PV with ESS
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3.2.2 Flywheels
Instead of supercapacitor, also flywheels could be used to store electrical energy. Flywheels can be
considered as an electromechanical ESS that stores energy by converting the electrical energy to ki
netic energy. Flywheels can have a high energy efficiency of about 95%, high power density (up to
5000W/kg) and a high energy density (more than 50Wh/kg). Further, they have a high cycling capacity
(more than 20000 cycles), low environmental concerns and require little maintenance. However, fly
wheels have a high selfdischarge current, are expensive and also very heavy [18][30][38]. Flywheels
have already been implemented in traction systems with equipment manufactured by companies like
Calnitex, Piller, Rosseta, Siemens and Urenco Power Technologies [29].

3.2.3 PV system with batteries
Also a combination of a direct DC/DC connection and energy storage with for example lithiumion tech
nology could be a good option for integrating PV systems. Liion batteries are more capable of storing
the electrical energy for longer periods than supercapacitors [38]. This could be used to store energy
during the day, when PV generation is high and the load is lower, to be released again during the peak
hours in the morning and evening, when PV generation is low and the load is high.
Again, the storage can also be used to make more efficient use of the braking energy. Experiments
with Liion batteries connected to the traction network have already resulted in energy savings of 4%
of the total traction energy consumption [39]. Also the third rail voltage can be improved [40]. Further
this system can act as voltage support when a fault occurs in a substation, since it could be able to
operate alone [38][41].
However, due to the lower specific power of Liion batteries, it might be harder to handle the large cur
rents during the acceleration and braking of the metro. Also, Liion batteries have a shorter lifetime and
lower cycle life than supercapacitors [38]. Nevertheless, batteries are already integrated on traction
system for energy saving purposes with components manufactured by for instance ABB, Hitachi and
Kawasaki [29].

3.2.4 Hybrid storage
In the previous section, it is mentioned that, although supercapacitors have a high energy density and
better cycle life, supercapacitors are not able to store energy for longer periods. Liion batteries on
the contrary can, however they have a lower specific power and cycle life. To combine the best of both
worlds, a hybrid energy storage system, with both supercapacitors and batteries can be used [42][43].
A case study for a Spanish railway line shows that a cost saving of 33.22% can be achieved by using
renewable energy sources and a hybrid energy storage system [43].

3.2.5 Back to back converter with storage
The same solution as mentioned in Section 3.1.3 can be used in combination with a battery system,
as shown in Figure 3.6. Standalone, grid forming DC/AC converters in combination with storage are
already widely used for island operating PV systems. This could make it easier to find the required
components on the market to connect the PV system, as well as the storage system to the DCside of
the traction network.
Although this may seem like a cumbersome topology, it also may accelerate the integration of PV
systems and storage at the DCside of the traction network in the near future, while DC/DC converters
are difficult to acquire for this application.
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Figure 3.6: Back to back converter with storage





4
Traction Network Model

To study the effects and possibilities, as well as the challenges of injecting PV power into the traction
network, a model of the traction network including a PV system is required. For this project, a model
of the traction network in MATLAB and Simulink is created [44][45]. Also different PV systems are
modelled together with storage systems or an inverter in one of the substations. These models can
then be used test various systems and to calculate the amount of energy that can be saved using them.
Also the model helps to gain a better understanding of the behaviour of the metro traction network and
of any additional connected systems. Also the model can be used to really show the impact and
magnitude of challenges like the mismatch of load and generation.

4.1 The Traction Network
First, a model of the traction network is created. Because a model of the entire network would be
too computational intensive, only the part where the PV system will be connected is considered. For
the pilot location, a part of 5.64 km is modelled. This part is shown in Figure 4.1. Here, the orange
markings represent the power substations and the green marking represents the point of connection
for the PV system. This part consists of 4 substations, so 3 sections of rail between the substations
and 4 passenger stations. The PV system at the pilot location is connected approximately in the middle
of the part that is modelled. The part between two substations will hereafter be referred to as power
section, or section. A simplified overview of the modelled traction network is depicted in Figure 4.2.
The modelling of the various parts in this model will be discussed in the following sections.

Figure 4.1: The modelled part of the traction network in Amsterdam [25]
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Figure 4.2: A simplified overview of the modelled traction network [46].

4.1.1 Substation
The DC traction network is powered by substations which are connected to the 10.5 𝑘𝑉 grid. The
voltage is stepped down using a three phase transformer. Then a 6pulse or 12pulse rectifier is used
to create a DC voltage. The nominal voltage of the traction network is 750 𝑉 DC, however the actual
voltage output of the substation depends on the load, due to the internal resistance of the substations.
To simplify the model, the voltage output of the substation can be approximated as a straight line, as
shown in Figure 4.3, where 𝑈𝑑0, 𝑈𝑁 and 𝐼𝑁 are the open circuit voltage, nominal voltage and nominal
current of the substation [46][47][48]. Typical open circuit voltages, or zeroload voltages, are 820 or
870 𝑉 [49].

Figure 4.3: Rectifier unit external characteristic curve [47].

To model this behaviour the substation can be modelled as a constant voltage sources with an internal
resistance [47]. To simulate the unidirectional behaviour of the substation, as well as the internal
resistance of the substation, a constant voltage source in series with a diode with an internal resistance
is used to model the substation [33][36][40][48]. This is shown in Figure 4.4. Here, 𝑅𝑖𝑛𝑡 is the internal
resistance of the substation and 𝑉0𝑠𝑢𝑏 is the zeroload voltage of the substation.
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Figure 4.4: Substation model

To calculate the internal resistance equation 4.1 can be used [46], where 𝑉𝑂𝑝𝑒𝑛𝑐𝑖𝑟𝑐𝑢𝑖𝑡 and 𝐼𝑁𝑜𝑚𝑖𝑛𝑎𝑙 are
known from the Arcadis report shared by the municipality of Amsterdam [49] and 𝑉𝑛𝑜𝑚𝑖𝑛𝑎𝑙 is 750 𝑉.

𝑅𝑆𝑢𝑏𝑠𝑡𝑎𝑡𝑖𝑜𝑛 =
Δ𝑉
Δ𝐼 =

𝑉𝑂𝑝𝑒𝑛𝑐𝑖𝑟𝑐𝑢𝑖𝑡 − 𝑉𝑛𝑜𝑚𝑖𝑛𝑎𝑙
𝐼𝑁𝑜𝑚𝑖𝑛𝑎𝑙

(4.1)

For a substation with bidirectional properties, a different approach is used which will be explained in
Section 4.3.

4.1.2 Metro
For the simulations done in this report, the characteristics of the M5 metro are used. This is the newest
metro in Amsterdam and the old metros will be gradually replaced by this type. This metro is able to
recover braking energy and supply this energy directly back to the traction network [49]. The M5 metro
is depicted in Figure 4.6.
To model the metro power consumption, a controlled current source can be used [33][47]. The input
of the current source is determined by the power consumption of the traction system of the metro and
the power consumption of the auxiliary devices of the metro. The power consumption of the auxiliary
devices is an estimated average from the M5 characteristics [49]. The traction power consumption
profile is determined by measurements done on a real M5 metro, driving on the track that is modelled
[20]. The timing of the power consumption profile is done using the timetable of the Amsterdam metro
[50] and the position of the metro in the network. The resulting power profile is divided by the voltage
over the metro. The resulting value is used to control the controlled current source [36][47]. A simplified
overview of the metro model is depicted in Figure 4.5.
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Figure 4.5: Metro model

Since the M5 metro is able to feed power to the traction network by regenerative braking, in real life the
metro is also equipped with a braking chopper. The reason for this is that when no other load is nearby,
the braking power that is being fed to the traction network results in a voltage spike. To stay within the
voltage limits, the braking chopper can dissipate the superfluous power and convert it to heat. This
is done when the third rail voltage exceeds 900 𝑉, and the braking chopper will maintain the voltage
safety [49].
This principle is included in this model by connecting a switch and a load parallel to the metro current
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source to act as a braking chopper. This creates a path for the superfluous power and prevents exces
sive voltage spikes. However, in this model the braking chopper does not exactly maintain the voltage
at 900 𝑉, but allows the voltage to rise above 900 𝑉. For the purpose of this study, it would add too
much complexity to the dynamic behaviour of the system if the braking chopper would have to exactly
mimic a real life braking chopper. But, since the braking chopper is only activated at voltage levels
above the zeroload voltages of the substations, it does not influence the power consumption of the
substations since the substation consumption is already zero at that point. Therefore it is safe to use
this simple model of the braking chopper for this study. Nevertheless, voltage limits are respected by
other systems like the PV system and the effect of the voltage spike and the braking chopper is taken
into account when designing the control systems.

Figure 4.6: The M5 metro owned by the GVB [16]

4.1.3 Resistance

Since, together with the internal resistance of the substations, the resistance of the third rail and the
return rail of the metro traction network are responsible for the voltage variations along the traction net
work, it is very important to model these resistances. Also, these resistances are an important source
for energy losses in the traction network [21].
To model the resistance of the third rail and the return rail, resistors are modelled between every metro
and the nearest substation (or PV system). This is also shown in Figure 4.2. During the simulation, for
every timestep the distance between the metros and the nearest substation (or PV system) is calcu
lated. This distance can then be multiplied with the resistance per unit length of the third rail and return
rail [49] to compute the value of the resistances of the third rail and the return rail [40]. A schematic of
this method is depicted in Figure 4.7.
In Simulink, the resistances can be modelled by a variable voltage source. The value of the voltage
source is computed by multiplying the measured ”resistor” current with the resistance value computed
earlier [47][51]. This is a useful method, because the controlled voltage source allows for a variable
control of the resistor. Simulink also has the option to model a variable resistor as a current source,
however using this component results in great instability in this model and is therefore not used.
Another way to simulate the third rail and return resistance, is by using a constant resistor and by re
peating the Simulink model for every time step and changing the value of the resistances accordingly.
Although this method has the highest computation time, it is also the most stable method compared to
a resistor as a current source or voltage source when simulating more than 4 resistors. Since for this
part of the traction network 24 variable resistors are modelled, this last method is used.



4.2 The PV system 23

Speed
Last station stop
Time
Timetable

Calculate Resistances

Determine position of metro

Rail resistance per unit length
Length of rail sections
Position of substations

Figure 4.7: Computation of network resistances

4.2 The PV system
The PV system that is modelled for this project consists of a DC/DC converter, PV modules and pos
sibly a storage system, depending on the topology that is being simulated. The PV system can be
modelled by a controlled current source. The input of the current source is determined by a power flow
control algorithm, which will be further discussed in Chapter 5. This output power is then divided by
the traction network voltage to compute the appropriate current for the controlled current source. In
case of a PV system without storage, the control algorithm redirects the output power of the PV model
directly to the the controlled current source connected to the traction network, provided that the voltage
of the traction network is within limits. A simplified overview of this is given in Figure 4.8.
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Figure 4.8: PV system model

The PV power output profile of the PV model is created by simulations using PVsyst [52]. Various
configurations and sizes have been modelled. The PV power generated at the DC side of the PV
array, the socalled array virtual power at maximum power point, is used as the input for the PV model.
This includes for example ohmic losses in the PV array, temperature losses and mismatch losses of
the modules and strings. It does not include efficiency losses of the converter, in this case a DC/DC
converter. The converter losses are included by multiplying the PV output with an efficiency factor 𝜂,
as shown in Figure 4.8.

4.3 Inverter at substation
Tomodel an inverter at the substation a similar approach as for the PV system can be used. A controlled
current source is connected antiparallel to a substation, as shown in Figure 4.9. Here, on the left
the model of the conventional substation is shown as described in Section 4.1.1 and on the right the
simplified model for the inverter is shown. For this project the substation closest to the PV system is
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chosen. The current source is controlled by the algorithm that will be discussed in Section 5.2. In this
way, the amount of inverted power can be controlled. The power output of the inverter is measured
and multiplied with the inverter efficiency to account for conversion losses. The downside of this model
is that the control and the power flow management are based on the voltage of the traction network at
the point of connection of the inverter, which is a problem when the voltage is very volatile. This is the
case when only three sections are simulated, without the buffer effect of other sections.

Figure 4.9: Inverter model as current source

Another way to model the inverter at the substation, is by using the scheme as shown in Figure 4.10. To
model the fact that the inverter enables a bidirectional power flow in the substation, an IGBT switch is
connected antiparallel to the substation rectifier [33]. The IGBT can be enabled when there is a surplus
of power in the traction network. The control will be further described in Section 5.2. The advantage of
this model is that it is easy to control and the performance of the inverter is not deteriorated when the
voltage is more volatile. The disadvantage is that the exact power flow is hard to control. The power
flow can be controlled by a PWM control controlling the IGBT switch. This can be used to limit the
power flow to respect the maximum power limit of the inverter. Also, the effect of the maximum power
rating of the inverter can be computed by postprocessing the simulation results.

4.4 The ESS system
To model an ESS together with PV, the PV system model from Section 4.2 is extended. A simplified
overview of this model is shown in Figure 4.11. Again, a controlled current source is used to simulate
the interaction between the PV system, the ESS and the traction network. The control unit controls
the power flows between the PV system, the ESS and the traction network. A PI controller is used to
compute the amount of energy that can be extracted from the traction network and stored in the ESS,
based on the traction network voltage. A second PI controller is used to compute the amount of power
that can be supplied to the traction network from the ESS. Also, the control unit redirects the PV power
to either the ESS or the traction network. The exact control strategy of this control unit will be discussed
in Chapter 5. Also, an efficiency factor is included in the model to simulate the conversion losses.
Using this model, different storage systems and topologies can be modelled by adjusting the ESS
settings in Simulink and by changing the control of the control unit. The performance of the PV system
can be monitored, and the battery model in Simulink can be used to read the state of charge of the
battery and consequently find out what is an appropriate storage system size. Further, using this model,
the required power capacity can be determined and the effect of this system on the energy savings in
the traction network.
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Figure 4.10: Inverter model as IGBT

4.5 Model outputs
To determine the effectiveness and efficiency of the topology that is being simulated, some performance
parameters are calculated.
First of all, the reduction of energy consumption of the substation is calculated. This is done by com
paring the simulation results with the results of a reference simulation of the traction network without
any inverter, storage system or PV system. All further input data remains the same.
Secondly, the third rail voltage is measured and compared with the reference simulation, to judge the
effect on the quality and safety of the third rail voltage. Also, the effect on the ohmic losses in the third
rail and return rail can be studied. Lastly, the amount of energy than can be supplied by the PV system
to the traction network, as well as the amount that can be recuperated and exported to the grid by an
inverter can be computed.
The results from the simulations using the aforementioned models are discussed in Chapter 6.
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5
Power Flow Management

To make sure that every system like the PV system or energy recuperation system does exactly what
it is supposed to do on the right moment, some power flow management strategies should be thought
of to implement in the Simulink models. The first objective of the control system is to direct the power
flows in such a manner, that the power usage is managed in the most efficient way, yielding the most
energy savings. Secondly, the control system should maintain a stable voltage on the third rail and
should make sure that the voltage is within the boundaries. Lastly, in case of an energy storage system
(ESS), the control system must guarantee optimal operating conditions that prolongs the operating life
of the ESS.
In this chapter, the power flow management strategy for every system will be discussed, including a
graphical representation of the control strategies in action.

5.1 PV system control
The main challenges while operating the PV system, are to prevent an excessive voltage rise during
cruising or deceleration of the metros, to compensate voltage drop during the acceleration of the metro
and matching the PV output with the load. One way to manage this, is to control the PV system using
a Multi Agent System (MAS), with communication between the load, the renewable energy source and
the ESS, if any [53]. This communication enables the control system of the PV system to accurately
predict the power demand. However, the changes in the metros that would be required for this method
are beyond the scope of this project, since the metros themselves are not to be changed at this point.
The PV system can also be controlled using the voltage at the Point of Connection (POC) of the PV
system to the traction network (𝑉𝑃𝑂𝐶), which is an indication of the demanded power. Also the State of
Charge (SOC) of the ESS, if an ESS is used, can be used as an input for the control system [15][40][41].

Binary PV power output
The proposed control strategy for a PV system without storage connected to the traction network is
rather straightforward. The main goal is to connect and disconnected (or set its output to 0 𝑊) the
PV system such that the voltage of the traction network remains stable to ensure a safe operation
of the PV system. This is called power curtailment [54]. The power output of the PV system to the
traction network must be controlled such that it does not result in excessive voltage peaks. As braking
resistors dissipate power when the network voltage exceeds 900 𝑉, the PV system is disconnected, or
curtailed, before the traction network voltage reaches 900 𝑉, so for example at 895 𝑉. This prevents the
braking resistors from being overloaded and dissipating more power than necessary. The PV system is
reconnected again when the voltage has reached a safe, lower level, for example 845 𝑉. This voltage
level is chosen such that the voltage level is below the zero load voltage of the substations, indicating
that there is a demand for power again. The main reason for this is to prevent the PV system from
oscillating around the disconnection voltage level. An overview of this control strategy is shown in
Figure 5.1.

27



28 5 Power Flow Management
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Figure 5.1: Control scheme for PV

Here 𝑉𝑟𝑒𝑐𝑜𝑛𝑛𝑒𝑐𝑡 and 𝑉𝑑𝑖𝑠𝑐𝑜𝑛𝑛𝑒𝑐𝑡 are the voltages at which the PV system is reconnected or disconnected,
respectively. When 𝑉𝑃𝑂𝐶 is less than 𝑉𝑑𝑖𝑠𝑐𝑜𝑛𝑛𝑒𝑐𝑡, the PV system supplies power to the traction network
at its maximum power point (MPP). When 𝑉𝑃𝑂𝐶 exceeds 𝑉𝑑𝑖𝑠𝑐𝑜𝑛𝑛𝑒𝑐𝑡, the PV system is disconnected.
As said, the PV system is reconnected again at a lower voltage level than it was disconnected. This is
done because the disconnection of the PV system, when the voltage at PoC exceeds 𝑉𝑑𝑖𝑠𝑐𝑜𝑛𝑛𝑒𝑐𝑡, can
result in a voltage decrease below 𝑉𝑑𝑖𝑠𝑐𝑜𝑛𝑛𝑒𝑐𝑡. However, the PV system can not yet be reconnected,
because at that moment the PV power input would again result in a voltage increase beyond 𝑉𝑑𝑖𝑠𝑐𝑜𝑛𝑛𝑒𝑐𝑡.
Instead, the control system waits until 𝑉𝑃𝑂𝐶 is at a level where it can be guaranteed the reconnection
of the PV system will not result in a voltage increase beyond 𝑉𝑑𝑖𝑠𝑐𝑜𝑛𝑛𝑒𝑐𝑡. In this way, hysteresis is
prevented. In the simulations done in this report 𝑉𝑟𝑒𝑐𝑜𝑛𝑛𝑒𝑐𝑡 and 𝑉𝑑𝑖𝑠𝑐𝑜𝑛𝑛𝑒𝑐𝑡 are fixed values, optimised
for the PV system and the scenario that is being simulated. In real life however, it would be better
to make 𝑉𝑟𝑒𝑐𝑜𝑛𝑛𝑒𝑐𝑡 a variable value, depending on the amount of power that is generated by the PV
system. This in order to prevent the control system from waiting too long or too short with reconnecting
the PV system, resulting in lost PV power or oscillations, respectively. This would further optimise the
control. However, for the simulated PV systems the impact of the fixed values on the power output of
the PV system is relatively low and therefore it is safe to keep the voltage levels fixed.
The reason that the PV power output control is called binary, is because the PV system is either ”on”
(operating at maximum power point) or ”off” (zero power output). Figure 5.2 shows the response of
the PV system when using this control method. Here, during a time interval 5 minutes, at 7:15 am
on a weekday, the amount of PV power supplied to the traction network and the voltage at the point
of connection are depicted. One can see, for example between 7:16 and 7:17, that when the voltage
rises above 895 𝑉 (𝑉𝑑𝑖𝑠𝑐𝑜𝑛𝑛𝑒𝑐𝑡, shown as a horizontal red line), because of regenerative braking in this
case, the PV power output becomes 0. The PV systems starts supplying power again when the voltage
reaches 𝑉𝑟𝑒𝑐𝑜𝑛𝑛𝑒𝑐𝑡 (shown as a horizontal red line), which in this case was set at 845 𝑉. Therefore the
PV system control functions as desired, and respects the voltage limits.

Variable PV power output
Although the aforementioned approach is straightforward and effective, there is one downside. There
are only two options, either the PV system supplies power at its MPP, or it does not supply power at all
due to the power curtailment. However, in some situations, when the load is less than the PV genera
tion, but not 0, the PV system could supply a portion of its maximum power production without supplying
too much and exceeding the maximum voltage level. This is a well known problem in residential areas
with a high density of PV systems. To fight this problem, a droop control can be implemented using the
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Figure 5.2: PV power output response

grid voltage (or in this case the traction network voltage) as a reference to control the power output of
the PV system [54][55].
Therefore a second model and control strategy is made to demonstrate what would be the effect when
the power output of the PV system depends on the voltage of the traction network (which is an indica
tor for the power balance). The PV power output is then variable, in terms of the amount of PV power
output as a fraction of the maximum PV power output. The control for this model is very similar to the
control mentioned earlier, but instead of always supplying power at the MPP of the PV system when
connected, the power output of the PV system can be controlled by a PI controller. The PI controller
tries to keep the voltage level of the traction network at the point of connection at a preset level, for
example 870𝑉, and adjusts the PV power output accordingly. In this way, as the voltage approaches
𝑉𝑑𝑖𝑠𝑐𝑜𝑛𝑛𝑒𝑐𝑡, the PV power output is decreased, to prevent the disconnection of the PV system. There
fore, instead of a total power curtailment or i.e. 0 𝑊 PV power output, the PV system can still supply
a portion of its maximal power production to the traction network. For voltage levels below a certain
preset level (𝑉𝑙𝑜𝑤), the maximal PV power is supplied to the grid. A schematic overview of this con
trol strategy is shown in Figure 5.3. Figure 5.4 shows the power supplied to the traction network of a
PV system simulated with the binary output control strategy on the top and the power output for a PV
system with a variable power output using PI control at the bottom. The resulting power profile in the
bottom graph shows that now PV power is supplied to the network at moments that there was no power
supplied before, for example between 13:08 and 13:09. In total, more power is supplied to the traction
network during the time window that is shown in Figure 5.4. However, one can see that also for some
moments the PV system from the bottom graph supplies less power to the traction network, for example
at 13:06. This is because when network voltage is rising, the PV power output is decreased to prevent
power curtailment, which in this case happened too soon. This illustrates the challenge of finding the
balance between on the one hand maximum PV power output and on the other hand maintaining a safe
and stable network voltage. In Chapter 6, the potential of this control strategy will be further discussed.

5.2 Inverter control
When adding an inverter model to the traction network model, as described in the first half of Section
4.3, a the same control strategy as explained in Section 5.1 can be used for the PV system, however,
the value of 𝑉𝑟𝑒𝑐𝑜𝑛𝑛𝑒𝑐𝑡 in the PV control might have to be changed to prevent any hysteresis between
the inverter, PV system and the braking resistors.
For the inverter, a similar control strategy as for the PV system is used, but the other way around. When
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Figure 5.3: Control scheme for PV with variable output
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Figure 5.4: PV power output response with PI control

the voltage at the point of connection of the inverter (𝑉𝑃𝑂𝐶) is below 𝑉𝑖𝑛𝑣𝑒𝑟𝑡, the inverter is disabled.
When 𝑉𝑃𝑂𝐶 exceeds 𝑉𝑖𝑛𝑣𝑒𝑟𝑡, the inverter starts exporting power to the utility grid. The amount of power
that is exported to the utility grid is related to the difference between 𝑉𝑠𝑡𝑜𝑝 and 𝑉𝑃𝑂𝐶, or in other words the
degree in which the voltage limit (𝑉𝑖𝑛𝑣𝑒𝑟𝑡) is exceeded. This difference goes to the input of a PI controller
and the output of the PI controller determines the amount of power that is inverted, or exported. The
amount of power that can be exported is limited by the power capacity of the inverter.
When the inverter is enabled, it exports power to the utility grid until 𝑉𝑃𝑂𝐶 has decreased to a safe
voltage level again, at 𝑉𝑠𝑡𝑜𝑝. This is again to prevent any hysteresis as explained in Section 5.1.
It is advisable to choose 𝑉𝑖𝑛𝑣𝑒𝑟𝑡 such that it is well below 900 𝑉, but above the zero load voltage of the
power substation. This is to make sure that the inverter is enabled well before the voltage exceeds 900
𝑉, but does not export any power which is coming from other substations, creating a power loop. As
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said, for the latter it is important to make sure that 𝑉𝑠𝑡𝑜𝑝 is above the zero load voltage of the substations
near the inverter. This fact can result in an operation window of only 30 𝑉 for some locations. However,
it is possible to increase the maximum voltage level to up to 1000 𝑉 [32], but that is not within the
scope of this project. For now, a maximum voltage level of 900 𝑉 is used. During the exportation of
power, also a signal can be send to the power supply of the traction network inside the substation and
optionally to substations nearby to disable the power supply, to prevent power loops. In this case, only
a signal is send to the power supply inside the same substation as where the inverter is placed. An
overview of the control strategy for the inverter is depicted in Figure 5.5.
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No power flow

Figure 5.5: Control scheme for inverter

For the inverter model described in the second half of Section 4.3, a different control method is used.
For this model, the control unit must simply enable the IGBT switch when the network voltage exceeds
𝑉𝑖𝑛𝑣𝑒𝑟𝑡 and disable the IGBT when the network voltage is below 𝑉𝑖𝑛𝑣𝑒𝑟𝑡. Optionally, the power flow
can be controlled using a PWM signal to control the IGBT, to simulate the maximum power rating of
the inverter. Alternatively, the resulting power profile from the simulations of the inverter can be post
processed to compute a power profile that respects the power limits of the inverter.

5.3 PV with storage control
The control scheme for a PV system together with an ESS is a bit more involved. In this case, a PV
system and an ESS is modelled, with the ability to store PV energy, but also braking energy from the
traction network. In this case these two functions are intertwined, but an ESS connected apart from
the PV system could fulfil the same tasks. Figure 5.6 shows an overview of the control scheme of this
system.
Again, the control algorithm checks 𝑉𝑃𝑂𝐶, but this time also the state of charge (SOC) is checked. Note
that although the measurement of 𝑉𝑃𝑂𝐶 and 𝑆𝑂𝐶 is only mentioned in the starting state of the diagram
shown in Figure 5.6, these parameters are measured in every state of the diagram. Based on these
parameters the control algorithm can make its decisions [15][40][41].
The following parameters are used in this control algorithm:

• 𝑉𝑃𝑂𝐶: the traction network voltage at the point of connection

• 𝑆𝑂𝐶: the state of charge of the ESS

• 𝑆𝑂𝐶𝑡ℎ: below this SOC level, for example 70%, the ESS only supplies power when 𝑉𝑝𝑜𝑐 is very
low

• 𝑉ℎ𝑖𝑔ℎ: maximum allowable voltage, for example 895 𝑉, above this voltage the PV system is turned
off and the ESS absorbs energy from the traction network

• 𝑉ℎ𝑖𝑔ℎ1: below this voltage not only the PV system, but also the ESS starts supplying power to the
traction network, for example 800 𝑉
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• 𝑉𝑙𝑜𝑤: below this voltage, for example 730 𝑉, the PV system as well as the ESS supplies power to
the traction network at full capacity

• 𝑉𝑙𝑜𝑤1: when the ESS is supplying power to the traction network, the control algorithm waits until
the voltage level is high enough again, above 𝑉𝑙𝑜𝑤1, for example 750 𝑉

Basically the control algorithm has 3 main goals: supply PV power to traction network during medium
voltage levels, store energy when the traction network voltage is high, and inject stored energy to
the traction network when the network voltage is very low. Also, the control algorithm makes sure
that maximum power limits are respected, the battery is not overcharged nor discharged too deep, to
prevent any damage.
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Figure 5.6: Control scheme for PV & an ESS
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Results

In this chapter the results are discussed from the simulations, using the models discussed in Chapter
4. The power flow management strategies as discussed in Chapter 5 are used for these simulations.
To include every event during a day, such as rush hours, quiet hours, high irradiation, night and so on,
simulations are done for one entire day (24h). Discrete time steps of 1 second are used, to accurately
simulate the dynamic behaviour of an accelerating and braking metro. Although it would be interesting
to simulate the traction network for a year as well, the long computation time of the simulation does
not allow this during the duration of this thesis project. Nevertheless, simulating different scenarios
during a day can give sufficient insight for the system operating for a year. Here, the train plans for a
regular weekday are used [50]. In the train plans for the weekend slightly less stops are included, but
the results will be similar.

6.1 Conventional operation of traction network
First the traction network without any PV system, storage system or inverter is simulated to create a
reference for all the other simulations. In this way, the consumption can be compared and thus the
energy savings can be determined. In addition, the ohmic losses in the traction network are monitored
to study the effect of different systems on the ohmic losses. Also, the voltage at the point of connection
of the PV system or other systems is measured to compare the quality and safety of the voltage when
any additional equipment is connected.

The conventional traction network is simulated for two scenarios.
The first scenario is that any power generated or consumed, in the three power sections that are mod
elled around the pilot location, can come from or go to sections adjacent to the three modelled sections,
which is also the case in real life. To simulate this, at the end of the modelled sections a load is con
nected that represents the average load of the adjacent sections. This load represents the average
load that would have been fed by the outer substations if additional sections would have been included
in the model. To estimate this power consumption, the consumption profile of the modelled sections are
used together with the train plans and the characteristics of the adjacent sections. This also simulates
a buffer effect of the other sections, meaning that a part of the surplus power can go to these sections.
In the second scenario, it is assumed that almost no power can come from or go to sections adjacent
to the three modelled sections. In this scenario, it is thus simulated that all power that is generated
does not leave the three modelled sections. This is an important scenario to simulate, because when
more PV systems will be connected to the metro traction network in the future, any superfluous PV
power can not flow, or less, to the adjacent power sections where PV systems are connected as well.
Also, it is undesirable to supply PV power to a load far away, because then more power will be lost
due to ohmic losses. By simulating this scenario, PV systems and other equipment can be specifically
designed for the consumption in the three sections around the point of connection.

Figure 6.1 shows the energy consumption in the three modelled power sections during a weekday.
One can see that the peak consumption occurs during rush hours and there is no consumption be
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tween 01:00 and 06:00 since no metro is operational at that time. From this graph, it may seem that
matching the load with the generated PV energy would be a straightforward task, however Figure 6.2
shows otherwise. In Figure 6.2 the power consumption of the substation is depicted from 07:00 until
07:15. For better visibility a time interval of 15 minutes is depicted, but others times of the day show
similar profiles. Here one can clearly see the intermittent nature of the power consumption of the met
ros. During acceleration, the metro demands about 40 times more power than during cruising. At some
points, the power consumption in the network peaks at 7 𝑀𝑊. This happens when two metros accel
erate at the same time. When no metro is present in the three sections, the load demand is 0. Also,
during braking, the amount of regenerated power can often cover the complete power demand at that
moment, resulting in 0 power demand from the substations.
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Figure 6.1: Energy consumption of substations

07:00 07:01 07:02 07:03 07:04 07:05 07:06 07:07 07:08 07:09 07:10 07:11 07:12 07:13 07:14 07:15

Time

0

1

2

3

4

5

6

7

8

P
o

w
e

r 
[M

W
]

Substations power demand

Figure 6.2: Power consumption of substations

Figure 6.3 show the difference in power consumption when the metros would not have been able
to recover braking energy. The blue line represents the power consumption of the substations when
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metros are able to recover braking energy, the orange line shows what would be the power consumption
when the regenerative braking ability is disabled. In this part of the metro network, about 28% of
the energy that is consumed for the traction of the metro, is regenerated during braking. Needles
to say, the power consumption decreases when regenerative braking is enabled. In fact, the power
consumption decreases with 12.5%. However, this consumption could have been decreased even
more. In Figure 6.3, one can see that part of the regenerative braking occurs at times were the load is
very low. For example at 07:05, the load is only about 155 𝑘𝑊, while the power that can be supplied
by regenerative braking is in the order of megawatts. The surplus of power is dissipated in the braking
resistors of the metro and converted to heat, hence wasted. This power could however be recuperated
using an inverter in a substation, as will be discussed in Section 6.3. Also, this regenerated braking
energy could be temporarily stored, which will be further discussed in Section 6.4. Another solution
is timetable optimisation, to time the acceleration of one metro during the braking of another metro
[19][56]. However this is not within the scope of this thesis project.
Another problem is that, because of the regenerative braking, at some points there is zero load and
therefore a PV system would not be able to supply power to the traction network without wasting the
PV energy in the braking resistors. In Section 6.2, this problem is discussed in more detail. Solutions
for this problem could for example be an inverter in the substations or an ESS as well.
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Figure 6.3: Power consumption of substations with and without regenerative braking

Since the resistance in the third rail and the return rail result in a significant amount of energy losses
in the traction network, the ohmic losses in the traction network are computed as well [21]. Since
previous studies show that PV systems and storage can have a positive effect on the ohmic losses, it
is interesting to use these results to study the effect of PV systems and storage on the ohmic losses in
the traction network [14][15].
Figure 6.4 shows the ohmic losses for the same system and time interval as Figure 6.2. The ohmic
losses range from almost 0% up to almost 30% of the total consumption of the substations, when the
metros are cruising or accelerating, respectively. During acceleration of themetros the ohmic losses are
at the highest point, as can be seen in Figure 6.4. The reason that the ohmic losses are so high during
acceleration lies in the quadratic relationship between the ohmic losses and the current in the traction
network, as shown by Equation 6.1. On top of that, the network voltage drops during acceleration due
to the internal resistances of the substation transformers. Due to this voltage drop, a higher current is
required to supply the same amount of power to the metro. Naturally, the position of the metro also
influences the ohmic losses due to the different distances between the substations and the metro and
thus the network losses.

𝑃𝑜ℎ𝑚𝑖𝑐𝑙𝑜𝑠𝑠 = 𝐼2 × 𝑅𝑛𝑒𝑡𝑤𝑜𝑟𝑘 (6.1)
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In total, 11.21% of the total energy supplied by the substations during a day is lost due to the ohmic
losses. This amount could be lowered by for instance installing more substations, replacing the substa
tion transformers with more efficient transformers with also lower internal resistances, increasing the
network voltage or by replacing the rails with better conducting materials. But also PV and storage can
contribute to the lowering of ohmic losses, as will be discussed in Section 6.2 and 6.4. In Appendix C,
the power consumption and the ohmic losses for an entire day are shown in Figure C.1.
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Figure 6.4: Power consumption of substations compared to ohmic losses
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6.2 Traction network with PV
Now that the results for the conventional traction network are known, the next step is to investigate the
effect of connecting a PV system to the traction network. In this chapter, the results for a PV system
connected to the traction network at the pilot location will be discussed.
To simulate this connection, various PV power output profiles are created using PVsyst [52]. This is
a simulation program that can accurately simulate PV systems, including meteorological influences at
the pilot location, loss mechanisms and accurate results for the energy yield. For these simulations,
south facing PV systems are considered, as well as PV systems with an eastwest configuration with
different tilt angles. For the south facing system the optimal tilt angle for the pilot location is used,
which is 40°. Different PV system sizes are simulated with size steps of around 200 𝑘𝑊𝑝, because for
these simulations the specifications of the DC/DC converter as described in Section 3.1.2 are used for
the simulations. This DC/DC converter has a maximum power limit of 200 𝑘𝑊, but multiple of these
converters can work in parallel. To give an idea of how much this is in comparison with the power
consumption of in the traction network, the average energy generation of PV system of about 10000
𝑘𝑊𝑝 would cover the entire energy consumption of the modelled traction network during a day. The
PV power profile obtained with the PVsyst simulations is from the DC output of the PV array. For the
daily profile, the yearly average is used. Mutual shading losses caused between PV modules are not
considered in this section. In the model, the PV system is connected at the pilot location as discussed
in Section 2.3.
In Section 6.2.1 and 6.2.2, the effects of the PV system when there is a normal consumption/low gen
eration in the adjacent power sections, as well as when there is a low consumption/high generation in
the adjacent power sections, respectively, are discussed. This is done to account for the fact that in
the future more PV systems may be connected in the adjacent sections of the traction network. This
will be further explained in Section 6.2.2.

6.2.1 Normal power consumption in adjacent power sections
In this section, the results from the simulations of a PV system connected at the pilot location are
discussed, with the assumption that a part of the superfluous power can flow to the power sections
adjacent to the three sections that are modelled around the pilot location. This simulates the fact that
there may be no, or not enough consumption in the section of the point of connection (PoC) to consume
the PV power, but there is always a consumer in the network further away. For the simulations, the
model as discussed in Section 4.2 and the control strategy as discussed in Section 5.1 are used.

South facing PV systems
The results for the simulations with different PV systems facing south with a tilt of 40° are shown in
Table 6.1. The first column shows the size of the PV system in terms of installed power. The second
column shows the average energy yield per day, at the DC side of the PV array. The third and fourth
column shows howmuch of the energy that is produced by the PV system operating at maximum power
point (MPP) can actually be supplied to the traction network. For this experiment, it is assumed that
the efficiency of the DC/DC converter between the PV system and the traction network is 100%.

Table 6.1: Results south facing PV systems

System
Size Yield/Day To Network To Network Energy

Saving
Energy Saving

[%/Yield]
Energy Saving
[%/Supplied]

202 kWp 561 kWh 465 kWh 83.0% 483 kWh 86.1% 103.9%
405 kWp 1118 kWh 915 kWh 81.8% 942 kWh 84.3% 103.0%
597 kWp 1647 kWh 1338 kWh 81.2% 1420 kWh 86.4% 106.3%
799 kWp 2209 kWh 1777 kWh 80.4% 1890kWh 85.6% 106.5%

The fourth column is a good indication of the mismatch between the PV generation and the load.
Although the biggest PV system from this table produces 6.3% of the total energy demand in the traction
network, the PV systems are only able to supply up to 83% of the generated energy to the traction
network. This illustrates how complex it is to match the load profile of the traction network with the PV
generation profile. Figure 6.5 shows this problem in more detail. Here the power consumption of the
substations is depicted together with the amount of PV power supplied to the traction network, during
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a 5 minute time interval. For this figure, the results for the 597 𝑘𝑊𝑝 south facing PV system is used. In
this figure one can see that the delivered PV power drops to zero when the load is less than the MPP
of the PV system. This is a problem, because during this moments the potential PV power production
is wasted. For this particular PV system, 18.8% of the PV energy that could have been supplied to the
traction system is wasted due to the power mismatch.
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Figure 6.5: Power consumption of substations compared to PV power supplied to traction network

Column six of Table 6.1 shows how much the energy consumption of the substations is decreased,
as a percentage of the normal energy yield of the PV system. Interestingly, this percentage is higher
than the percentage of PV energy supplied to the traction network. The seventh column, showing the
energy savings as a percentage of the amount of supplied PV energy to the traction network, confirms
this fact. In other words, more energy is saved than supplied to the network by the PV system. This
can be explained by the fact that the voltage between two substations is increased and consequently
the ohmic losses are decreased [14].
Figure 6.6 shows the voltage and ohmic losses for a traction system with and without a 597 𝑘𝑊𝑝 south
facing PV system connected, during a 10 minutes time interval. The upper graph shows the traction
network voltage at the point where the PV systems is connected, or would have been connected. A
threshold voltage level of 895 𝑉 is indicated by the horizontal red line. Above this voltage, the PV sys
tem power output is curtailed, to prevent a further increase of the voltage. One can see, that for the
case with a PV system connected, indicated by the orange line, the voltage is indeed increased, as
long as the voltage is below 895 𝑉. Above 895 𝑉, the voltage remains the same as in the case without
PV, as it should be. Not only does this confirm a correct behaviour of the PV system, it also shows that
the PV system is able to slightly increase the voltage level of the traction system.
In the bottom graph of Figure 6.6, the ohmic losses for the same time interval are depicted. Here, one
can see that the ohmic losses during acceleration of the metros (the peaks in the graph) are slightly de
creased, when a PV system is connected. However, the ohmic losses are not always decreased when
a PV system is connected. In fact, during some periods of relatively low power demands, the ohmic
losses are actually higher. This is because during those periods, the PV power has to be transported
to metros further away, whereas when a substation nearby would have delivered the same power, the
ohmic losses would have been lower due to the shorter distance. Nevertheless, with this PV system,
during an entire day, the total ohmic losses are decreased with 1.5%.
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Figure 6.6: Voltage and ohmic losses after PV connection

Eastwest oriented PV systems
As shown in Table 6.1, the PV generation only matches the load up to 83%. In an attempt to increase
this percentage, different PV systems with an eastwest configuration, likes shown in Figure 6.7a, are
simulated. Using an eastwest configuration, the power output of the PV system can be spread more
evenly during the day, like shown in Figure 6.7b. The peak PV power output is decreased, but during
the metro rush hours the PV power output is increased, which is beneficial for the power matching [57].

(a) Eastwest oriented PV system [58] (b) Effect on PV power output [59]

Figure 6.7: Eastwest configuration for PV systems

Table 6.2 shows some results for different PV system sizes and different eastwest configurations.
Column one shows the installed power for each PV system and column two shows the tilt angle of the
eastwest oriented PV modules. Column five shows the percentage of generated PV energy that could
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be delivered to the traction network. Comparing these results with Table 6.1, one can see that these
percentages are slightly increased. Therefore, using eastwest configured PV systems will increase
the power match. However, the total PV energy generation is decreased, because the eastwest con
figuration is less optimal in terms of total energy yield, as can be seen in column three of Table 6.2.
Due to this in total less PV energy is delivered to the traction network, as can be seen in column four.
Therefore, in this situation it is not recommended to use eastwest oriented PV systems instead of
south facing PV systems.

Table 6.2: Results eastwest oriented PV systems

System Size Tilt Angle Yield/Day To Network To Network
202 kWp 20° 475 kWh 395 kWh 83.1%
202 kWp 35° 456 kWh 379 kWh 83.2%
597 kWp 20° 1402 kWh 1145 kWh 81.7%
597 kWp 35° 1344 kWh 1103 kWh 82.0%

6.2.2 Low power consumption in adjacent network
In this section, again different connected PV systems are considered, but with the assumption that
(almost) no superfluous power from the PV system can flow to power sections of the traction network
adjacent to the 3 sections that are modelled around the pilot location. This is to account for the fact that
in the future additional PV systems may be connected to the sections adjacent to the sections that are
considered for the pilot. Therefore, in the following simulations, the power exchange only happens in
3 sections (so including 4 power substations in total). This also allows for a design specifically scaled
for the power consumption in the area around the pilot location. This prevents an oversized PV system
where generated power has to be transported along larger distances, resulting in more wasted PV
power due to ohmic losses. It is for this reason better to design the PV system specifically for the
power consumption at the location where it is installed and have more PV systems distributed along
the traction network, instead of one big PV system.

South facing PV systems

Table 6.3 shows the results for south facing PV systems connected to the traction network, with the
power consumption of only three sections. What immediately stands out from this table is the lower
percentage of PV energy that could be delivered to the traction network. Figure 6.8 visualises this
problem by comparing the power consumption of the substations without a PV system connected, with
the PV power that is supplied to a traction network by a 597 𝑘𝑊𝑝 south facing PV system. Here, one
can clearly see that during high irradiation (which is the case for the time interval shown in the figure),
almost 50% of the time the PV system is not able to supply power to the traction network. All in all, the
results show that a solution is needed to solve the mismatch problem.

Table 6.3: Results south facing PV systems

System
Size Yield/Day To Network To Network Energy

Saving
Energy Saving

[%/Yield]
Energy Saving
[%/Supplied]

202 kWp 561 kWh 347 kWh 61.9% 355 kWh 63.3% 102.3%
405 kWp 1118 kWh 654 kWh 58.5% 701 kWh 62.7% 107.2%
597 kWp 1647 kWh 889 kWh 54.0% 974 kWh 59.2% 109.6%
799 kWp 2209 kWh 1138 kWh 51.5% 1333 kWh 60.3% 117.1%
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Figure 6.8: Power consumption of substations compared to PV power supplied to traction network

Although the mismatch between load and generation is in this case rather high, the effect on the de
crease of ohmic losses is slightly better than for the case discussed in Section 6.2.1. Comparing Table
6.1 and 6.3, one can see that the saved energy as a percentage of the (supplied) PV power is higher in
Table 6.3. This is because in the scenario discussed in this section, no PV power is supplied to power
section further away and therefore less PV power is lost due to the ohmic losses for higher distance
power transportation. But still, the energy savings are lower due to the power mismatch.
Another interesting result is that the energy savings as a percentage of the supplied PV energy strongly
increases while the power match percentage decreases and the PV system size increases. This is be
cause although larger PV systems are more often curtailed, when they are supplying energy most of
the time this is during the acceleration of the metro, because then there is enough power demand. As
shown in Figure 6.6, during this stage, the energy saving effects related to decreased ohmic losses are
the highest.

Eastwest oriented PV systems
Again, in an attempt to improve the match between power consumption and PV generation, PV systems
with an eastwest orientation, like discussed in Section 6.2.1, are simulated to study the effect on the
power match and the effect on the total saved energy. Table 6.4 shows the results for some eastwest
oriented PV systems. In this table one can see that the power match is slightly improved by using
eastwest oriented PV systems. However, the total PV energy generation is decreased, because the
eastwest configuration is less optimal in terms of total energy yield. Due to this in total less PV energy
is delivered to the traction network. Therefore, in this situation it is again not recommended to use
eastwest oriented PV systems instead of south facing PV systems, just like for the case discussed in
Section 6.2.1.

Table 6.4: Results eastwest oriented PV systems

System Size Tilt Angle Yield/Day To Network To Network
202 kWp 20° 475 kWh 294 kWh 61.9%
202 kWp 35° 456 kWh 283 kWh 62.0%
597 kWp 20° 1402 kWh 784 kWh 55.9%
597 kWp 35° 1344 kWh 769 kWh 57.2%

6.2.3 Decreased consumption
Due to the corona pandemic, in 2020 the amount of travellers using public transit significantly de
creased. The amount of travellers using the metro in Amsterdam almost halved [3]. Public transport
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companies therefore changed their timetables accordingly. This inspired to include the effect on the
output of the PV system in the scenario that the amount of metro rides during a day is halved. This
gives insight in the effects on the energy efficiency of such an decision, but also shows how a traction
system would perform in areas where the frequency of metro rides is lower. In this section the results
for this scenario will be briefly discussed.
Table 6.5 shows some results for this scenario, for different PV system sizes and different PV module
orientations. For the simulations, halve of the metro rides in the train plan are omitted. During the
simulations, no power transfer between the three power sections around the pilot location and the rest
of the network occurs, like discussed in Section 6.2.2. In column 2 of the table the configuration of the
PV systems is shown, including the tilt angle and the orientation, where S indicates south faced and
EW indicates eastwest orientation.

Table 6.5: Results for halved power consumption

System
Size Configuration Yield/Day To Network To Network

202 kWp S, 40° 561 kWh 53.0% 297 kWh
202 kWp EW, 20° 475 kWh 53.6% 254 kWh
202 kWp EW, 35° 456 kWh 54.0% 246 kWh
597 kWp S, 40° 1647 kWh 30.4% 501 kWh
597 kWp EW, 20° 1402 kWh 39.0% 546 kWh
597 kWp EW, 35° 1344 kWh 41.8% 561 kWh

Two main conclusions can be drawn from these results. The first is that the halving of the power con
sumption drastically worsens the power match between load and generation. The second conclusion
is that for the larger PV system of 597 𝑘𝑊𝑝, it pays of to use an eastwest orientated setup of the PV
modules. Column 5 of Table 6.5 shows that while the potential energy yield for the eastwest configured
PV systems is lower, the amount of energy that is supplied to the traction network is higher due to the
better power match.

6.2.4 Variable PV output
Another solution for the mismatch of the PV generation and the load, is to use a variable power output
for the PV system, as discussed in Section 5.1. In this way, it can be prevented that the PV power
output is curtailed during low load or high PV generation.
Figure 6.9 shows the amount of PV power supplied to the traction network for a 597 𝑘𝑊𝑝 south facing
PV system, with either a binary PV power output control or variable PV power output control. Both
control strategies are explained in Section 5.1. Also, the power consumption of the substations, in
the scenario that no PV system is connected to the traction network, is shown to compare the PV
power generation with the load. A zoomedin version of Figure 6.9 is shown in Figure 6.10 for a better
visualisation of the amount of PV power that is supplied to the traction network. Here, one can clearly
see that the PV system with variable PV power output control is able to supply more power to the
traction network, by following the power demand and adjusting the PV system output accordingly. In
this way, the PV system is able to supply 22.1%more energy to the traction network during a day, which
is a significant increase.
The effect for different PV system sizes is shown in Table 6.6. In this table, the amount of PV energy
that can be delivered to the traction network as a percentage of the maximum PV energy generation
during a day for that particular PV system is shown, for the two different control methods. For these
calculations, the same PV systems and settings are used as described in Section 6.2.2. Clearly, the
variable PV output control is a very promising method for increasing the amount of PV energy that can
be supplied to the traction network. However, implementing this control accurately can be challenging.
Since the only reference for the control is the traction network voltage, it is hard to estimate the amount
of PV power that can be supplied to the traction network, without increasing the network voltage too
much. Therefore for the results in the other parts of this report, the binary PV power output control is
used. Nevertheless, this method is worth serious consideration and further research.
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Figure 6.9: Power consumption of substations compared to PV power supplied to traction network
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Figure 6.10: Power consumption of substations compared to PV power supplied to traction network

Table 6.6: Results for different south facing PV systems

System Size Yield/Day To Network
Binary Output

To Network
Variable Output

202 kWp 561 kWh 61.9% 70.3%
405 kWp 1118 kWh 58.5% 69.3%
597 kWp 1647 kWh 54.0% 65.9%

Although using the variable PV output power control method is a good way to increase the amount of
PV power that can be supplied to the traction network, still the maximum amount that can be delivered
for the three different PV system sizes is only 70.3%. Hence still almost 30% of PV energy is lost due
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to the power mismatch. In the following sections, other options to prevent this waste of PV energy will
be discussed.
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6.3 Traction network with inverter

As discussed in Section 3.1.4, an inverter in a substation can be used to recuperate any surplus of en
ergy, either generated by the PV system or because of the regenerative braking. The inverter will feed
the surplus of energy back to the grid to save electricity costs and to allow for a useful destination of the
energy. For the simulation results discussed in this section, an inverter model is used in the substation
that is closest to the PV system, as discussed in Section 4.3, to minimise ohmic losses between the
PV system and the inverter. For the following results, the INGEBER inverter with a maximum power
capacity of 1.5𝑀𝑊 is used as a reference [60], also shown in Figure 6.11. However some numbers for
different power capacities are given as well. The conversion efficiencies are assumed to be 100%.

Figure 6.11: 1.5 𝑀𝑊 INGEBER inverter [60]

6.3.1 Inverter without PV

Figure 6.12 shows the amount of braking energy that can be recuperated using the 1.5 𝑀𝑊 inverter,
during a regular weekday, assuming no power exchange between the three power sections around the
pilot location and the rest of the traction network. During the simulation no PV system is connected to
the traction network. For the 1.5𝑀𝑊 inverter, a total of 2294 𝑘𝑊ℎ can be recuperated, which is 8.9%
of the total energy consumption and 35% of the total regenerated braking energy. This is energy that
would otherwise have beenwasted in the braking resistors of themetros. Therefore, it can be concluded
that even without a PV system connected to the traction network it might already be profitable to install
an inverter to recuperate braking energy.
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Figure 6.12: Braking energy recuperated by the inverter during a weekday

To show the operating principle of the inverter, Figure 6.13 depicts both the power consumption of the
substations and the amount of inverted power, during a 15 minutes interval from 07:15 until 07:30.
Here one can clearly see that were the the power consumption is zero, the inverter is operating. At
these moments a metro is braking and thus producing electrical energy using regenerative braking. At
these moments the amount of generated power is more than the power demand and therefore there is
a surplus. This surplus is recuperated by the inverter and fed to the 10.5 𝑘𝑉 grid, shown by the orange
line in the figure.
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Figure 6.13: Power consumption substations vs recuperated power by inverter

The power flow in the inverter is in this case limited to 1.5 𝑀𝑊. However, also inverters with a smaller
maximum power rating are available on the market, for instance the ERS750 inverter produced by
ABB, with a maximal power rating of 1.15 𝑀𝑊 [61]. If the amount of surplus power is higher than the
maximum power rating of the inverter, some energy will be lost. Therefore, for lower power ratings,
the potential amount of recuperated energy will be lower. Figure 6.14 shows the relation between the
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maximum power rating of an inverter in𝑀𝑊 and the potential amount of energy that can be recuperated
in 𝑘𝑊ℎ. As can be seen in this figure, the total amount of energy that can be recuperated during a day
almost saturates at 1.5 𝑀𝑊. Table 6.7 show a comparison between the amount of energy that can be
recuperated by the 1.5 𝑀𝑊 inverter and the 1.15 𝑀𝑊 inverter during a day. Interestingly, decreasing
the maximum power rating of the inverter with 23.3% only results in a decrease of recuperated energy
of 1.74%. Therefore, in this case it might be more economical to choose a smaller inverter than the 1.5
𝑀𝑊 inverter.
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Figure 6.14: Relation between potential recuperated energy and maximum power rating of the inverter

Table 6.7: Comparison potential recuperated energy for different inverters

1.5 MW
inverter

1.15 MW
inverter

Recuperated
Energy [kWh] 2294 2254

When braking energy is able to flow to power section adjacent to the three sections discussed in this
section, an even smaller inverter can be used. Figure 6.15 again shows the relation between the
maximum power rating of an inverter in𝑀𝑊 and the potential amount of energy that can be recuperated
in 𝑘𝑊ℎ, but now for the case that part of the braking energy is able to flow to power sections adjacent
to the three section discussed in this section. In this figure one can clearly that less braking energy has
to be recuperated from the traction network and that a smaller inverter can be used.
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Figure 6.15: Relation between potential recuperated energy and maximum power rating of the inverter

6.3.2 PV + Inverter
Now that the results for a traction system with a PV system connected and with an inverter connected
are discussed, it is time to study the results for a traction system with both a PV system as well as an
inverter connected.
Just like in Section 6.2, in this section the results for the traction network with an inverter and PV system
connected are discussed, when there is a normal consumption/low generation in the adjacent power
sections, as well as when there is a low consumption/high generation in the adjacent power sections,
respectively.

High consumption in adjacent network
First the results are given in the scenario that part of the surplus power is able to flow to the rest of
the network. For the simulations, a model of a 1.5 𝑀𝑊 inverter is used. Table 6.8 shows an overview
of these results. What immediately stands out from this table is the drastic increase of PV power that
could be supplied to the traction network. Therefore, combining PV systems with an inverter is a good
solution for solving the power mismatch between the load and generation. Column 7 of the table shows
the total energy saving, which is a combination of the decreased energy consumption in the traction
network and the amount of recuperated energy.

Table 6.8: Results for different south facing PV systems and inverter

PV System
Size Yield/Day To Network To Network Energy

Saving
Recuperated

Energy
Total energy

Saving
202 kWp 561 kWh 534 kWh 95.2% 492 kWh 641 kWh 1133 kWh
405 kWp 1118 kWh 915 kWh 97.6% 1034 kWh 704 kWh 1738 kWh
597 kWp 1647 kWh 1338 kWh 94.1% 1508 kWh 732 kWh 2240 kWh

In Figure 6.16 the amount of energy that can be recuperated versus the maximum power rating of the
inverter is shown again. In this graph, the amount of energy that can be recuperated for PV systems
with different sizes connected to the traction network are shown. This graph can be used to determine
what would be an appropriate inverter for this scenario. Clearly, in this case an inverter with a lower
power rating could have been used than the 1.5 𝑀𝑊 inverter used in the simulations discussed in this
section, which would have been more costeffective.
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Figure 6.16: Relation between potential recuperated energy and maximum power rating of the inverter

Low consumption in adjacent network
Now, the results for the scenario when there is no power exchange between the three power sections
around the pilot location and the rest of the network are discussed. The results are shown in Table
6.9. In this scenario, again, the amount of PV energy that could be supplied to the traction network is
significantly increased. However still approximately 15% of the PV energy is lost due to powermismatch
Again, in Figure 6.17 the amount of energy that can be recuperated versus the maximum power rating
of the inverter is shown. Like discussed in Section 6.3.1, the maximum power rating of the inverter
could have been decreased to 1.15 𝑀𝑊 while loosing only little recuperated energy compared to the
decrease in maximum power rating.

Table 6.9: Results for different south facing PV systems and inverter

PV System
Size Yield/Day To Network To Network Energy

Saving
Recuperated

Energy
Total energy

Saving
202 kWp 561 kWh 477 kWh 85.1% 422 kWh 2399 kWh 2821 kWh
405 kWp 1118 kWh 933 kWh 83.4% 799 kWh 2506 kWh 3305 kWh
597 kWp 1647 kWh 1390 kWh 84.4% 1129 kWh 2663 kWh 3792 kWh
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Figure 6.17: Relation between potential recuperated energy and maximum power rating of the inverter

6.4 Storage
In this section the results for a traction system with an energy storage system (ESS) connected is
discussed. For the results discussed in this section, simulations are done using the model shown in
Chapter 4 and the control strategy discussed in Chapter 5. No conversion losses are considered in the
simulations. The simulations that will be discussed are done to show what ESS could potentially do to
the energy efficiency of the traction network in Amsterdam. Due to time limitations during the thesis
project, only few simulations could be done. Therefore, this chapter only briedly discusses the results
and potential of ESS. However, considering the positive effects of ESS, as will be explained, the usage
of ESS deserves more research.

6.4.1 ESS without PV
First, the potential for ESS connected to the traction network without PV will be discussed. For the sim
ulations, the ESS will be connected at the pilot location. The model and control strategy as discussed
in Chapter 4 and 5, respectively, are used for the simulations.
Figure 6.18 shows the positive effect of an ESS on the voltage of the traction network during a time
interval of 10 minutes. In this Figure, one can clearly see that above 900 𝑉, the voltage is reduced
by absorbing (braking) energy from the traction network, which is stored in the ESS. Below 900 𝑉, the
voltage is increased by releasing this energy again. Due to this voltage increase, the ohmic losses in
the network are decreased.

Figure 6.19 shows the state of charge for the same ESS during a day. Here one can see, that the
ESS is mostly discharged during rush hours and charged again during more quiet hours of the day.
Between 01:00 and 06:00 AM, the SOC is constant because at that moment no metros are operational.
By storing and releasing the braking energy, in this simulation, the total energy consumption of the trac
tion network during a day was decreased with 2.45%. This proves the energy saving effect that ESS
can have for a traction network. For this simulation, a 90 kWh battery was used which was able to store
energy for a longer time period, as can be seen in Figure 6.19.
To estimate a proper size for ESS in the traction network, the power profile of the modelled traction
network is used. From this profile, a time interval with the largest amount of braking energy for the
longest amount of time was selected as a reference, to make sure that no braking energy is lost for
every moment of the day. From this calculation it is estimated that an ESS of 13 kWhwould be sufficient.
This includes an extra 20% to prevent a too deep discharge of the ESS. Also, it is assumed that the
stored energy is released right after the metros have stop braking, to be able to store energy again
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Figure 6.18: Traction network voltage with ESS
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Figure 6.19: State of charge of the ESS during a day

when metros are braking again. The maximum power that had to be handled by the ESS is around 1.6
𝑀𝑊.

6.4.2 ESS with PV
In this section, a proper size for the ESS will be estimated again, but now for a traction network including
a PV system as well. Too make sure no braking energy is lost, as well as no PV energy, the ESS size
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has to be increased. For this calculation, the power profile of the traction network is used again, as well
as the power generation profile of a PV system, for instance for a 597 𝑘𝑊𝑝 PV system. The estimated
required ESS size is in this case 16 kWh, including an extra 20% again. This is sufficient to store
braking energy as well as PV energy during high solar irradiation. Again, it is assumed that the stored
energy is released again right after it is stored, during high power demand. In other words, the ESS size
calculation is done for short term storage. Themaximum power that had to be handled when a 597 𝑘𝑊𝑝
PV system was connected, was around 1.8 𝑀𝑊. Considering this high power flow, ESS with super
capacitor technology is recommended, because of the high power density of this technology. Also
because of the many discharge cycles, as shown in Figure 6.19, supercapacitors are recommended
because this technology has a higher cycle life, as discussed in Chapter 3.
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Case Study

Although it is very interesting to study the technical opportunities to make the metro traction network
more sustainable, it is important to look at the financial aspects as well. In the end, any system will
only be really implemented if a positive business case goes along with it. Therefore, in this chapter, a
system is advised and a case study is done for this system to discover whether the proposed system
is economically feasible. The choice for the proposed system is made based on the results discussed
in Chapter 6.

7.1 The PV system
Choosing the right PV system size is a difficult tradeoff between the desire to make the traction network
more sustainable, while also being realistic about the efficiency and performance of the PV system.
The results in Chapter 6 show that for every increase of the PV system size, more energy is lost due
to power mismatch. Considering this fact, as well as the fact that there is no experience with PV
systems connected to the DC side of a metro traction network, it is recommended that the pilot starts
with a PV system that is not too large. At the same time, when using the 200 𝑘𝑊 DC/DC converter,
it would not be costeffective to use a too small PV system and only use a small part of the DC/DC
converter power capacity. Therefore, based on the aforementioned considerations and the results
discussed in this report, a PV system is recommended with a size of 200 𝑘𝑊𝑝 of installed power. The
advised orientation of the PV system is towards the south, since from the results in Chapter 6 it could
be concluded that eastwest configured PV systems of 200 𝑘𝑊𝑝 would not increase the amount of PV
energy supplied to the traction network.
For this case study, a 300 𝑊𝑝 polycrystalline PV module manufactured by Canadian Solar Inc. will
be used, which is shown in Figure 7.1a [62]. This is a PV module that has a good availability on the
European market with a competitive price [63]. Although polycrystalline PV modules have a lower
efficiency compared to monocrystalline PV modules, polycrystalline PV modules have been chosen,
because the lower price per𝑊𝑝. This parameter is more important than the efficiency, because the land
that will be used for the PV system is already owned by the municipality of Amsterdam and therefore
the extra land that is required due to the lower efficiency is not a problem. Moreover, for this PV system
size plenty of land is available at the pilot location.
The PV modules will be oriented to the south, for maximum energy yield. Because of the abundance
of space, the PV module rows, or sheds will be spaced 5 meters from each other to minimise mutual
shading losses caused by the PV modules. For this setup, the most optimum tilt of the PV module in
terms of energy yield is 33°. This setup of the PV system is shown in Figure 7.1b. The ground coverage
ratio of the PV system is 33.5%. The space needed for the PV system, including the space between
the PV sheds, is approximately 3300 𝑚2. This is about a third of the land that is available at the pilot
location. This leaves room for additional PV systems in the future, when more experimental results are
available, the density of metro traffic and the traction network energy consumption has grown or when
additional solutions like storage have been installed.

53
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(a) 300𝑊𝑝 PV module by Canadian Solar
Inc. [62]

(b) Spacing and orientation of the PV system[52]

Figure 7.1: The chosen PV module and setup

To account for the shading losses caused by surrounding obstacles like buildings, the skyline profile is
analysed using LiDAR data from the AHN database, which has an elevation map of the Netherlands,
including objects like buildings, which is publicly available on the internet [24]. This data is then pro
cessed to obtain the skyline profile for the pilot location [64]. The resulting profile is shown in Figure 7.2.
Here one can see that the skyline is relatively clear of obstacles. The profile is used in the simulations
with PVsyst to account for the shading losses.
The main results from the PVsyst simulation are shown in Appendix D. The effective energy at the out
put of the PV array is used to determine the PV profile used in the simulations of the traction network
with the PV system. The PV generation profiles for different seasons have been simulated to account
for seasonal influences.

Figure 7.2: Horizon profile of pilot location

7.2 Additional equipment
To connect the PV system to the metro traction network, a DC/DC converter is required. For this case
study, the 200 𝑘𝑊 DC/DC converter manufactured by Elektroline (a company specialised in compo
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nents for traction systems) is used as a reference for the model[65]. This company claimed that the
DC/DC converter has a conversion efficiency of 90%. The conversion losses related to this efficiency
are included in the simulations.
Further, to partially solve the mismatch problem between PV generation and the load, an inverter is
included in the model to minimise the mismatch losses by recuperating the surplus of PV energy. More
over, as discussed in Section 6.3, the inverter proved to be a interesting option to recuperate the surplus
of braking energy. Based on the results in Section 6.3, an inverter with a maximum power rating of
1.15 𝑀𝑊 is chosen. Although some energy will be lost due to the power limit of the inverter, it is not
cost effective to choose an inverter with a higher power rating, since the inverter power rating would
have to be increased significantly to recuperate only a small amount of extra energy.
The inverter that is chosen for the case study is the ERS 750 IGBT inverter manufactured by ABB [61].
This inverter has an efficiency of 97.5%. The inverter is shown in Figure 7.3a. Because the inverter
can be connected antiparallel to the rectifier unit in the substation, this device is very suitable for ex
pansion of the existing substations, instead of having to replace the entire rectifier unit. This is shown
in Figure 7.3b. The costs of required components for the installation of the systems are included in the
cost calculations.

(a) ERS 750 IGBT inverter manufactured by
ABB

(b) Proposed ERS configuration by ABB

Figure 7.3: ERS inverter and proposed implementation by ABB [61]

7.3 Results
For this case study, three different systems will be simulated. The study focuses on the pilot location
discussed in Section 2.3. First the traction network with only an inverter connected in a substation will
be simulated. Secondly, the traction network with only a PV system connected will be simulated. Lastly,
the a combination of the two is simulated.
The simulations are done with the assumption that there is almost no power exchange between the
three power sections around the pilot location and the sections adjacent to these sections, further
away. The results for the three different systems are shown in Table 7.1. In this table, the energy
savings using the different systems for an entire year are shown. To calculate these energy savings,
the traction network with PV system is simulated for different seasons, to include the seasonal effects
on the PV yield. The PV yield shown in Table 7.1 is the total amount of PV energy that is supplied to
the traction network during a year. The energy saving is the total reduction of energy consumption in
the traction network. The total energy savings column is the sum of the energy consumption reduction
in the traction network and the amount of recuperated energy. This sum is used to calculate the profits
of the systems. Note that these are the energy savings for the first year. In the following years the PV
yield will be slightly lower due to the degradation of the PV modules.
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Table 7.1: Energy savings of the different systems for a year

System PV yield Energy Saving Recuperated Energy Total Energy
Saving

Only PV 105 MWh 123 MWh 0 MWh 123 MWh
Only Inverter 0 MWh 0 MWh 780 MWh 780 MWh
PV + Inverter 134 MWh 93 MWh 829 MWh 922 MWh

7.4 Economical evaluation
In this section, an estimation for the profits and return of investment is made. To calculate the return of
investment of the systems discussed in this chapter, first the costs of the different components required
for the system have to be estimated. Also additional costs like insurance have to be considered.
First, the costs for the PV system are estimated. Because the DC/DC converter required for the PV sys
tem is not yet available on the market, the price is estimated by using the costs of 200 𝑘𝑊 DC/AC solar
inverters [66][67]. Using this information, the price is estimated to be €9,000.. For the PV modules,
a price of €84. per module is used [63]. This results in a total price of €56,028. for the PV modules.
Others costs, like cabling, switches, mounting (including labour) etc. are estimated to be 26,000. [68].
The price of the ABB inverter is €220,000..
Other costs are cleaning and maintenance of the PV system (€770/year), insurance (0.21% of total
investment) and monitoring costs (€100/year). Further, a degradation of the PV system of 0.5% per
year is included in the profit calculations. For the profit calculations, an energy price of €0.078 per kWh
is used. This information is given by the metro and tram department of the municipality of Amsterdam.
All mentioned prices are without VAT.
The results are shown in Table 7.2. The second column of the table shows after how much time the
investment is earned back. As can be seen, the payback time for the PV system without inverter is very
long. This because of the high mismatch losses of the PV system operating without an inverter. For
the systems with inverter, the payback time can be significantly reduced. The third column of the table
shows the return of investment after 15 years, assuming that no components have been replaced in
this period. As can be seen, the installation of the inverter result in a significant increase of the return
of investment. In Appendix E, the costs and profit for the three different systems during 15 years is
shown in Figures E.1, E.2 and E.3.
Summarising, the integration of PV systems is only financially attractive if it is combined with an inverter.

Table 7.2: Return of investment

System Payback Time ROI
Only PV 11 years 130%

Only Inverter 4 years 403%
PV + Inverter 5 years 321%
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Conclusions

8.1 Conclusion
In this report, a comprehensive insight is given for the performance of PV systems connected to the
DCside of a metro traction network. As became clear in Chapter 6, it is a serious challenge to match
the PV generation with the load of the traction network. Because of the intermittency of the load and
the regenerated braking energy, the PV power output is curtailed for a significant amount of time. How
ever, using an inverter or ESS, the performance of the PV system was improved.
Also the additional energy saving effect related to the decreased ohmic losses in the traction network
where studied in more detail. In addition, for the proposed systems it was proven that the voltage level
of the traction network could be increased to decrease ohmic losses, without increasing the voltage too
much.

In Chapter 2, the choice for a suitable pilot location is explained. Different considerations and cri
teria for the pilot location were given to make sure that the pilot location is suitable for the installation
of PV systems. In Chapter 7, a PV system design is proposed, based on the results that are obtained
during the thesis project. The results were used to reach the most optimal performance of the PV sys
tem in term of the amount of PV energy that could be supplied to the traction network, while having a
costeffective system. Also, the expected energy yield is given for the prospected PV system, as well
as an economical evaluation. This answers research subquestion 1 from Chapter 1.

In Chapter 3, different topologies where discussed to connect the PV system to the traction network,
including additional options like an inverter and an ESS. Also, potential manufacturers for the required
equipment were discussed. In this chapter also the advantages and disadvantages of the different
topologies were given. Further, in Chapter 5, control strategies where proposed for the optimal oper
ation of different systems, while satisfying the safety requirements for the traction network. Lastly, the
effectiveness, efficiency and safety of the different systems were analysed in Chapter 6. This answers
research subquestion 2 from Chapter 1.

The potential for storage is discussed in Chapter 3 and 6. Also, an estimation was given for the ESS
size that is required to prevent any energy losses and a recommendation for the technology was given.
Further, the potential for using the grid as the ”storage”, by using an inverter was analysed in Chapter
6. This answers research subquestion 3 from Chapter 1.

The entire report aims to answer the main research question, How can the Amsterdam metro con
tribute to the acceleration of the energy transition by integrating PV systems directly on the traction
network?. Different options for the integration of PV systems where given in this report, which partly
answers this question. In Chapter 7, a concrete example of how a PV system could be integrated on
the traction network was given, including an analysis of the potential energy yield and return of invest
ment.

57
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From the study that is presented in this report, in can be concluded that the integration of PV sys
tems on the traction network is very interesting and promising, but it should also be noted that the
integration can be challenging. If the sustainability ambitions in Amsterdam are to be reached using
the integration of PV systems at the DC side of the traction network, additional devices like inverters
and/or ESS are required.

8.2 Discussion
For the simulation discussed in this report, the data for the Amsterdam metro network is used, for a
specific pilot location. Although this study focuses on the traction network of Amsterdam, the conclu
sions in this report could be used for other DC traction systems as well. However, one should keep
in mind that the differences between the traction network of Amsterdam and other networks, like the
substation voltages, location of the substations, resistances of the network, type of metro that is used,
frequency of metro stops, frequency of metro rides (train plan), environmental data, irradiation blocking
objects etc. will all influence the results discussed in this report.

As discussed in Section 4.1.2, the power consumption of the auxiliary equipment on board of the M5
metro is an estimated average, based on the characteristics of the M5 metro [49]. However, in real life,
this power load is not constant and is influenced by for example seasonal and weather influences like
the ambient temperature, humidity and the amount of light during a day. These factors have a strong
influence on loads like airconditioning and ventilation. A recent study on the power consumption of
trolley busses show a strong relation between ambient temperature and the power consumption of
auxiliary loads [69]. Also this study suggest a method to model this load using input data like relative
humidity, air temperature and solar irradiance. Although this study focuses on trolley busses, similar
conclusions can be drawn for metros. Modelling the auxiliary loads using this data as an input can
further increase the accuracy of the simulations discussed in this report.

In Chapter 6 it is explained that two different scenarios are simulated with respect to the power sec
tions of the traction network that are adjacent to the three power sections that are modelled in detail
around the pilot location. In the first scenario it is simulated that power can come from or go to sections
adjacent to the three sections that are modelled in detail and in the second scenario the power can
not come from or go to sections adjacent to the three sections that are modelled in detail. However, it
would of course be more accurate if the adjacent sections would have been modelled in detail, instead
of connecting an average load to simulate adjacent sections, or connecting no load at all. Commercially
available simulation software for traction systems could be used for this purpose. Nevertheless, the
modelling of more sections is not done in this study because it adds too much computation time to the
simulations in Simulink. Also in literature where the power flows of DC traction networks are studied,
often at most three power sections are modelled, which still results in accurate conclusions. However,
it should be kept in mind that the load of the rest of the network does influence the simulation results.
It should also be noted that the aforementioned influences also effect the results for the economical
evaluation in Chapter 7. Due to the fact that no superfluous power flows to sections further away in the
network, the amount of energy that is recuperated could be overestimated.

8.3 Future work
In Section 6.2.4, the results for a variable PV power output control method are discussed. It is shown
that this method is a promising way of increasing the amount of PV power that can be supplied to
the traction network. However, the implementation of this control method has some challenges and
requires more research to accurately match the PV power output with the load. Nevertheless, is worth
doing this since the power matching can be improved significantly, as proved in Section 6.2.4.

In Chapter 6, the potential for an ESS in the traction network is discussed. Due to time limitations,
the potential energy saving could not be analysed in great detail and only few results could be given.
For future research it is recommended to further study the potential energy savings using ESS in the
traction network of Amsterdam.

Although different options are discussed to improve the performance of PV systems connected to the
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traction network, it is recommended that more research is done on other solutions, like for example
timetable optimisation. Also, a further optimisation of the control strategies proposed in Chapter 5
could be done. Further, more research on the hardware design and control software for the DC/DC
converter between the PV system and the traction network could me done, since this is a new type of
converter which is not mature and available on the market yet for traction network applications.

Lastly, in continuation of the research done in this thesis project, the next step is to actually imple
ment the proposed system at the pilot location. By doing this, experimental results could be obtained,
which will give further insight of the performance of DCside connected PV systems and potentially
additional devices like inverters or ESS. The implementation of the PV system may also encourage
other cities to also integrate PV systems on their traction systems, which will improve the sustainability
of public transit worldwide.
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Appendix A

Power substations metro traction network Amsterdam

Figure A.1: Locations of substations
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Appendix B

Profile of free space

Figure B.1: Profile of free space
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Appendix C

Power consumption and ohmic losses

(See next page)
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Figure C.1: Power consumption and ohmic losses in traction network during an entire day



Appendix D

Main results from PVsyst simulation

(See next page)
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Appendix E

Costs and profit for three different systems

Figure E.1: Profit and costs for PV system
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Figure E.2: Profit and costs for inverter

Figure E.3: Profit and costs for PV system + inverter
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