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...what I am looking for is a little piece of love
What I have earned is the bitter taste
Of all the rotten flesh I left back seeking my revenge

I was so wrong... Remorse... Regrets...
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Abstract

The current development trend in the railway field has led to an ever increasing interest for the
energetic optimisation of railway systems (especially considering the braking phases), with a
strong attention to the mutual interactions between the loads represented by railway vehicles and
the electrical infrastructure, including all the sub-systems related to distribution and smart energy
management such as energy storage systems. The use of regenerative braking and energy storage
solutions has been investigated within light railway systems but there is a strong lack of analyses
and applications in High-Speed railway systems. The main goal of this thesis is to try to partially
fill this gap, trying to understand the energetic possibilities of High-Speed railway systems. In
this research work, an innovative coupled modelling approach suitable for the analysis of the
energetic optimisation of railway systems and based on the use of the new object oriented language
MATLAB®-Simscape™ has been developed and presents several advantages with respect to
conventional modelling tools. The proposed model has been validated considering an Italian Direct
Current High-Speed line and the High-Speed train ETR 1000. After the experimental validation,
the model has been used to perform a feasibility and an optimisation analysis, considering the use
of energy storage devices. The results obtained with the developed model show that the use of

energy recovery systems in High-Speed railway can provide great opportunities of energy savings.
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Introduction

The fears for the future depletion of petroleum stocks, the problems connected to the climate
changes due to greenhouse gases emissions and the ever growing environmental pollution in most
cities worldwide, are compelling the society to reflect on the harms produced by the huge number
of private vehicles and to try to investigate the possibility of more sustainable transport systems.
In this scenario, the use of electric public transport systems for the urban and extra-urban mobility
can play a significant role. These systems, depending on the distance, include buses, trains,
tramways and metro systems. Electric transport systems already contribute to cut down pollutant
emissions but their efficiency could be greatly enhanced.

Considering passengers transport, the most important sectors are railway, airplanes and road
vehicles. This thesis focuses on railway: nowadays it represents the most environmentally efficient
transport method but its development tendency is very far from that of the other competitors.
However, since railway can easily compete both in terms of distances and passengers volumes, the
possibility to enhance its energetic efficiency are significant and must be pursued in order to make
the presence of the human being in the planet more sustainable.

A significant solution to improve transport efficiency is given by the possibility to couple electric
motors and feeding lines with energy storage devices in order to save and reuse energy flows
otherwise dissipated: as an example, some authors [1], [2] have estimated that regenerative braking

could recover up to 40% of the total braking energy.



In a railway system, the reuse of this recovered energy and its reintroduction in the feeding
line bring with them the problem of losses management. In particular, in Italy, following
the 440/91 European directive, which required the accounting separation between carriers and
infrastructure managers, two new entities have started to operate respectively from July 2000
and July 2001: Trenitalia, which incorporated the previous Passeggeri, Trasporto Regionale and
Cargo Departments of the former Ferrovie dello Stato, and Rete Ferroviaria Italiana (RFI), which
incorporated the Infrastruttura Department. Both societies are holdings of the Ferrovie dello Stato
Italiane Spa group.

This European directive was conceived to open railway market to free competition among the
societies involved in railway transportation: in particular, in Italy, the High-Speed railway system
includes a new competitor in addition to Trenitalia, i.e. NTV (Nuovo Trasporto Viaggiatori).

To allow these competitors to adequately operate, a model to estimate the energy losses due to the
train and to the line is essential; furthermore, such model should allow to develop a strong synergy
between carriers and infrastructure managers and to reach important efficiency goals. The use of
regenerative braking goes along with the problem of losses on the line: a stationary storage device
would increment line losses and the infrastructure manager would have to take into account the
the balance between the recovered energy and the additional losses to evaluate the convenience of
regenerative braking.

Since regenerative braking has been typically applied in light railway systems, in this thesis, its
use within High-Speed railway systems has been investigated, performing a comparison among
different energy storage technologies and evaluating their feasibility and trying to detect some
strategies for the optimisation of a High-Speed system. These activities have been carried
out through the development of a coupled vehicle-line model, which allowed to evaluate both
mechanical and electrical physical quantities. The model has been developed and experimentally
validated considering two different test cases: an Italian commuter train, i.e the E 464 locomotive
with 4 Vivalto coaches, on the Firenze-Pisa-Livorno line and an Italian High-Speed train, i.e. the
ETR 1000, on the Firenze-Roma High-Speed line. The same scenarios have been used to perform

the feasibility and optimisation analyses which represented the final goals of the thesis.



This research work is part of the TESYS Rail project, an Italian research project financed by the
MIUR and involving a large number of different partners.

All the activities, including the model development and validation, have been carried out in
cooperation with many industrial and academic partners, including Italcertifer, which provided
the technical and experimental data needed for the analyses of High-Speed systems, EnginSoft,

Ansaldo STS, RFI, Te.Si.Fer., the University of Pisa and the University of Napoli Federico II.
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1.1 Railway transportation and energy market

Global Warming and, more in general, the issues related to pollution are enforcing a growing
interest to the increase of efficiency of transportation systems [3], which still represent in Europe
and in all industrial countries about 20-30% of CO, pollution sources (i.e. about 23% worldwide
and 30% in Europe, see Figures 1.1 and 1.2). This situation has been investigated by both the
Europe Environment Office [4] and the Association of American Railroads [5]; furthermore, Fridell
et al. [6] performed a number of experimental tests and found out that, in the railway sector,
a significant part of emissions is due to mechanical braking. Railway transportation represents
the most efficient transportation technology in terms of pollution and energetic efficiency, but
the continuous technological improvements accomplished by its competitors (i.e. ground and
air vehicles) are quickly reducing this gap: Figure 1.3 shows how, considering the current
development trends, by the year 2050 railway would have almost lost its advantage in terms of
pollutant emissions. Furthermore, the current market growth for High-Speed and freight sectors
in industrialized countries with high population densities would be strongly enhanced by the
improvement of the efficiency of the system. Another important aspect, which is pushing towards

a strong energy optimisation of the railway system, is the liberalization process of both energy
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Figure 1.1: CO, sources worldwide.
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and transportation markets: this process is stimulating all the stakeholders in the railway sector
(e.g. energy infrastructures and suppliers, railway infrastructures and vectors, see Figure 1.4) to
accurately measure and quantify energy consumptions and their costs. In particular, the combined

liberalization of both energy and railway sectors should give to the infrastructure managers the
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Figure 1.3: Comparison between the CO, emissions of different transport methods.
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opportunity to apply different costs to travelling trains according to the real measured energy
efficiency. Furthermore, the possibility of acquiring energy from different suppliers would allow
to optimise costs with respect to the line geographic location, to seasonal factors, involving the
availability of different resources, and, finally, to specific requirements of railway vectors/transport
managers. In this scenario, the competition between the different subjects involved in the entire
railway field and the need to respect interoperability issues established by the European Railway
Agency in the Technical Specifications for interoperability (TSI) [7], will further stimulate the

optimisation of train energy consumptions, as reported in the analysis of different methods to
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improve railway energy efficiency performed by Douglas et al. [8].

Finally, it is important to take into account the expectations from the final stakeholder of the
system: the passenger. Nowadays, the customer is ever more demanding from the transport system
and informed on environmental aspects, and a transport sector should try to meet the requirements
of its public: environmental friendliness, reliability and efficiency and finally liveability, both
within the vehicle, in the zones near the system and more in general in the planet.

Obviously, all the stakeholders involved within the railway system would push towards conflicting
requirements: however, a proper energetic efficiency optimisation could be able to satisfy all of

them.
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1.2 State of the art and literature review

In modern railway, aside from the classic considerations that should be made concerning the
traction systems and the electrical line, one of the greatest source of energy savings is the use
of regenerative braking (see Barttomiejczyk and Potom [9], who investigated the perspectives
of braking energy recovery within urban electrified transports like tramways); in particular,
the growing diffusion of trains with distributed traction systems has drastically increased the
percentage of energy that can be recovered during the train braking phase. Using regenerative
braking instead of the classical dissipative braking allows to convert a relevant part of the train
kinetic energy in electric power, without dissipating it over the pneumatic brakes friction surfaces,
with another important advantage in terms of brake maintenance costs. Furthermore, the reduced
wear and prolonged life of pneumatic brake pads and discs can produce significant benefits in
terms of pollution, since the brakes wear produce solid particles and contaminants, whose impact
on the environment is still a matter of monitoring and research: Abbasi et al. [10] analysed the
particles due to brake wear and proposed a comparison index to identify their impact, Gehrig et al.
[11] performed experimental tests in a Switzerland railway node and Salma et al. [12] performed
their experimental analyses on polluting particles near Budapest.

Figure 1.5 shows the main energy fluxes involved in a railway system, which can be classified in
traction and non-traction contributions. The infrastructure losses include both electrical substations
(i.e. ESSs) and catenary losses; the losses within the line are higher than the internal substation
losses. They depend on the system characteristics and on the number of vehicles within the line.
Auxiliary systems losses, e.g. air conditioning, are quite significant (and they would also absorb
a significant part of recovered braking energy), as well as motion resistances (both aerodynamical
and mechanical). In particular, since aerodynamic forces depends on the square of the velocity,
they represent an important contribution in High-Speed systems. Furthermore, a part of energy is
dissipated by electrical devices inefficiency, depending on speed and traction and braking efforts.
Finally, the main energy loss is due to braking and this share depends on different parameters, as

shown in Figure 1.6: in fact the energy globally dissipated during braking depends on the vehicle



1.2 State of the art and literature review 9

Gross Energy supply: 77%

Recoverable Braking
Energy 33%

\_// : ) )

MNet Traction Energy: 100%

Braking Energy

50%
M |
] \

Auxiliary Load 20% / N

. __,«/ e
Traction Losses 14% | ]
5 Braking Losses 17%
\\\...

oW
v

Motion Resistance 16%

Figure 1.5: Typical energy flows in a railway system.

kinetic energy and on the number of braking phases.

The application of regenerative braking involve the availability of a load or a storage device
(whose performances in electric vehicles have been investigated by Marr et al. [13]), able to
manage the energy recovered from the braking phase of the train: Hillmansen et al. [14] found that
a significant percentage of the railway energy consumption could be saved using proper storage
devices. Another important method to recover braking energy is the transfer of a vehicle braking
energy to another train which is accelerating, within the same line, as shown in Figure 1.7.

For the use of regenerative braking, it is important to consider two main indicators, i.e. the peak

recovered power W, .., and the mean recovered power W, ..., which can be defined as follows:

Wr,max OC M XpaxXp, (1 1)
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Wr,mean & mixyznaxﬁi- (12)

The peak power W, ... that has to be managed during regenerative braking is roughly proportional
to the maximum speed reached by the train before braking X,,,,, to the deceleration of the train
during the braking phase %, and to the train equivalent inertia m;, which takes into account also the
contributions to kinetic energy due to motors, gearboxes, axles, wheels and brake discs.

On the other hand, the mean power W, ..., that can be regenerated depends on the kinetic energy

of the train m;x>

‘e and on the braking occurrence f;, (i.e. defined as the number of braking events

with respect to travelling time).

As shown in Figure 1.6, in tramway and light urban railway, the vehicles travelling speed and
equivalent inertia are much smaller with respect to High-Speed trains, but the braking frequency
J» 1s much higher: therefore, the mean regenerated power W, ..., 1s relatively high with respect to
the peak power W,,,,,. For this reason, the power management of regenerative braking is typically
easier on tramways, metro and light urban railway with respect to High-Speed lines. Furthermore,

the length of metro and tramway lines is typically lower than conventional lines: hence it is easier



1.2 State of the art and literature review 11

to implement customized innovative solutions (e.g. the synchronization of trains accelerations and
decelerations, investigated by Pefia-Alcaraz et al. [15]). Consequently, the application of energy
storage systems on metro, tramways and, more in general, on light railway systems, has been
widely recognized as an important opportunity for energy optimisation and has been extensively
investigated by different authors, while the application of energy recovery systems in High-Speed
trains is still an open research field: Falvo et al. analysed the energy efficiency of a metro system,
comparing a Spanish and an Italian line [16] and Gonzalez-Gil et al. [17] investigated the most
important energy savings possibilities in urban railway. Research works available in literature can

be typically classified as follows:

e Energy storage systems location: energy storage systems can be stationary or installed on-
board the vehicle. Barrero et al. [18] investigated the advantages and disadvantages of on-
board and stationary energy storage devices, using a simulation tool to analyse the metro line
of Brussels, while Teymourfar et al. [19] investigated the use of stationary supercapacitors
within the Tehran metro network. The on-board configuration allows to reduce electrical line
losses and assures system autonomy with bad or discontinued current collection and even
catenary free operation. On-board devices represent a good choice for brand new vehicles
but they involve high encumbrances on-board and the increment of the vehicle total mass,
which in turn contributes to an increased wear both of rolling stock and braking devices;
furthermore, each vehicle needs its own device. On the other hand, stationary systems
connected to the infrastructure, are easier to install and maintain, avoiding additional weights
and encumbrances on vehicle, which can penalize performances and available payload for
goods and passengers. However, stationary devices involve increased line losses and the
presence of line voltage limits obliges the vehicle to cut off regenerative braking if the device
is too far; furthermore, a stationary device should be properly sized to be able to manage the
presence of more than one braking train in its proximity. Table 1.1, [20], shows the main
characteristics of a set of on-board storage devices, which have been proposed in previous
literature works, while Table 1.2, [20], shows the characteristics of stationary energy storage

systems found in literature.
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Table 1.1: On-board energy storage devices developed by railway manufactures.

Brand name Company Technology ~ Main features’ Application in urban rail Reference
MITRAC™ Bombardier EDLC PC: 300kV Commercially available. [21]
SC: 1 kWh
W: 450 kg
D: 1700 x 680 x 450
Sitras® MES Siemens EDLC PC: 288kV Commercially available. [22]
SC: 0.85 kWh
W: 820 kg
D: 2000 x 1520 x 630
ACR CAF EDLC PC: N/A Commercially available. [23]
SC: 0.8 kWh
W: 800 kg
D: N/A
STEEM Alstom EDLC PC: N/A Prototype testes Paris tramway, tested [24]
SC: 0.8 kWh from 2009 to 2010.
W: 800 kg
D: N/A

Citadis flywheel Alstom & Flywheel PC: 325 kW Prototype testes in Rotterdam in [25]
SC: 4 kWh 2004-2005.
W: 1600 kg
D: N/A
LRV Swimo Kawasaki NiMH PC: 250 kW Prototype testes in Sapporo Municipal — [26]
SC: 120 kWh Transport network, 2007-2008.
W: 3200 kg
D: N/A
LFX-300 streetcar ~ Kinki Shayro  Li-ion PC: N/A Prototype testes in Charlotte,2010. [27]
SC: 40 kWh
W: 3200 kg
D: N/A
Sitras® HES Siemens EDLC + PC: 288 + 105kV MTS light rail system in south Lisbon,  [28]
NiMH SC: 0.85+ 18 kWh in service since 2008.
W: 820 + 826 kg
D: 2000 x 1520 x 630
1670 x 1025 x 517

(") PC = Power capacity, SC = Storage capacity, W = Weight, D = Dimension (width x depth x height) in mm.

e Energy storage systems application and usage: the most typically analysed applications are
tramways or metro, where energy storage systems allow to save energy, reduce line voltage

fluctuations and optimise both energy and infrastructure costs. In particular, Teymourfar et
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al. [29] analysed the possibility to perform energy recovery within a metro network, Ceraolo
and Lutzemberger [30], using the Modelica® environment, analysed and compared different
configurations useful to increase the efficiency of tramways, Barrero et al. [31] analysed
the energetic efficiency of light railway, investigated the sizing of supercapacitors for the
Brussels tramway [32] and performed an analysis on a set of on-board supercapacitors for
a tram, evaluating also the effect of power converter (Barrero et al. [33] and Van Mierlo et
al. [34]), while Gonzélez-Gil et al. [35], [36] analysed different strategies to enhance the
energetic efficiency of urban railway systems, including regenerative braking. Furthermore,
Iannuzzi et al. [37] proposed a technique to optimise the sizing of supercapacitors for light
railway and Mir et al. [38] designed a supercapacitor storage system for tramways. The
shortage of research works concerning energy recovery in High-Speed railway applications
represents an important lack, which should be filled in order to enhance the efficiency of the

entire railway system.

e Energy storage technology: Vasebi et al. [50] developed an innovative method for the
calculation of batteries State Of Charge (i.e. S.0.C.), which is fundamental for the correct
analysis of batteries behaviour; Tsang et al. [51] proposed and validated a model for the
analysis of Li-ion batteries (which are the most suitable for the use in the railway field),
as well as Castano et al. [52]; on the contrary Zhu et al. [53] analysed the use of Pb-acid
batteries for energy storage purposes. Other researchers have studied batteries behaviour
considering their use together with other storage devices, like Trovao and Antunes [54],

who investigated the possibilities to use a hybrid storage system coupling batteries and
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Table 1.2: Stationary energy storage devices developed by railway manufactures.

Brand name = Company Technology ~ Main features' Application in urban rail Reference
Sitras® SES Siemens EDLC SV: 600/750 V Madrid and Cologne, in service since [39]
PC: 700 kW 2003; Beijing metro, in service since
SC: 2.5 kWh 2007; Toronto rail transit, in service
since 2011.
EnerGstor™  Bombardier =~ EDLC SV: 600, 750, 1500 V. N/A [40]
PC: 650 kW
SC: 1 kWh
NeoGreen® Adeneo EDLC SV: 750 V Lyon tramway, pilot project in 2011. [41]
Power (Adetel) PC: 300-1000 kW
SC: 1-4 kWh
Envistore™ Envitech EDLC SV:500-1850 V Warsaw metro, to be implemented; [42]
Energy PC: 750-4500 kW Philadelphia transit system, pilot
(ABB) SC: 0.8-16.5 kWh project in 2012 (battery-based).
Capapost Meidensha EDLC SV: N/A Hong Kong metro, to be delivered. [43]
PC: 2000 kW max
SC: N/A
Powerbridge  Piller Flywheel SV: 400, 1000 V Hannover and Rennes metro systems,  [44]
Power PC: 1000 kW pilot project in 2004 and 2010,
Systems SC: 5 kWh respectively.
GTR system  Kinetic Flywheel SV: 570-900 V London metro, pilot project in 2000; [45]
Traction PC: 200 kW New York City transit system, pilot
System SC: 1.5 kWh project in 2002; Lyon metro, pilot
project in 2003-2004.
Regen® Vycon Flywheel SV: N/A Los Angeles metro, to be delivered [46]
system PC: 500 kW
SC: N/A
Gigacell® Kawasaki NiMH SV:600,1500 V New York City Transit network, pilot ~ [47]
BPS PC: N/A project in 2010; Osaka City Subway,
SC: 150-400 kWh tested in 2007.
B-CHOP Hitachi Li-ion SV: 600/750, 1500 V. Kobe transit system, pilot project in [48]
PC: 500-2000 kW 2005 and regular service since 2007;
SC: N/A Macau metro system, to be delivered.
Intensium Saft Li-ion SV:700 V Philadelphia transit system, pilot [49]
Max PC: 900-1500 kW project in 2012.

SC: 600-400 kWh

(") SV = Supply voltage, PC = Power capacity, SC = Storage capacity.

supercapacitors, or with fuel cell-powered systems, like Guo et al. [55], who analysed the

use of batteries in a fuel cell-powered locomotive (the batteries are able to store braking
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energy and to cover transient energy requests), Paladini et al. [56], who investigated the use
of both on-board batteries and supercapacitors in a fuel cell-powered vehicle, developing a
MATLAB®-Simulink® model (the use of MATLAB®-Simulink® is typical in the analysis
of this kind of systems), and Thiounn-Guermeur [57], who developed a hybrid locomotive
which uses two different storage systems. Supercapacitors are relatively new with respect to
batteries, but it is possible to find in literature many studies concerning their behaviour, like
that by Sharma and Bhatti [58], where they proposed a detailed analysis of the characteristics
of supercapacitors and of their applications, or that by Steiner et al. [21], where they analysed
the use of on-board supercapacitors. Supercapacitors have been greatly appreciated within
light railway systems because they represent a quite good choice in presence of small braking
times. Among the many possibilities to implement energy storage, researchers have analysed
the different performances that a device could provide in different systems; an important
work is that by Kondoh et al. [59], who performed a comparison of different energy storage
systems, highlighting which technology could better suit specific applications. Finally, for
a correct use of energy storage devices it is fundamental to be aware of the subsystems
needed for their operation (see Fernao Pires et al. [60], who analysed the power electronics
devices needed by different energy storage systems to be successfully employed in electrical
systems) and also to understand the complete life cycle of the considered device; an
important analysis of this last point is provided in a work by Oliveira et al. [61], where they
investigated the environmental characteristics of energy storage devices, taking into account
their whole life cycle. A final mention should be devoted to composite flywheels: they are
characterised by a fast dynamical behaviour in terms of charge/discharge cycle, by a long
operating life and by a significant power density; however, current technology is not able
to safely operate them and avoid their explosion in case of system failure. Current energy
storage technologies differ in terms of costs, specific energy and power densities. Therefore,
the design and sizing of these systems (and of regenerative braking systems themselves) are
influenced by the adopted storage technology, especially for on-board applications where the

installation of energy storage systems is limited by interoperability issues and by weight and



1.2 State of the art and literature review

16

OPERATION TECHNOLOGIES
E Timetable Optimization Renewable Energy
[ Generation
g Smart Energy
m el Regenerative
o) Braking
I Energy Metering
= Traction
] Efficiency
w
nDﬁ Passenger Movement Reversible Substations
= in Stations
=)
f‘_‘ Reduced Power Low—Egs;gIJiiJunnel
(9] Supply Losses Comfort
g Functions
= Stations Measurement &
s ) Management
~ Parked Mode
Q ..
o Optimised -
'(B Traction Software Thermal Insulation
2 E—
5 m On-board ESS
|
o -
(4
Lighting & HVAC in
Service

Figure 1.8: Main contributions to energy savings in railway.

encumbrance constraints.

Furthermore, it is important to underline how the use of energy storage device does not represent
the only method to optimise the energetic efficiency of a railway system: as reported in Figure
1.8, [36], many possible solutions can be applied, obviously with different impacts on the system.
By way of example, since line losses depend on the square of current, it useful to avoid current
peaks due to the presence of a large number of accelerating vehicles, and the use of high voltage
systems and low resistance materials would be preferable. Another interesting perspective is
the use of Permanent Magnet Synchronous Motors, which could help reducing on-board traction
losses, and, due to the possibility to operate in a direct drive configuration, also to increment the
mechanical transmission efficiency. Obvious measures include the vehicle total mass reduction
and the optimisation of comfort systems (e.g. air conditioning), but all these techniques have to be
coupled with an accurate measurement of energy consumptions.

Finally, Figure 1.9 shows how all the energetic optimisation technical solutions interact with each
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Figure 1.9: Interactions between solutions for railway energetic optimisation.

other: two or more solutions together can both enhance or worsen the final efficiency of the
system; hence it is important to accurately analyse each system taking into account its particular
characteristics.

Through history, electric traction has prevailed as the main traction system for railway. Nowadays,
more than 70% of the Italian railway lines are electrified: this number is quite significant and, in
order to fully exploit the advantages of regenerative braking, it is important to understand the main
characteristics of the technologies involved in railway traction, braking and energy storage and the

corresponding modelling approach.

1.2.1 Traction and braking systems

Electric traction trains have used many different types of motors: until the 1980 the most used

motors were Direct Current motors, while modern trains, thanks to the strong development of
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power electronics, use mainly asynchronous Alternating Current motors.

An energetic analysis of railway performances can cover both the traction phase and the braking
one; however, traction efficiency can be interesting from a strictly electrical point of view (i.e.
considering both motors and feeding lines), while mechanical transmission systems and other
mechanical sources of losses have been thoroughly investigated and could bring their contribute
only with paradigmatic changes to the railway system itself (e.g. systems based on the use of
vacuum or magnetically levitated trains). So it is more interesting, in order to analyse the energetic
possibility of modern railway, to concentrate on the braking phase, when the mechanical energy
of the vehicle is quite high and have to be dissipated. In this scenario, electric braking, if properly
used, represents a method to improve railway efficiency with costs that are negligible with respect

to the costs of the entire system.

1.2.1.1 Braking in electric motors

Electric motors can operate as motors in the first quadrant but they are also able to operate as
generators in the fourth quadrant: this feature allows an electric vehicle to take advantage of
electric motors even in the braking phases. For the sake of synthesis, in this paragraph, braking in
an externally excited DC motor will be introduced.

Considering the electric scheme of the DC motor shown in Figure 1.10, it is possible to calculate

the armature voltage V, and the electromotive force E, as follows:

dl
Vi = kglawm + Rl + L“E’ (1.3)

E, = kplwy, (1.4)

where R, and L, are respectively the armature resistance and inductance, I, is the armature current,
wy, is the motor angular velocity (expressed in rad/s), kg motor conversion coefficient for electric
and mechanical energy and, finally, I is the current and ¢ is time. Inductive terms are equal to

zero in stationary regime; hence, from Equations 1.3 and 1.4 it is possible to obtain the following
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Figure 1.10: Electric scheme of a DC motor with series excitation.

expressions for the motor mechanical power P,, and for the mechanical torque 7, provided by the

motor to the load:

V 2
P, = E,I = kpw,| ——— | , 1.5
8 (Pw (Ra+kd30)m) ( )
2
P, Va
Tp=—"=kp|——] . 1.6
W gzs(Ra+kQ§cum) (1.6)

During the braking phase the Direct Current motor operates as a generator, allowing the vehicle
to transform the mechanical energy, that should be dissipated in the braking event, into electrical
energy, which is sent back to the armature.

The electric power produced during the braking phase must be released on a load: it is possible
to store energy in a proper storage device or to send it back to the feeding line (i.e. regenerative
braking) or to dissipate it on a resistive load taking advantage of the Joule effect (i.e. dissipative
braking).

During the braking phase the motor power and torque change sign.

A typical DC motor needs a drive which includes the following elements:

e systems for the armature and field controls: if the excitation is separated, two different

choppers are needed to control the armature and the field magnetization voltages. The most
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typical drive solution is denoted as impressed voltage and includes an upstream DC BUS

which feeds the converters that regulate the electrical quantities of the controlled loads;

e a braking chopper which is connected to the DC BUS and handles the power sent back to

the drive during the braking phase;

e a supply system, which can operate both in DC or AC configurations. With a DC
supply system the current is directly picked up from the feeding line (eventually using an
intermediate chopper with a DC BUS to stabilize the voltage level); otherwise, with an AC

supply system, the use of a transformer is mandatory;

e filters: the use of capacitive, inductive or LC filters is necessary to cut out the harmonics due

to the large number of conversion stages.

The use of a step up chopper is needed during the braking phase: in fact, during the motor operation
as a generator, the power is transferred from the armature to the line and the line voltage is usually
higher than the voltage generated by the brake.

The regenerated current /, can be calculated as the ratio between the motor braking torque and the

electric constant k,:

ﬂ

I, =2 (1.7)

k_e;

it is then possible to calculate the motor voltage as follows:
Vo=E, - Ru,, (1.8)

where V, represents the inlet voltage for a step up converter (e.g. a boost) which transfers the
power to a different voltage level, denoted as V.
In order to perform a complete motor control using a unique electronic device, it is then possible
to use a four-quadrant chopper (see Figure 1.11).

The four-quadrant chopper is composed of a bridge of diode-switch (which can be realized
using MOSFETs or thyristors) parallel connections which realize the step up-step down chopper
configurations needed by the drive. In particular, it is possible to implement the following

configurations (see Figure 1.11):
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Figure 1.11: Electric scheme of a four-quadrant chopper.

e T, and T, closed, T5 and T, opened: a voltage equal to Vpc is applied to the armature;

e 75 and T4 closed, Ty and T, opened: an inverted voltage equal to —Vj is applied to the

armature;

e T, and T; closed, T, and T, opened (or viceversa): a zero voltage is applied to the armature.

1.2.1.2 Pneumatic braking

Traditionally, railway vehicles can brake using pneumatic or electric braking systems. In order to
understand the advantages provided by electric braking, it is necessary to previously analyse the
operation and the drawbacks of pneumatic braking.

A pneumatic brake is a braking device which uses compressed air to control and actuate the

components that actually slow and stop the vehicle (e.g. discs). Pneumatic braking is usually
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Figure 1.12: Westinghouse pneumatic braking system.

employed as the main braking system in heavy vehicles, such as trucks and freight trains.

During the braking phase, the vehicle deceleration is caused by the pressure exerted by brake shoes
or pads on the wheels or on the discs mounted on the vehicle wheelsets.

Brake shoes and pads are moved through the brake cylinders, which are pushed by compressed air
and actuate a leverage or directly the brake. The force exerted by the compressed air which enters
the cylinders has to exceed the one exerted by a return spring. Finally, the braking action itself is
due to the friction between the moving component of the wheelset (e.g. the wheel) and the braking
device (e.g. the shoe).

The most used pneumatic braking system in railway is the Westinghouse continuous automatic
brake (see Figure 1.12). In this system, all the wagons of the train are connected through a brake
duct which contains pressurized air (the pressure is 5 bar, which is the brake release value). The
driver actuates the brake generating through a valve a pressure drop which propagates to all the
wagons through the duct and controls the air flux inside the brake cylinders. When the pressure
inside the duct goes back to 5 bar the brake is released.

The main problem due to the use of pneumatic braking is the pads and shoes wear, which generates
higher costs of maintenance and pollutant particles. For this reasons, nowadays in High-Speed
applications the use of electric braking is more diffused.

By way of example, Table 1.3 shows the brake pads wear for a High-Speed train on the Milano-
Napoli line: it is possible to highlight how the use of electric braking (i.e. using the pneumatic
brake only if the electric one is not able to fully decelerate the train or in emergency cases) has
a strong influence on pads wear and hence on maintenance costs. The data set shown in Table

1.3 is referred to a blending strategy which applies the same power to all the discs and to a mean



1.2 State of the art and literature review 23

Table 1.3: Brake pad wear for a High-Speed train.

Brake pad Operating scenario  Specific wear [%]
(a) 0.144
(b) 0.213
Jurid 707
(c) 0.104
(d) 0.136
(a) 0.100
(b) 0.143
Becorit BM47-NT
(©) 0.102
(d) 0.123

deceleration equal to 0.6 m/s?; the considered operating scenarios are the following:

e (a): service braking, 100% electric braking, feeding line 25 kV AC (v,,,,.=360km /h);
e (b): service braking, 0% electric braking, feeding line 25 kV AC (v,,,,=360km/h);
e (c): service braking, 100% electric braking, feeding line 3 kV DC (v,,,,,.=300km /h);

e (d): service braking, 0% electric braking, feeding line 3 kV DC (v,,,,=300km/h).

For both the considered brake pads, the use of electric braking can reduce the pads specific wear

up to about 30%.

1.2.1.3 Electric braking

As previously exposed, electric braking is the capability of electric motors to reduce their velocity
by switching their operation from motor to generator. Electric braking can be regenerative if the

energy thus generated is reused or dissipative if it is wasted.
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If the braking is dissipative, the electric energy sent back to the motor driver is not fed to the line or
to proper storage devices but dissipated on a proper resistance, which, in railway, is usually located
on the roof of the motorized railcar. Otherwise, in case of regenerative braking, the electric energy
is sent back to the feeding line (where it can be devoted to different uses) or stored on on-board or
stationary energy storage devices.

The current which is supplied to the feeding line causes a rise of the available energy for other
travelling vehicles on the same line span; if these vehicles do not use this energy, it can be stored
on trackside energy storage devices or received by reversible energy substations which send it back
to the grid.

The line receptivity can be defined as the ratio between the energy actually fed back to the line and
the total potential energy which could be regenerated in the braking phase:

_ Egss + E,

E, (1.9)

3

where Eggg is the energy absorbed by substations or stationary storage devices, E, is the energy
used by other accelerating vehicles and E}, is the total vehicle braking energy.

The maximum recoverable energy depends also on the line profile; however, to enhance the line
receptivity, it is possible to increase the number of trains which, at the same time, accelerates and
decelerates. In fact, in absence of storage devices, the only way to take advantage of regenerative

braking is the optimisation of timetables.

1.2.2 Energy storage devices

The most immediate solution, even if not the only one and not always the most convenient, to take
advantage of electric regenerative braking is the use of storage devices to store the electrical energy
produced by the motors during braking. In the last years, the use of energy storage devices has
been favored by the strong development of innovative storage technologies and power converters.

In the railway field, storage devices can be installed both on-board the vehicle or in parallel to the

line electrical substations. Figure 1.13 shows different scenarios for the application of regenerative
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Figure 1.13: Energy storage scenarios: (a) DC non reversible substations, (b) reversible substation,

(c) stationary storage devices, (d) on-board storage devices and (e) complete scenario.

braking: Figure 1.13(a) shows the basic configuration, with DC non reversible substations and
without energy storage devices (i.e. only other trains can take advantage of the considered vehicle
braking energy); Figure 1.13(b) shows the reversible substation scenario, in which the braking
energy can be directly sent back to the grid; Figure 1.13(c) includes stationary storage devices
connected in parallel to non reversible substations; Figure 1.13(d) shows the use of on-board energy
storage devices and finally, Figure 1.13(e) shows a mixed scenario, where both stationary and on-
board storage devices are included in the system. The systems characterised by the presence of
energy storage devices include three kind of components: the storage device itself, a converter to
handle the voltage difference between the line and the storage system and a controller to manage

the charge and discharge processes.
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The impacts expected from the use of energy storage devices are summarized in Table 1.4, which
shows the "4 Cs", i.e. the 4 fundamental challenges [62] a railway system must face: satisfy the
customer, improve the system capacity, reduce the system costs and reduce carbon emissions.

The two main parameters to evaluate the performances of a storage system are the specific energy

and the specific power:

o the specific energy is the energy that the device is able to store for unit mass and is measured
in Wh/kg; a high specific energy value is related to the possibility to store a large quantity

of energy with low weights and hence to a higher autonomy;

e the specific power is proportional to the power that the device is able to provide and is
measured in W/kg; a high specific power value is particularly useful in applications that

require high power values with peaks that greatly overtake the mean power value.

In the railway field the most typical storage devices are batteries and supercapacitors: Table 1.5

shows a comparison between the main characteristics of these systems.

1.2.2.1 Batteries

The battery is a storage device which is able to store and provide electric energy thanks to
electrochemical reversible reactions that take place between two different materials (i.e. the
electrodes) in an electrolytic solution. These reactions occur within proper receptacles denoted
as cells, which are the unitary elements that constitute a battery.

Batteries can be classified depending on the reactions inside the cells: Table 1.6 shows the
comparison in terms of performances between the most used types of batteries. In particular,

the most diffused battery types are the following:

e Pb-acid batteries: among rechargeable devices, they are the most technologically mature

and they are widely used. When the battery is fully charged, its electrodes are constituted
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Table 1.4: Energy storage devices impacts.

1.  Customer

1.1  Reduced journey time
1.2 Improved thermal conditions in subterranean railways
1.3 Reduced delays due to electric power supply disturbances
2. Capacity
2.1 Increase in electric current-carrying capacity
2.2 Higher vehicle acceleration rates
3. Cost
3.1 Reduced electricity consumption
3.1.1 Traction electricity
3.1.2  Power losses in the current conductor and electric insulators
3.1.3  Substation losses
3.1.4 HVAC energy consumption
3.2 Reduced peak power demand
3.3 Better utilisation of electrification assets
3.3.1 Lower equipment power rating
3.3.2 Reliability and life expectancy of transformer, rectifier, traction motors and current collection
equipment
3.3.3  Smaller cross section of the electric current conductor
3.3.4 Simplified stray currents protection
3.3.5 Increased spacing between power substations
3.3.6  Gradual transition to discontinuous electrification
3.4 Minimised costs of thermal conditioning of underground stations
3.5 Minimised service delays

3.5.1 Power supply interruptions

3.5.2 Improved reliability of equipment

4. Carbon - improved environmental performance

4.1
4.2
43

CO, emissions
Electromagnetic emissions of the current collection

Particle emission
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Table 1.5: Comparison between the main characteristics of batteries and supercapacitors.

Properties

Batteries

Supercapacitors

Operating principle

Specific energy [Wh/kg]
Specific power [W/kg]

Cycles/life sensitivity

Redox reactions  Electrostatic energy

High Low
Low High
Higher Lower

Table 1.6: Characteristics of the main electrochemical storage devices used for electric traction.

Battery type Specific energy  Specific power Efficiency Life (cycles)
Pb-acid 20-50 Wh/kg 25-300 W/kg 70-90 % 200-2000
Ni-Cd 30-75 Wh/kg 50-300 W/kg 60-80 % 1500-3000
Ni-MH 60-80 Wh/kg 200-250 W/kg 65-70 % 1500-3000
Li-ion 75-200 Wh/kg 100-350 W/kg 90-100 % 1000-10000
Li-Po 100-200 Wh/kg  150-300 W/kg 90-100 % 600-1500
Na-S 120-240 Wh/kg  120-230 Wh/kg  75-90 % 2000-3000
Z.EB.RA. 100-120 Wh/kg ~ 150-200 W/kg 85-90 % > 2500

of lead and lead oxide, while the electrolytic solution is a sulfuric acid solution. During the

discharge phase, both the electrodes are reduced to lead sulphate and the electrolytic solution

becomes water. The electrodes reactions can be expressed as follows:

— Anode:

— Cathode:

Pb+ S0 ——— PbS 04 + 2¢”

Pb-acid batteries take advantage of their low cost, coupled to a good efficiency, to a high

reliability and to limited self-discharge phenomena. Nevertheless, with respect to other types
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of batteries, they are characterised by a short life and low values of specific energy (even if
their specific power is good); furthermore, their performances at high temperatures are poor
(requiring the presence a temperature regulation system), they cannot be fully discharged
and their disposal is difficult, due to the presence of lead. These batteries are typically used
in low cost applications, where the low specific energy and the short life do not represent

limitations. In the railway field they are only used as backup batteries for other accumulators.

e Ni batteries: the most common Ni batteries are Nickel-Cadmium (Ni-Cd) and Nickel-Metal
Hydride (Ni-MH). In both cases, the positive electrode is nickel hydroxide and the electrolyte
is an alkaline solution. The negative electrode is made of metallic cadmium for Ni-Cd
batteries and of hydrogen, absorbed in a metal hydride, for Ni-MH batteries. The Ni-Cd

battery reactions can be expressed as follows:

— Anode:
Cd+20H — Cd(OH), + 2¢~

— Cathode:
2NiO (OH) + 2H,0 + 2¢- —— 2Ni(OH), + 20H"~

These batteries are characterised by a good reliability and need little maintenance. With
respect to Pb-acid batteries, they have higher specific energy and power and a longer life;
however, their cost is higher and their efficiency is lower. Furthermore, their self-discharge
phenomena are not negligible. In traction applications, Ni-MH batteries are mainly used as
backup devices for auxiliary systems; Ni-Cd batteries are usually avoided due to the presence

of cadmium.

e Li batteries: rechargeable lithium batteries are based on lithium ions migration from one
electrode to the other through the electrolyte. The battery reactions can be expressed as

follows:
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— Anode:

Li———— Lit+e

— Cathode:

MnO, + Li* + e — LiMnO,

The most used lithium batteries are Li-ion and Li-poly batteries. In Li-poly batteries, the
electrolyte is constituted of a solid polymeric compound, while in Li-ion batteries it is
constituted of a organic solution. The main advantages of lithium batteries are represented
by very high specific energy and specific power, high efficiency, negligible self-discharge
phenomena, reliability, long life and absence of capacitive effects. On the other hand, their
cost is quite high and they need a control system to maintain their temperature, voltage and
S.0.C. within safe limits. These batteries are usually employed in low power applications,

but their use in traction systems is quite promising.

An electrochemical storage device can be modelled according to the circuit shown in Figure 1.14
[1].

The circuit includes a voltage generator which represents the open circuit voltage (i.e. OCV); the
voltage drops are represented through an internal resistance Ry, and a RC parallel connection
which models the charge diffusion and transfer phenomena. The contribution to voltage drops due
to the RC parallel is significantly lower than that due to the resistance Ry ;.

Figures 1.15 and 1.16 show the typical charge and discharge behaviour of Li-ion batteries [63].
These Figures are referred to real high performance Li-ion batteries: it is possible to highlight the
presence of an operating range where the battery voltage is almost constant even if the §.0.C. is
varying. Through the use of proper devices, a battery should always be used in proximity of this

part of its operating range.
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Figure 1.14: Electric scheme of a Li-ion battery.
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Figure 1.15: Typical battery charge behaviour [63].
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Figure 1.16: Typical battery discharge behaviour [63].
1.2.2.2 Supercapacitors

Electric double-layer capacitors (EDLC), usually denoted as supercapacitors, are energy storage
devices which operate in the same way as conventional electrolytic capacitors: the energy is stored
in an electric field through charge separation, without chemical reactions.

Supercapacitors are characterised by the presence of a large electrodes surface, by a high
electrical permittivity dielectric element and by a low value of charge separation: thanks to these
characteristics, the specific energy of supercapacitors is higher than that of classical capacitors.
Equation 1.10 shows how energy density u (i.e. the energy that can be stored per unit volume) is

directly proportional to vacuum permittivity € and inversely proportional to the distance d between

"= %EQ(K) . (1.10)

charges:
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The absence of electrodes chemical reactions allows supercapacitors to be characterised by a very
low internal resistance, which corresponds to a high efficiency, usually about 95%. A typical
supercapacitor can usually operate for about 10° charge/discharge cycles.

Furthermore, supercapacitors can manage very fast charge/discharge cycles with high currents,
they can be fully discharged (while batteries usually suffer from full discharge cycles) and they
can operate in a wide range of environmental conditions.

The main advantage of supercapacitors, with respect to other storage systems, is their high specific
power, while the low specific energy represents their main disadvantage [64].

Another important advantage is that the state of charge of the supercapacitor, being proportional to
the voltage, can be easily measured through a simple voltage measurement.

Thanks to these features, supercapacitors are a promising solution for energy storage in railway
and high power applications; in particular, thanks to their fast dynamical behaviour, they are able
to easily handle power peaks and to stabilize the line voltage.

EDLC:s behaviour can be modelled through the circuit shown in Figure 1.17 [65]. The first branch

of the circuit includes a resistance R;.; and a capacitance C.; and represents the device behaviour

C
Vload
Rsc,l Rsc 2 Rsc,3
| i Rsc,leak
Vscl! W— —
i CSC,O kSCVSCE CSC,Z CSC,B
Sy S .
.Csc,l (V) = CSC,O + kchsc

Figure 1.17: Electric scheme of a supercapacitor.
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in the 1073+107'Hz frequency range; the second branch represents the device behaviour in the
10%+1073Hz range. The resistive branch connected in parallel represents the leakage resistance
Ryc.iear (usually about 2500+500042) related to self-discharge phenomena.

The capacitance of the first branch can be expressed as follows:
Csc,l = Csc,O + ko Vie, (11 1)

where Cj is a constant capacity term, V' is the capacitor voltage and k. is a constant.

Finally, the second branch represents the charge redistribution phenomenon.
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1.3 Object oriented modelling languages for simulation models

Most of the previously cited research works analyse (in terms of simulation, design and
optimisation) the use of energy storage systems in railway applications through simulation models

developed to reproduce the following aspects:

e An accurate simulation of the railway vehicle longitudinal dynamics with a particular

attention to power balances, especially during traction and braking phases.

e An electrical model of the overhead electrical line able to reproduce the effects of catenary
and substations equivalent impedance, according to the line topology and to the relative

positions of the loads represented by travelling trains.

In order to understand the feasibility of energy storage systems, a wide variety of different
simulation scenarios should be analysed; furthermore, a high level of customization is needed to
adapt models to different kind of railway vehicles, line layouts and operating conditions. Models
should adopt a parametric approach to perform a large number of simulations and customized
blocks must allow to be easily assembled by users with different levels of skill. Due to these
reasons, the usage of high level languages is mandatory and often proposed in more recent
works: Fernandez et al. developed a MATLAB®-Simulink® model of an electric power system
for tramways [66], Uzunoglu et al. [67] used the MATLAB®-Simulink® environment, coupled
with the SimPowerSystems tool, to analyse the behaviour of a hybrid supercapacitor system, and
Hannan et al. [68] developed a MATLAB®-Simulink® control system for the management of
the energy sources in electric vehicles. In particular, Pugi [69] and Conti [70] in recent works
adopted a modular architecture based on MATLAB®-Simulink®, which is the current standard
for the simulation of dynamical systems and the prototyping of applications involving control,
diagnostic and signal processing. One of the limits of a pure MATLAB®-Simulink® architecture,
such as that proposed in [69] and [70], is represented by the modelling compromises that have
to be introduced to preserve code modularity and numerical efficiency. In particular, redundant

integrated state are often added to the model in order to reduce algebraic loops or solve implicit
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algebraic relationships, with significant losses also in terms of accuracy. More recent object
oriented languages like Modelica® [30] or MATLAB®-Simscape™ allow the user to describe
the response of a component in terms of balance equations, following an approach which clearly
resemble the Bond-Graph one (approach also followed by Ramakrishnan et al. [71] for the analysis
of the dynamical behaviour of mechatronics systems). In particular, MATLAB®-Simscape™
allows the modelling of physical systems through a lumped parameters approach, considering
the constitutive equations of each element of the system: while a MATLAB®-Simulink® block
receives an input and, based on the mathematical operations implemented within itself, provides
an output, a MATLAB®-Simscape™ block contributes to the complete model through a set of
algebraic or differential equations. The complete system of equations is then solved applying a
symbolic approach. The MATLAB®-Simscape™ environment has a series of built-in physical
domain, each containing a set of the elements usually employed in lumped parameters modelling.
Furthermore, it is possible to develop custom domains and blocks written in the MATLAB®-
Simscape™ programming language. A MATLAB®-Simscape™ model handles physical variables,
considering also their units of measurement, while a MATLAB®-Simulink® model only handles
numerical signals; however the two environments can be completely connected, coupling blocks
developed in both ways. The main advantages of this innovative approach can be summarized as

follows:

e Optimisation of the number of integrated states: the balance equations of each component
are symbolically pre-processed in order to minimise the number of integrated states, avoiding
the usage of redundant auxiliary states; this increases the numerical efficiency of the model

and reduces the memory consumption without losses of accuracy.

e Bidirectional correspondence between the model topology and the modelled physical
system: the elements of the model are implemented in terms of physical balances with
respect to an assigned set of variables which depends on the specific definition of the
considered physical domain (e.g. mechanical and electrical). Therefore, a single line

graphical link between sub-models is automatically associated to a bidirectional exchange
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of variables that reproduces the physical interactions of the modelled physical network. This

feature provides important benefits in terms of modularity, simplicity and ease of use.

More details on the object oriented modelling approach followed in this research work will be

given in Chapter 2.
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1.4 Objectives of the thesis and architecture of the proposed

model

With respect to the current state of the art, summarized in the previous paragraphs, in this work an

innovative modelling approach useful to deal with the following aspects has been proposed:
o the use of regenerative electric braking within High-Speed railway systems;
e the application of energy storage systems to High-Speed railways;
e the optimisation of High-Speed railway systems in terms of energetic efficiency;

Energy recovery in High-Speed trains is a quite new field of analysis, because the advantages
deriving from this application are harder to achieve with respect to light railway systems; the
braking frequency and the energy involved in the manoeuvre in High-Speed railway systems are
not optimal to use the same solutions found in light railway, and hence a deep analysis is needed
to fully understand the possible recovery perspectives. The potential energy recovery in this sector
is significant, and an accurate analysis could lead to identify how to exploit it. Furthermore, the
use of the innovative MATLAB®-Simscape™ language allows to obtain accurate results with a
great numerical efficiency, providing the possibility to perform a large number of simulations and
investigate many different scenarios. This feature is essential to be able to perform an energetic
optimisation of the system.

In order to correctly analyse the energetic prospects of the considered railway systems, before
the feasibility and optimisation analyses, the proposed model has been experimentally validated
considering a classical commuter train scenario and a new High-Speed Italian system.

The proposed model, whose general architecture is shown in Figure 1.18, includes two main sub-

models, developed using an object oriented approach:

e a vehicle dynamical model, which simulate the train longitudinal dynamics;

e an electrical model, which includes the feeding line, the electrical substations and the storage

devices.
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Figure 1.18: General architecture of the proposed model.

The two sub-models are simulated together in the time domain and are fully coupled with each
other: the vehicle sends to the line its kinematic and energetic quantities and the line provides the
electrical quantities needed by the vehicle. This couple of sub-models represent the basic unity
of the proposed model: the line can be easily assembled to represent complex topologies and can
include more than one travelling vehicle in both directions (see Chapter 2).
A set of simulations in the time domain, considering different scenarios and different operating
parameters, allows to perform a large number of analyses in terms of feasibility for different
solutions. Furthermore, in order to perform a complete optimisation of the system, the time
domain model has been included in two optimisation tools (in order to compare results and

computational performances): the first tool is a MATLAB® optimisation algorithm which
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can easily handle the proposed MATLAB® model, while the second tool is the optimisation
environment modeFRONTIER developed by ESTECO SpA, which can handle the MATLAB®
model and also couple it with other simulation tools (i.e. within the TESYS Rail project, the
software has been used to couple the proposed model with a model developed by Ansaldo STS
and with a model developed by the University of Napoli Federico II which takes into account the
behaviour of the signalling system).

The optimisation of a railway system should take into account a large set of variables: the actual
energy flows and consumptions, the peculiar characteristics of the system and the potential of
the proposed solutions. In fact, each technical solution should be considered from the energetic,
technical and economic points of view.

Furthermore, each technical solution interacts with each other: the implementation of more than
one technical solution can enhance or worsen the final results. All the different stakeholders
have different objectives and interests from the system and traffic and passengers volume can
vary in a completely random way (in addition to drivers behaviour, climate and other variables).
Finally, each technical solution should be compared to the strong uncertainties on the systems
characteristics and, above all, to the unknown future developments foreseen for the system,

including both line topology and vehicles.
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Materials and methods

Chapter 2 focuses on the exposition of the developed model, including an outline of the theory
needed for a better understanding of the proposed approach, of the mathematical and software
instruments needed during the research work and of the technical and experimental materials used
to develop, validate and exploit the proposed modelling approach.

The proposed approach includes the following sub-systems:

e dynamical model of the vehicle;
e clectrical model of the line, which includes:

— substation models;
- feeding line model;

— storage devices models;
e multi-vehicle approach;
e vehicles library;
e optimisation tools;

the Chapter will thoroughly analyse these sub-systems in order to coherently analyse the obtained

results (shown in Chapter 3).
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The first part of the Chapter is devoted to the analysis of the core components of the model: the
vehicle dynamical model and the line electrical model. The dynamical part simulates the vehicle
motion, taking into account the forces which act on the train and the inputs that come from the
feeding line. The electrical part simulates the behaviour of the elements of the feeding line, which
answers the vehicle requests in terms of electrical quantities and imposes its limits to the vehicle
motion itself.

The fundamental goal of the core part of the model is the evaluation of the vehicle power request
for a certain mission profile (imposed by the user or by timetables) and, hence, of the energy that
can be recovered through a proper use of regenerative braking, taking into account vehicle and line
limits.

The vehicle and line models have been developed in the MATLAB® environment, using Simulink®
to set the simulation environment and the Simscape™ language for its important advantages in
representing the behaviour of physical systems.

The multi-vehicle approach and the vehicles library are important extensions of the core sub-
models: they allow to extend the depth of the analysis and perform important comparisons. They
are developed in the same modelling environment of the core tools.

Finally, this research work has taken advantage of different optimisation tools: the first one is
developed in MATLAB® and the second one is the optimisation tool modeFRONTIER developed
by ESTECO SpA.

In the following Sections, the main features of the elements of the proposed approach will be
exposed, highlighting its novelty and the tools needed to develop it. Finally, the real operating
scenarios considered as a test cases will be exposed, in order to provide a better understanding of

the results obtained in this research work.
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2.1 Dynamical model of the vehicle

The mechanical behaviour of the train is modelled using a simplified lumped parameters approach
[72]. The model is developed using the MATLAB®-Simulink® environment coupled with a series
of object oriented MATLAB®-Simscape™ blocks. Figure 2.1 shows the general architecture of
the mechanical sub-model: the user can impose a position-based mission profile (alternatively, the
mission profile can be calculated within the model considering the vehicle timetable) and, through
the comparison with the current velocity of the vehicle, a virtual driver regulates the traction
or braking requests. These forces are dynamically applied and properly saturated considering
adherence limits. The calculation of the train motion takes into account both traction and braking
forces and various resistant loads. Traction and braking forces and the vehicle velocity are then
used to calculate the requested or provided power, taking into account a blending strategy chosen

by the user and the electrical and mechanical efficiency of the system. This model provides, to
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Figure 2.1: Architecture of the vehicle dynamical model.
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the electrical part, the train position and the electrical traction and braking power; the pneumatic
braking power can be used to estimate the wear of the braking system.

The main outputs of the mechanical model are the vehicle power request (which takes into account
mechanical and electrical efficiencies), its position and velocity and the braking electric power,

which is sent back to the line.

2.1.1 Vehicle longitudinal dynamics

The longitudinal dynamics of the vehicle can be analysed according to the following equation of
motion:

m;X = T—mgsina—m(a;’cz+bx+c+d(r))—mgic, 2.1)

where m; is the inertial mass of the vehicle, m is the vehicle mass, x is the position of the train
within the line, @ (x) is the slope of the line, a, b, ¢, d(r) are equivalent coefficients used to
calculate motion resistances as a function of speed (a, b), internal frictions of the train (c¢) and
additional resistances (d (r)) due to curves with radius r (x), i. represents the resistances due to line
curves and 7 represents the total longitudinal forces applied by traction or braking systems.

The longitudinal forces term 7 represents the sum of the longitudinal efforts exchanged between
motorized wheelsets and rail; these forces are related to friction effects between these rolling
elements. Due to the high normal loads (i.e. about 21 t per axle), the contact surfaces must be
made of metal; furthermore, the longitudinal forces are limited by the available adherence.

The forces due to the altimetric profile of the track (F,) depend on the line slope; in railway, the

slope i is usually very limited (i.e. <20%o), hence sin @ can be substituted by the slope itself:
F, = -mgsina = —mgi. (2.2)

Motion resistances F, include the contribution of a number of different phenomena: contact losses
due to wheel/rail contact, friction and internal losses of the system (e.g. bearings and transmission

systems) and aerodynamic losses.
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The calculation of these losses is typically based on second order polynomial interpolation
formulas which depend on the vehicle velocity and mass. The values of the coefficients a, b,
c and d used in the considered formula depend on the vehicle and can be obtained through the
analysis of experimental data.

The resistant forces due to line curves F. are calculated as an additional term to be added to slope
losses; each curve is represented as an equivalent slope (denoted as i.) which depends on the curve

radius r and can be expressed as follows:

ic = 2%%0,  r>400m
ic = 2%, 150m < r<400m . (2.3)
ir = 5%o, r<150m

Finally, the inertial contribution to longitudinal motion F; can be calculated through the d’ Alambert
approach:
Fl' = —m;a = —m,-)'c', (24)

where the inertial mass m; represents the vehicle equivalent inertia that contributes to longitudinal
translation, including also the contribution of rotating masses (e.g. wheelsets, motors, transmission
systems). For this reason, the equivalent inertia m; is usually higher than the vehicle mass and can
be evaluated by increasing the vehicle mass of about 5+10%.

The sum between traction, braking and resistant forces provides the vehicle acceleration:

3 T —(Fa+F:.+F)p)

m;

a (2.5)

F. and F), can be easily evaluated through the use of Simulink® LookUp tables, which perform
the interpolation of the vehicle technical data as functions of the train position, velocity and
longitudinal forces; F, makes use of a set of coeflicients which are usually directly found within
the vehicle technical data.

The train acceleration can be integrated twice, thus obtaining the vehicle velocity and position:

these values are then used as inputs in other parts of the model.
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Figure 2.2: Typical traction and braking curves for an electric train.
2.1.2 Traction and braking efforts

Figure 2.2 shows typical traction and braking curves for a High-Speed train. Starting from the
traction phase, the traction effort trend, as a function of the vehicle speed v, is calculated according
to the following cycle:
if v < vpom
T(v) < Thom
else if v >= v,om and v < viaxiiso
T(W) « @
else
Tiso < %
T(r) o Do

end

This cycle reproduces the ideal trend shown in Figure 2.2: this curve directly represents the vehicle
behaviour but its trend is derived from the operating curve of the electric motor itself. Figure
2.3 shows the performance curves of a generic asynchronous motor. This type of electric motor

operates at constant torque for the lower speed range; once reached the maximum operating power,
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Figure 2.3: Electric motor operating curves.

the torque decreases and the motor operates in isopower regime, and, finally, the last part of the
operating range is characterised by a steeper decrease of the torque value.

More in detail, referring to Figure 2.2 for the railway case, for vehicle speeds lower than the
nominal speed v,,m, the traction effort follows the isotorque regime, according to the following
Equation:

W =Ty, (2.6)

i.e. the power request W is directly proportional to the vehicle speed v.

Once the vehicle has passed the nominal speed, but is still below the maximum isopower speed
Vmax.iso, the system operates in isopower regime, where the speed increases by decreasing the
traction effort as follows:

w
T=—.
v

(2.7)

The third part of the operating range goes from the maximum isopower speed Vjuay.iso to the vehicle

maximum speed Vv,.y; in this operating range the traction effort decreases strongly and can be
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calculated as follows:

Tim ) vfnaxim
T = 2 mavivo, (2.8)

2
The parameters used to determine the characteristic curve of the vehicle can be calculated as

follows:

e Nominal traction effort:

Tnom =m - Amax; (29)
e Maximum acceleration (a,,,,): included in the vehicle technical data;

e Nominal speed:

Woiom
nom = T 2.10
’ Trom ( )

e Maximum isopower speed (Vuax.iso): included in the vehicle technical data.

In addition to the dependency on the vehicle speed, the traction effort, which is always saturated
by the available adherence, depends also on the power supply system (e.g. 3 kV DC as in the
considered High-Speed test case) and on the operating conditions (e.g. dry and wet). The model
can take into account these dependencies through the use of multi-dimensional LookUp tables.
In fact, for a numerical implementation, the use of LookUp tables is more robust and allows to
represent also train performances which are, for various reasons, not strictly adherent to the ideal
curves.

Concerning braking efforts, two strategies must be taken into account: the first one is referred to
braking in normal conditions while the second one is based on TSI specifications and is used to
impose further limits on adherence. For both cases, the data needed for the model implementation
can be taken from the vehicle technical data.

The management strategy of the different braking systems during the braking phase is usually
called blending (see Leigh [73] for a review of railway braking systems and their interactions):
the braking effort must be properly split between the mechanical and the electrical system and

also between the regenerative and the dissipative electrical braking systems. While most of
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Figure 2.4: Simulink® scheme for the calculation of braking efforts.

the results shown in this thesis are referred to a 100% electric braking blending strategy (i.e.
pneumatic braking is only used when the vehicle braking request exceeds the available electric
braking power), the user can choose any blending strategy and analyse different technical solutions.
Furthermore, the user can, through the set up of the blending strategy, choose how to recover
or dissipate electric braking energy: since the feeding line can not always handle all the braking
energy, the user can choose to dissipate the exceeding energy or to completely turn off regenerative
braking (see Sections 2.1.7 and 2.2).

The available electric braking depends on the vehicle speed and on the maximum regenerated
power that the motor drive can handle.
Figure 2.4 shows the proposed Simulink® model for the braking phase: it is interesting to highlight
how, in addition to the adherence limit, the user itself is able to regulate the braking effort through
the internal variable percent_fren (see Section 3.3 for more details). Furthermore, the braking
effort, as well as the traction one, is applied through a command which is driven by the velocity
error and properly filtered in order to reach the comfort characteristics prescribed by regulations

(see Section 2.1.6).
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Figure 2.6: Simulink® scheme for braking blending: pneumatic braking and TSI limits.

Figures 2.5 and 2.6 show part of the implementation of the blending model: in particular, Figure
2.5 shows the management of the electric braking part, while Figure 2.6 shows the management of
pneumatic braking and TSI limits.

The maximum longitudinal forces applied in the traction and braking phases are calculated
according to multi-dimensional tabulated relationships which depend on the train speed and

reproduce the curves reported in Figure 2.2.
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2.1.3 Adherence

Traction and braking efforts are exchanged between vehicle and track at the wheel/rail interface
and it is fundamental to take into account the available adherence, which depends on different
parameters, such as the vehicle speed.

Within the proposed model, proper saturation elements have been introduced in order to reproduce
the effect of the limited wheel-rail adhesion along the line; in particular, the traction force 7, and
the braking one T}, which can be exerted as a function of the available adherence y, are calculated

according to Equations 2.11 and 2.12:

T < Tt,max = KmMgMU, (2.11)

T, > Tb,max = —mgu. (212)

The coefficient k,, is denoted as motorized weight fraction and is defined as the ratio between the
vertical load on motorized axis and the total weight of the train; for the ETR 1000 the value of this
coefficient is about 0.5.

Within the proposed model, the value of the wheel-rail adhesion yu is calculated both according to
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Figure 2.7: Muller correlation for adherence calculation.
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Figure 2.8: Wheel-rail adhesion as a function of the vehicle speed: comparison between the Muller

model and TSI limits.

TSI limits and through the Muller correlation, taking into account the dependency of the available

adherence on the vehicle speed:
Jo

=T .
1+ kmullerkah

p (2.13)

where fj is the static value of the friction factor, which typically varies between 0.35 and 0.4, X
is the train speed expressed in km/h and k., 1S a scaling parameter which ranges between 0.005
and 0.011.

Figure 2.7 shows the Muller correlation for wet and dry operating condition, while Figure 2.8
focuses on the comparison between the Muller model and TSI adherence limits. As reported in
Figure 2.8, it should be noticed that the wheel-rail adhesion predicted according to Equation 2.13
in a speed range between 200 and 350 km/h for a value of k. €qual to 0.0065 is quite similar to

the available adhesion prescribed by TSI regulations for the design of braking systems.
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2.1.4 Virtual driver

Traction and braking manoeuvres are calculated with respect to an assigned speed profile through
a PID regulator, which acts on the difference between the desired velocity and the current train
velocity; this regulator has been developed in a previous version of the model [70]. The proposed
control strategy (shown in Figure 2.9) is quite simple: the speed regulator is used to calculate
the traction and braking forces needed to drive the train respecting the desired speed profile.
The desired speed profile could be influenced by the line layout, by the timetable and by the
signalling system. The virtual driver should represent the action of the human driver: hence the
P.I.D. controller has been developed to act with a low dynamics and to tolerate velocity errors of

about 2 m/s.

Desired
Mission
profile

Coupled
Vehicle — Line
Model

Reference
Velocity Nonlinear +
P.1.D. |— —+
Controller

Vehicle Speed

Figure 2.9: Scheme of the virtual driver implemented in the proposed model.
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2.1.5 Power calculation

After the calculation of the longitudinal effort 7', it is possible to determine the mechanical power

W, delivered to the vehicle by the traction system, as follows:
W, =Tx. (2.14)

By adding this term to the power needed by on-board auxiliary systems (e.g. lights, air
conditioning and plugs), it is possible to calculate the power that the vehicles requires from the
line in correspondence of the pantograph.

During the braking phase, both the traction system, the conventional pneumatic brake and the
motion resistances cooperate to dissipate the kinetic energy of the train; thus, a part of the
mechanical power W, (denoted as W,,;;,) is dissipated by the pneumatic brake, another part (denoted
as W,,,) is dissipated by motion resistances, and the remaining part (denoted as W,) is converted in
electrical power by the traction system itself.

The converted power W, can be dissipated on on-board resistors (dissipative braking, W, iss) or
transferred to be stored or reused (regenerative braking, W, ,.,); these two terms can be calculated
as follows:

We,reg = neWe, (215)

We,diss =W, - We,reg, (216)

where 7, is the electrical efficiency of the on-board traction system.

As previously exposed, most of the results exposed in this work are referred to a blending criterion
that in normal operating conditions maximises W, against W, (according to the maximum
performance curves of the considered test cases, see Sections 2.6 and 2.7), but the model allows
the use of any blending criteria.

It is possible to define a conversion efficiency 7., (which depends on the vehicle speed and

longitudinal effort) as follows:

w .
. Not = 3 if W20

Moot (To %) = Netpm =4+ $ . (2.17)
ntot = < lf Wm < 0

S
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Figure 2.10: Vehicle total efficiency as a function of speed and traction and braking effort.

Equation 2.17 expresses the proportionality between the mechanical power W, and the
corresponding electrical power W,, which can be absorbed (traction phase) or regenerated (braking
phase) by the traction system; 7, can also be expressed as the product of the mechanical
efficiency of mechanical transmission system 7,, and the electrical efficiency 7, of on-board traction
equipment. The efficiency 7, is typically a function of both train speed and delivered traction
effort: Figure 2.10 shows the typical trend of the vehicle total efficiency.

In case of regenerative braking, the recovered power W, can be divided in two terms: a first part,
denoted as W,, is transferred to the line and a second one, indicated by Wj,, is stored on a possible
on-board accumulator (described in Section 2.2.3). In order to simulate the power consumption

of additional on-board auxiliary systems, a further contribution, W,,,, must be introduced. The
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complete power balance between those contributions, due to the different on-board sub-systems, is

reported in Figure 2.11 and can be expressed as follows:
We = Waux + Wy, + W (2.18)

It is important to underline that, to properly calculate the power W, collected by the train, it is
fundamental to take into account the line slope @ and additional resistance d (r) due to curves
(which are defined as tabulated functions of the position x of the train) for each line section, since
the line resistance can provide a significant portion of power losses.

The power W, calculated through Equation 2.18 is used as an input to the line and hence to the

stationary energy storage devices present within the line.
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Figure 2.11: Power fluxes involved in the vehicle dynamics, considering the interactions with the

electrical line.
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2.1.6 Considerations on passengers comfort

Both traction and braking forces are applied with a smoothed dynamics obtained with a first order
filter that reproduces the typical limitations introduced on both systems to improve the longitudinal
comfort of the passengers and protect the train from excessive mechanical solicitations. The
corresponding numerical implementation in terms of gradient/slew rate of both traction and
braking forces is described in Table 2.1.
The application of traction and braking efforts is regulated by the RFI "Regolamento per la
Circolazione dei Treni" [74].

The first order filters used in the proposed model to smooth the longitudinal efforts application
are based on the Butterworth method.
B®(s) is a k — th order Butterworth polynomial, whose dependent variable is denoted as s; its

transfer function H can be expressed as:
(2.19)

where wy is the filter cut-off frequency. The filter can be implemented if m > n; the filter response

Att = 20log 1 + E(—)n, (2.20)
wp

where € is the maximum pass band gain, # is the filter order and wp is the filter pass band frequency.

can be expressed as follows:

Table 2.1: Dynamical response of High-Speed trains braking and traction systems.

Braking application =4 s to apply the full braking effort from the brake release condition
Braking release ~12 s to completely release the brake from the full braking condition
Traction application =7 s to apply the full traction effort from a null traction condition

Traction release Traction is immediately deactivated without any appreciable delay
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2.1.7 Voltage limiter

In this research work, a parametric tool to reproduce the behaviour of the train in case of a
limited load capacity availability on the line has been introduced in the vehicle sub-model. This
element allows the response of the system to be accurately represented, even when a limited load
availability must be handled by the on-board traction system. This correction allows to split the

energy recovered from traction motor during an electric braking in two contributions:

e Energy dissipated on on-board resistors controlled by the so called braking chopper;

e Regenerated power transferred to the line and constrained by the line overvoltage caused by

a limited load availability.

This functionality allows the approximation of the system real behaviour as that of a system with

two nested voltage loops realized according to the scheme of Figure 2.12. W, represents the
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Figure 2.12: Modular scheme representing the simplified model adopted to calculate W, and W,

and to simulate the response of the traction system when line overvoltage conditions occur.
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electrical power recovered by the traction system taking into account mechanical losses on the
transmission system and more generally the efficiency of the traction system: if the line is not able
to receive the whole recovered power W,, the measured voltage at the pantograph will exceed the
maximum allowable limit V.

A simple proportional controller, characterised by the gain K, (whose dynamics is approximated
by a first order system with a time constant equal to 7.), regulates the power which is then really
transferred to the line W,. The remaining power is transferred to the DC Bus: since the DC Bus is
usually stabilized with filtering capacities, the increase of the voltage Vpc is roughly proportional
to the integral of transferred power (i.e. transferred power is proportional to transferred current)
through a proportionality constant C,. Furthermore, an increase of the DC Bus voltage, over an
assigned value V7, ., causes the intervention of a proportional control loop which dissipates a power
(denoted with W, 4i5s) which, in steady state conditions, is almost equal to the difference between

W, and W..
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2.2 Electrical model of the line

The electrical model of the railway line has been developed using the object oriented Simscape™
language. As shown in Figure 2.13, this sub-model includes the catenary, the electrical substations,
and stationary or on-board storage devices.

The line receives, from the vehicle model, the train position and power (both requested and
provided) and provides to the vehicle itself the quantities that it needs to operate and the line
operational limits (e.g. the voltage peak limit).

The line topology, at a microscopic scale (i.e. train scale), depends on the vehicles position, making
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Figure 2.13: General architecture of the line electrical model.




2.2 Electrical model of the line 61

the analysed system a time-variant one. Complex topology lines can be easily assembled and it is
possible to take into account the presence of more than one travelling train within the same line
span.

The main outputs of the electrical model are the electrical and energetic quantities that represent

the line and storage devices behaviour.

2.2.1 Fundamental elements

In order to provide a better understanding of the proposed modelling approach, in this Section the
fundamental elements used for the electrical modelling of the line will be exposed. These elements
have been modelled developing proper Simscape™ blocks that implements the characteristic
equations of each element. More details on the Simscape™ language are given in Section 2.5.1.
The resistor model (shown in Figure 2.14) is a simple algebraic block which implements the

constitutive equation of a linear resistance:
V =RI, (2.21)

where V is the resistance voltage drop, / is the current and R the constant resistance. R represents
a user defined input for the element and the current is assumed to be positive if it flows from the
positive pole to the negative one of the resistor. The power absorbed (i.e. dissipated) by the element
is always positive. This block is useful to represent the internal losses of the line components. It is
useful to highlight how the block has two connections, allowing the user to assembly the desired

circuit.

AN\ -2

Figure 2.14: Resistive element.
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>

Figure 2.15: Variable resistance.

Figure 2.16: Capacitive element.

In order to take into account the variable impedances of the catenary, which depend on the train
position, and hence the line losses, which are significant to understand the feasibility and the best
location of energy storage devices, a variable impedance resistor, shown in Figure 2.15, has been
used.

The value of the impedance is no more a user defined input but is dynamically provided to the
element as a function of the train position within the considered line span; the block has a further
connection, which is used to pass to the element the impedance value.

The capacitor model (with two connections, shown in Figure 2.16) implements the constitutive
ordinary differential equation of a capacitive element:

I = CE’ (2.22)
where C is the element capacitance. It is possible to take into account parasitic effects by adding
to the element proper resistive elements: this can be easily done by assembling the desired circuit,
however, in a more elegant and computationally robust way, this can be accomplished modifying
the element constitutive equation (see Section 2.5.1 for more details on the modelling approach).
This element is fundamental for the modelling of energy storage devices.

Figure 2.17 shows the inductor model, which implements the constitutive ordinary differential
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Figure 2.17: Inductive element.

equation of an inductive element:

dl
V=L— 2.23
o (2.23)

where L is the element inductance. As previously exposed for the capacitive elements, it is possible
to include parasitic effects through the addition of proper resistive elements. This element is quite
useful for the modelling of most line components, especially energy storage devices and power
converters.

The voltage source element (see Figure 2.18) implements the constitutive equation of an ideal
voltage source which maintains a sinusoidal voltage difference between its poles regardless of the
current which flows through it:

V = VosinQaft + ¢), (2.24)

where Vj is the voltage amplitude, f is the frequency and ¢ is the phase. This periodic voltage
source is the core of an AC electrical substation; modifying the constitutive equation to V = V), it
is possible to use this element to represent a DC voltage source.

Finally, Figure 2.19 shows the diode element, which implements the constitutive equation of a

Figure 2.18: Voltage source element.
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Figure 2.19: Diode element.

non-linear diode: if the voltage difference through the element is higher than a certain threshold
(provided as an input to the model), the diode operates as a low impedance resistor, while, if the
voltage difference is lower, the diode operates as a low conductance resistor. Above the threshold

the diode is represented as follows:
V= Vf(l - RonGoff), (225)

where the R,,G,r term provides a zero diode current if the voltage difference is equal to zero.

2.2.2 Feeding line and electrical substation model

The energy needed by the vehicle for traction is provided by a feeding line fed by electrical
substations, which are connected to the electric grid through proper transformers.

The substations can operate in different configurations:

e DC systems: typically characterised by a 3 kV substation voltage. In tramways or metro

systems the voltage can be lower (e.g. 750 V);

e AC systems with industrial frequency: these systems operate at 25 kV-50 Hz, and are used

in most of modern lines, especially in High-Speed systems;

e AC systems with railway frequency: these systems operate at 15 kV-16 and 2/3 Hz, and are
diffused in central Europe, especially for German High-Speed systems, where they represent

the standard solution.
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The train power supply can be unilateral or bilateral, respectively if the line span where the train
travels is fed by one or two substations; unilateral power supply is more typical in tramways, while,
in a typical railway line, bilateral power supply is preferred due to the higher power levels.

The current required by the vehicle in the traction phase, or provided to the line during the
regenerative braking phase, can be calculated from the vehicle power, taking into account the

mechanical and electrical efficiencies of the system components:

theels
W, = , (2.26)
(ngearboxnmotornmotordrive)
Wb = theelxngearbz)xnm()tornmotordrive’ (227)

where W05 1s the power measured in correspondence of the wheel/rail contact, 7gearpox 18 the
mechanical efficiency of the transmission systems, 7.0 1S the efficiency of the electric motor
itself and 1yor0rarive 1 the electrical efficiency of the motor drive which feeds and control the motor
(e.g. the inverter).

Figure 2.20 shows a more detailed scheme of the architecture of the electrical line model,
developed using both standard and custom Simscape™ elements; the Figure is referred to the
vehicle traction phase.

The line considered as a High-Speed test case is a 3kV DC catenary which is bilaterally fed
by two electrical substations (ESSs). For the considered application (i.e. a High-Speed line), the
mean distance between adjacent ESSs is about 15 km, hence the presence of two trains in the same
line section should be considered uncommon, taking into account that the signalling system for
a vehicle speed of about 200-250 km/h imposes a minimal distance of 5400 m from the nearest
protected point. Furthermore, in order to fully exploit its maximum speed (up to 360 km/h for
the considered High-Speed test case), the safety distance between the train and a protected point
should be at least twice or even three times the minimal value because the braking distances are
roughly proportional to the squared value of the vehicle speed.

The power W,, collected by the train in correspondence of the pantograph and hence calculated

by the vehicle sub-model described in the previous Section, is provided as an input to the electrical
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Figure 2.20: Architecture of the electrical line model, including stationary and on-board energy

storage devices (traction phase).

model of the line. Figure 2.20 shows the architecture of the feeding line in a generic instant of the
train traction phase, while Figure 2.21 shows the model couplings during regenerative braking: the
power provided by the train can be received by stationary or on-board energy storage devices.

In order to couple the mechanical and the electrical parts, it has been necessary to introduce a delay
in the variable exchange between the vehicle dynamics and the feeding line. However, since the
goal of the proposed model is the analysis of the train energy consumption, it is not necessary to
examine the high frequency components and the various harmonics present within the line. Hence,
the presence of a time delay (needed for the model coupling), has no influence on the analysis
and does not destabilize the system, because the time scale considered in the simulations is much

higher than the considered delay: the integration time step used for the simulation is variable (see
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Figure 2.21: Architecture of the electrical line model, including stationary and on-board energy

storage devices (regenerative braking phase).

Section 2.5.2) but its minimum value is about 5 seconds.

The vehicle virtually divides each line section in two parts, whose impedance values depend on
the train position; the equivalent resistances R; and R, of those catenary sections are calculated
as functions of the train position x with respect to the distance / between adjacent substations,

according to Equations 2.28 and 2.29:

Ri=p-x, (2.28)

Ry=p-(I-x), (2.29)

where R; and R, are respectively the impedance values of the line span sections before and after
the train position, / is the line span length (the position of the second substation of the span is

denoted as P;) and p is the value of the line distributed impedance.
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Due to this configuration, the voltage drop in correspondence of the vehicle pantograph is directly
proportional to the train distance from the substation (i.e. the catenary impedance is higher).
Hence, in order to provide the correct voltage value to the vehicle, the no-load voltage Vj of a
substation is usually up to 30% higher than the nominal value.

The pantograph collected current /. is composed of the two contributions /.; and /.,, respectively
from the initial and final substation of the considered line span (the contribution from other
substations is negligible). Through the voltage divider representation, it is possible to calculate

these contributions as follows:

I.-(I—
e (2:30)
I
la= = a 2.31)
Hence, the line voltage drop can be determined as follows:
L-p-x-(-
Ay =P xl D) (2.32)

From equation 2.32, it is possible to highlight how line losses vary with a parabolic trend;
furthermore, the highest voltage drop is found at midspan between two adjacent substations and
assumes the following value:

I.-p-1

A Vinax =
4

(2.33)

It is significant to notice how, in a bilateral supply operating condition, the maximum losses are
25% of the maximum losses in an unilateral supply scenario with the same span length.

A DC line in a stationary regime has no inductive or capacitive effects within the catenary, while
an AC line includes also these effects (i.e. the line circuit is assembled including capacitive
and inductive elements). Figure 2.22 shows the proposed Simscape™ implementation of the DC
catenary: it is interesting to highlight the presence of proper blocks (denoted as S PS) that allow
the conversion of Simscape™ physical signal to classical Simulink® signals and viceversa (see
Section 2.5.1 for more details).

A 3 kV DC electric substation, shown in Figure 2.23, is composed of three main sectors:
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Figure 2.22: Simscape™ scheme for the feeding line.

In the first sector the high voltage (HV) current from the grid is converted, through a proper

transformer, to medium voltage (MV). This sector includes the HV-MV transformers, the

infrastructure for the overhead line (e.g. poles, pylons, insulators, clamps and connection devices),

the conductives and the bars, used for the derivations of the transformer group, the HV sectioner,

the sectioner and switches controller, the current transformers and the voltage reducers, used for
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measurements and protections.

In the second sector, the AC current is converted to DC current; a silicon rectifier group is used
for the conversion. The rectifier group includes diodes, RC protection groups and an alarm and
control system. Through a 3 kV DC bar, the rectifier group is connected to a capacitors cell which
is used to filter high frequency harmonics.

Finally, in the third sector, the shunting and line feeding operations are carried out; the substation
is here directly connected to the line and to its protection devices.

More in detail, considering the electric scheme shown in Figure 2.23, the substation circuit includes

the following components:

[a—

. primary HV three-phase line;
2. tripolar line switch;
3. HV three-phase bars;
4. tripolar group switch;
5. tripolar sectioner;
6. three-phase transformer;
7. silicon rectifier;
8. positive DC bar;
9. negative DC bar;
10. extra-fast switch;
11. DC sectioner;
12. filter;

13. contact line supply.
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Figure 2.23: Electric scheme of a 3 kV DC electric substation.



2.2 Electrical model of the line 72

1 JConn

3
Resistor

Z; Diode

DC Voltage Source Ci)

@ Conn

Figure 2.24: Simscape™ scheme for the electrical substation.

The fundamental task of electrical substations is the reduction of grid voltage to a level that suits
railway applications. Electrical substations are based on the use of diodes: two three-phase bridges,
fed by different wires of the transformers, are often employed. In this configuration, the AC grid
current is converted in DC current to fed the train.

In the proposed model, the substation has not been represented taking into account all the
previously exposed details but in a simplified way. As shown in Figure 2.24, which represents the
proposed Simscape™ implementation of the DC substation, this kind of substation can be modelled
as an ideal voltage generator with an equivalent impedance (to simulate its internal losses) and a
diode (to simulate the first quadrant limitation of the system) connected in series; ESSs are often
analysed with similar models in literature works (see the books written by Perticaroli [75] and
Zaninelli [76] on railway electrification systems). In this configuration the substation is able to
provide only traction power, while a possible recovered braking power could only be used by
another train within the line (furthermore, this DC substation can be easily modified to represent an
AC substation). This scenario is consistent with the considered High-Speed test case (see Section
2.6); however the model is able to represent also the four-quadrant behaviour of the line. A simple
solution is based on the use of energy storage devices: the fourth quadrant operation is handled

directly by those devices, which can receive the braking energy and provide part of this power
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when the same vehicle or another one needs traction power. Furthermore, the fourth quadrant
operation can be also modelled by using fully reversible substations (see Section 2.2.2.1), able
both to provide and receive energy; this solution has been considered also by Cornic [77], who
analysed the possibility to perform energy recovery through a reversible substation.

Considering the configuration shown in Figure 2.20, the line node, where the substation is

connected, is represented as follows:

VO - (ICZ - Icl)RO = Vc
Vo=V - Rol»

(2.34)

When the line voltage is higher than the substation voltage (i.e. V. > V), the diode switches off

and the substation is excluded from the circuit; Equation 2.34 becomes:

Io =1,

. (2.35)
Vo=V.—-Rol

Complex topology lines with more than a single section, like the one shown in Figure 2.25, can

be easily assembled because it is possible to connect to line nodes additional loads or section lines

Figure 2.25: Example of complex line topology: the presence of intersections and multiple vehicles

increases the complexity of the system but also the possibilities in terms of energy optimisation.
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(corresponding to the external currents /,; and I,, shown in Figure 2.20).

By solving the electrical network, it is possible to calculate the train collected current /. and all the
other currents involved in the operation of the line sub-components.

It is interesting to highlight how the proposed model, whose main results have been obtained by
assembling the whole line, can also be used in a simplified way, which does not represent a loss of
generality but provides great advantages in terms of computational times. In fact, the model can
be simulated using only a single assembled line span (including substations and storage devices,
see Figure 2.26): the train is able to travel the whole line by crossing periodically the assembled
line span. This can be easily done by changing dynamically the initial conditions of the storage
devices while the line itself needs no additional modifications, since each line span already handles

the train position as a relative distance from the first electrical substation.

Vehicle position

Initial
Conditions

Storage
device

=L
I?

On board
storage +
device

Initial
Conditions

Figure 2.26: Single line span modelling approach.
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2.2.2.1 Reversible and real substation models

In order to analyse a real operating scenario, two further substation models have been developed.
The first one is a simple reversible substation model, obtained by eliminating the diode from the
substation equivalent circuit (see Figure 2.27).

This substation model allows to represent the real case of a substation which receives the train
braking energy and sends it back to the grid (the management of this energy flux after the substation
is beyond the scope of this work); furthermore, this simplified model is useful to perform feasibility
analyses in the first phases of the design process of a system, since it allows to understand the
vehicle-line coupled behaviour without the need of a large number of parameters to operate.

A further modified substation model concerns the real substation: while the previously exposed
model is able to provide infinite power to the vehicle (or to the vehicles), a real substation cannot
exceed a certain power limit. After this limit (which is imposed by the grid characteristics and
by the substation design itself), the vehicle power request is no more satisfied since the current
provided by the substation is saturated.

The real substation model has been developed by modifying the ideal voltage source constitutive
equation through the introduction of a power limit (which is a user defined input based on the
considered substation technical data). The constitutive equation has been included in a cycle

based on the train traction power W; measurement and on its comparison with the substation

Figure 2.27: Scheme of the fully reversible substation.
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maximum power Wgss mqx (for the sake of clarity, the cycle which follows is referred to one
travelling train in a bilateral power supply condition, but the approach has been developed in order
to take into account a more general scenario in terms of number of vehicles and power supply
system):
if W, <2 Wess max
Vess = Vo
else

Viss = Wessmax/IEss

end

It is important to underline that the previously shown algorithm is not the current Simscape™
implementation of the real substation but a simplified version useful to expose the modification
made to the model and its physical significance; the real substation source code is reported, by

way of example, in Section 2.5.1, together with the block and domain source codes.

2.2.3 Energy storage devices

In railway applications, the most common energy storage devices are batteries and supercapacitors:

in this research work, a basic modelling approach suitable for both the systems has been chosen

Figure 2.28: Scheme of the generic energy storage device model.
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as a starting point. The proposed energy storage device model (shown in Figure 2.28) is a load
connected in parallel to the ESSs and includes an ideal voltage generator, characterised by a V
voltage, a resistance Ry, connected in parallel with the voltage source to simulate the device
transient discharge, and finally a resistance R, _, connected in series.

This quite simple modelling approach allows to correctly simulate the behaviour of batteries
and supercapacitors while requiring only a limited set of parameters to work. Furthermore,
this energy storage device, thanks to the characteristics of the object oriented language used for
the development of the model, can be easily connected or disconnected to ESSs, providing the
possibility to simulate a large number of operating scenarios and to perform a first feasibility
analysis of the distribution of the devices themselves, with respect to the energetic efficiency of
the system. Finally, this simple model can be used also to represent an on-board storage device
(mostly useful in tramway and light railway or to cut down voltage peaks during regenerative
braking). This modelling approach has then been extended to the approximated modelling of
complex energy storage systems in which the accumulator is coupled to the line through a two

quadrant converter like the one reported in Figure 2.29.

2.2.3.1 Batteries

In order to be able to investigate more deeply the specific physical behaviour of the storage devices,
a more complex battery model has been developed.
A Dbattery, as well as a supercapacitor, is composed of a number 7. of cells, each characterised by

a nominal voltage V..; the battery voltage can be calculated as follows:

Voparr = Ncer * Veenr- (2.36)

One of the most important parameters, for the analysis of the behaviour of a battery, is the measure
of the energy stored in the battery, i.e. its State of Charge, usually denoted as §.0.C.. In particular,

the §.0.C. is defined as the ratio between the stored energy Ep,, and the maximum energy that the
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Figure 2.30: Architecture of the battery model, including the S.O.C. calculation.

battery can store Epurmax:
Ebatt

S.0.C. = .
Ebatt,max

(2.37)

The architecture of the battery model is shown in Figure 2.30: in this specific model, the resistance
R;_ is substituted by the series of a resistance Ry, and a parallel between a further resistance

Rypair2 and a capacitor Cp,y,. These further elements allows to better analyse the internal losses and
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the transient behaviour of the device (while the resistance Ry 4 takes into account self-discharge
phenomena). The voltage of the ideal voltage generator is calculated through the estimation of the
battery S.0.C.: the value V,,, of the no-load voltage of the storage system is a tabulated function
of the energy storage device current /., and of the state of charge of the device. The S.0.C., being

a function of the storage device current /4, can be calculated as follows:

it Lo S.0.C) Iy
S.0.C. = f i ”“’”E )b”dt, (2.38)

where 7, 1s the efficiency of the device, i.e. a tabulated function of both /., and §.0.C., and E .
is the maximum stored energy. Different kind of accumulators can be easily represented and their
internal losses can be analysed in terms of impedances or efficiency 7,4

For the analyses shown in this thesis, the investigation of the behaviour of Li-ion batteries,
which could better suit to the needs of railway systems, has been carried out. The battery size
has been determined starting from a reference Li-ion cell with a nominal voltage equal to 3.7 V
and a nominal capacity of 53 Ah. In order to reach the line voltage (i.e. for the considered High-
Speed test case), the entire battery includes stacks of 1000 cells connected in series (considering
an intermediate value of the S.0.C.); 4 stacks are then connected in parallel to obtain the desired

capacity. In particular, the capacity of the entire battery, in order to assure a long life to the
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Figure 2.31: Battery charge behaviour.
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Figure 2.32: Battery discharge behaviour.

device, has been determined considering the maximum recovered braking energy (or the maximum
provided traction energy) of the considered High-Speed train to be about 5-10% of the full battery
capacity. Such a storage device is obviously oversized from the energy point of view; however,
a greater amplitude of the charge/discharge cycle would strongly affect its operating life. Hence,
this sizing represents an optimal compromise to fully exploit the operating life of the device and
to take advantage of the investment.
Figure 2.31 and Figure 2.32 show respectively the charge and discharge behaviour of a battery with
the previously exposed characteristics. The discharge behaviour, shown in Figure 2.32, highlights
the voltage variation as a function of the §.0.C.: the trend is quite steep, however, considering the
small percentage of energy represented by a braking manoeuvre with respect to the entire battery
capacity, the voltage variations about the nominal value can be considered acceptable. In this
operating range the current is constant during the charge phase. These results have been obtained
simulating the behaviour of the proposed battery connected with a load (i.e. a current generator in
the charge phase and a resistance in the discharge phase).

In order to obtain realistic results concerning the battery behaviour within the line, a good

approach to connect this battery model to the proposed coupled model is to use an initial §.0.C.
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Figure 2.33: Scheme of the battery behaviour during charge process.

equal to about 50%, to work within the nominal range of the battery even with the maximum
possible depth of discharge due to the passage of an accelerating train.

Figures 2.33 and 2.34 show how the proposed battery model behaves respectively during charge
and discharge phase: during the charge phase, the controller (see Section 2.2.3.3) tries to keep
the device voltage, denoted as V at a higher value with respect to the ESS voltage Vj, in order to
receive energy only from braking vehicles and not from the substation, while during the discharge
phase it is important that the line voltage does not exceed a certain limit V*. In particular, during
the charging phase, energy transfer is only possible if V > V (or if V < Vj the S.0.C. < 1): the
controller intervenes in this phase increasing the charging power if the S.0.C. is greater than 0.9 or
decreasing it otherwise. On the other hand, during the discharge phase, discharge is only possible
if V<V (orif V> V* the S.0.C. > 0.25): in this case the controller increases the discharge

power flux for high S.0.C. values and decreases it otherwise.
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Figure 2.34: Scheme of the battery behaviour during discharge process.

Figure 2.35 shows how the battery efficiency calculation has been implemented within the
proposed model: the calculation is based on a LookUp table and the model distinguishes between
the charge and the discharge phase. In particular, the sign of voltage difference V — V* allows
the evaluation of the battery operating phase (i.e. charge or discharge); the charge current is then
multiplied by the battery efficiency, while the discharge current is divided by the battery efficiency.
The battery efficiency is evaluated as a function of S.0.C. through the previously cited LookUp
table: the generic trend of the battery efficiency as a function of the device S.0.C. is shown in
Figure 2.36 and it is possible to highlight how the battery operates better for intermediate S.0.C.
values.

Currently the State Of Health (S.0.H.) of the battery is not taken into account; each battery is
considered fresh. This is due to the large number of data needed to correctly model battery
aging. Furthermore, the life expected from the batteries sized as previously exposed is about
ten years; hence, for the analysis of the possible savings due to train regenerative braking, it is not

fundamental to consider this aspect. However, in order to analyse the use within a railway system
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Figure 2.35: Simscape™ scheme of the battery efficiency estimation.
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Figure 2.36: Battery efficiency as a function of S.0.C..

of second-hand batteries (e.g. recovered from electric cars), in a future release of the model the
estimation of the §.0.H. will be implemented.

Finally, the battery model Simscape™ implementation is shown in Figure 2.37, including the
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Figure 2.37: Simscape™ scheme of the proposed battery model.

S.0.C. estimation and the efficiency calculation: in particular, the S.0.C. is estimated in the upper
branch of the system, while the efficiency calculation, according to the scheme shown in Figure

2.35, is included in the light blue subsystem connected in parallel to the battery poles.

2.2.3.2 Supercapacitors

As previously exposed, supercapacitors have been developed and optimised in order to obtain high
performances in terms of specific energy and compete with traditional batteries.

A supercapacitor includes two electrodes separated by a dielectric and immersed in an electrolytic
solution: an electrodes voltage difference generates an electric field which promotes the charge
separation in the supercapacitor double layer.

The most simple supercapacitor model, whose architecture is shown in Figure 2.38, includes 3

circuital elements:

e a capacitor Cy., which provides the desired capacity;

e a leakage resistance R, ..« connected in parallel to the capacitor, which allows to take into

account self-discharge phenomena;
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e aresistance R, - connected in series to the capacitor, which represents resistive losses during

charge/discharge cycles.

In this research work, the simplified model has been implemented in Simscape™ as a starting
point; however, a more detailed model (based on the architecture shown in Figure 1.17) has then
been developed and used for the analyses of the whole system.

The fundamental equation of the element can be expressed as follows:

Qsc
Ve = , 2.39
Csc ( )

where V. is the supercapacitor voltage and Q. is the capacitor charge, which can be calculated as

a function of the supercapacitor current /. as follows:

Qsc = flscdt- (240)

In order to size a supercapacitor, two main parameters represent the starting point of the process:
the substation voltage (if the device have to be connected in parallel to it) and the foreseen energy

fluxes. The energy E,., which can be stored by the supecapacitor, can be expressed as follows::

1

E = ECSCVSZC. (2.41)
o
+
RSC,_
CSC
I Rsc,leak
@

Figure 2.38: Architecture of the simplified supercapacitor model.
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Figure 2.39: Simscape™ scheme of the proposed supercapacitor model.

From Equation 2.41 it is possible to calculate the capacity needed by the storage device:

2E sc

Csc = VSZC .

(2.42)

Each supercapacitor cell is characterised by a nominal voltage value, which is usually quite low: in
railway systems, to reach an acceptable voltage value, a large number of cells must be connected in
series. However, through series connection, the system capacitance Cj.,, diminishes and a further

parallel connection of the series stacks is necessary to reach the desired device capacity:

e series connection of » cells:

Hr'lzl Csci
Csctor = ————, 243
o= (2.43)
e parallel connection of n cells:
Csc,tot = Csc,i’ (244)
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where Cj.; is the capacitance of the i-th cell. For this reason, the series connected cells must then
be connected in parallel to reach the desired capacity: this causes a significant increase of the
device weight.

For a stationary supercapacitor, the storage device weight does not represent a problem, while for
an on-board device it is a critical factor (the device weight reduces the possible payload); however,
supercapacitos are suitable for operating scenarios where a high specific power is required.

The supercapacitor S.0.C. can be calculated as follows:

Qsc,ini - IISCdT
' - 100,

(2.45)

S.0.C =
( Qsc,t

where Qc.inir 1S the supercapacitor initial charge.

The proposed modelling approach is characterised by the following simplifying hypotheses:

e thermal effects on the electrolyte have been neglected;
e decay of materials has been neglected;
e charge redistribution is the same regardless of the voltage value;

e the supercapacitor provides DC current.

Figure 2.39 shows the Simscape™ implementation of the proposed detailed supercapacitor model:
it is possible to highlight the presence of time dependent (and hence S.0O.C. dependent) internal

impedances, represented through variable resistance blocks.

2.2.3.3 DC/DC converters

DC/DC converters are useful to fully exploit the presence of energy storage devices in all their
operating range; this is especially true for supercapacitors (which have a large range of operating
voltage) but they also have a fundamental role in the use of batteries. Due to their typical

voltage-S.0.C. trend (see Figures 1.15 and 1.16), the stationary devices (connected in parallel with
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Figure 2.40: General scheme of the DC/DC converter operation.

electrical substations), without a voltage converter, would never be at voltage equilibrium with
the substation and continuously perform micro charge/discharge cycles, and the on-board device
would never correctly work as storage devices. The use of a DC/DC converter allows to decouple
the storage device voltage from those of substation and line and to fully take advantage of their
presence.

Furthermore, the converter can help to monitor and control the devices S.0.C. and to protect them
from excessive voltage stresses during the charge cycles. The function performed by the DC/DC
converter is shown in Figure 2.40.

A simple DC/DC converter can be modelled through algebraic equations which modify the outlet
current with respect to the inlet voltage (i.e. the substation voltage or the pantograph voltage),
maintaining a decoupled device voltage level. In particular, the current provided to the storage
device is calculated from the power flux, taking into account equivalent losses as functions of the

current and including the possibility to control the device S.0.C..
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Figure 2.41: Scheme of a vehicle equipped with an on-board energy storage device and a DC/DC

converter.

Figure 2.41 shows the architecture of an on-board storage device-DC/DC converter within a
railway vehicle and allows to better highlight the interactions between the feeding line, the electric

motor and the storage device: such a system represents a hybrid power system.
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2.3 Multi-vehicle line and vehicles library

The core model, exposed in the previous Sections, has been originally developed in order to include
more than one travelling vehicle within the whole line (in the fully assembled model) but only a
single train within each line span, because, considering a mean substations distance of about 15
km, which is typical for High-Speed lines, it is not probable, if not even prohibited, to have more
than one High-Speed train in the same line span; the motivations mainly lie on the regulation on
safe braking distances.

However, to fully analyse the perspectives of regenerative braking, it is interesting to consider
the presence of more than one travelling vehicle in the same line span and also the presence of
vehicles in the opposite travelling direction. The latter point is easy to implement since it only
requires the assembly of a second catenary system in each line span: the position of each vehicle is
treated as a relative position with respect to the line span initial substation, so each subsystem uses

its own reference system and the subsystems used for the catenary are equal for both the travelling
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Figure 2.42: Simscape™ scheme for the multi-vehicle feeding line: trains in opposite directions.
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Figure 2.43: Simscape™ scheme for the multi-vehicle feeding line: trains in the same directions.

directions. This configuration is shown in Figure 2.42 and it is really useful, even in High-Speed
systems, to perform an optimisation analysis based on timetables, enlarging the possibility for
braking energy to be used by other vehicles in the traction phase.
The presence of more than one vehicle within a single line span is more complex (see Figure 2.43).
The model has been modified by including two external MATLAB® functions and dividing the
catenary in a greater number of variable impedance sectors (taking into account safety regulations,
signalling, and substations power limitations, the presence of up to 5 trains in the same line span
has been considered).
With this approach, the line topology is dynamically modified during the simulation and each line
span can contain a variable number of vehicles; obviously, this approach will be useful mainly for
commuter railway systems (or for light railway), while for High-Speed systems the previous fully
assembled bidirectional model would still be preferable.

In order to enhance the value of the proposed approach, additional trains and vehicles have been
added to the coupled vehicle-line model as a model library, useful to increase the scope and the
ease of use of the proposed tool; some of the vehicles considered for the development of the library

are shown in Figure 2.44.
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(©) (d)

Figure 2.44: Some of the most diffused Trenitalia passenger trains: (a) ETR 1000, (b) ETR 500,
(c) E 464 and (d) E 402.

The library has been developed as a typical Simulink® library, shown in Figure 2.45: the user can
use the block of the chosen vehicle within the vehicle dynamical sub-model. Each block includes
the characteristics of the vehicle required for its representation, e.g. mass and traction and braking
performances.

The delivered traction and electric braking efforts of some trains, included in the library, are shown
in Figure 2.46: Figure 2.46 shows the performances of the High-Speed train ETR 500 and of two
locomotives typically adopted by Trenitalia (i.e. the E 402 and the E 464). The performances
shown in Figure 2.46 for the ETR 500 are referred to a single E 404 locomotive (since the ETR
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Figure 2.45: Simulink® vehicles library.

500 is not a real distributed traction train); hence, it has to be taken into account that the train
composition includes two E 404 locomotives.
For conventional trains, in which the locomotives are associated to a known number of coaches,
the modelling of traction and braking performances should pass through the specific data of the
coaches (see the vehicle list reported in Table 2.2). In particular, data available for braking
performances of coaches are expressed in terms of braking mass percentage according UIC
regulations ([78], [79], [80], [81], [82], [83], [84]).

UIC code 544-1 prescribes a set of assessment curves, shown in Figure 2.47, for trains braking,

which are expressed in terms of braking distance and braked weight percentage as follows:

C
A+ D’

(2.46)

S =
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Figure 2.46: Electrical traction and braking performances of different locomotives and trains

adopted by Trenitalia.

1=S- D, (2.47)

S

where A is the braked weight percentage, s is the braking distance for rapid brake application
expressed in m and C and D are constants (see Table 2.3).

The range of validity for Equations 2.46 and 2.47 is shown in Figure 2.47. For the use in the
proposed model, these procedures have been converted in equivalent longitudinal efforts applied
on the train composition. In particular, the braking distance s can be expressed as a function of the

initial speed v of the vehicle: [85]
C/IVZ
§=—,
A+ D

where C” is a coefficient which can be interpolated for different initial velocities. From the braking

(2.48)

distance it is then possible to calculate the vehicle deceleration ay:

(35)
2(s- t;,,eqﬁ)’

where 1, ., is the braking equivalent time. This parameter is calculated considering the minimum

ap =

(2.49)

time corresponding to the vehicle nominal length. From the deceleration it is easy to obtain the
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Table 2.2: Main braking characteristics of some of the most diffused Trenitalia passenger trains.

Coach model Mass C.N. [t] Declared  braking  Braking mass with  Official braking  Braking distance
mass [t] u=035]t] mass percentage with the
nominal braking

performance [m]

UIC-X 14 & 24 CL. 52 71 74 137 538
- Cuccette 2¢ CL.

UIC-X 14 & 2¢ CL. 47 63 66 134 546
- Cuccette UIC-X 2¢

CL. - SAN.

UIC-X 14 & 2¢ CL. 54 73 74 135 542
sleeping

UIC-X 14 &2 CL. 47 65 68 138 532
UIC-X 14 & 2 CL. 53 72 75 136 540
- CU UIC-X 2¢ CL.

UIC-Z1 1¢ CL. 50 71 71 142 519
UIC-X 2¢ CL. 47 65 68 138 532
UIC-X 2¢ CL. 50 72 75 144 513
UIC-Z1 2 CL. 51 69 69 135 542
vic-x 2¢ CL. 51 72 75 141 522
semipilot

UIC-X - Stage coach 40 59 62 148 502
Stage coach Z1 41 62 63 151 491
VIC. Low floor - 48 63 66 131 557
semipilot

VIC. Low floor - 48 63 66 131 557
trailer

EUROFIMA 2¢ CL. 46 65 65 141 522
M.D. (ext. doors) 43 59 60 137 535
M.D. (cent. doors) 43 59 60 137 535
Sleeping cars: MU 56 84 88 150 495
& T2S

Sleeping cars: MU 62 92 94 148 500
92

Two stage wagons 54 67 69 124 585
Two stage wagons - 59 73 76 124 586
1

Two stage wagons - 61 76 79 125 582
2

VIVALTO 67 91 94 136 540

vehicle longitudinal effort.

Through these data, it is possible to take into account both electric and pneumatic braking and
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Figure 2.47: UIC method for braking effort calculation [78].

to analyse a wide range of blending strategies. The analyses performed in this thesis have taken
advantage from previous literature works concerning the modelling of on-board railway systems
with a particular attention to traction [86], conventional braking [87], [88] and magnetic track
braking systems [89]. Furthermore, some important information, for the model generalization of
this kind of subsystem, were found in the works of Quaglietta [90] and Baccari [91].

The increase in the number of modelled locomotives and coaches strongly contributes to the
flexibility of the simulation tool: thanks to its modularity and to the vehicles library, the proposed
model can be used to analyse not only High-Speed systems but also conventional and light railway

systems.
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Table 2.3: Constants for the calculation of braking performances according to UIC 544-1 [78].

v [km/h] C D

100 61300 8.9
120 91633 11.6
140 130995 11.6
150 152640 11.6
160 176714 11.6
180 228219 11.6
200 287620 11.6

2.4 Optimisation strategy and tools

In order to fully exploit the proposed modelling approach, the coupled model has been used
to perform a set of optimisation analyses, considering as objective the minimisation of energy
consumption and the maximisation of recovered braking energy.

To perform these analyses the model has been coupled to two different optimisation tools: the first
one in MATLAB® and the second one in modeFRONTIER (see Sections 2.5.3 and 2.5.4).

The first analysis is a fundamental part of the TESYS Rail project and has been carried out in
collaboration with EnginSoft, Ansaldo STS and the University of Napoli Federico II. This analysis,
useful to obtain a reference scenario, does not take into account braking energy recovery and
energy storage: it is a single vehicle analysis based on timetable and mission profile. In this
scenario, the objective is the minimisation of energy consumption through the modification of
the vehicle mission profile (i.e. the desired speed). The vehicle mission profile is fundamentally
regulated by the line speed limits (which are dependent on the train position) and by the timetable
(i.e. by the presence of intermediate station stops through the line). Usually, the train driver tries
to reach the speed limit, to take advantage of coasting (i.e. an operating phase in which no traction
or braking efforts are applied to the vehicle) when the speed limit has been reached and then to

brake within the safety limits according to signalling and to speed limits, tolerating relatively small
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speed errors with respect to the limits. However, in this situation,the train usually have significant
time margins with respect to its timetable. Hence, it could be useful to take advantage of these
margins applying more coasting phases and using the line slope profile to obtain a certain control
of the vehicle speed.

Using the "human train driver" simulation as a reference for traction energy consumption, in the
proposed optimisation analysis the vehicle traction and braking efforts application is modified to
tolerate greater speed errors and apply more coasting phases within the available time margins on
timetable. This eco-driving approach only allows relatively small energy savings, in particular in
presence of other travelling vehicles on the line: in fact, the presence of other trains has a strong
impact on timetables margins. However, it has an important advantage: it can be applied in real
systems with almost no additional costs. Furthermore, in this research work, it provides a useful
reference value for other energy saving solutions.

The second analysis is based on the use of energy storage devices, starting from a single vehicle
scenario and then extending the analysis to a multi-vehicle system. The main objective is the
minimisation of traction energy; however the analysis is maybe more significant, from a feasibility
and costs point of view, considering the maximisation of recovered energy as objective. In fact,
such an analysis could produce more general results and indicate a set of technical solutions which
depends less on the specific characteristics of the simulated train and line. In this analysis, the
model is simulated modifying the type of storage devices (i.e. supercapacitors and batteries), their
application (i.e. stationary or on-board) and their distribution along the line. The sizing of the
storage devices is performed before the optimisation analysis: the energy produced during a full
braking phase of the considered train should represent about 5-10% of the total energy which the
device could store, in order to guarantee a long operating life to the device.

The last analysis includes both energy storage devices, multi-vehicles and eco-driving: this
analysis is useful to understand and optimise existent systems or systems which are in a late phase
of the design process, since a great quantity of data is needed for the set up of the model itself.
It is important to underline the large number of design variables (e.g. storage devices power and

energy, management strategies, number and location of devices) that need to be considered and the
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equally large number of criteria which could be followed, including qualitative goals difficult to be

numerically expressed.
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2.5 Softwares and mathematical tools

This research work has mainly taken advantage from MATLAB® and its dynamical simulation
tools Simulink® and Simscape™. Simulink® is the classical software for the analysis of dynamical
systems: it transposes the characteristics of the MATLAB® language in a dynamical environment,
which is more suitable for the modelling of complex physical systems with many interactions.
Simscape™ is a physics-based modelling tool, which can be used stand-alone or integrated in
Simulink® itself, thus enlarging the capabilities of both the environments. MATLAB® has been
used also for the optimisation analyses, in which the Simulink®-Simscape™ models have been
handled directly through the MATLAB® language.

Furthermore, the optimisation analyses have been also carried out using the modeFRONTIER

optimisation software, developed by ESTECO SpA.

2.5.1 Simscape™ object oriented language

Simulink® represents the standard tool for the analysis of dynamical systems [92], [93], [94];
however, in this research work, a large part of the core model has been developed using the
innovative physics-based Simscape™ language.

Simscape™ is a newly developed Simulink® extension which allows to create custom simulation
blocks (in addition to the libraries of standard blocks already included in MATLAB®) using
an object oriented modelling language. This language permits to directly write the element
constitutive equations (balance equations) and avoid their explicit resolution (i.e. Simulink®
approach). Those balance equations are usually implemented following a modular approach, which
suits well the representation and simulation of complex multi-physics dynamical systems [95].
This approach, denoted as Bond-Graph approach [96], has also been adopted by other high level
modelling languages, such as Modelica® [30], [97], [98].

The Simscape™ language represents an extension of the MATLAB® language and can be
completely integrated in MATLAB® and Simulink® models.

The equations, which characterise the blocks of a model, are handled by a symbolic solver
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during the simulation initialization: the symbolic solution of this equations system provides great
numerical advantages for the simulation phase. Furthermore, the developer does not need to
directly consider the numerical implementation of the equations during the model development:
this is why Simscape™ is denoted as physics-based.

Another important advantage is represented by the complete absence of algebraic loops, which, in
complex systems, represent a significant limit of a pure Simulink® approach, where these problems
can be avoided only through numerical delays or through the creation of additional auxiliary
variables. Finally, the strong modularity of the approach allows to analyse complex scenarios
with little effort.

Simscape™ blocks require, in order to fully exploit the language flexibility, the creation of some
physical and numerical elements, which then simplify the creation of the elements code. The
first step is the creation of the desired physical domain, where the characteristic variables of the
elements are defined. Indeed, this is denoted as domain and, by way of example, can be defined as

follows:

domain electrical

parameters
Temperature = { 300.15, 'K' };
GMIN = { le-12,'l/Ohm' };

end

variables
v={0,V'}

end

variables(Balancing = true)
1={0,’A"}

end

end

This algorithm defines the electrical domain of the standard electrical Simscape™ library. Some

of the standard blocks of this library have been directly used, while other custom blocks have been



2.5 Softwares and mathematical tools 102

developed starting from the standard electrical domain itself. The parameters are constant values
which are needed by some of the library blocks, while the variables are, in this case, voltage and
current. Voltage is defined, according to the Bond-Graph approach, as an A-variable, i.e. an across
variable: this notation is related to the physical significance of the variable, which acts across the
element and is measured across the element. Current is defined as a T-variable, i.e. a through
variable, since it flows through the element. The Simscape™ language takes advantage of these
definitions, denoting current as a balancing, or branch variable. It is interesting to highlight how all
the quantities defined within a Simscape™ block are characterised by their units of measurements
and that a Simscape™ model handles physical signals; the coupling with Simulink® blocks must
be made through proper converter blocks (see the blocks shown in Figure 2.22).

The second step (or the third, for physical domains where it is also necessary to define physical
properties or materials, like in the thermo-fluid domain) is the creation of the element blocks: this
step defines the structure of the systems of equations characterising each element. To expose this
step, the four-port custom block source code, developed to create the real substation element, is

reported:

component(Hidden=true) four_port
nodes
pl = foundation.electrical.electrical;
nl = foundation.electrical.electrical;
p2 = foundation.electrical.electrical;

n2 = foundation.electrical.electrical;

end

variables
il={0,'A"};
vi={0,'V'};
i2={0,'A"};
v2={0,'V'};

end
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branches
il : pli->nl.;
12 : p2.1 -> n2.i;
end
equations
vl ==pl.v-nl.v;
v2 == p2.v - n2.v;
end

end

This code defines a generic block with four ports for physical signals and each port is connected
to the desired physical domain: here, all the ports point to the electrical domain and, hence,
each physical connection carries both the domain variables, voltage and current. The block also
includes a generic system of equations, including both through and across variables. This system
of equations will then be characterised and defined in the element code (i.e. different element can
share the same block code). The following algorithm represents the implementation of the real,

finite power electrical substation:

component power_limited_voltage_source
parameters
Pot_max = { 107, W ' };
end
nodes
pl = foundation.electrical.electrical;
nl = foundation.electrical.electrical;
p2 = foundation.electrical.electrical;
n2 = foundation.electrical.electrical;
end

variables(Access=private)
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vi={0,'V'};
i2={0,'A" };
end
variables
il={0,"A"};
v2=1{0,'V'};
end
branches
il : pli->nl.;
12 : p2.1 -> n2.i;
end
equations

vl ==pl.v-nl.v;
v2 == p2.v - n2.v;
v2 ==if gt(il*v1, {Pot_max,"'W'}), {3700,'V'} else {Pot_max/il,'V'} end;
vl ==0;
end

end

2.5.2 ODE23t

The differential equations solver used during the simulations of the proposed model is denoted
as ODE23t (i.e. Ordinary Differential Equations trapezoidal solver with variable order from 2 to
3), which is a solver suitable for stiff problems. In particular, this method takes advantage of the
trapezoidal integration rule through the use of a free interpolant. ODE 23t is useful and preferable
with respect to other solvers in presence of moderately stiff problems, especially if the user requires
a solution free of numerical damping; furthermore, this solver can also solve differential algebraic

equations systems (i.e. DAEs) [99].
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Classical ODE:s solver are suitable to solve differential equations systems expressed as follows:
M@y =£(y). (2.50)

The mass matrix M can be singular: in this situation the equations system is a DAEs one.
Simulink® and Simscape™ usually have to deal with DAEs systems, which can be formulated

as follows:

{ u =f(¢uv) @50

0=1£f(t,u,v)
A DAEs system usually corresponds within the model to "algebraic loops", (i.e. a set of
blocks connected in a close loop, with inputs that depend on the outputs). Due to its stability
characteristics for this kind of problems, ODE23t is usually employed in presence of electrical

circuits: it shows the same convergence rate for differential and algebraic variables [100].

2.5.3 MATLAB® optimisation tool

For the optimisation analysis, a very simple MATLAB® algorithm to perform a DOE (see
Section 2.5.4 for more details) analysis, and automatically manage the results, has been
developed: the DOE allows to perform the desired set of simulations without the need of manual
intervention. By way of example, the algorithm used for the feasibility analyses is formulated as

follows:

percent_fren_vec=0.1:0.01:1;
posiz_fren_vec=0:0.1:1;
distance_ ESS=ESS(:);
tens_capt=[];
for jjj=1:length(posiz_fren_vec)
veloc_desiderata_pos=[0 1000 distance_ESS+distance_ESS*posiz_fren_vec(jjj)
distance_ESS+distance_ESS*posiz_fren_vec(jjj)+0.1];

for iii=1:length(percent_fren_vec)
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percent_fren=percent_fren_vec(iii);
sim('vehicle_line_model");
end

end

Furthermore, for more complex interactions, the MATLAB® Optimization Tool itself has been

used.

2.5.4 modeFRONTIER

modeFRONTIER is a software developed by ESTECO SpA for optimisation analyses [101].
This software includes many different optimisation tools and has been used within the partners
collaboration of the TESYS Rail project (i.e. EnginSoft, the dealer of the software, was one of the
project partner).

modeFRONTIER is able to directly couple a large number of different simulation softwares;
furthermore, it can couple almost everything through its batch mode. The most simple optimisation
analysis the software can perform, is a DOE (i.e. Design of Experiments): the model (or the
models) is handled in the main command window of the software and, through the management
of input and output variables, it can be coupled to other parts or directly included within the DOE.
The DOE is currently the most useful analysis for the purpose of this research work; however,
many other complex algorithms can be used, especially concerning multi-objective optimisation.
The DOE is an efficient method to explore the design space and allows to understand how
the system variables influence the results. The first step, in this analysis, is the choice of the
design space limits and of the number of design configurations to be analysed. In this way, it is
possible to automatically perform a large number of desired simulations and understand the best
configurations.

modeFRONTIER is able to choose which configurations to analyse (if the user chooses to analyse
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only a limited number of configurations), taking advantage of different optimisation algorithms.

However, to fully exploit the possibilities of the software, it is possible to set up a real multi-
objective optimisation analysis, in which each objective has the same weight and the user is free
to evaluate the results according to the actual importance of each parameter. modeFRONTIER can

implement, among many others, the following optimisation algorithms:

Pareto approach;

genetic algorithms;

Monte Carlo approach (useful to take into account uncertainty and random factors);

gradient-based algorithms.

One of the fundamental advantages offered by modeFRONTIER is the possibility to couple models
developed using different commercial or in-house softwares: aside from the analyses included
in this thesis, it has been used to couple the proposed model with a railway signalling model

developed by the University of Napoli Federico II and with a model developed by Ansaldo STS.
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2.6 Considered test case: ETR 1000 on the Firenze-Roma line

In this research work, for the validation of the proposed model from a High-Speed point of view,
and for the feasibility and optimisation analyses, a High-Speed train with the characteristics of the
ETR 1000 has been considered; this vehicle is the last High-Speed train developed for Trenitalia
by Bombardier and AnsaldoBreda (AnsaldoBreda Group has now been purchased by Hitachi).
The main technical features of the considered train are listed in Table 2.4: the vehicle has a
distributed traction system, shown in Figure 2.48, whose traction and braking performances are
shown in Figure 2.49 (real operating scenario).

Currently the ETR 1000 is in the first phases of its operating life, so the data described
in this paper, which are mainly referred to the preliminary presentations of the train (see the
technical specifications of the train [102] and the paper by Gherardi and Vannelli [103], who
analysed interoperability issues between European High-Speed trains) could be subjected to
slight modifications due to the final calibration and optimisation of on-board systems. The most
interesting reference is represented by the proceedings of a CIFI (acronym for Collegio degli
Ingegneri Ferroviari Italiani) Symposium [104], a conference where the participation of many
train suppliers makes possible a deeper insight on train functionalities and performances.

The ETR 1000 is designed to operate under different electrification standards: thus, it is able to
respect interoperability standards among the most important railway networks of western Europe.
In particular, in this research work, the operation of the ETR 1000 within the 3kV DC Firenze-

Roma line (usually denoted as Direttissima), which is the oldest and perhaps most important High-

Speed line of the Italian network, has been considered. Figure 2.50 and Table 2.4 show the main

o o v
Motorized Magnetictrack  Sanding
wheelset brake equipment

Figure 2.48: Distributed traction and braking systems of the ETR 1000 High-Speed train.
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Figure 2.49: Traction and braking performances of ETR 1000 High-Speed train (referred to a 3 kV
DC line).
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Figure 2.50: Catenary of the Firenze-Roma Direttissima High-Speed line.

electrical features of the considered line.

The ETR 1000 is not equipped with on-board storage systems, but its traction system can be
used in a regenerative braking configuration; however, the energy recovery is currently limited
by the availability of a load along the electrical line. In fact, the electrical substations currently
installed along the Direttissima line are designed to operate only in the first quadrant: they are

not fully reversible substations and there are no stationary energy storage devices within the line.
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Furthermore, in order to protect the line from potentially harmful overvoltage, the train switch
from regenerative to dissipative braking if the line overvoltage exceeds a value of about 3900 V.

In this work, the feasibility and the potential advantages of the application of energy storage
technologies to High-Speed trains have been investigated, to understand how to fully exploit the
regenerative braking capabilities of those trains. The considered High-Speed test case has been
used both for the experimental validation of the proposed modelling approach and for the energy

recovery feasibility and optimisation analyses.



2.6 Considered test case: ETR 1000 on the Firenze-Roma line 111

Table 2.4: Main characteristics of the ETR 1000 High-Speed train and of the Direttissima High-

Speed line.

Total Seats

Car Body Construction
Train Mass

Train Length

Axle Load

Gauge

Rotating Inertia Respect to Train Mass

Wheel Diameter
UIC Classification

Motorized Weight Fraction

Traction System

Supported Electrification Standards
Nominal Power

Max Tractive Effort (standstill)
Max Speed (design)

Max Speed (commercial)

Acceleration / Dec. Performances

Braking System

Brake Pad Consumption

470

Aluminum Alloy

500 ¢

202 m

171t

Standard 1435 mm

4 %

920 mm
Bo’Bo’+2’2’+Bo’Bo’+2°2’
+2’2’+Bo’Bo’+2’2’+Bo’Bo’
0.5[-]

Water-cooled IGBT Converters and Asynchronous AC

Traction Motors
25kV 50 Hz, 15kV 16.7 Hz, 3 kV DC, 1.5 kV DC

9.8 MW

370 kN

400 km/h

360 km/h

0.7 ms-2 (acceleration phase) / 1.2 ms-2 (deceleration

phase)

Electro-Pneumatic, Electric Braking (both regenerative

or dissipative), Magnetic Track Brake
0.1-0.2 cm*®/MJ (depending on installed brake pad and

demanded brake power)

Line Impedance (p)

ESS No Load Voltage

ESS EQ. Impedance

Mean Distance between ESSs
Min Distance between ESSs

Max Distance between ESSs

About 0.05 £2/km
3700 v

About 0.09 (2
14.7 km

12 km

16.8 km
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2.7 Considered test case: E 464 on the Firenze-Pisa-Livorno

line

Furthermore, both for the validation and for the feasibility and optimisation analyses, the E 464
locomotive with a set of 4 Vivalto coaches has been considered. The main technical features of
the considered train are listed in Table 2.5; the vehicle has an electric traction and braking system
in the two locomotives, while the coaches are equipped with the traditional pneumatic braking
system (see Figure 2.51, which shows the architecture of the E 464 train); traction and braking
performances of the E 464 locomotives are shown in Figure 2.46 (real operating scenario).

This vehicle has been chosen within the TESYS Rail project as the test case for the global

) )

Figure 2.51: Scheme of the E 464 commuter train.

model developed by the partnership. In particular, a partner has planned an experimental campaign
in collaboration with RFI with the purpose of measuring the performances of the E 464. This
experimental campaign will provide the data for the validation phase of the TESYS Rail project.
In particular, in this research work, the experimental campaign considers the operation of the E 464
within the 3kV DC Firenze-Pisa-Livorno line. Figure 2.52 shows the topology of the part of the
line considered for the analyses and Table 2.5 show the main electrical features of the considered
line.

The E 464 traction system can be used in a regenerative braking configuration; however, neither

the considered line nor the vehicle include storage devices.
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Table 2.5: Main characteristics of the E 464 commuter train and of the Fi-Pi-Li line.

Train Mass

Train Length

Number of coaches

Gauge

Max Power in traction

Max Power in braking

Motorized Wheel Diameter

UIC Locomotive Classification
Motorized Weight Fraction
Traction System

Supported Electrification Standards
Max Traction Effort (standstill)
Max Traction Effort (at max speed)
Max Braking Effort

Max Speed

Braking System

324 ¢

150 m

6

Standard 1435 mm
35 MW

235 MW

1100 mm

Bo’Bo’

0.22 [-]

FIA 5267 motors
3kVDC, 1.5kV DC
200 kN

67.5 kN

85 kN

160 km/h

Electro-Pneumatic, Electric Braking (both regenerative

or dissipative)

Line Impedance (p)
ESS No Load Voltage
ESS EQ. Impedance
Mean Power ESSs

Mean Distance between ESSs

About 0.04 2/km
3600 V

About 0.1 2

5.4 MW

20 km
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Figure 2.52: Scheme of a part of the Firenze-Pisa-Livorno line [105].



3

Results and Discussion

Chapter 3 focuses on the exposition and analysis of the results provided by the proposed model,
during the research activity.

The first part of the Chapter is devoted to a general analysis of the physical behaviour of the system,
showing how the model response is coherent with the physical reality.

The second part is devoted to the tuning and calibration of the model considering a set of
experimental data measured on board the ETR 1000 within the Direttissima High-Speed line.
After the calibration phase, the model has been experimentally validated considering experimental
measurements carried out for the ETR 1000 (within the Direttissima High-Speed line) and for the
E 464 (within the Fi-Pi-Li line).

The model has then been used to perform a large scale feasibility analysis of the perspectives
of regenerative braking within High-Speed systems. The feasibility analysis is followed by the
proposal of a storage devices sizing approach and by an optimisation analysis of the considered

High-Speed system.

115
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3.1 General results

ETR 1000 is a relatively new project and, currently, it represents one of the most relevant
investment performed by the Italian railways. During the drawing up of this research work, the
train was performing its first activities on Italian High-Speed lines. The data sets, available for
the preliminary validation of the proposed model, are referred to specific manoeuvres performed
during the train homologation phase: during the preliminary homologation process, the train has
been subjected also to experimental tests concerning high frequency measurements of collected
currents and voltages (the frequency ranges from 20 kHz to 200 kHz). These tests were not
performed to evaluate the train efficiency: their goal is, in fact, the evaluation of the harmonic
contents of collected currents and voltages. This analysis is useful to understand various problems
related to train power collection and concerning power drives, on-board filters and the quality of
pantograph current collection. In order to make those data usable for this research work, they have
been filtered and down-sampled to obtain smooth profiles, useful for the validation of the proposed
model but with almost no industrial interest, since the information about high frequency behaviour

is completely lost (a maximum sampling frequency of 10 Hz has been considered).

EE S S * 4

Electrical substations [-]

1 1 1 Il Il
0 50 100 150 200 250 300
Distance [km]

Figure 3.1: Electrical substations positions along the Direttissima High-Speed line.
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Figure 3.2: Slope of the Direttissima High-Speed line.
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Figure 3.3: Preliminary numerical test: speed profile.

The first aim of this research work is to prove the accuracy of the results provided by the proposed
model and its ability to reproduce a real High-Speed operating scenario through the comparison
with experimental data.

Figures 3.1 and 3.2 show a set of the parameters, used within the model, to represent the considered
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Figure 3.4: Preliminary numerical test: vehicle power consumption.

2500 |/

2000

1500

Current [A]

1000

NN | M [} H ! f ‘
ol HJ | L( l.l | JY]IH
i T Dot

Figure 3.5: Preliminary numerical test: pantograph current.

line: Figure 3.1 shows the position of the electrical substations within the Direttissima line, while
Figure 3.2 shows its slope.
As a starting analysis, the model, set up to represent the ETR 1000 within the Direttissima line,

has been used to prove its coherence with the physical behaviour of the system, without taking
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Figure 3.6: Preliminary numerical test: pantograph voltage.

into account actual infrastructure and vehicle limits (e.g. speed limits). The mission profile chosen
for this analysis includes a first acceleration from standstill to 300 km/h (starting from Firenze), a
constant speed phase and a final full braking in correspondence of Roma station.

Figure 3.3 shows the velocity profile calculated with the proposed model: it follows well the chosen
mission profile and is in good agreement with the behaviour expected from the vehicle: in fact,
it is possible to highlight how the traction and braking phases directly correspond to the traction
and braking curves of the vehicle. The results, shown in Figure 3.4, Figure 3.5 and Figure 3.6,
correspond to that velocity profile: it is possible to highlight how the highest power consumption
corresponds to the initial acceleration phase to the maximum speed (Figure 3.4), analogously
to the highest absorbed current (Figure 3.5) and to the biggest voltage drop (Figure 3.6). The
other peaks and drops correspond to electrical substations and smaller accelerations due to the
line characteristics; during the braking phases, the voltage does not rise over the substation value
because those results are referred to the first simulation scenario, the one without energy recovery

and with the fully reversible substation (see Figure 1.13(b) and Figure 2.27).
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3.2 Comparisons with experimental data

Section 3.2 focuses on the comparison between some sets of experimental data and the results
obtained with the proposed model. The experimental measurements have been used both to
calibrate and validate the developed model; in particular, a first set of measures concerning the
ETR 1000 High-Speed train has been devoted to the model tuning, two further sets of data referred
to the same train have been used for the validation, and, finally, two sets of measurements referred
to the E 464 commuter train have been used to complete the validation phase including also a
classical regional system.

All the data sets are referred to four of the main quantities related to the energetic performances of
arailway system: a kinematic variable (i.e. the vehicle velocity) and three electrical quantities, i.e.

power, current and voltage.

3.2.1 Experimental calibration

In this Section, for the experimental calibration of the proposed coupled vehicle-line model, a set
of experimental data concerning a specific traction manoeuvre of the ETR 1000 on the High-Speed
line Roma-Firenze, from standstill to a speed equal to 250 km/h, has been used.

The manoeuvre is performed applying the maximum traction effort, corresponding to the curves
shown in Figure 2.49. Figure 3.7 shows the comparison between the measured vehicle speed
profile and that obtained with proposed model: it is possible to verify that the main parameters
considered in the model concerning traction performances, inertia and motion resistances were
substantially correct. In particular, the numerical and experimental speed profiles above 110 km/h
are almost identical (with negligible errors both in terms of speed and acceleration); below 110
km/h, there are some differences between the two profiles; in particular, the real train exhibits
higher performances. This error has to be carefully evaluated considering real adhesion conditions
and axles skidding phenomena. Axle skidding phenomenon is strictly connected to the adherence

of the track: during the traction phase it is identified as skidding, while during the braking phase
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Figure 3.7: ETR 1000 experimental calibration: comparison between a real traction manoeuvre
on the Firenze-Roma High-Speed line and the corresponding numerical results obtained with the

proposed model.

it is denoted as sliding. In both cases the phenomenon is due to a difference between the wheelset
velocity and the speed of the vehicle itself (e.g. the wheel locking during braking) and it leads to a
vehicle skidding. Axle skidding can be dangerous in terms of safety; furthermore, it is important to
avoid it in order to prevent excessive wheel and track wear. Train traction performances used in the
proposed model are perhaps a bit lower than the real ones since they are referred to a continuous
guaranteed performance; at the same time, it should be noticed that maximum performances near
to standstill conditions involve the availability of an adhesion which is higher than 0.15, which is
the limit usually adopted for the design of braking systems according to TSI standards. TSI limits
are cautious because they are referred to the braking sub-system, which is quite safe relevant.
However, considering the Muller adhesion model, shown in Figure 2.8, it has to be observed that
with a vehicle speed above 85 km/h the maximum expected adherence limit is lower than 0.25.
Consequently, in the speed range between 80 and 120 km/h there is a high statistical occurrence
of skidding. As a matter of fact, during the experimental tests, some skidding occurred in this

speed range, confirming that the maximum performances of the system are a bit higher than those
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Table 3.1: Model uncertain parameters that should be further identified and refined.

Uncertain parameter Reason/comments

Train efficiency 7., This parameter is affected by heavy uncertainties
concerning both the mechanical efficiency 7,, of
the transmission system and the electrical one 7,.
In addition, the heavy uncertainties on motion
resistances can be partially compensated adjusting
Mot

Pos. of power connections along the line / The positions of power stations are well known but
the positions of the electrical connections along the
line are affected by errors of about 50 m

ESSs voltage and impedance Vy, Ry These parameters have to be further investigated

Equivalent resistivity of the line p This parameter has to be further investigated

assumed within the proposed model but they cannot be fully reached in the most common operating
conditions without causing the intervention of anti-skidding systems. The implementation of an
anti-skidding sub-model in the proposed model could allow to better represent the train behaviour
observed experimentally during the complete traction phase.

The aim of this first comparison is to validate the proposed model in a real operating scenario, to
verify its reliability before using it to analyse the feasibility of energy recovery systems within the
system.

In particular, this Section focuses on the calibration of the set of parameters described in Table 3.1,
which were affected by larger uncertainties.

However, it is important to notice that the uncertainties on these quantities (i.e. vehicle efficiency,
positions of power connections, ESSs voltage and impedance, line equivalent resistivity) have
almost no influence on the controller used to drive the vehicle. This is due to the need to
represent the behaviour of the human driver: the velocity errors are higher and the dynamics

of the intervention are slower than those of an automatic driver. Hence, in terms of controller
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Figure 3.8: ETR 1000 energy flows during the traction phase.

effectiveness, the uncertainty on the model parameters are almost completely compensated by the
approximation of the controller itself.

Figure 3.8 shows the energy flows for the considered High-Speed train during the traction phase:
it is possible to highlight how more than 40% of the traction energy is dissipated by the different

losses sources present within the system.
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Figure 3.9: ETR 1000 experimental calibration: comparison between the experimental power
consumption W, during the traction phase and the corresponding numerical values obtained with

the proposed model.

3.2.1.1 Calibration of the efficiency 7;,,

The comparison between the experimental and numerical power consumption can be analysed in
Figure 3.9. The test begins with a phase in which the train is stopped and its motors are not
working. In this phase, which corresponds to the first 10 seconds of the experimental record, it
is possible to measure the small power flux that must be collected from the line to feed all the
auxiliary systems of the train. It is not a very accurate measurement; however, a constant power
Waux equal to about 230 kW seems to be a realistic approximation, because it corresponds to a
mean consumption of about 29 kW for each wagon. This power flux is needed for the operation of
air conditioning, lights, and every on-board sub-system such as compressors for pneumatic brakes
and battery chargers.

Furthermore, by comparing the collected power W, provided by the proposed model with that
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Figure 3.10: ETR 1000 calibration of the global efficiency 7, (100% of the traction effort).

experimentally measured, it is possible to perform a calibration of the train global efficiency 70;
the results of this preliminary calibration are reported in Figure 3.10 and Table 3.2. Within
the proposed model, 7,, is taken into account after the dynamical analysis of the vehicle, in
correspondence of the power consumption calculation: this value of W, takes into account both the
chosen blending strategy and the system global efficiency. Considering the good agreement with
the experimental measurements (e.g. in terms of velocity profile, see Figure 3.7) of the results
produced by the dynamical part of the model and the absence of blending (i.e. the considered
manoeuvre only includes a traction phase), all the possible errors in terms of power consumption
can be attributed to the erroneous value of the global efficiency. Then, the comparison between
experimental and numerical W, allows to tune the value of 7,,. Due to lack of more detailed
experimental measurements, 77,,; has been calibrated taking only into account the vehicle speed and
neglecting the dependency on the traction effort. However, it should be noticed that the mechanical
efficiency of the transmission systems typically increases, as the transmitted power increases while
the efficiency of power electronics components is typically higher for partial loads. Consequently,
the mutual compensations of these phenomena should produce a reduced fluctuation of the global

efficiency around its most common value, which is about 0.84.
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Table 3.2: Preliminary calculation of the global efficiency 7, with 100% of the traction effort

applied.

Speed range Global efficiency 1, at 100% of the traction effort

0-36 km/h From 0.8 to 0.82
36-54 km/h 0.82
54-126 km/h From 0.82 to 0.86
126-162 km/h 0.86
162-180 km/h From 0.86 to 0.85
180-236 km/h 0.85
236-350 km/h From 0.85 to 0.83

Finally, it is possible to highlight that the efficiency value equal to 0.82, calculated in the speed
range between 40 and 120 km/h, is a bit low due to the axle skidding phenomenon: in fact it
produces rapid transients and hysteretic load cycles which penalize the global efficiency of the

system.

3.2.1.2 Calibration of substation parameters

After a preliminary evaluation of the traction system efficiency, it is possible to refine some
parameters related to the electrical line. This analysis concerns the identification of the position,
the no-load voltage and the equivalent impedance of the power stations within the line, starting
from the measurements of the voltage V. in correspondence of the pantograph, which are reported
in Figure 3.11.

In particular, it is possible to calculate and verify the value of the substations no-load voltage
Vo by considering the measured voltage in correspondence of the standstill condition: in this
case, the collected power is small and causes negligible losses; hence, the measured voltage in
correspondence of the pantograph can be assumed to be equal to Vj.

Furthermore, the position of the power connection can be refined (within the data uncertainty of
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Figure 3.11: ETR 1000 experimental calibration: comparison between the line voltage V.

experimentally measured at the pantograph during the traction phase and the corresponding

numerical values obtained with the proposed model.

about 50 m) considering that the passage under a power connection in a constant power operating
condition (see Figure 3.9) produces a peak in the pantograph measured voltage V. (shown in Figure
3.11). In this case, almost all the power, needed by the train, is collected locally. Consequently,
the line circuit behaviour can be analysed through Equation 3.1 and the linearized equivalent

impedance of the electrical substation Ry can be estimated as follows:

Vo — Ve

I (3.1)

3.2.1.3 Calibration of line impedance

Figure 3.11 and Figure 3.12 show, respectively, the comparisons between the measured and
numerical pantograph voltage V. and collected current /.. Comparing numerical and experimental
results, it is possible to adjust the value of the line equivalent resistivity p compensating the
tolerances and the approximations on data (typically no more than 5-10%).

It is possible to highlight how the matching between simulated results and experimental
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Figure 3.12: ETR 1000 experimental calibration: comparison between the collected current

I. experimentally measured at the pantograph during the traction phase and the corresponding

numerical values obtained with the proposed model.

measurements is quite good even considering the tolerances on several parameters; higher errors
can only be found in the zone where the train speed is lower, due to the presence of axle skidding

in the experimental measurements.

3.2.2 Experimental validation

After the calibration of the model through the use of the first set of experimental data, further sets
of experimental measurements have been used for the experimental validation of the tuned model.
Section 3.2.2.1 shows the experimental validation of the proposed model through the comparison
of the numerical results with two sets of measurements referred to the considered High-Speed test
case, while Section 3.2.2.2 shows the experimental validation considering two data sets referred to

the E 464 commuter train within the Firenze-Pisa-Livorno line.
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Figure 3.13: ETR 1000 experimental validation, first mixed manoeuvre: comparison between
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%10°

1 f "MWMWW‘-W '%‘\"Twmri%

Power [WV]

{
of L
Experimental results| | J
Proposed model

_2 L L 1 1 1 1 1
0 50 100 150 200 250 300 350

Time [s]

Figure 3.14: ETR 1000 experimental validation, first mixed manoeuvre: comparison between

numerical and measured power consumptions.
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Figure 3.15: ETR 1000 experimental validation, first mixed manoeuvre: comparison between

numerical and measured pantograph currents.

3.2.2.1 ETR 1000 experimental validation

The first of the two further sets of data concerning the ETR 1000 is referred to a mixed manoeuvre:
the train accelerates up to 70 m/s, performs a brief braking to 60 m/s, then accelerates again up
to 70 m/s. Figure 3.13 shows the comparison between experimental data and numerical results in
terms of mission profile: it is possible to highlight how the agreement between them is very good.
Furthermore, Figure 3.14 shows the comparison in terms of power consumption, Figure 3.15 is
referred to pantograph currents and Figure 3.16 shows the pantograph voltage. In all these Figures
it is possible to highlight the good agreement between numerical and experimental data.

The second of these sets of data is referred to another mixed manoeuvre: the train accelerates
up to 60 m/s, and then performs a full braking. Figure 3.17 shows the comparison between
experimental data and numerical results in terms of mission profile, Figure 3.18 shows the power
consumptions comparison and Figure 3.19 and Figure 3.20 are respectively referred to pantograph
currents and voltage. The results provided by the proposed model are characterised by a good

accuracy, showing a good agreement with experimental measurements.
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Figure 3.16: ETR 1000 experimental validation, first mixed manoeuvre: comparison between

numerical and measured pantograph voltages.
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Figure 3.17: ETR 1000 experimental validation, second mixed manoeuvre: comparison between

numerical and measured speed profiles.
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Figure 3.18: ETR 1000 experimental validation, second mixed manoeuvre: comparison between

numerical and measured power consumptions.
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Figure 3.19: ETR 1000 experimental validation, second mixed manoeuvre: comparison between

numerical and measured pantograph currents.
3.2.2.2 E 464 experimental validation

The first data set concerning the E 464 is referred to a mixed manoeuvre: the train accelerates up to

45 m/s, performs a first brief braking to 42 m/s, another brief braking to 37 m/s, accelerates again
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Figure 3.20: ETR 1000 experimental validation, second mixed manoeuvre: comparison between

numerical and measured pantograph voltages.
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Figure 3.21: E 464 experimental validation, first mixed manoeuvre: comparison between

numerical and measured speed profiles.

up to 45 m/s and, finally, performs a full braking. Figure 3.21 shows the comparison between

experimental data and numerical results in terms of mission profile: it is possible to highlight
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numerical and measured pantograph currents.

comparison between

comparison between

how the agreement between them is very good and how the main source of error is the difference

between the real human driver and the model virtual driver. Figure 3.22 shows the comparison
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numerical and measured pantograph voltages.
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Figure 3.25: E 464 experimental validation, second mixed manoeuvre: comparison between

numerical and measured speed profiles.

in terms of power consumption, Figure 3.23 is referred to pantograph currents and Figure 3.24

shows the pantograph voltage. In all these Figures, it is possible to underline the good agreement
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Figure 3.26: E 464 experimental validation, second mixed manoeuvre: comparison between

numerical and measured power consumptions.
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Figure 3.27: E 464 experimental validation, second mixed manoeuvre: comparison between

numerical and measured pantograph currents.

between the results provided by the proposed model and the experimental measurements. The

high frequency behaviour of the electrical quantities has been filtered, but a small component of
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Figure 3.28: E 464 experimental validation, second mixed manoeuvre: comparison between

numerical and measured pantograph voltages.

it is still present in the shown data: this component does not represent a source of error for the
proposed model, since it goes beyond the scope of this research work. The second data set, used
for the validation of the E 464 model, is referred to another mixed manoeuvre: the train accelerates
up to 45 m/s, and then performs a series of partial braking phases, from 45 to 42 m/s, from 42 to
37 m/s, from 37 to 32 m/s, from 32 to 17 m/s and finally from 17 to 0 m/s,. Figure 3.25 shows
the comparison between experimental data and numerical results in terms of mission profile: as
already noted, for Figure 3.21 the agreement is good, with the only errors due to the difference
between the human and the virtual drivers. Figure 3.26, Figure 3.27 and Figure 3.28 show the
comparisons in terms of power consumption, pantograph currents and pantograph voltage. In all
these Figures, it is possible to highlight the good accuracy of the results provided by the proposed

model and their agreement with the experimental results.
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3.3 Feasibility analysis within a High-Speed system

After the model experimental validation, in order to investigate the feasibility of energy storage
systems within the considered High-Speed railway application, a set of parametric simulations
has been performed. The proposed model has been used to analyse a series of different operating
scenarios, all of them considering the same line (i.e. the Direttissima Firenze-Roma line). The
velocity profile, considered for this feasibility analysis, is shown in Figure 3.29 and includes a first
acceleration (applying the maximum traction effort) from standstill to 70 m/s, a constant speed
phase and a final braking (considering, as a blending strategy, the maximisation of the electrical
converted power). In this operating scenario, the peak power involved in the braking phase is about
4-5 MW.

Since the results obtained through the simulation of the proposed model could be influenced by the
particular behaviour or features of the considered energy storage device, for the feasibility analysis
it has been preferred to refer the numerical results to an ideal configuration in which the storage
device has a near to infinite capacity (E = constant) and its no-load voltage is equal to Vj (i.e. no

unbalance with respect to ESSs). As a further simplifying hypothesis, it has been assumed that the
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Figure 3.29: Mission profile chosen for the feasibility analysis.
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Figure 3.30: Energy percentages involved in the train braking phase (measured at the pantograph)

as a function of the braking effort percentage, without voltage limitations.
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Figure 3.31: Braking distance as a function of the braking effort percentage, without voltage

limitations.

equivalent impedances of both the ESSs and the coupled energy storage devices are equal to R.,.

Under these hypotheses, the coupled ESS-energy storage device system is equivalent to the fully
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Figure 3.32: Braking time as a function of the braking effort percentage, without voltage

limitations.
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Figure 3.33: Energy percentages involved in the train braking phase (measured at the pantograph)

as a function of the braking effort percentage, voltage peak limited to 3900 V.

reversible substation shown in Figure 2.27, considering a modified value of the internal resistance

Ro = Re,.
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Figure 3.34: Line voltage peak during the braking phase as a function of the braking effort

percentage and of the braking position between two adjacent electrical substations, without voltage

limitations.
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limited to 3900 V.
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This approach has been adopted in order to easily evaluate the performance of the system regardless
of the constraints dependent on the storage technology. Figure 3.30, Figure 3.31, Figure 3.32 and
Figure 3.33 show most of the main quantities considered in this analysis; the results shown in those
Figures are all referred to scenarios where the braking manoeuvre starts at midspan between two
adjacent ESSs, while the influence of the braking position is reported in Figures 3.34 and 3.35.

Figure 3.30 shows the energy fluxes involved in the train braking phase as functions of the braking

request, which can be defined as follows:

T es
Braking request = b , (3.2)

b,nom

where Tp,0m 18 the available braking effort, calculated according to the train performance
characteristics (see Figure 2.49) and T 4.5 is the actual value of the applied braking effort. By
varying the braking request, it is possible to vary the percentage of recovered energy since a higher
braking request could saturate the braking effort and hence the braking energy. The recovered
energy shows a maximum in correspondence of a 15% braking request; however, this low value of
the braking request involves that the braking distance and the braking time (respectively reported
in Figure 3.31 and Figure 3.32) are quite high, beyond the acceptable limits usually considered in
High-Speed applications. A good operating condition could be represented by the 50% braking
request, where about 30% of the braking energy can be recovered but the braking time and distance
are acceptable. The braking energy dissipated on the on-board resistors is constantly 0% since no
voltage limiter is included in this first analysis.

Figure 3.33 shows the results obtained in terms of energy fluxes using a voltage limiter (considering
a limit value equal to 3900 V) during the braking phases. Figure 3.33 is essentially equal to Figure
3.30, since the voltage peak values obtained in absence of the voltage limiter were not significantly
higher than the considered limit. However, it is possible to highlight how a small percentage of
energy is dissipated on on-board resistors. Figure 3.34 shows the voltage peak due to regenerative
braking, as a function of the braking request and of the position between two adjacent electrical

substations where the train begins the braking manoeuvre. According to Figure 2.20, the braking
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position between ESSs can be defined as follows:

X
7 (3.3)

Braking position =
It is possible to highlight how the voltage peak, after a strong initial increase, is almost constant (or
even decreasing) after the 20% braking request. On the contrary, the position where the braking
phase begins has a significant influence on the voltage peak: in fact, it is possible to underline
how a braking manoeuvre which begins near a substation leads to lower voltage peaks on the line.
This analysis could then be refined considering the device that cuts off regenerative braking (i.e.
activates dissipative braking) if the voltage exceeds the 3900 V limit value; however, even this first
analysis provides realistic results, since the voltage peaks are not significantly higher with respect
to the 3900 V limit.
Figure 3.35 shows the results obtained in terms of voltage peaks, using a voltage limiter
(considering a limit value equal to 3900 V) during the braking phases. Figure 3.35 allows
highlighting the small difference between the two scenarios: in fact the voltage peaks are saturated
to the limit value for most of the braking position values. The voltage peaks, analogously to those
obtained in absence of voltage limiter, are below the limit only in proximity of the ESSs, where
a storage device can be able to completely handle the energy peak provided in correspondence of
the braking phase. It is important to underline how the overvoltage can be handled in two different
ways in presence of real storage devices: completely deactivating regenerative braking in case of
overvoltage or controlling, in a more accurate way, the braking phase in order to dissipate only the

exceeding energy and to continue to recover a smaller percentage of energy.
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3.4 Vehicles library

The proposed vehicles library represents a significant contribution in terms of model value and
flexibility. In fact, the possibility to easily represent the behaviour of different vehicles could allow,
in the future developments of this research work, to extend the proposed optimisation approach to
a large number of different scenarios and to investigate more complex interactions. The results
exposed in this Section show the comparison between the behaviour of a set of vehicles and the
ETR 1000, in order to highlight the possibilities provided by the library.

Figure 3.36, Figure 3.37, Figure 3.38 and Figure 3.39 show the comparison between the
performances of the trains considered in Figure 2.46 and the ETR 1000. Figure 3.36 shows
the considered mission profile: it includes a first acceleration from standstill to the maximum
vehicle speed, a constant speed phase and a final full braking. The comparison has been carried
out considering the Firenze-Roma line.

The power consumption and the collected current (see respectively Figure 3.37 and Figure 3.38)

of the two High-Speed trains (i.e. ETR 1000 and ETR 500) are significantly higher with respect
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Figure 3.36: Comparison between the simulated vehicle speed of different Trenitalia trains along

the Direttissima line (Roma-Firenze).
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Figure 3.38: Comparison between the simulated collected current of different Trenitalia trains

along the Direttissima line (Roma-Firenze).

to the two local trains. Furthermore, their voltage drops (see Figure 3.39), in correspondence of

the accelerations (both the first full traction phase and the others within the line, due to the line
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Figure 3.39: Comparison between the simulated pantograph voltage of different Trenitalia trains
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Figure 3.40: Line voltage peak during the braking phase for the E 464 commuter train, voltage
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topology) are bigger. Despite their better traction performances, the two High-Speed trains reach

their maximum speed farther than the others: this is due to the much higher speed levels. In fact



3.4 Vehicles library 147

55 T T T T T T T T

Recovered energy E402
Recovered energy E464
Recoverad enargy ETRS00
Recovered snergy ETR1000 | |

Braking energy percentage [-]
B K 8

—
o

-
(=)
T

4]

20 30 40 50 60 70 80 80 100
Braking request percentage [-]

—
=

Figure 3.41: Energy percentages involved in the train braking phase for some of the vehicle

included in the developed vehicles library.

the full acceleration time is not significantly different among the whole group.

Figure 3.40 shows, by way of example, the feasibility analysis concerning the braking voltage
peaks for the E 464 commuter train: it is possible to highlight how, due to the lower speed and
hence kinetic energy, the voltage peak for this commuter vehicle is always below the line limit (i.e.
3900 V). Due to these reason, the use of regenerative braking is quite promising for commuter
trains, where the braking frequency is higher than in High-Speed systems. However, even though
this could seem a reasonable result, not only High-Speed trains but also commuter trains suffer a
significant lack of regenerative braking applications.

Figure 3.41 shows the comparison between the recovered energy which could be obtained with
the previously considered vehicles: it is interesting to highlight how, despite the line voltage
limitations, the percentage of recovered energy for High-Speed trains is significant even with

respect to slower commuter trains that do not suffer from the voltage limitations.
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3.5 Storage system sizing

After the feasibility analysis, this research work has focused on the correct sizing of stationary and
on-board storage devices which could better fit the needings of a High-Speed system, following the
same approach already shown in previous works [106], [107], [108]. Thanks to the collaboration
with the University of Pisa, also the software Modelica® has been used to carry out the research
work. The sizing of energy storage devices also allows to understand the economic impact of such
investments.

The following storage system scenarios have been considered:

1. Stationary systems, interfaced with the feeding line through DC/DC converters:

1.1. Supercapacitors systems;

1.2. High power lithium batteries systems.

The sizing has been performed considering the High-Speed test case, i.e. the ETR 1000
High-Speed train within the stations of Firenze and Roma. Since the line has only these two
stops, it is useful to locate the storage device in correspondence of the electrical substations
of the two railway nodes. Furthermore, the storage devices have been sized considering only
the energy flows coming from the DC High-Speed lines and neglecting the contribution due
to DC low speed lines and AC High-Speed lines. This is due, aside from the possibility
to perform a significant analysis without the need of an extremely large set of data, to two
main reasons: DC low speed lines are characterised by energy flows which are much smaller
than those of DC High-Speed lines and AC High-Speed lines can fed their recovered energy

directly to the feeding grid taking advantage of reversible substations.
2. On-board systems, interfaced through DC/DC converters:

2.1. Supercapacitors systems;

2.2. High power lithium batteries systems.
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For on-board storage devices, the sizing process has been carried out taking into account the
energy produced by the considered vehicle itself; furthermore, it is important to take into
account the available volume and the storage device weight, which produces an increment

of the total vehicle weight and a possible reduction of the payload.

All the considered systems include a DC/DC converter. This further component obviously provides
an increment in terms of volume, weight and complexity of the entire system. However, it is
possible to obtain several advantages by interposing a voltage converter between the storage device

and the feeding line:

e enhancement of energy recovery: without the interposition of a converter (i.e. floating
device), the braking energy flow is primarily driven by the presence of a voltage difference
between the line and the storage device and this gradually reduces the flow of energy to the
storage system. The introduction of a DC/DC converter maintains a fixed reference voltage
level (e.g. the electrical substation voltage), in order to keep the substations from charging

the storage system;

e more flexibility for the storage device sizing: the device voltage is no more directly
constrained to line voltage and the only limit to be taken into account is the safety current
value. Furthermore, the device S.0.C. can be directly controlled; these features allow to

significantly increase the device life.

A comparison between storage devices behaviour within a tramway system in presence and in
absence of voltage converter can be found in [109] and [110], while an analysis of floating storage

devices within a High-Speed system is shown in in [106].

3.5.1 Stationary high power lithium battery systems

This Section focuses on the stationary battery system, considering the use of lithium batteries.

Table 3.3 shows the fundamental features of the battery system, composed of NMC high power
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Table 3.3: Main characteristics of the battery pack, stationary configuration.

Battery pack (NMC cells based)

Nominal cell voltage 37V
Nominal cell capacity 400 Ah
Battery pack nominal energy 1406 kWh

Battery pack mass 10032 kg
Battery pack volume 5046 L
Recovered energy 222 kWh
SOC variation 15%

cells. The increment of recovered energy, allowed by the presence of a DC/DC converter, provides
different results from those exposed in [106]; the sizing takes into account the maximum charging
current declared by the manufacturer, since the allowed current directly influences the nominal
storable energy.

The line equivalent impedance and the allowed current generate a voltage drop within the line,
which could make regenerative braking uneffective: in fact, recovered current decreases due to
line voltage limit. By defining the mean distance between train and storage device, it is possible to
estimate the best device distance (which is different if the overvoltage causes the complete turning
off of regenerative braking or if a more complex blending strategy is adopted); the estimation is
based on the difference between the voltage limit and the storage device nominal voltage and on
the allowed current:

Vinax — Vs

I, < —, 34
‘ Raisi S

where [, is maximum allowed storage device current, V,,, is the line voltage limit, V is the
storage device nominal voltage and Ry is the impedance of the catenary part, included between
the braking vehicle and the stationary storage device. If a large part of energy is transferred to the
storage device, due to the favorable voltage difference, a smaller part will be transferred to other

accelerating vehicles; this situation must be accurately taken into account, since the transfer to
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Figure 3.42: Energy flows during braking, stationary storage system.

other vehicle is usually more efficient.

Furthermore, within the sizing process, it is important to select a number of constitutive cells that
allows the battery, even in absence of a DC/DC converter, to operate with an intermediate S.0.C.
value (i.e. in the operating range where the voltage is almost constant). Another important aspect
is the discharge velocity of the device: a quick discharge phase allows the device to be always
ready for new recharge cycles.

The mass and volume of the system have been evaluated from the cells characteristics, taking also
into account a further 20% increment due to the balance of plant (i.e. B.O.P.).

Finally, a fundamental aspect to be considered is the device life: considering a mean value of 25

trains which pass from the substation and a system life of 15 years, the system has to bear about
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105 full charge/discharge cycles. Taking into account literature [111], [112] and manufacturer
data, the depth of discharge of each micro-cycle due to a train passage should not exceed about
15% of the battery S.0.C..

Figure 3.42 shows the energy flows during the ETR 1000 braking manoeuvre, when the railway
system is equipped with stationary storage devices with the previously shown characteristics; the
results are obviously different from those previously exposed in the feasibility analysis, since in
that analysis an ideal storage device has been considered.

The train kinetic and potential energies are partly dissipated by mechanical contributions (i.e 13%
by motion resistance and 1% by mechanical braking), while the remaining part is handled by the
electric system: 6% of the energy is consumed by auxiliary systems and 23% is dissipated by the
electric drive. The losses on the catenary sum to 4% of the total energy amount, while the on-
board resistors contribute with a 2%. Finally, 51% of the total energy is stored on the stationary
energy storage device. These results are different from those exposed in [106], where the DC/DC
converter was absent. This proves the importance of a voltage converter to reduce the on-board
resistors contribution and enhance the energy recovery. However, it is also important to underline
how the DC/DC converter introduces further internal losses which have to be considered during
the system sizing, since they could affect the recovered energy, reducing it up to 5%.

The analysis is referred to rush hour, but it could be extended to low load and holiday hours in order
to better understand the behaviour of the system. During rush hours, the S.0.C. of the considered

system varies of about 4%.

3.5.2 Stationary supercapacitor system

Usually, in correspondence of a train station, the braking time of a High-Speed train is higher than
100 s and the amount of energy that needs to be stored is significant: in this scenario, a stationary
supercapacitor seems less competitive than in tramways applications, where the storage device
needs to handle peak power flows just for a few seconds [110] (see [88] for a comparison between

the behaviour of supercapacitors and batteries).
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Table 3.4: Main characteristics of the supercapacitor stack, stationary configuration.

Supercapacitor stack

Nominal cell voltage 27V
Nominal cell capacitance 3000 F

SC stack nominal energy 223 kWh

SC stack mass 52200 kg
SC stack volume 41760 L
Recovered energy 222 kWh
SOC variation 99 %

Table 3.4 shows the characteristics of the proposed supercapacitor sizing.

As for the previous case, the sizing takes into account the characteristics of commercial products
and the B.O.P.. It is possible to highlight, with an equivalent level of recovered energy, a significant
increase in the system mass and volume with respect to the battery system. In this case, like in
the previous one, the current limit has been considered (i.e. 2000 A for the considered SC cell),
while the depth of discharge is not limited (i.e. §.0.C. can vary up to almost 100%), since a

supercapacitor could operate for hundreds of thousands of full charge/discharge cycles.

3.5.3 On-board high power lithium battery systems

The fundamental drawback of stationary systems is the unavoidable presence of line losses through
the catenary. The use of on-board storage devices contributes to the recovery of braking energy
without line losses and also to avoid the problem of line voltage limit: this is particularly important
in presence of high power peaks, which can easily lead to energy dissipation instead of recovery.
Another important aspect is that an on-board storage device, being free of the line overvoltage
problem, is not influenced by the blending strategy. Furthermore, each storage device needs to

handle only the load of its vehicle [110], with significant advantages in terms of sizing: the need to
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Table 3.5: Main characteristics of the battery pack, on-board configuration.

Battery pack (NMC cells based)

Nominal cell voltage 37V
Nominal cell capacity 400 Ah
Battery pack nominal energy 1006 kWh

Battery pack mass 5984 kg
Battery pack volume 3612 L

Recovered energy 164 kWh
SOC variation 15%

manage only a single vehicle allows the device to be free of extra current peaks due to the presence
of other braking vehicle.

For a single vehicle the on-board solution allows more energy recovery than the stationary device
solution, but the whole system should be taken into account to perform a significant analysis.

The on-board solution requires higher initial investments, since each train needs its own device;
a further disadvantage is represented by the device mass and volume themselves, which also
contribute to an increment in energy consumption. A partial solution for the encumbrance problem
can be achieved by replacing the on-board resistors with the storage device; this is possible since
UIC 544-1 (2013) and TSI (2014) prescribe the complete management of safety emergency stops
to mechanical brakes: the braking is so ensured even in case of the storage device failure.

The sizing has been performed considering the volume and mass of current on-board resistors: for
the ETR 1000, i.e. the considered High-Speed test case, the dissipative units occupy about 3620 L
and weighs about 3200 kg, according to manufacturer data [113].

Table 3.5 shows the characteristics of a battery system with an equivalent volume. The system
weight is about 2.8 ¢ higher than the resistors one (i.e. about 0.5% of the train mass): this increment
is lower than the limit imposed by EN 14363 regulation [104], which prescribes to modify the

homologation procedure for mass increments higher than 10% of the total train mass. Figure
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Figure 3.43: Energy flows during braking, on-board storage system.

3.43 shows the energy flows during the ETR 1000 braking manoeuvre when the railway system is
equipped with on-board storage devices with the previously exposed characteristics; the results are
quite different from those referred to the stationary storage device system shown in Figure 3.42. In
particular, the motion resistance contribution is higher due to the presence of the on-board device
(i.e. weight increase), catenary losses are completely absent, while the contribution of on-board
resistors is higher (i.e. 19%): this is due to the fact that the on-board storage device could not be
able to store the full amount of braking energy, having been sized according to volume limitations.

In fact, only 37% of the train total energy is stored in the on-board device.
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3.5.4 On-board supercapacitors systems

The on-board supercapacitor system has been sized according to mass and volume constraints and
its characteristics are shown in Table 3.6. With the same encumbrance of the on-board battery
system, the on-board supercapacitor is able to store only a limited amount of energy, even if the
mass increment is only 0.2% of the total vehicle mass, well within EN 14363 limits [104]. To
reach a significant amount of the storable energy, the volume of the supercapacitor should be

greatly increased, with important drawbacks in terms of payload reduction and weight increase.

Table 3.6: Main characteristics of the supercapacitor stack, on-board configuration.

Supercapacitor stack

Nominal cell voltage 27V
Nominal cell capacitance 3000 F

SC stack nominal energy 19.4 kWh

SC stack mass 4521 kg
SC stack volume 3617 L
Recovered energy 19.2 kWh

SOC variation 99%
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3.6 Cost-benefit analysis

The cost-benefit analysis is referred to the storage systems whose sizings have been exposed in

Section 3.5. Two main parameters have been taken into account:

e The initial investment needed for the installation of storage systems, power converter and
B.O.P.. High power NMC cells batteries need an initial investment of about 600 €/kWh,
including cells, BMS and packaging. Supercapacitors require, including the assembly
costs for the entire system, an investment of about 0.02 €/F. For both the systems, the
same investment has been considered both for stationary and on-board systems. A further
investment of 60 k<€ is required for the DC/DC converter [114]. Those investments are
higher than those required in tramways applications [30]: in fact both the power and the
voltage are significantly higher in High-Speed applications (i.e. respectively >2 MW and >3
kV);

e The annual energy savings. This parameter can be estimated considering the braking energy
recovered and stored within the storage devices. With stationary storage devices, other
vehicles can use the stored energy and require a lower amount of energy from the electrical
substations. It is important to take into account the charge/discharge cycle efficiency (i.e.
a reference value of 0.9 has been considered). The annual amount of saved energy can be
estimated considering a reference value of 25 trains/day, for 350 days/year. The estimation
for on-board devices is completely analogous, with the only difference that each storage
device feeds only the train in which it is installed. The reference price for electrical energy

has been considered equal to about 100 €/MWh.

The most important outputs of the analysis are the investments payback time (i.e. P.B.T.) and net
present value (i.e. N.P.V.); the expected life of the system is 15 years and the maintenance costs
have also been taken into account.

The results of the analysis are reported in Table 3.7: not only the systems sizings previously

exposed have been considered, but also other sizes with a 30% reduced storable energy, in order
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Table 3.7: Cost-benefit analysis.

Location Cell Nominal Storage Energy Payback N.P.V. [k€]

typology energy system saving time [y]

[kWh] cost [k€] [KE€/y]

Stationary  Li-bat 1406 904 175 5.9 998
Stationary  Li-bat 1055 693 133 59 755
On-board  Li-bat 1006 664 126 6 714
On-board  Li-bat 755 513 100 5.8 578
Stationary ~ SC 223 5280 175 - -3209
Stationary  SC 168 3976 133 - -2406
On-board  SC 19 512 15 - -329
On-board  SC 15 399 11 - -262

to understand how the device sizing can impact on the value of the investment. It is possible to
highlight how a stationary battery system (in the configuration exposed in Section 3.5.1, with a
storable energy of 1406 kWh) provides a P.B.T. of about 6 years and a N.P.V. of about 998 k€. A
smaller storage system (i.e. 1055 kWh) can provide the same P.B.T. but a reduced N.P.V..

The payback time is still 6 years for on-board battery configurations, but their net present value
is significantly reduced: the configuration shown in Table 3.5 has a N.P.V. of 714 k€, while the
smaller system (755 kWh) of 578 k€. This is due to the reduced available volume on-board the
train. However, the installation on-board the train presents much more uncertainties with respect
to stationary systems.

Supercapacitors competitiveness is strongly limited by the initial investment and by the reduced
value of storable energy. Table 3.7 shows how, with the same annual energy saving, supercapacitor
systems require an investment of about 5.3 M € (more than five times higher than that of the large
stationary battery system). P.B.T. is longer than the system life and the N.P.V. after 15 years is

negative.
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On-board supercapacitors show even worst performances: not only P.B.T. is too long and N.P.V. is
negative, but also the storable energy is negligible (up to 19 kWh).

Extending the previous considerations, some further observations can be made. First of all, the
previously exposed analysis focuses on the use of one stationary storage device within a system:
while a single storage device shows a quite good P.B.T., the use of more than one device should
be accurately evaluated. This is true also for on-board devices: they show almost no advantages
with respect to stationary solutions; in particular, if too much vehicles are equipped with on-board
storage systems, the investment would probably end in a complete failure.

Finally, supercapacitors seem not competitive in a High-Speed system, but an interesting
possibility could be the coupled use of batteries and supercapacitors: in fact, supercapacitors
are able to better handle power peaks at the beginning of the braking and traction phases, while
batteries are able to handle the remaining part of energy during the other phases of the trip. This

hybrid solution could provide important benefits in terms of performances and operating life.
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3.7 Considerations on the optimisation of the system

In this Section, some of the results, obtained in the model optimisation phase, are reported. As
previously exposed in Section 2.4, different aspects have been investigated and two different tools
have been used. The results shown in this Section have been obtained with both the considered
tools and they are reported considering only the numerical results of the process.

The first part of the optimisation process concerns the implementation of eco-driving techniques,
1.e. enlarging coasting phases whenever is possible, coherently with timetable margins.

Since this research work is included within the scope of the TESYS Rail project, the eco-driving
part of the optimisation process has been performed in collaboration with the project partners,
considering the E 464 commuter train, for which an experimental campaign concerning eco-driving
techniques was foreseen by one of the project partners.

Figure 3.44 shows the first manoeuvre considered for the analysis, which is referred to the first
mixed mission profile used for the validation of the E 464 model (see Figure 3.21). The line speed
limits regulate the vehicle mission profile, but the time margins on the timetable allows the vehicle

to take advantage of significant additional coasting phases: in particular, the difference between
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Figure 3.44: Eco-driving optimisation for the E 464, first manoeuvre.
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Figure 3.46: Eco-driving optimisation for the E 464, complete mission.

the nominal and the eco-driving speed profiles is quite important after the second traction phase.
Figure 3.45 shows the eco-driving results for the manoeuvre previously used for the second part of
the E 464 model validation (see Figure 3.25), while Figure 3.46 shows the eco-driving results for

a longer part of the line, also including intermediate stops.
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Figure 3.47: ETR 1000 nominal mission profile considered for the optimisation process.

It is possible to highlight how, in presence of intermediate stops, the use of coasting is very
significant: the brief distances between the train stops allow to avoid full traction phases (and
hence save significant percentages of traction energy) and also full braking phases (thus avoiding
line overvoltages and reducing the solicitations on all the train braking systems).

Summarizing the eco-driving results, it is possible to observe that with a 5% time margin it is
possible to save up to 20% of traction energy. To maximise energy savings, it is useful to implement
D.A.S. (i.e. Driver Advisory Systems) and A.T.O. (i.e. Automatic Train Operation) systems, for a
real time control of the mission profile, and A.T.R. (i.e. Automatic Train Regulation) systems, to
guarantee proper time margins also in presence of other vehicles within the line.

Furthermore, it is interesting to highlight how eco-driving techniques, in addition to energy
savings, are able to provide significant advantages in terms of passengers comfort, due to an
increase in driving smoothness, and in terms of reduced wheel/rail wear, since smaller traction
and braking efforts are applied to the system.

While the first part of the optimisation process mainly represents a first benchmark for more
advanced solution, the second and the third part of the process are deeply interconnected and,

hence, their results are shown without a separation. Furthermore, the following results are no more
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Figure 3.48: Stationary battery located in the departure station: (a) voltage, (b) current as a function

of time, (c) current as a function of position and (d) S.0.C..

referred to the E 464 commuter train, but concern the High-Speed system represented by the ETR
1000 within the Direttissima line: they thus represent the main objective of this research work.
The second part and the third part of the optimisation process take into account the use of
stationary and on-board storage devices within the ETR 1000-Direttissima High-Speed system.
The first step, needed to understand how the presence of an energy storage device influences the
entire system, is the analysis of the device behaviour. Considering the typical mission profile

followed by the ETR 1000 (i.e. acceleration after the first station up to 70 m/s, constant speed
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Figure 3.49: Stationary battery located at km 226: (a) voltage, (b) current and (c) S.0.C..

phase and final braking in correspondence of the final station, see Figure 3.47), Figures 3.48 to 3.55
show, as a benchmark for the following simulations and results, the voltage, current and S.0.C.
of the stationary and on-board storage devices whose characteristics have been exposed in Section
3.5.

Figure 3.48(a), Figure 3.48(b), Figure 3.48(c) and Figure 3.48(d) show, respectively, the voltage,
current as a function of time and vehicle position and S.0.C. of a stationary battery, located in
the departure station of the considered line. Thanks to the presence of the DC/DC converter, the

voltage (shown in Figure 3.48(a)) remains constant, while the battery current (shown in Figure
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Figure 3.50: Stationary battery located in the arrival station: (a) voltage, (b) current and (c) S.0.C..

3.48(b)) follows the vehicle pantograph current trend: the current is negative because the train is
accelerating and the battery is providing current to the vehicle. Figure 3.48(c) allows to highlight
how the influence of the battery finishes after the second substation of the line span (i.e. after km
15). Finally, Figure 3.48(d) shows how the train full traction phase requires more than 10% of the
battery capacity. Figure 3.49(a), Figure 3.49(b) and Figure 3.49(c) show respectively the voltage,
current and S.0.C. of a stationary battery located at km 226 of the considered line. The results of an
intermediate storage device allows to evaluate its influence: the voltage (shown in Figure 3.49(a))

is still constant, thanks to the presence of the DC/DC converter, and the current (which is shown
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Figure 3.51: On-board battery: (a) voltage, (b) current and (c) S.0.C..

in Figure 3.49(b) and follows the vehicle pantograph current), needed to maintain the constant
speed mission profile, is mainly negative but some partial braking phases contributes to the battery
recharge. In fact, even if the §.0.C. (shown in Figure 3.49(c)) loses only about 2.5%, the
partial brakings can be detected in its trend; the small S.0.C. variation is due to the fact that the
vehicle is not performing full accelerations but is only maintaining its constant speed. Finally,
closing the analysis of the stationary batteries performances, Figure 3.50(a), Figure 3.50(b) and
Figure 3.50(c) show, respectively, the voltage, current and S.0.C. of a stationary battery located in

the arrival station of the considered line.
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Figure 3.52: Stationary supercapacitor located in the departure station: (a) voltage, (b) current as

a function of time, (c) current as a function of position and (d) S.0.C..

Figure 3.50(a) shows how the voltage is still constant, while Figure 3.50(b) shows how in the first
part of the line span the train is still absorbing current from the battery to preserve its speed profile
and how in the final part of the line span, the final full braking phase provides a significant quantity
of energy to the battery. The S.0.C. (see Figure 3.50(c)), initially diminishes, but the final braking
phase causes a significant increase.

The performance of the on-board battery are slightly different; Figures 3.51(a), 3.51(b) and 3.51(c)

show respectively the voltage, current and S.0.C. of the on-board battery. Figure 3.51(a) shows
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Figure 3.53: Stationary supercapacitor located at km 226: (a) voltage, (b) current and (c) §.0.C..

the battery voltage, still kept constant by the DC/DC converter: this is particularly important, since
the on-board battery is subjected to heavier load variations with respect to the stationary ones.
The current (shown in Figure 3.51(b)) is limited in the absorption phase, since an on-board device
could not be able to handle a full traction phase of a High-Speed train but it can be easily used as
a support for auxiliary system; instead, the charge current is not limited. The S.0.C. variation (see
in Figure 3.51(c)), is due to the auxiliary loads absorption and to the energy provided by partial
and full braking phases; its operation is more variable than those of stationary devices.

Stationary and on-board supercapacitors are characterised by significantly different behaviours,
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Figure 3.54: Stationary supercapacitor located in the arrival station: (a) voltage, (b) current and (c)

S.0.C..

since their capacity (due to the different dynamic performance) is different and, above all, their
dynamic response is faster and their life is less influenced by full charge/discharge cycles. Figures
3.52(a), 3.52(b), 3.52(c) and 3.52(d) show respectively the voltage, current and S.O.C. of a
stationary supercapacitor located in the departure station of the considered line. Figure 3.52(a)
shows the supercapacitor voltage, which is no more constant while the vehicle crosses the line
span, because the S.0.C. variation is much more important than in batteries. The current, both as

a function of time and position (see Figure 3.52(b) and Figure 3.52(c)) is completely analogous
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Figure 3.55: On-board supercapacitor: (a) voltage, (b) current and (c¢) S.0.C..

to those shown for the corresponding stationary battery (i.e. vehicle full traction phase) but the
S.0.C. represents the main difference: Figure 3.52(d) shows how the operating flexibility of the

supercapacitor allows the device to spend almost 50% of its capacity for the vehicle full traction

phase.

Figure 3.53(a), Figure 3.53(b) and Figure3.53(c) show, respectively, the voltage, current and
S.0.C. of a stationary supercapacitor located at km 226 of the considered line. Analogously to

the battery, the supercapacitor voltage (see Figure 3.53(a)) remains constant, and the current (see
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Figure 3.53(b)) is limited in the absorption phase to feed only the auxiliary systems during constant

speed operation. The S.0.C. however, is more influenced by partial braking phases: Figure 3.53(c)

shows how a partial braking provides about 5% of the supercapacitor capacity.

Finally, Figure 3.54(a), Figure 3.54(b) and Figure 3.54(c) show respectively the voltage, current
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Figure 3.59: Two travelling vehicles in the same direction: voltage pantograph profiles.

and §.0.C. of a stationary supercapacitor located in the arrival station of the considered line. Even
in this case, the voltage and current (see Figure 3.54(a) and Figure 3.54(b)) are analogous to those
of the corresponding stationary battery. The S.0.C. (shown in Figure 3.54(c)), is more influenced

by the final full braking with respect to the corresponding battery, even if the advantage is less
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Figure 3.60: Two travelling vehicles in the same direction: stationary storage devices voltage, (a)

Firenze, (b) km 126 and (c) Roma.

significant than that obtained for partial brakings.

The behaviour of the on-board supercapacitor is even more distant from that of the on-board
battery. Figures 3.55(a), 3.55(b) and 3.55(c) show respectively the voltage, current and S.0.C.
of the on-board supercapacitor. The voltage (shown in Figure 3.55(a)) oscillates significantly,
following the S.0.C. variations, while the current, shown in Figure 3.55(b) and limited, for the
consumption phase, to the auxiliary systems power, is analogous to that seen for the battery. The
most significant difference is due to the S.0.C.: Figure 3.55(c) shows how the device continuosly

performs full charge/discharge cycles.
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Figure 3.61: Two travelling vehicles in the same direction: stationary storage devices current, (a)

Firenze, (b) km 126 and (c) Roma.

The results shown in Figures 3.48 to 3.55, which expose the behaviour of stationary and on-board
supercapacitors, are coherent with the expected physical behaviour of those system. However, it
is clear that an experimental validation of these sub-models will be necessary within the future
developments of the proposed research work: only after an accurate experimental validation, a
numerical model can be fully declared able to correctly represent the physical system.

Nevertheless, since the main contribution of the proposed approach, constituted by the coupled
vehicle line model, has been extensively validated, and the storage devices sub-models exhibit
substantially coherent results, the considerations exposed in this Section can be considered quite

appropriate indications towards an optimised High-Speed railway system.
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Among the large set of simulated scenarios, the following results are referred to the two basic
scenarios: two vehicles that travel in the same direction and two vehicles that travel in opposite
directions within the Direttissima line. This choice is due to two main reasons: the first one is that
these two configurations represent the basic behaviour of multi-vehicle systems and the second
one is that more complex scenarios are not so immediate to be represented in a comprehensible
graphical way.

Figures 3.56 to 3.62 show the results referred to an operating scenario in which two High-Speed
trains travel within the Direttissima line, with the same mission profiles but with different departure
times.

Figure 3.56 shows the mission profile of the two vehicles: the most significant difference is the
delay between the departure of the trains. The vehicles follow the line speed limits and their
distance is regulated by the signalling system.

Figure 3.57 shows the vehicles power consumptions: sometimes the braking and traction phases of
the vehicles are simultaneous while sometimes they are not coordinated. This is a first important
aspect which must be taken into account to harmonise the use of energy storage devices with
optimised timetables. Figure 3.58 shows the cumulated power consumption of the vehicles, which
is fundamental to understand the requirements for the line.

The power consumption is strictly related to the pantograph voltage of the vehicles, shown in
Figure 3.59: the line voltage limit must be taken into account in order to maximise energy
recovery and avoid dissipation. Figure 3.60 shows the voltage of the storage devices included
within the simulated scenario: Figure 3.60(a), Figure 3.60(b) and Figure 3.60(c) show the voltage
of the devices respectively located in correspondence of the departure station, at km 226 and in
correspondence of the arrival station. Analogously to the results previously shown for the analysis
of the storage devices, the voltage is constant for the three considered devices, thanks to the
operation of the DC/DC converters.

The current, which is handled by the stationary storage devices located within the line, is shown
in Figure 3.61: the devices contributes to the power exchange between travelling vehicles and,

hence, to the maximisation of energy savings. Figure 3.61(a), Figure 3.61(b) and Figure 3.61(c)
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show the current flows of the devices, repectively located in the departure station, at km 226 and in
the arrival station: in all the three cases, it is possible to highlight the passage of the two vehicles,
which, being characterised by the same mission profile, absorb and provide current one after the
other with the same trend. The energy provided by the first train could be used by the second one.
Finally, Figure 3.62 shows the S.0.C. of the considered stationary storage device: this Figure
allows to verify if the performances required from the devices are acceptable considering their
operating lives and technological limits. Figure 3.62(a), Figure 3.62(b) and Figure 3.62(c)
respectively show the §.0.C. of the departure, intermediate and arrival storage devices. It is
possible to highlight how, coherently with the current fluxes shown in Figure 3.61, the two vehicle
contributes in the same way, but in different moments, to the devices charge and discharge cycles.
In particular, while the first two devices are equally discharged by the passage of the vehicles, the
last device absorbs a significant part of the energy provided by the first vehicle and provides it back
to the second vehicle.

Figures 3.63 to 3.69 show the second basic scenario considered during the optimisation process:
two High-Speed trains that depart at the same time respectively from Firenze and from Roma.
Figure 3.63 shows the mission profiles of the two vehicles: they go through the whole line with
the same speed value (the velocity of the Roma-Firenze train is represented as negative in order
to highlight its travelling direction) and they meet in correspondence of km 126. The power
consumptions of the two vehicles are shown in Figure 3.64: the trend is similar but, aside from the
fact that the two trains depart from different stations, the main difference are due to the line slope,
which changes sign for the two vehicles (instead curves, expressed in terms of equivalent slope,
provides forces with the same sign for the two vehicles).

Figure 3.65 shows the cumulated power of the two vehicles as a function of the line progressive: the
power consumption of the vehicles in a certain line position are not simultaneous, but the storage
devices overcome this problem and contribute to the energy exchange between them. Figure 3.66

shows, then, how the pantograph voltage for the two vehicles is completely analogous.

Concerning the stationary storage devices included within the considered system, Figure 3.67
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shows their voltage levels (Figure 3.67(a), Figure 3.67(b) and Figure 3.67(c) are respectively
referred to the Firenze, km 126 and Roma substations): thanks to the presence of the DC/DC
converters, the voltage levels remain constant through all the simulation.
Figure 3.68 shows the current flows of the considered storage devices: Figure 3.68(a) represents
the Firenze substation device, which operates while the departing train accelerates and while the
arriving train brakes; Figure 3.68(b) shows the km 126 device, which is interested by the passage
of both trains in the same time interval and, finally, Figure 3.68(c) shows the Roma substation
device, which operates analogously to the Firenze device.
Finally, Figure 3.69 shows the S.0.C. of the three devices. The Firenze device, shown in Figure
3.69(a), is significantly discharged by the departing vehicle and then receives recovered energy
from the final braking phase of the arriving train. Figure 3.69(b) shows how the intermediate
device is discharged by both the vehicles, which use its energy to maintain their constant speed
mission profiles. The last device, located in correspondence of the Roma substation, is shown in
Figure 3.69(c) and behaves in a completely analogous way with respect to the Firenze device.
Starting from these results, the first considerations can be made concerning the number of
storage devices employed within the system. Figure 3.70 shows the percentage of saved traction
energy within the system, as a function of the number of stationary storage devices: the percentage
of energy which is saved, thanks to the presence of storage devices, initially increases, but, with
more than three-five devices, the increment is negligible. The Figure allows also to highlight the
difference between an optimised timetables scenario and a non optimised one: the behaviour is
asymptotic in both cases, but in absence of a timetables optimisation the saved energy percentage
is more limited.

An analogous behaviour characterises the use of on-board energy storage devices; while for a
single vehicle the presence of an on-board storage device allows to save more traction energy than
its absence, the advantages for the whole system are not so immediate to be evaluated.

Figure 3.71 shows the percentage of saved traction energy within the system as a function of
the number of on-board storage devices: the percentage of energy, which is saved thanks to the

presence of storage devices, initially increases but then assumes an asymptotic behaviour, which
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Figure 3.62: Two travelling vehicles in the same direction: stationary storage devices S.0.C., (a)

Firenze, (b) km 126 and (c) Roma.

is not so different from that previously highlighted for stationary devices. The trend leads to
the deduction that the number of devices, needed to reach the limit, is higher than for stationary
devices and that the limit percentage of saved energy is lower. This is due to the fact that each
device handles only the energy due to its train and hence, even if a number of devices bigger than
one can provide a little advantage, it is not possible for on-board devices to have a thorough impact
on the whole system. However, also in presence of on-board devices, the optimisation of timetable
has a significant impact.

Another important aspect is the capacity of the device: in fact, both for stationary and on-board

devices and, analogously to what happens for the number of devices, the percentage of saved
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Figure 3.64: Two travelling vehicles in opposite directions: power consumptions.

energy does not increase indefinitely with the devices capacity.
Figure 3.72 shows the percentage of saved energy as a function of the device capacity in presence
of stationary storage devices; the results are parametrized considering the presence of a different

number of devices through the line and considering three different traffic scenarios, i.e. low,
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Figure 3.66: Two travelling vehicles in opposite directions: voltage pantograph profiles.

medium and high traffic. It is possible to highlight how the saved energy has an asymptotic
trend: an exaggerated oversizing of the device capacity would not provide advantages, but only
additional costs. Traffic has a negative effect on the saved energy, since the presence of more

vehicles complicates the mission profiles optimal management.
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Figure 3.67: Two travelling vehicles in opposite directions: stationary storage devices voltage, (a)

Firenze, (b) km 126 and (c) Roma.

Figure 3.73 shows the results concerning the device capacity for the on-board scenario. In this
scenario, only the results referred to a single device are shown: also in this case the traffic has a
negative influence on the saved energy and the main results is still represented by the asymptotic
behaviour of the saved energy as a function of the device capacity.

Figure 3.74 shows then the value of the different scenarios considered for the use of storage devices,
1.e. stationary and on-board batteries and supercapacitors, with two different sizes. The results have
been scaled considering the initial investment: it is possible to highlight how, due to the exiguous
quantity of energy they are able to store, all the superacapacitor configurations are unable to recover

the initial investment, resulting in significant economical losses and very small energy savings. On
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Figure 3.68: Two travelling vehicles in opposite directions: stationary storage devices current, (a)

Firenze, (b) km 126 and (c) Roma.

the other hand, from the economic point of view, all the battery configurations perform very well,
producing significant energy savings and profit margins.

Figures 3.56 to 3.69 show the results referred to two of the most representative configurations
among the many different ones which have been analysed; Figure 3.75 shows a scheme of the
operating scenario, which has been indicated by the final optimisation analysis as the best one
for the maximisation of energy savings. In this scenario, which includes the use of on-board and
stationary batteries and of optimised timetables, the system includes 5 stationary batteries and only
6 vehicles equipped with on-board batteries (all sized according to Section 3.5). Furthermore, the

vehicles distances (i.e. timetables) has been optimised in order to coordinate their mission profiles
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Figure 3.69: Two travelling vehicles in opposite directions: stationary storage devices S.0.C., (a)

Firenze, (b) km 126 and (c) Roma.

and maximise the energy recovery.

Summarising the results exposed in this Chapter, it is possible to make a few final remarks on the
optimisation of a High-Speed railway system. First of all, energy savings, in particular considering
eco-driving techniques, but also in presence of energy storage devices, are significantly influenced
also by line topology: it is important to consider line potential energy for on-board storage device
sizing, since it could provide important energy peaks.

Considering the results shown in this Chapter and the existing technical and literature solutions,
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it is also possible to distinguish between different possible scenarios. The optimisation of trains
timetables can produce, even in absence of energy storage devices, energy savings up to 14%;

however, a proper real time controller is needed on-board the vehicle to adapt the mission profile

to unforeseen events.
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Figure 3.72: Saved energy as a function of the stationary storage devices capacity and of the traffic

scenario.

The use of reversible substation is a very interesting option, since they are always receptive and,
hence, they allow a full braking energy recovery. They are also characterised by small internal
losses with respect to non-reversible substations; however, the line losses have to be accurately
taken into account and the investment required for their installation is significantly high.

Considering the use of stationary storage devices, and aside from considerations on the P.B.T,, it is
important to stress how the energy savings do not increase constantly with the number of devices:
up to a certain number of devices the recovered energy increases, then the trend is asymptotic and
a further investment will never be justified. Furthermore, in absence of a proper blending strategy,

the number of devices needed to reach the energy recovery limit is higher.
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Figure 3.73: Saved energy as a function of the on-board storage device capacity and of the traffic

scenario.

In this research work, the proposed model and approach have been used to try to perform the
energetic optimisation of a specific High-Speed system; however, the indications obtained from

these results represent maybe the most important output of the work.
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Figure 3.75: Optimised scenario.



3.8 Computational performances 189

3.8 Computational performances

Finally, as reported in Table 3.8, together with characteristics of the computer used for the
simulations, the proposed model proved to be highly efficient from the computational point
of view: the simulation of the manoeuvres used for the validation requires less than 1 s of

computational time, while a simulation of the complete Direttissima line (250 km) requires 5 s.

Table 3.8: Machine features and computational times.

CPU Intel CORE i7
Clock frequency 230 GHz

RAM memory 8Gb

Operative system Windows 10 - 64 bit

machine time [s] -4
time to be simulated [s] 4-10
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Conclusions and future developments

The ever increasing attention to the environment and to pollution problems, connected with

transportation, is pushing towards the achievement of higher energetic efficiency in all the transport
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Figure 4.2: Scheme of a signalling system.

Figure 4.3: Scheme of a complex railway node.

sectors. Railway is currently in a favorable position, but in order to preserve its competitiveness, it
is fundamental to further optimise the energetic efficiency in the entire railway sector. One of the
possible way to reach this goal is the use of energy recovery systems, in order to regenerate the
kinetic energy of the vehicle that otherwise is dissipated during the braking phases.

Regenerative braking and energy recovery systems have been widely analysed considering their
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application in the light railway field; however, the possibility to apply energy recovery in High-
Speed trains is a quite new research field. High-Speed railway has different needs with respect to
light railway; hence, it is necessary to understand which practical solutions could fit the energetic
characteristics of the considered application.

In this research work, for the analysis of the interactions between the vehicle longitudinal dynamics
and the electrical line, an innovative model, which can be used to analyse the effects due to the
introduction in the system of stationary or on-board energy storage devices, has been developed.
The model has been calibrated and validated considering proper sets of experimental data referred
to manoeuvres of a commuter train (i.e. the E 464) within the Firenze-Pisa-Livorno line and of a
High-Speed train (i.e. the Italian ETR 1000) within the Direttissima line. The results, obtained
with the proposed model, which has been developed using an innovative object oriented modelling
language, proved to be really accurate; furthermore, the computational efficiency of the model
is extremely high since it allows to analyse train operation in a line of about 250 km in a few
seconds of simulation time. After the validation, the model has been used in order to analyse the
feasibility of energy storage systems in a High-Speed railway application. From this analysis, it
has been found that the use of stationary energy storage devices, located in correspondence of
the electrical substations, could allow significant savings even in a High-Speed system, where
the braking frequency is quite low: the first outcome is that, considering an acceptable braking
request, it is possible to recover more than one third of the energy involved in the train braking
phase. Nowadays, those results are widely acknowledged by professional operators of the sector.
After the feasibility analysis, a sizing approach for on-board and stationary energy storage devices
has been proposed and a complete optimisation analysis, taking into account the use of energy
storage device, the presence of more than one travelling vehicle within the line and the optimisation
of timetables, has been performed.

The optimisation analysis, through a large set of analysed scenarios and results, has allowed, even
before the detection of an optimal operating scenario, to understand some important guidelines
for the energetic optimisation of a High-Speed railway system. The analysis has unearthed the

role of the number of storage devices and of their capacity, the impact of traffic and timetable
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management. Those outcomes, more general than a single optimised scenario, maybe represent
the most important contributions originated from this research work.

This thesis does not represent an arrival point, but, rather, a departure point from which further
research works concerning the energetic efficiency of High-Speed railway systems could start
towards new and significant innovations.

The research activity will continue in order to improve both the model itself and the simulated
scenarios. The first step will be represented by the implementation of W.S.P. (i.e. wheel slide
protection, see Figure 4.1) and anti-skid sub-models within the proposed coupled model, in order
to improve the representation of vehicle longitudinal dynamics and to be able to analyse more
complex manoeuvres.

The second move will be the implementation of a more detailed signalling model (see Figure 4.2),
useful to analyse with the proposed model a complex scenario like a great railway node, where a
large number of vehicles constantly arrive and depart.

The optimisation of a complex node (like Milano or Roma, where a large number of High-Speed
trains arrive or depart, see Figure 4.3) will indeed be the final step, coupled with a large scale

validation of the approach.
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Published papers on railway

In this Appendix the papers concerning railway that have been published during the Ph.D. period

for International Journals and Conferences are reported.
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The curent development trend in the railway field has led to an ever increasing interest for the energetic
optimization of railway systems (especially considering the braking phases), with a strong attention to
the mutual interactions berween the loads represented by raillway vehicles and the electrical infrastrsc-
ture, including all the sub-systems related to distribution and smart energy management such as energy
storage systems. In this research work, the authors developed an innoative coupled maodelling approach
suitable for the analysks of the energetic optimiz ation of @ilway systems and based on the wse of the new
object oriented langueage Matlab-5imscape™, which presents several advantages with respect to conven-

w thonal modelling took. The proposed model has been validated considering an Italian Direct Current
Erergy sTage systems High-speed line and the High-<speed train ETR 1000. Furthermaore, the model has been wsed to perform
Frmadation an efficiency analysis, considering the use of energy storage devices. The results obtained with the

Oirject orienter languages developed model show that the use of energy recovery systems in high-speed railway can provide great
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OppOTunities of energy savings.
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1. Introduction

1.1. Energy and railway transportotion free markets and their role in a
new green revo ubion

Global Warming and maore in general the issues related to pol-
lution are enforcing a growing interest to the increase of efficiency
of transportations systems |1 ], which still represent in Europe and
in all industrial countries about 30% of OOz pollution sources, This
situation has been investigated by both the Europe Environment
Office | 2] and the Assodation of American Railroads |3]; further-
more, Fridell et al. [4] performed a number of experimental tests
and found out that, in the railway sector, a significant part of emis-
sions is due to mechanical braking. Railway trmnsportation repre-
sents the most effident technology in terms of pollution and
energetic efficiency, but the continuous technological improve-
ments accomplished by its competitors (ie. ground and air vehi-
des) are mdudng this gap. Furthermore, the ourrent market
growth for high-speed and freight sectors in industrialized coun-
tries with high population densities would be strongly enhanced
by the improvement of the effidency of the system.

Another important aspect, which is pushing towards a strong
energy optimization of the railway system, is the liberalization

* Comespanding authar.
E-mail addrees: i pugi@unifiit (L Pugi]

hitp: | o doiorgf 101 01 6 enconman 2016.10.011
01962904 % 2016 Elsevier Lid. All righis ressrved.

process of both energy and transportation markets: this pmooess
is stimulating all the stakeholders in the railway sector (e, enemzy
infrastructures and suppliers, milway infrastruoctures and vectors)
to acourately measure and quantify energy consumptions and their
costs, In particular, the combined liberalization of both energy and
railway sectors should give to the infrastrudure managers the
opportunity to apply different costs to traveling trains according
tothe real measured energy efficiency. Furthermore, the possibility
of acquiring energy from different suppliers would allow to opti-
mize costs with respect to the line geographic location, to seasonal
factors involving the availability of different resources and, finally,
to specific requirements of railway vectors ftransport manager. In
this scenarip, the competition between the different subjects
involved in the entire railway field and the need to respect interop-
erahility issues established by the European Railway Agency in the
Technical Spedfications for interoperability (TSI) | 5], will further
stimulate the optimization of tmin energy consumptions, as
reported in the analysis of different methods to improve raibway
energy effidency performed by Douglas o al. [G].

1.2. Regenerative braking and energy storage systemx state of the ant
and fterature review

In modern railways, aside from the classic considerations that
should be made concerning the traction systems and the eledrical
line, one of the greatest source of energy savings is the use of

2016. Energetic optimization of regenerative braking for high speed railway systems. In ENERGY
CONVERSION AND MANAGEMENT, vol. 129. A. Frilli, E. Meli, D. Nocciolini, L. Pugi, A.
Rindi.
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Energy Storage Systems and Regenerative Braking
Optimization, Different Approaches Aiming to
Improve Efficiency of Modern High-Speed Trains

Massimo Ceraolo, Giovanni Lutzemberger, Amedeo Frilli, Enrico Meli, Luca Pugi, Andrea Rindi
Stefano Bianchi, and Giuseppe Pancari,

Absiract—The growing attention to eovironmental sustain-
ability of transport systems made necessary to investigate the
possibility of energy optimization even in sectors typically charae-
terized by an already high level of sustainability, as in particular
the railway system. One of the most promising opportunity is
the optimization of the braking energy recovery, which has been
already considered in tramway systems, while it is traditionally
overlooked for high-speed railway systems. In this research work,
the authors have developed two vehicle-line simulation models
able to reproduce the behavior of high-speed trains entering in
railway node, and to analyze the impact of regenerative braking,
including the possibility to store it in energy storage systems, on
the total electrical feeding energy demand. These two models,
developed respectively in the Matlab-Simscape environment and
in the open source Modelica language, have been experimentally
validated considering an Italian high-speed train (the ETR
1000, After validation, the authors have performed an extensive
feasibility analysis considering the use of stationary and on-
board storage systems, also by taking into sccount capital costs
of the investment and annual energy saving, to evaluate cost-
effectiveness of the different proposed solutions The analysis
has effectively shown the possibility to significantly improve the
efficiency of high-speed raibway systems, by improving braking
energy recovery through the installation of such storage systems.

Index Terms—Railway, high-speed irains, energy storage, re-
generative braking, energetic efficiency.

I INTRODUCTION

OWADAYS larpe part of railway vehicles is able to

combine the standard pneumatic braking to an electrical
braking system, made possible by the electric traction sysem:
in this way, the kinetic energy of the train is converied in
electrical energy, which can be handled in different ways. The
first and simplest way (o manage that energy is to dissipate
it on a set of specifically developed resistors placed on-
board trains; obviously, this solution comes along with some
significant consequences. as example how to properly manage
the heat thus generated. A szcond way is to perform the energy
recovery: the electrical energy can be sent back to the contact

M. Ceraodo and . Lotemberper are with the Department of Energy,
Syskems, Termtory and Constructions: Engineering, University of Pisa, Largo
Lucio Larrarino i 1, 56123, Pisa. laly, e-mail: massimo.ceraoio @ unipdit,
Tutrembergeri® dsea unipi it

A Friti, E. Meli, L. Pagi and A. Rindi are with the Department of Industrial
Engineering, University of Florence, Via di Santa Maria n. 3. 50130, Firemze,
Italy, e-mail: [amedec frilli, enrico.meli, lncapugi, andrea rindi] @unifit

5. Bianchi and . Pancari are with Italcertifer, Largo Elli Alinari n 4.
50123 Firenge, Ialy, @-mail: s bianchi & italcertifer.it, g pancar @italcertiferit
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line where it can be used by other trains during their traction
phases. or stored in properly sized energy storage sysiems
located along the feeding line or on-board the trains.
However, electrical braking allows significant advantages also
in terms of mainlenance costs: in fact, it allows o preserve
friction materials of the mechanical brake (pads and discs)
from excessive wear rates. This effect is very significant in
terms of environmental pollution, since mechanical brakes
particles count for a significant percentage of the air pollution
related to raitway sysems and should be reduced. Different
studies on this topic are in [1], [2]. [3]. Also maintenance
costs should be accurately evaluated, since the wear of braking
pads depends on the percentage of train kinetic energy, which
is mechanically dissipated. This aspect is detailed in UIC 541
rules [4], [3], where a wear rate index defined as the ratio
between the worn volume of tested friction material and the
amount of dissipated energy for the testing and homologations
of preumatic braking systems is defined. Additional benefits
should be obtained also in terms of protection of brake units
from overheating. since electrical braking should be used also
when extended braking maneuvers occur. Moreover, the access
to braking units for maintenance involves additional time and
costs that have to be considered.

Regarding brake blending, ie. the strategy to optimally ap-
ply the action of mechanical and electrical braking sysems,
severdl studies are shown in literature. In particular. blending
of high speed trains was the object of previous publications
[6]. [7], which analyzed the influznce of blending strategy on
braking pads wear and on the braking sysem performance,
taking into account the variation of the pads friction coefficient
due to wear and hence vehicle safety issues. In fact, from the
safety point of view, UIC rules [4], [5] clearly specifies that
emergency stop maneuver must be entirely ensured by me-
chanical braking devices, without usage of electrical braking:
for this Teason, an optimal management of electrical braking
would not only allow energy savings bul improve also the
system safety.

When electrical braking is performed, two main ways to
manage the generated power must be considered:

« Dissipative Braking: generated electrical energy is dissi-
pated over an aray of resistors typically controlled by a
static converier.

« Regenerative Braking: generated electrical energy is
available to be stored on board or redirect to the overhead

UNDER REVIEW: 2017. Energy Storage Systems and Regenerative Braking Optimization,
Different Approaches Aiming to Improve Efficiency of Modern High-Speed Trains. In
IEEE TRANSACTIONS ON TRANSPORTATION ELECTRIFICATION. M. Ceraolo, G.
Lutzemberger, A. Frilli, E. Meli, L. Pugi, A. Rindi, S. Bianchi, G. Pancari.
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Innovative Model for the Efficiency Optimization for High-Speed
Trains through the Recovery of Braking Energy

Elisa BUTINI', Amedeo FRILLI', Enrico MELI', Daniele NOCCIOLINI', Simone
PANCONI', Luca PUGI', Andrea RINDI' and Benedetta ROMANI?

“Department of Indusirial Engineering, School of Engineering, University of Florence,
Florence, 50139, aly

*Corresponding author email: enrico.meili@unif.it

Abstract: Nowadays, the competitors of railway systems are going through a strong development
phase, concerming the energy savings and the emissions in the environment, typically fields where
railway wvehicles assume a position of advantage. Due to the diffision of distnbuted traction in
railway vehicles, the recovery of braking energy, through appropnate techmical solutions, represents
an important purpose of research. In this work, the authors. as partner of the Tesys Rail project (an
Italian project which mvolves important academic and mdustnal parmers), have developed an
mnovative model, which meludes a vehicle dynamical model, coupled with an electrical model of the
feeding line, using the innovative object onented Matlab-Simscape™ language. The line model is
made up of the contact line, the electnical substations and stationary and on-board energy storage
devices. The authors have focused their attention on the performances of high-speed frams. In
particular, the proposed model has been validated through a set of experimental measurements
performed on the Italian high-speed tram ETR. 1000 within the Firenze-Roma 3kV Direct Current line.
Omce proved the good accuracy of the results, the model permits to perform a feasibility analysis of
the energetic perspectives of a high-speed railway system, conceming different operating scenarios
and varnous energy storage systems configurations. Through appropriate driving strategies and energy
storage configurations, the results show that it 15 possible to recover a sigmificant percentage of the
braking energy. Finally, the proposed model proved to be charactenized by a great computational
efficiency: it 15 possible to simulate the behaviour of the train along a 230 km distance in only 3
seconds of simulation.

Keywords: ERegenerative braking; vehicle-line teractions;
optimization.

energetic  efficiency; raillway

proposed by the authors, placed within the Tesys
Rail national project (Italian acronym for
Methods and Instuments to Improve
Environmental  Sustamability of Railway
System), introduces an innovative model, which
mvestigates the electrical feeding line coupled

1 Introduction

Die te pollution increase and to global warming,
the development of transport systems able to
allow a  significant improvement of

envirenmental sustainability, is a strong matter
of concem: railway has typically assumed a
position of advantage with respect to the other
competitors in transport sector. This gap is going
to decrease, thanks to the ever growing attention
to energy saving and pollution Therefore, the
energetic optimization of railway vehicles is an
important research field The research work,

with the rail vehicle.

As Fridell at al. showed through experimental
tests (Fridell et al, 2011), in the railway field, a
non-negligible part of emissions is due to
mechamical braking  systems. Moreover,
considering the distributed ftraction increased
diffusion in raillway wvehicles, regenerative

2017. Innovative model for the efficiency optimization of high-speed trains through the recovery
of braking energy. In Proceedings of the INTERNATIONAL CONFERENCE ON RAIL
TRANSPORTATION 2017, Chengdu, China. E. Butini, A. Frilli, E. Meli, D. Nocciolini, S.
Panconi, L. Pugi, A. Rindi, B. Romani.
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IMPROVEMENT OF HIGH-SPEED TRAINS EFFICIENCY THROUGH
THE USE OF REGENERATIVE BRAKING
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Abstract. Currenily, the energeric optimization represents a main aspect in transport vehicle
development [1]. In railway field , the interaction berween the electric infrastructure and the
vehicle dynamical behaviour is invesiigared: vhe auwthors of this work focused their artention
on the development of an innovarive model, which analyses the vehicle-electric infrastructure
system [ 2]. The model has been developed through Marlab-SimscapeTM, an abject-orienred
language which permits compuaational efficiency and modularity advantages, where a block
represents the physical component or the relation which describes irt. The whole model is made
up of a vehicle dynamical behaviour model and a model af the electrical feeding line: in partic-
ular, the last one is composed by the contact line, the substarions and on-board and stationary
energy stovage devices [ 3]. The mentioned iwo models are coupled through the vehicle position
and the required power, which permits ro calculare the voliage and the current along the line.
The Italian DC High Speed line, labeled Dirvertissima and ravelled by the ETR 1000 High Speed
train, has been used o validate the authors model. The model is used to carry our accurate re-
sults and a feasibility investigarion of the energetic oprimization, including different operating
scenarios and various energy storage systems configurations. Finally, it has been proved rhar
the proposed model is characrerised by a high compurational efficiency, since it can simulate
the rail vehicle behaviowr through 250 km in 3 seconds of simularion

2017. Improvement of high speed train efficiency through the use of regenerative braking.
In Proceedings of the AIMETA CONFERENCE 2017, Salerno, Italy. A. Frilli, E. Meli, D.

Nocciolini, S. Panconi, L. Pugi, A. Rindi, B. Romani.
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Braking energy recovery in high speed trains: an
innovative model

Amedzo Frilli, Enrico Meli, Daniele Nocciolini, Simone Panconi, Luca Pugi,
Andrea Rindi

Abstract Modem railway development trend is pushing towards a strong enhance-
ment of the energy efficiency of lines and vehicles, with particular atiention to brak-
ing energy recovery. In this research work the authors have developed an innova-
tive and numerically efficient vehicle-line coupled modzl, using the object oriented
Simscape language: the model has been validated considering a set of experimental
measurements concerning the Italian High Speed train ETR 1000 and has then be
used to analyze the feasibility of the application of energy storage systems in high
speed application. This analysis has shown that the use of stationary energy storage
devices can provide significant energy savings even in high speed applications.

1 Introduction

MNowadays ransportation still represents a significant source of Cz emissions
worldwide [2]. [5]: from this point of view. railway has started from a favorable po-
sition but its competitors (i.e. planes and cars sectors) are strongly pushing tow ards
ever higher energetic and environmental efficiencies. Hence, there is a growing in-
terest in the possibility to enhance the energetic performances of railway vehicles.
Furthermore, due to the recent liberalization process in the railway sector and to in-
teroperability issue, the interest to accurately calculate and measure the actual trains
Energy consumptions is ever increasing.

Onez of the most important possibility to seek for betler energetic efficiencies in
midern railways is the recovery of braking energy [7]: this technigue is particularly
interesting due to the great diffusion of train with distributed traction sysem. Re-
generative braking allows not only to reduce energy consumption but also to get
significant savings in t2rms of reduced wear and maintenance and design costs [2],

AL Frilli, E. Meli, . Nocciolini, 5. Panconi, L. Pugi, A. Rindi
Dept. of Industrial Engineering, University of Flornce, Florence, Italy, e-mail: [amedea. frilli; en-
rice.meli; danie ke noccioling; simone.panconi; luca pugi; andrea rindi] @unifi.it

2016. Braking energy recovery in high speed trains: an innovative model. In Proceedings of the
IFTOMM ITALY 2016, Vicenza, Italy. A. Frilli, E. Meli, D. Nocciolini, S. Panconi, L. Pugi, A.
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An Efficient Wheel-Rail Conformal Contact Model for Multibody
Simulation
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Abstract: To simmulate the rail wehicle dynamics, an important aspect 15 represented by the
charactenzation of the wheel-rail contact patches. The conformal contact case is a usual scenario in
railway field, in particular in sharp curves and when rail and wheel profiles are affected by wear: the
patches are large and complex, typically curved and not planar, and the hypothesis based on the
contact In a single geometnic points or on elliptic patches is not valid anymore. The authors have
developed an mnovative wheel-rail contact model for conformal contact, which can be employed m
the classical ralway multbody software. The model, built by the authors, calculates the contact force
and 1t represents an improvement of the non-Hertzian Piotrowski model (Piotrowski and Kik, 2008),
and, at the same, includes an improvement of the Kalkers FASTSIM algonthm (Kalker, 1990), in
order to calculate the tangental forces on not-planar contact areas. The authors’ activity has been
camied out in collaboration with Hitachi Rail, which provides the experimental data. useful for the
preliminary validation. Furthermore, an experimental campaign, based on the wheel-rail forces, are
schedules.

Keywords: multibody modelling of railway vehicles, wheel-rail contact, conformal contact.

1 Introduction iterative calculation in  accordance with
Piotrowski: the non-Herizian Piotrowski

The contact patch befween wheel and rail
represents one of the main characteristics needed
for the simulation of vehicle dynamics, since it
represents the application points of the contact
forces. In the wheel-rml contact field, the
conformal contact constifutes a usual scenario: 1t
occurs m sharp curves, 1e. when the contact
takes place between the rail gauge comer and the
wheel flange, or where there are rail and wheel
wom profiles. The conformal contact patches are
large and complex and hence the hypothesis of
contact on single geometric points or on a planar
elliphc area cannot be apphed. The authors®
model has been developed especially for the
conformal contact: the contact area identification
15 based on an improved GRID method
(Malvezzi et al, 2008). The contact force
estimation 1s the aim of the proposed model. The
normal problem has been handle excluding the

approach is extended to mno-planar conformal
case, Introducing the natural abscissa in the
wheel-rail surface discretization. Conceming the
tangential problem, the proposed model includes
an improved Kalker's Fastsim algorithm, which
permuts the estimation of the tangential forces on
the not elliptical and not planar contact areas. As
shown in Figure 1, the contact model is coupled
with a multibody medel of the vehicle, which
reproduces the vehicle dynamics: as displayed,
the two models exchange information each other.
To preliminarily validate the anthors” model, the
experimental data, provided by Hitachi Rail, has
been used and they have been camed out
through the bogie acceleration measure of the
MLA MetroBus Brescia, which 15 a metropolitan
scenario charactenized by sharp curves.

An Efficient Wheel-Rail Conformal Contact Model for Multibody Simulation.

In

Proceedings of the INTERNATIONAL CONFERENCE ON RAIL TRANSPORTATION 2017,

Chengdu, China. E. Butini, A. Frilli, L. Marini, E. Meli, S. Panconi, A. Rindi, B. Romani.
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An Extended Library of Models of Railway Vehicles
for Fast Simulation and Optimization of Regenerative
Braking and Energy Management
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Abstract — As a part of the Tesys Rail Project awthors have
developed a parametric and computationally affordable model of
a raibway DC line in order to analyze the complexr energetic
interactions arising between different travelling vehicles. In order
to folly exploit the features of the proposed approach and its
capability to investizate complex operating scenarios, the anthors
have further developed the model by incloding a wider variety of
on-board functionalities and a more extended list of simmlated
vehicles. Im this research work, the awthors ezpese some
improvements of a previonsly developed High Speed train model
(baszed en the ETE. 1000) and the development of additional models
of older Italian High Speed Trains, such as the ETR 50, which are
5till in service on Ifalian High Speed limes.

Eeywords— regemeramve braking, simnladon of longimdinal
railway dymamics, SRATY emETEY MORTFEMENL, SINATT ENETEY SoTagE
SYSiEms.

I INTRODUCTION

The analyzis of the interachons between raibway vehicles and
the feeding lme 1= asswming 3 great mmportance for the
mprovement of the energy efficiency of the ratway system
itself In fact nowadays the attention towards energy savings
and efficiency 1= ever mrowing. The ratlway sector, winch 13
cwrrently the most envoonmentally sustzinable transport method
but also the slowest m terms of emirommentz] and energetic
development, mmst push towards a desper mmight (both
mmierical and experimental) to ity energy consumphons and to
posstbls mprovements.

A key factor in this research fisld 1= veprezented by the
posability to recover the tram brakmg enmergzy through
appropriate techmeal solutions: the energy can be fed to the Ime
and used by a following vehicle but the mam savings would be
obtamed using proper energy storage systems.

As a part of the Tesys Rail Project, the authors have previously
developed efficient models able to reproduce energy interactions
between vehicles and swroundmg infrastruchmes [1-3],
imvestigating feasimlity and opportumty of epergy storage
systems along the lme. The proposed coupled model, based on
the dyramical analysis of the vehicle and on the elechieal study
of the line. was characterized by 2 good compronuse befween
accuracy and computational speed and by a strong modulanty,
useful to analyze different operating scenarios.

In this research work, the authors have mpreved the previously
developed model by addmg new features useful to beiter
represent the physical behavior of the whole system The moedel
has been calibrated and expEnmemallv validated through twe
sets of expenimental data concermng the traction and braking
phases of 2 High Speed train (1Le. the Itahan ETF. 1000). Finally,
the model has been greatly emniched by developing an extended
Iibrary of raway velucles: through the introduchion of 2 mumber
of different emistent trams, the poszibibibies to investgate the
behanior of the system and to optumize 1t have been sizmficanthy
enlarged.

II. PROPOSED MODEL

The model proposzad by the suthors in a previous work [2]
includes both 3 mechameal part and an elscmcal one: its general
architecture 15 shown in Figure 1.

_—l—_ Electrical line model T
/ Storage
device

Valrage

Variable
resistancs

POWER & POSITION

Fehicle longitudinal dynamics
Figure 1: General archirectars of the proposed modal.

The approach followed to discretize the contimuous line civewmt
into lumped elements was derrved by the Bond-Graph approach
[4-53], also adopted by the suthors for the dizmbuted modelhns
of bydraubic netwrorks [6].

2016. An extended library of model of railway vehicles for fast simulation and optimization of
regenerative braking and energy management. In Proceedings of the AEIT CONFERENCE 2016,
Capri, Italy. A. Frilli, E. Meli, D. Nocciolini, S. Panconi, L. Pugi, A. Rindi.
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Absract—The imterest for the emergetic optimization of
railway systems iz comstantly increasing dme fto  recemt
developments concerning  Technological Standards and
Regulations. A particular attention is nsually paid to the conpling
between the dymamical behaviour of railway vehicles and the
electrical infrastructure, inchoding all the sobsystems related to
energy distribution and storage. Im this research work, the
anthors propose a mewly developed modelling approach for the
amalysis of the rallway vehicle-line system, based on the nse of the
object-oriented langnage Simscape that introduwces sigmificant
advantages with respect to other conventional simulation tools in
terms of computational efficiency and moduolarty. In order to
validate the modelling approach, the Italian D High Speed kine,
considering a hizh-speed train with distributed traction power
based on the new ETRI0M), has been used as a benchmark The
proposed model provides accurate resmlts with a  high
computational efficency, proving to be an important teol for the
amalysis of raitway systems. This toal has then be msed to perform
a preliminary energetic optimization of the considered system)

Eawerds—railway  longiudingl oy ics; i and
brakimg systems; mechairenics; emeTgy Slorage; TEgemeTaive
braking.

I  INTRODUCTION

Global Warming and the public aftention to energefic
problems werldwide are producing an increasing inferest in the
effimency of transporiation systems: mn fact, the transportation
field 15 stll responmible for a large percentage of the CO2
emissions in Europe and m most of the mdusinal countries
worldwide [1]. [2] In this scenanio, railway 15 still the mest
effiment tapsport method from the enerpetic  and
emironmental pomts of wew but s competitors are
continuously moproving thewr performances and hence the
challanze to mprove the energetic efficiency has become very
important even in thiz fisld Futhermors, the optomization of
rafways energefic consumphions can bing advantages not only
from the emvoonmentzl point of view but also from the
econonne one, considenng also the poszibility to increaze the

Enrico Meli , Andrea Rindi
MDMTEAM SRL
Via Santa Marta 3 50139 Florence Italy

diffosion of High Speed trains. Figure | shows an impertant
ﬁc’hmwhnchissh’unglymmhmghwardslheenm‘gv
optimization of ralways: the ever gprowmg liberalization
process of energy and transportafion markets 15 simulating all
the involved stake holders (1e. the energy mfrastruciure, the

"uppherﬂmrallmvm.ﬁasmmtumandﬂnmlwav
l,ecmr) acourately  analyse, through simmlations and
measrements, 'H:.emg}ﬂmo&m‘ulvedmﬂle?mmd
their cost.

Ditterent Energy Supplers

Enegy Dhurbution [Infrastruciure)

f Nalway Inlu]um.r!lm'll!]

th'lmum-hrmltmw
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Interactions betwesn the different subjects imvelved in the milway

Thiz complex ensrgstic-economuc scenano wields the
possibility to differentiate the cost of ralway vehicle according
to their energetic efficiency. Furtharmore, the possibility to
acquire energy from different suppliers will allow the
optimmzation of costs based on a number of external factors,
e g the geopraphic locafion of the line. The miercperabibity
and the competinons ansing from this hiberalized market [3]
will further stimmlate the need for a shong energy optimization
of the railway system including all the aspects of this transport
field, from the fraction and braking systems to the enfire
electric line. Ancther miteresting aspect from the energehie
point of view charactenizes modern raitlways: the diffusion of

978-1-3090-2320-2/16/$31.00 €2016 [EEE

2016. Development and validation of a model for the optimization of regenerative braking of
highspeed trains. In Proceedings of the EEEIC CONFERENCE 2016, Florence, Italy. L. Pugi, A.
Frilli, E. Meli, D. Nocciolini, A. Rindi.
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analysis by different simulation tools
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Absract—Technical investizations continnonsly evalnate the
possibility to recover significant amount of braking emergy. The
application  pormally imvelve convemtional framways,
characterized by several stops in short-ramge romtes. However,
this pessibility is becoming more and more attractive also when
high-speed trains are considered. In fact, braking emergy can be
recovered during entry in the station, and delivered later to other
trains emgaged in starting acceleration. Im this worlk, amthors
propose an approach based on simplified models performed with
object-oriented teols as Modelica or Matlab-Simscape, which
easily introduce several advantages in modelling and simulation
techniques. The approach has been applied to the preliminary
evalnation of one energy storage system installed along a DC lne,
considering a high-speed train with distributed fraction power as
the new Italian ETR 1000,

Eaywords—high-speed rrain; modeliing; regemeranve braking;
simulaidon; storage

1 INTRODUCTION
With growmg diffusion of trains with distributed fraction
systems, the percentage of energy that can be recovered dwing
brakmng is drastically increasing.
In thns way, a relevant part of the kinefic energy of the tram
15 converied m eleciric power, and not dissipated owver the
fiichion surfaces of the pneumatic brakes, with an immediate
advantage in terms of maintenance costs.

In particular, reduced wear and prolonged hfe of brake
pads and dizcs also produce bensfits m terms of pollution smece
the wear produce solid particles and econtammants whese
impact on the swrounding emironment 15 sall the matter of
montformg and researeh [1][2][3].

The applheshon of regeneratmve braking mvelves the
availability of a load or a storage able to manage the energy
recoversd from the brakmg of the train. The peak power to be
manageddurmgregmmm'ebnkmghmughlvpmpammalm
tram speed mass imposed decelerafion.

On tramyways and bzht whan ralways, travelmg speed and
equivalent mertia of the train are smaller vespect to high-speed
tram, tut the frequency of brakmg phases 15 mmch higher. For

Amedeo Fnlli, Luca Pugi
DIEF
Unrversity of Florence
Florence, Italy
haca pugiiaumifi it

thes reason, power menagement of regensrztive braking iz
typically easier and more comvenent on traroways, metro and
light wban rabways respect to high-speed lines. Addronally,
the length of metro and tramway lines 1= typically lower respect
to conventional lmes, making eamer the implementation of
custonmzed or innovative sohiions. For thess reasons
application of energy storage systems on metro, hamways and
more generally on light rail systems have been widely
investizated by different authors [4][5][6].

On the other hand travelling speed and equivalent merha
are much mgher m case of lngh-speed frains, thus increazing
the amount of kmetic epergy that can be potennally recovered.
However, reduced mumber of braling phases and length of
ralway lines recommmend to install this stafionary storage
eapability only in comespondence of the entry nside station to
recover the braking energy and allowing to deliver that energy
later, to the other high-speed trams dunng their starting
acceleration.

In this work, the authors have d.ewloped two simulzhon
tools bazed on object-onented programuming techmque as
Modelica and h{aﬂab—Smcape, which easily intrednce several
advantages m companson to corventional standard tools.

The aim was to svaluate pros and cons of these object-
oriented tools on an existing case study, related to a high-speed
railways application. In particular, the effects of the installation
of ons storage system on the feeding DC network, mainly m
term= of energy saving from the electncal feedmg substabions
{E55s), have been analysed.

. THE SIMULATION MODELS

Modelling and simulation of ralway systems typically
raqmaaimlﬂahuntuclahlewmjhmﬂmnem'urk
equations, the velicle dynamic equations, 1e the drmver, and

A wade vanety of different simmlation scenanos needs to be
simmilated. and a ligh customization 15 required to adapt models
to different kind of ratlway velucles, ns design and operating
conditions. Models zhould adopt parameinc approach and

978-1-5090-2320-2/16/$31.00 £2016 IEEE

2016. Regenerative braking in high speed railway applications: analysis by different simulation
tools. In Proceedings of the EEEIC CONFERENCE 2016, Florence, Italy. M. Ceraolo, G.
Lutzemberger, L. Pugi, A. Frilli.
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Abstract

‘While an important part of the total CO5 emission is still caused by transport systems,
the impact of railway systems is significantly lower with respect to the other ground
and air concurrent systems. However, the current development trends will produce a
significant improvement of the efficiency of cars and planes, thus reducing the sus-
tainability advantages of railway systems. This research work, based on the activities
of the TESYS Rail Project, deals with the optimization of railway energy consump-
tions in order o increase the efficiency of the system. From the simulation of railway
systems, the aim of the activity is to investigate how the use of energy storage devices
can really improve efficiency in different operating scenarios, and involving different
train typologies. A further goal of the activity is the development of integrated design,
simulation and optimization tools and the generation of a code that can be integrated
in real time applications. Finally, the model proposed in this paper has been validated
with a set of experimental results provided by an industrial partner.

Keywords: Railway, longitudinal dynamics, regenerative braking, contact line, elec-
trical substations, energy storage.

1 Introduction

According to data available in literature [1], more than 30% of the total COs emission
of the European community is still caused by transport systems (see Figure 1). Cur-
rently the impact of railway systems in terms of ratio between equivalent emissions
and transported load (usually expressed in gCOw/pkm) is less than one third respect

to the other ground and air concurrent systems. As a consequence, the sustainabil-
ity of railway systems is widely recognized. However, as reported in Figure 2, it is

2016. Improved sustainability of railway systems: the Tesys Rail project. In Proceedings of the
RAILWAYS CONFERENCE 2016, Cagliari, Italy. M. Ceraolo, G. Lutzemberger, A. Frilli, E.
Meli, D. Nocciolini, L. Pugi, A. Rindi.
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Object Oriented Simulation of Longitudinal Train

Dynamics
Efficient tools to optinuze sustamnability and efficiency of Railway Systems

Amedeo Fnll, Ennco Meli, Daniele Nocciolim, Luca Pugl, Andrea Eindi
DIEF, Dipartimento di Ingemmena Industriale
Unrverzita di Fvenze
Wia Santa Marta 3, 50139 Frrenze, Itaha
luea puga@mfi it

Abstracs — As a partmer of the Tesy: Eail Project, the
University of Florence has developed an inmovative model of the
longitudinal railway vehicle dynamics that can be easily adapted
to different lkind of applications and mission scemarios, ranging
from trammways or freight to passenger or even hizh speed traim_
The aim of the model is the efficiency and energy optimization of
raitway systems. A particolar attention has been paid to the
medularity of the proposed approach and to the possibility of
real time implementation on different application targets. The
propozed modeling approach reaches a good compromise
between the capability of the model to reproduce the behavior of
the simulated physical systems and the simplification needed to
make the model more general and suitable to represent different
technological solutions. In this work, the proposed modeling
approach is exposed and, in order to highlight its main features,
some benchmark tests are shown

Eeywords—raibvay  longiudimal  dymamics;  mraction  and
braldng  sysems; mechafromics; emeTgy Storage; TegemeTaive
braigng.

I INTRODUCTION

The pupose of the Tesys Ral Project (acromym of
“Methods and Inshwment= to impm\.e emironmental
sustainability of raillway systems™) 15 to increase the
sustainability of railway systems by joinmg the know-how of 8
major research and industrial pariners such as Ansaldo STS,
Thales, ATS PMI Toscana , Fondamone Politecnico di Milano,
U:I:I.I'i.'EI'S.IT]." of Florenca, Um'\'.'EESit}' of Maples. The contribution
of the University of Florence, which is exposed m this waork, 15
focused on the development of a3 computationally efficient
model of the lonziudinal dynammes of ralway wvelicles; ths
miodel 13 devoted to the optinmzation of the system and of its
meszion profiles m terms of effictency, sustamabibty and
reliability. In parhcular, the model 15 able to reproduce the
following phenomena:

*  Longitudinal dymamics of the wain: the mechanical
behavior of the system 15 a result of the imferachions
between trachion znd braking forces and resistances to
motion (both due to the vehicle and line induced and
including the liniitations that arise from limited wheel-rail
adhesion);

*  Power demand and emergy flows: ensrgy consumphton
and recovery, efficiency, caleulated owvents and

2015. Object oriented simulation of longitudinal train dynamics.

CONFERENCE 2015, Napoli, Italy. A. Frilli, E. Meli, D. Nocciolini, L. Pugi, A. Rindi.

colresponding inferachions  wath  the
infrastructure.

The model has been developed m order to obtam the
following charactenstics:

¢  (General and scalable appreach: the model 15 able to
reproduce a vanety of different scenarios renzing from
light railweay and tramway systems to freight and
passenger trams (inchiding high speed trains);

*  Modulariny: the model 1z eamly adaptable to different
system cun:ﬁgm:mm allowing the analysis of different
energy saving techmaues;

#  High lsvel languags: the use of a high level modelng

environment allows an easier mainfenance and usage for
indusinal and research applications;

* AT Implemenrarion: the model can be uzed to produce
code for real ime appheations hke diagnostc, montonng
or control appheations;

¢  Poriability: the model 1= ezmly adaptable to different
targetreal tme emvironment (different RTOS or even

The development of efficient numerical modslz for the
smmlation and for the optmuzation of railway vehicls systems
15 an open research fisld and has a great mdustial mtevest, as
stated by recent contribunon avalable in hterature [1). Most of
these works [2]-[6], deal with the app]ic‘atiun of energy
recovery and storage techmques m order fo mnprove the
efficiency of the system, reduce voltaze and cument
fluctuations over the line and more generlly improve the
sustainability of the whele rmilway system Most of the
techmiques used for energy recovery are commonly appled to
tramways and light railway applications In order to extend
these techmiques to comventional railways it 15 necessary to tzke
info account m the tram lonzitndinal dynamues analyms the
vanability of techmical solution that can be adopted for the
construction and the cenirol of both frachion apd brakmg
systems. Such vanzbility is heavily mfluenced by the type of
rallway application (freight cenvenfional passenger or lugh
speed trams). Furthermore, this type of analysis requres an
accurate modehing of the braking phase and mn particular of the
blending between preumatic braking, elecinc bralang and
adhezion mdspendent device such as magmetic track system

swroundmg

In Proceedings of the AEIT
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Published papers on rotordynamics

In this Appendix, the papers concerning rotordynamics that have been published during the Ph.D.

period for International Journals and Conferences are reported.
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1 Introduction

An Efficient Quasi-Three-
Dimensional Model of Tilting
Pad Journal Bearing for
Turbomachinery Applications

The constant increase of nirbomachinery romtonal speed has broughs the design and the
wse of jowrnal bearings fo their very limits: tlirg pad jowrnal bearings (TPJBs) have
been introduced for high-speedibigh-load applcations due & their intrinsic stability
properties and can be used bork in ransienr and sready-stare operarions obraining supe-
Fior performances. An accwrare analysis of the TPIB s behavior ix exential for a swecess-
Jud desigr and operation of the system; however, I i recessary o reach a compromize
benwesn the accwracy of the resids provided by the TPIB model and its corpuraniona]
cogt. This research paper exposes the development of an rovarive and gficienr guesi-
3D TRIB modeling approach thar allows the simultane ous analvsis of the sysiem rotordy-
nariics dand the supply planr behavior; the majority of evising models describe rhese
aspects separately bur their complex interaction must be ralen o account to obrain a
more accwrare characerization of the system. Funhermore, the proposed model is char-
acterized by a high nomerical gficiency and modidariry, allowing for complex wansient
simudagons of the complere plans and for the represenmion of differens nd of beanng s
The TPIB model has been developed and experimenraily validared in collaborartion with
an industrial parmmer which provided the rechnical dara of the sysrem and the results of
experimental fesis. [DOT: 10111571403 1408]

seady-stale conditions, due to their possibility to follow the rowor
maition and adapt to the system dynamical aquilibrium. The com-

Compressors, pumps, and turbines are used in many indusrial
ficlds in a wide range of sizes and powers In the analysis of such
mitating machines, TPIBz (Fig. 1) represent a key element,
hecause they couple all the elements of the plant {ie., supporting
strucres, rotors, lubricant supply plant), deeply affecting their
bhavior,

TPIBs are increasingly wsed in turbomachinery, because they
present several advantages compared to fixed goometry journal
hearings. In particular, TFTB= ensure stability in high-speed appli-
cations, even with heavy extemal loads, both for transient and

Comeritetead by g Techmacal Commimes oo Vibmoon and Sownd of ASME for
pablicaion @ g Jomaw of Veeamow o Amommes. Masesoripd recewved
Movemher 10, 3014; final mavsorme recsvad fume T3, 3018 poblisked coline
Depoberd, D15 Assoc. Edoor: Pasnck 5. Keogh

plete motor-bearing-plant sysem iz very complex, due to the pres-
ence of a number of different dynamical phenomena, both
mechanical and fluid dynamical; therefore, the accurate modeling
of TPTBs represents a challenging issue. At the same time, the
complexity of the sysiem requires a compromize between the
acouracy of the TPIB maodel and its numerical efficiency: in a single
plant there could be a large number of hearings, =0 it is necessary
that a bearing model retums relishle results in reasonable times,

The state-of-the-ant models of the Aluid dynamical behavior of
the bearing s {including simple representations of the supply plant)
are ofien based on a simplified lumped parameters approach
[1-4]. Analogously, motor dynamical models of the TPTBs waally
consist of lumped parameters spring-damper systems [ 58], These
madels are very simple and characterized by small computational

Journal of Vibration and Acoustics Copyright © 2015 by ASME DECEMBER 2015, Vol. 137 / 061013-1
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2015. An efficient quasi-three-dimensional model of tilting pad journal bearing for turbomachinery
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Rossin, R. Conti, A. Frilli, E. Galardi, E. Meli, D. Nocciolini, L. Pugi.



209

Andrea Rindi

Prifemor

Depariment of Indusirial Engineeding,
Universiy of Florence,

Fiene 50139, kaly

e-mail: andea rindsdunifi it

Stefano Rossin
lGerezl Blecic 0l & Gas,
Flomne ST, Ealy

e-mail: Sefann oz idige mm

R. Conti

Depariment of Industrial Engineering,
Unfversiy of Florence,

Flomne 5139, Ealy

e-mail medo confiduniil it

A. Frilli

Depariment of Indusirial Engineeding,
Universiy of Florence,

Fiene 50139, kaly

ek amedea SalDunil

E. Galardi

Depariment of Industrial Engineering,
Universiy of Florence,

Flomne 5139, Ealy

e-mail: emenueieg aadiluniilil

E. Meli

Depariment of Industrial Engineering,
Unfversiy of Florence,

Fibeme 50133, kaly

email: encomeifunili

Efficient Models of Three-
Dimensional Tilting Pad Journal
Bearings for the Study of the
Interactions Between Rotor

and Lubricant Supply Plant

In many industrial applications, titing pad jowrnal bearings (TPJBs) are increagnrgly
used because they are very suitable both for high-speed and high external loads. Their
sty is fundamental in rotsirg machines and @ compromise berween aeouracy and ni-
merical gficiency is mandatory fo ackieve reliable results in a reasonable time. This pa-
per mainly focuses on the development of gficienr three-dimensional (3D models of
TPIBs, in onder to corremporaneoidy describe both fhe rotor dynamics of the sysrem
and the lubricans supply plans in long sirudations (from e iritial rargens phase o the
sready-share condition). Uswally, these neo aspects are studied separarely, bur their inrer-
actions st be considered if an aecwrare description of he whole system is needed. The
proposed mode] architeciire congsiders all the six degrees-offreadom (D0Fs) berween
Supporting gruciires and rotors and can be applied ro different types of TIPE Layour
with different lubricans supply planes. In this research activity, the whole model has been
developed and validared in collaboration with Nuove Pignone General Elcric Spa.
which provided the required rechrical and experimental dara. [DOL: 10111571 40305069]
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1  Introdueetion

The present paper deals with the development of an efficient
numerical model for the simulation of the dynamic behavior of
TPIBs (Fig. 1). TPIBs are paticular fluid dynamical bearings
widely usad in turbomachinery: the contineous increase of turbo-
machines mtational speed, with the aim of improving the
machines aemdynamic performances, has brought the classical
fixed geometry jpumal bearing to the limits of their operating
range. The inrinsic problems in operating at high-speed with
fixed goometry hearings {e.g., the onset of instability phenomena
like ol whip and ol whirl due to the coupling between the forces
exented by the bearing on the rotor in the transverse directions)
have lad to the nroduction of the TPIBs in onder to achieve

Manss oripe receined Ocesber 1, 2004; firal mamsscrpe moaved April 27, 205
pabbidhed ondme July 17, 3005 Assoc. Edior: Josd | Esalosa.

Journal of Computational and Nonlinear Dynamics

satisfactory performances even in very challenging operating con-
diions. In a TPTB, the bearing surface delimiting the oil film is
ot a complete cylinder but is divided in a centain number of sec-
tors capable, through appropriate constraints, of one or mone rota-
tions: the bearing geometry is no more fixed and is able to follow
the rotor motion and to adjust to the dynamic loads applied to the
sysem. Thanks o their dynamical characernistics, TPIBs am
appropriate for high-speed applications and heavy extemal loads
haoth in transient and sieady-state operations (ensuring stability in
both cases) [1-3]: the bearing operating range is wider with
respect to fived geomety bearings and this enables to operate the
supponted machine near or beyond it critical speads.

TPIBEs, due to their supporting action to 8 pressurized hbricant
fluid (which also performs the secondary function of removing the
heat generated in the rotor-bearing system), interposed hetween
the rotor surface and the bearing pads surfaces: the ubricant is
supplied by the hydraulic network wsed for all the auxiliary needs

JANMUARY 2016, Vol. 11 / 0110111
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of the interactions between rotor and lubricant supply plant.

Efficient models of three-dimensional tilting pad journal bearings for the study
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5
Tilting Pad Journal Bearing
Thin film lubrication
Hydrodynamic lubrication
Mineral ails

Ower the las few decades the use of Tiltng Pad journal Bearings (TP)Bs) has spread due to their better
performances in the most demanding operating conditions (e in the presence of high leads and
speeds). This research paper describes the development and experimental validation of a new quasi-30
TPJE madel, able to analyze both the fluld dynamics (also including the supply plant) and rotor dynamics
of the system and their complex interactions. The developed model is characterized by a high numerical
efficency, thus allvwing for complex simulaton tasks, and songly modular, with the possbility o
easily represent different layouts of TP]Bs. The proposed model has been developed and experimentally
validated in oollaboration with Nuova Pgnone General Elecmic Sp.a considering a complete plant testrig
which includes rotor, bearings and lubrication circuit Finally, an innovative heuristic law is proposed in
order to predict the TAE fluld dynamical ¢ haracteristics taking into acoount the coupled effects neglected
by classical simplified models

& 2016 Haevier Lid. All rights reserved.

1. Introduct on

Mowadays Tilting Pad Journal Bearings (TPJB, Fiz. 1) are widely
used for the support of rotating machinery in the full range of
available sizes and powers, thus representing the coupling ele-
ment between the different components of a plant (ie. lubricant
supply plant, supporting structures, rotors).

Compressors, turbines and pumps benefit from the presence of
TPJBs because their performances largely overtake those of fixed
geometry journal bearings |1.2] Compared to classical journal
bearings, TP[Bs fit better for high speed applications |3 and for
heavily loaded rotors thanks to the possibility to adjust their
supporting action to the rotor motion, thus ensuring optimal sta-
bility |4 | both in transient |7.8] and steady state conditions [9).
The behavior of the mtor-bearing-plant system depends on the
omplex interactions between the fluid dynamical (including the
effects of the lubricant supply plant) and rotor dynamical phe-
nomena involved in the process: an accurate modelling of both the
aspects is mandatory for the comect design and operation of the
entire plant. On the other hand, the system complexity itself (a

*(orresponding authar.

E-mnil auldreeees: robern omtid@umn fuit (R Gonti),
amaden fril idumifiit (A Prilli ) emamuele galard i@mifi it (E. Calardi),
enrim meli@umfiit (B. Meli] danisle nocdalini@uni fiit (0L Nocd alini),
iz pugi@unifiit (L Pugi), andrear ndi@unifi it (A Rindi),
stefmarossindge mm (S Rossin)

hitp/jdx doior g0 ribaint 2 (ME07.024
EM-679Xj 206 Bsevier Lid. All rights reserved.

plant can inchide several different bearings ) requires a TPJB model
as computationally effident as possible; therefore a compromise
between the acouracy and the numerical effidency of a TPJB model
is necessary to fulfill industrial requirements.

The dassical literature TP[Bs models are often based on the
lumped parameters approach [ 10-12]: from the rotor dynamical
point of view TPJB are usually represented in terms of stiffness and
damping matrices, whose forces are applied in the rotor node
corresponding to the bearing center. While a procedure for the
calmulation of dynamic coefficients for journal bearings was al-
ready availble [13], the first to develop a calculation method for
Tilting Pad Journal Bearings was Lund |14 Starting from that
pioneering work, many researchers have investigated how to im-
prove the lumped parameters dynamical representation of TP[Bs:
Tschoepe and Childs |15 and Brockwell et al. [16] experimentally
validated the dynamic coeffidents prediction aking into account
pivot contact flexibility and different pad geometries; Wilkes and
Childs | 4] and Rodriguez and Childs [17] analyzed the influence of
frequency and model degrees of freedom on the cakulation of
coefficients and on sability; Lihua et al. [18] investgated the
caloulation of dynamical coeffidents in gas lubricated bearings and
Cha et al. [19] analyzed the influence of pad compliance on the
bearing dymamic characteristics. Similarly, from the hydmulic
point of view the behavior of TP[Bs within the lubrication awxiliary
plant is typically treated as that of a lumped parameters orifice
| 13,20]. The numerical effidency of these simplified models is very
high and their use is widely diffused in many applications,

2016. An efficient quasi-3d rotordynamic and fluid dynamic model of tilting pad journal bearing.
In TRIBOLOGY INTERNATIONAL, vol. 103. R. Conti, A. Frilli, E. Galardi, E. Meli, D.
Nocciolini, L. Pugi, A. Rindi, S. Rossin.
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1 Introduction

An Efficient Iterative Approach
for the Analysis of Thermal
Instabilities in Rotating
Machines

Mosr of the rechrological developments achieved v the nrbomachinery field during the
lasr years have been obrained through the introdietion of flid dyrnamic bearings, inpar-
ricidar riling pad jpuwrnal bearings (TPIBs). However, even those bearings can be
affected by thermal insrability phenomena as the Morton effecr ar kigh peripheral speeds.
In this work, the authors propose @ rew iferative finite element merhod (FEM) approach
for the analysis of those thermal-srrucninal phenomena: the proposed model, based on
the coupling bemween the rotor dywnamic and the thenmal behavior of the sygem, is able ro
accwrarely reprodice the onser of thermal inssabilities. The auhors developed fwo ver-
sions of the model, ore in the Feguency domain and the orher in the tme domain; bork
maodels are able to assure a good rradeoff berween rumerical efficiency and acowracy.
The compurational gfficiency i critical when dealing with the rypical long times of ther-
mial insrabilivy. The research activity has been carvied our in cooperation with G eneral
Elecrae Nuove Pigrone SPA, which provided both rthe rechrical and experimental dana
reeded for the model developmens and validartion. [DOL 100 115/1.4037143]

whip) [5,6]. However, even TPIBs are subpcied, in certain aper-

In the last decades, the turbomachinery field has gone through a
strong development phase to increase the efficiency and the power
of the machines; from a mordynamic point of view, important
mezul have heen achieved through the intmduction of tilting pad
joumal bearings { TPIBs) {see Fig. 13 [1.2].

Fluid hearings are characterized by superior mtordynamic
performances, being able to follow the motor motion and adjust
their dynamic response [3,4]; this characterigtic allows TPTBs to
overcome the classical limitations of fixed geometry journal bear-
ings in termes of Auid dynamic instabilities {ie., oil whirl and oil

Comeritetead by g Techmacal Commimes oo Vibmoon and Sownd of ASME for
pablicaion | g Jomow of Veeamow o Amommes. Masesorpd recewved
Movember 2, 2016; final mamssoripe wesived home 8, 2017, poblished cnline Anges
17, Z7. Assoc. Edeor: Parck 5 Keogh

ating conditions, to the onset of themal instability phenomena
[7-9] {e.g., the Monon effect [10-13]).

The Maorion effect was first described by Keogh and Monton
[14]: thiz unstable behavior mainly ocours when the mtor has an
overhung part and iz heavily loaded [15]. I the mtor vibration is
mainly driven by residueal unhalance, the mtor performs a faidy
circular orbit synchronous with the rotation. In this situaton, a
motor point is abways closer to the bearing surface while the oppo-
site point iz constantly at the maximum oil-film thickness [ 16].
This simation can lead to the onset of thermal instability: if the
visoous shear stresses present in the lubricant films are sufficiently
high {ie., if the rotor speed iz sufficiently high), they produce a
strong temperature gradient on the rotor jowrnal and hence a rowor
how, which then increases the effect of the overhung unbalance
[17]. The increase of the rotor synchronows vibration amplitude
can grow unbounded, even leading to the system failure.

Journal of Vibration and Acoustics Copyright © 2017 by ASME DECEMBER 2017, Vol. 139 / 0610181

Downleaded From: hitp:/vibrationaconstics. asmedigitalcollection. asme org/ on 100772017 Terms of Use: http:/www. asme. org/about-asme terms-of-nze

2017. An efficient iterative approach for the analysis of thermal instabilities in rotating machines.
In ASME JOURNAL OF VIBRATION AND ACOUSTICS. A. Rindi, L. Baldassarre, D. Panara,
E. Meli, A. Ridolfi, A. Frilli, D. Nocciolini, S. Panconi.



212

Proceedings of the ASME 2016 Turbomachinery Technical Conference & Exposition &

June 13-June 17%“‘5 &I&?%o%h |:|rn;i|s

GT2016-57401

DEVELOPMENT AND VALIDATION OF AN EFFICIENT TEHD MODEL OF TILTING

PAD JOURNAL BEARINGS
R. Conti, A. Frilli, E. Meli, D. Nocciolini, S. Rossin
S. Panconi, L. Pugi, A. Rindi General Electric Nuovo Pignone
Department of Industrial Engineering Italy

University of Florence

Email: [roberto.conti, amedeo.frilli, enrico.meli, daniele.nocciolini,

simone.panconi, luca.pugi, andrea.rindij@unifi.it

Email: stefano.rossin@ge.com

ABSTRACT H  Circulatory matrix.

The larpe success af Tilting Pad Journal Bearings (TPJBs) I, Polar moment of inertia
Jor the use in high specdMich load applications is due to their in- I, Transversal moment of inertia.
trinsic stability properties, which allow superior rotor dymamic K Bulk modulus.
performances. TPIRs operation involves different physical phe- K Stiffness matrix.
nomena, like the pads fexibility and the hear exchange berween M Moment
solids and fluids: an accurate analysis of these phenomena is M Mass matrix.
fundamental in order to successfully employ TPIBs. In this pa- {0 Flow rate.
per, the awhors, in cooperation with General Electric Nuovo R Radius.
Pignone, develop an innovarive 30 TPIB modelling approach S Surface.
thar allows an accurate analvsis of the interactions berween the T Temperature,

[fluid dvnamic and thermal phenomena with the elastic behaviour

Vol  Volume.

af the solid componenss (ThermoElastioH vdroDynamic analvsis). W, Rotor section torsional modulus.
The main ohjeciive of the proposed model is to provide accu- dy Rotor section diameter
rate 30 resnles with low computarional times. The TPIE model f FEM peneralized loads.
has been also experimentally validared focusing on the ther- f quJencv.
mal characteristics of the system and the interactions due to the h Oil film thickness.
TEHD behaviour of the bearing system. h  Convective heat transfer coafficient.
m  Mass.
n  Outgoing unitary vector,
NOMENCLATURE P Pressure,
A Ama q FEM generalized displacements.
€ Viscous damping matrix. t Time.
Cy  Duct flow coefficient ¥ Fluid velocity.
C, Specific heat capacity at constant pressure. x  Position.
D Elastic stiffness matrix. X Velocity.

F Force.
G Gyroscopic effect matrix.

Greek Letters
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ABSTRACT

In the study of the rotor dynamic performances of a rotating machine, it is possible to divide the
plant in four main components: rotor, stator, bearings and supporting structure. The current trend
for rotating machinery considers the reduction of weight an important problem. As a consequence
of the complex behavior the last generation plants, characterized by low weights and flexible sup-
port structures, the separation margin between rotor critical speeds and operative conditions is
quite difficult to be reached. The presence of flexible supports can generate dangerous coupling
effects among the different bearings. Therefore the model of a complete rotor dynamical system
must consider all the phenomena coming from the coupling of its mechanical components [1].
The aim of this work is to demonstrate the importance of taking into account the support structure
since the preliminary project phases. To this end, this study investigates a problem of enhanced
vibration level on a five stage MCL rotor, part of a compression system made up of a gas turbine
driver with two centrifugal compressors and one gearbox. Each rotating machine was installed on
a separate baseplate steel structure and the individual rotors were connecled by elastic coupling.
This research work has been developed cooperating with Nuovo Pignone General Electric S.p.a.,
that has provided the technical and experimental data required for the model validation.

Keywords: Rotating machines, Supporting structures, Bearings. Dynamical bearing interaction.

1 INTRODUCTION
A rotordynamics machinery is a very complex component composed of many elements which
are linked each other. In particular this research work focus on the interaction of the following
COmponents:

1. rotor;

2. bearings:

3. support structurs.
Because of the need of high efficiency, the turbomachinery development trend brings towards more
and more compact systems characlerized by reduced weight. Consequently, the structures must
necessarily become more lighter and fiexible. The introduction of system components that can
not be considersd absolutely rigid in the operative range, leads to the need of a deeper study of
the dynamic behaviour of rotating machines to guarantee safe operating conditions. For example

the support structures and the anchoring system (visible in Figure 1) for off-shore installations is
isostatic because of deck flexibility. This is obtained through the use of hinge and spherical joints,

2105. Development of efficient flexible multibody techniques for rotordynamics systems including
rotors and supporting structures. In Proceedings of the ECCOMAS THEMATIC CONFERENCE
ON MULTIBODY DYNAMICS 2015, Barcelona, Spain. S. Rossin, E. Meli, G. Pallini, S. Panconi,
A. Rindi, A. Frilli.
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Abstract. The large success of Tilting Pad Jouwrnal Bearings (TPJBs) for the use in high
speed/high load applicarions is due to their intrinsic stability properties, which allow supe-
riov rotor dynamic performances [ 1]. TPIBs operarien invelves different physical phenomena,
like the pads flexibility and the hear exchange benween solids and fluids: an accurare analysis
af these phenomena is fundamenal in order to successfully employ TPIBs [2]. In literamre, the
TPJBs analysis has been made on the different aspect of the bearing system separately: some
models looked at the fluid dyvnamic behaviowr; other models investigated the rotor dynamic
characteristics, using the stiffness and damping matrices to simplify the bearing action. In this
paper; the authors, in cooperarion with General Electric Nuove Pignone, develop an innova-
tive 30 TPIB modelling approach thar allows an accurate analysis of the interactions berween
the fluid dyvnamic and thermal phenomena with the elastic behaviowr of the solid componenis
{ThermoElastoHvdroDvnamic analysis [ 3]). The authors have developed the proposed model
inthe COMSOL Mulriphysics™5.2 environment, which guarantees high modularity, for an easy
representarion of the TPIB, and a significant numerical efficiency. The main objective of the
proposed model is to provide accwrare 301 results with low compmaational rimes. The TPIB
model has been also experimentally validated, focusing on the thermal characteristics of the
system and the interactions due o the TEHD behaviour of the bearing system and the vibration
amplitudes of the rotor system, performed in various scenario, has been calculated, analysing
the onset of instabiliry phenomena, which represent an impertant future development for this
research work.

Innovative TEHD Tilting pad journal bearing model for rotordynamic analyses.

In

Proceedings of the AIMETA CONFERENCE 2017, Salerno, Italy. E. Boccini, A. Frilli, E. Meli,

D. Nocciolini, S. Panconi, A. Rindi, B. Romani.
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Tilting Pad Journal Bearing TEHD Analysis: An
Innovative Model
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Abstract Tilting Pad Journal Bearings (TPIBs) are widely used in the turbomachin-
ery field due to their superior dynamical parformances, but their operation imvolves
several different physical phenomena In this research work the authors proposs
an innovative 3D ThermoElastoHydroDynamic (TEHDY) model for the analysis of
TPIBs behaviour developed and experimentally validated in cooperation with Gen-
eral Electric Nuovo Pignone: the mode] is able to perform a nonlinear transient cou-
pled analysis taking into account fluid dynamical, thermal and elastic effects and
reaches a good compromise between the accuracy of the results and the computa-
tional efficiency.

1 Introduction

In the last years, the development trend in the turbomachinery field has pushed to-
wards ever higher rotational speeds and loads [13]. [14]. In this scenario, Tilting
Pad Journal Bearings (TPJBs) have almost completely substituied the more unsta-
ble Fixed Geometry Journal Bearings. TPIBs are particular fluid dynamical bearings
where the supporting action exerted on the rotor is due to the pressure field pener-
ated by the rotor rotation in a set of lubricant films intzrposed between the rotor and
the bearings tilting pads. TPJBs, due to their intrinsic stability properties. strongly
reduce the risk of fuid dynamic induced vibrations like the Oil Whirl and the Oil
Whip and, thanks to their ability to dynamically follow the rotor motion, are suit-
able for high speed and high load applications. However, their dynamic be haviour is
influenced by many different physical phenomena and hence an accurate modelling

A Frilli, E. Meli, D. Mocciolini, 5. Panconi, L. Pugi, A. Rindi

Dept. of Industrial Engineering, University of Flornce, Florence, [taly, e-mail: [amedea. frilli; en-
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The turbomachinery field is constantly pushing towards higher rotational speeds and loads; this development
trend has led to the overcome of Fixed Geometry Journal Bearings and to the introduction of Tilting Pad Journal
Bearings (TPIBs). TPJIBs are characterized by superior dynamic performances and by a greater rotordynamic
stability. Their operation involves many different physical phenomena (e.g. the elastic and thermal behaviour of
the pads) and hence, an accurate analysis of their behaviour is essential in order to successfully and safely design
and operate them. Moreover, in order to meet the industry requirements, it is important for a TPIB model to reach
a good trade-off between the accuracy of the results and the computational costs.

In this paper, the authors, in collaboration with General Electric Nuove Pignone, present an newly developed TPIB
three-dimensional model which is able to perform a coupled analysis of the main physical phenomena involved
in TPIBs operations. The main goal of the model is to analyze the interactions between the thermal and fluid
dynamical behavior of the lubricant with the thermal and elastic behavior of the solid components, thus obtaining
a complete TEHD model (ThermoElastoHydroDynamic analysis).

Most of the models found in literature analyze the behaviour of TPIBs with a lumped parameters approach (0D and
1D models), dealing separately with the different physical phenomena and neglecting their couplings [1]. While
those models are characterized by a great computational efficiency and a low accuracy, it is also possible to find
fully 3D models [2]. [3] but their computational loads represent a great limit for the applicability at the industry
level. The proposed model aims to reach a compromise between the characteristics of the State-of-the-Art models,
obtaining accurate results from a coupled analysis with a great computational e fficiency.

The developed model architecture is shown in Figure 1:

:J\m.'r.wmml ﬁ
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.
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Fig. 1: General archiecture of the whole model.
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ABSTRACT

Turbomachines are comtinwously developing in order to
reach higher levels of speed, power and efficiency and the clas-
sical Fived Geomerry Jowrnal Bearings have been replaced by
Tilting Pad Journal Bearings ro avoid insability phenomena. In
this paper, the auhors propose an innovarive guasi-3I0 TPJR
modelling approach thar allows the simultaneous and coupled
analvsis af the vypical phenomena involved in TPIR aperations
The authors focused on the accurare analvsis of the interactions
bemween the rotor and the lubricant supply plan: and on the fluwid
dynamical effecis due to the bearing that cause those couplings,
aiming ar reaching a good compromise beween the accuracy
and the numerical efficiency af the model (mandaory to analvze
svatems with many bearings).
The TPIB model has been developed and experimentally vail-
idared in collaboravion with Nuove Pignone General Electric
Ep.a which provided the rechnical dara of the system and the
results of experimental rests

1 Introduction

Tilting Pad Journal Bearings (TPIB, Figure 1) are exen-
sively used for the support of compressors, pumps and turbines
because they are more meliable with respect to fixed geometry

Stefano Rossin
Consulting Engineer, Ph.D.
General Eectric Qil & Gas

Via Felice Matteucci n” 2, 50127
Florence, Italy
Email: stefano.rossin@ge.com

journal bearings and provide a greater stability in high speed ap-

plications, both for ransient and steady state operating condi-
tions, due to their possibility to adjust their response to the rotor
motion. Consequently, due to the presence of saveral physical
phenomena, the accurate modelling of TPIBs represents a chal-
lenging issue. Furthermore, the complexity of a turbomachinery
system requires a compromise between the accuracy of the bear-
ing model and its computational times.

The state-of-the-art models of the bearing fAuid dynamical be-

_J_
o

ﬁ “<
%/E : p:
FIGURE 1. Tilting Pad Journal Bearing.

haviour are often based on simplified approaches (e, lumped
paramelers models) [18], [32], [33].  Analogously, rotor dy-
namical models including TPIBs usually employ lumped spring-

Copyright € 20135 by ASME

2015. A tilting pad journal bearing model for coupled fluid dynamical-rotor dynamical analyses.
In Proceedings of the ASME IDETC/CIE CONFERENCE 2015, Boston, USA. R. Conti, A. Frilli,
E. Galardi, E. Meli, D. Nocciolini, L. Pugi, A. Rindi, S. Rossin.



218

Development and Preliminary Validation
of Efficient 3D Models of Tilting Pad
Journal Bearings

Roberto Conti, Amedeo Frilli, Emanuvele Galardi, Enrico Meli,
Daniele Nocciolind, Luca Pogi, Andrea Rindi and Stefano Rossin

Abstract This paper mainly focuses on the development of efficient three-
dimensional (3D) models of TPIBs, able to contemporancously simulate both the
rotor dynamics of the system and the lubnicant supply plant. The proposed mod-
elling approach tries to obtain a good compromise between the typical accuracy of
standard 3D models and the high numerical efficiency of simpler and less accurate
maodels. In this work, the whole model has been developed and validated i col-
laboration with Nuove Pignone General Electric S.p.a which provided the required
techmical and physical data. In particular, the experimental data are referred o a
suitable lube oil console system, built at the GE testing center in Massa-Carrara
(MS, Italy) for the venfication of plant components.
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