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Abstract

Abstract

The UK has set a new target for reducing carbon emissions by 57% by 2030 and 80% by 2050
compared to the carbon emission level in 1990. In the UK, transport contributes to a quarter of
the overall carbon emissions. Although the railway is considered one of the most
environmentally-friendly modes of mechanised transport, it should be ensured that the railway
sector plays its role in this new target and that its share of carbon emissions is reduced.
Currently, about 29% of the UK’s fleet is diesel-only, and phasing out these types of trains by
2040 is part of the Carbon Emission Reduction plan. In order to reach this goal, either railway
lines should be electrified or on-board energy storage systems should be installed above the
trains. While electrification appears to be an efficient and clean method, it is time-consuming
and initial costs are high. Installing on-board Energy Storage Systems (ESSs) including
batteries, supercapacitors or fuel cells is a zero-emission and cost-effective approach to phasing
out the remaining diesel trains in the UK and, consequently, contributing to the Carbon
Emission Reduction plan. This thesis aims to propose an on-board ESS for independently

powered trains where the ESS supplies all the energy required for the train traction.

This thesis begins with a review on the previous researches on Hybrid Energy Storage Systems
(HESSSs) including batteries and supercapacitors in power applications and specifically in the
railway sector. It reviews the reasons for employing an HESS and the sizing methods.
Following this, the gap in sizing and charging an HESS for an independently-powered train is

discussed and the hypothesis is developed.

The first phase of this thesis analyses the use of batteries and supercapacitors together in an

HESS in order to evaluate the efficiency of integrating these two energy storage devices in
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terms of the weight and volume of the HESS. Various scenarios with different configuration of
batteries and supercapacitors are considered to provide the required energy and power demand
in the traction. Hence, the total size of the HESSs and performance of the sized HESSs in all
scenarios are compared. Furthermore, it considers the influence of the energy density and power
density of the battery and supercapacitor on the total size of the HESS. This phase also evaluates
the effect of the C-rate of the battery on the total size of the HESS as well on the performance

of the battery.

In the second phase of this thesis, an HESS including batteries and supercapacitors is sized
optimally by employing the Frequency Analysis method. The objective function of the
optimisation is to minimise the weight and volume of the HESS based on the power profile,
where decreasing the weight of the on-board HESS decreases the mass of the train and
consequently, the energy consumption. Low-pass and high-pass filters with optimal cut-off
frequencies (achieved by Brute Force optimisation) are employed to split the journey into the
low frequency and high frequency parts of the load so that batteries are in charge of supplying
the low-frequency parts and supercapacitors can provide power to the high-frequency parts.
Furthermore, this phase proposes the use of batteries to act as the energy supply and charge

supercapacitors during the journey in order to meet the energy and power demand.

The two phases are applied to two case studies in order to validate the results. The first case
study is a diesel line from Bidston Station to Shotton Station in Liverpool where the on-board
HESS can be installed above the Electrical Multiple Unit (EMU) running on this line to provide
the energy required for the return journey. The second one is a tram line in Edinburgh where

the installed on-board HESS could be a substitute for overhead electrification. These journeys
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are simulated in Single Train Simulator (STS) in MATLAB in order to achieve some precious

data such as energy consumption and peak power requirement.

The key findings of this thesis are that the integration of batteries and supercapacitors in an
HESS is an efficient choice for independently powered trains the HESS can be optimally sized
using Frequency Analysis method and supercapacitors can be charged by batteries during the

journey.
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Chapter 1
Introduction

1.1. Background

In recent decades, sustainable transportation has received a great deal of attention worldwide.
The necessity to reduce CO2 emissions form transport has led many countries to adopt different
strategies and long-term plans; the EU supports the policy of cutting CO> emissions from
transport [1]. In 2016, the share of transport in making CO2 emissions in the EU was about 25%
[2]. The EU has set an agreement to reduce CO> emissions from transport by 30%, compared
to the 1990 base year, by 2030 [1], [3]. Although the railway has a share of over 8.5% of
transport, it contributes less than 1.5% to the total transport CO. emissions and, compared to
other modes of transport, the railway is already recognised as a low-producing sector for CO>
emissions [3], [4]. However, the rail sector as a mode of transport can play a key role in reducing
environmental impacts and should be able to demonstrate that it can contribute to the global

move to cut transport emissions [4].

In the UK, as part of the decarbonisation strategy in the rail sector, diesel trains are going to be
phased out by 2040. Currently about 29% of the trains in the UK are diesel-only and this leads
to a significant amount of CO. emissions [5]. For a full-scale phase-out, one solution could be
electrification. Electrifying railway lines began in the late 1800s in the UK and the early 1900s
worldwide, and it became popular as a friendly mode of transport due to advantages such as
high efficiency, low air pollution and heavy load and mass transit capabilities [6], [7]. However,

electrifying the whole network is time-consuming and initial costs are very high [8]. Moreover,
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although it appears that an electrified railway is a 100% CO2 emission-free mode of transport,

but still a part of the electricity used in the electrified network is generated by fossil fuels [9].

An alternative solution for phasing out diesel-only trains could be installing an on-board Energy
Storage System (ESS) on trains, making them independently powered [8]. An on-board ESS
could be capable of providing all the energy required for traction so that no additional diesel or
electricity is required. These independently powered trains are able to run on both diesel and
electrified lines, where the ESS on the train can be charged by braking energy or overhead wires
while running on an electrified rail, or it can be charged at stations by different energy resources
and then use the saved energy when it runs on diesel rails [10]. Compared to electrification,
independently powered trains have lower carbon-emissions (from generating electricity to
charging ESS and then moving the train) which is a significant advantage contributing to the
eco-friendliness of the rail industry. Furthermore, these newly innovated trains can be more

economical than electrification [11].

Since the early 21% century, rail companies have started introducing ESSs and Hybrid Energy
Storage Systems (HESS) for light rail vehicles in order to contribute to the power supply. These
ESSs/HESSs include battery, supercapacitor, flywheel or a combination of these energy storage
devices and have been able to provide power for catenary-free parts of the routes where
electrification was not either economical or safe [12], [13], [14], [15], [16], [17], [18], [19],
[20]. The first battery-powered tram in the UK was opened to the public in 2017 in Birmingham
[17], [21]. In recent years, rail companies have started working on prototypes with on-board
ESSs/HESSs which are able to provide the power required for the whole journey. These
ESSs/HESSs can fully replace the overhead electrification system and are able to overhaul
current light rail power systems. In the UK, the first and only modern battery-powered train in

the railway network began its first trial passenger service in January 2015 as part of a research
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project carried out by NetworkRail in partnership with Bombardier, Abellio Greater Anglia,
FutureRailway and the Department for Transport. This trial was carried out on a 25 kV/50 Hz

electrified line in Essex on the Manningtree—Harwich branch [10], [11], [22].

From the literature, it can be seen that integrating the battery and supercapacitor in an HESS in
a rail system has become more popular recently, as an HESS allows for better performance and
a more flexible system compared to a single energy storage device [19], [23], [24], [25], [26],
[27], [28], [29], [30], [31], [32]. However, developing an HESS increases the complexity of the
architecture and sizing an HESS is not straightforward [33], [34]. Hence, optimal sizing is one
of the most significant parts of developing an HESS. Sizing the HESS optimally, which can be
executed by utilising various methods, reduces costs, decreases weight and volume, reduces
energy consumption, increases the lifespan of the devices and improves efficiency [27], [35],
[36], [37], [38], [39], [40]. Regarding charging the HESS, researchers have proposed methods
such as charging via overhead lines, in charging stations, substations or passenger stations,
charging by regenerative braking energy or by emerging Wireless Power Transfer [18], [19]

[24], [27], [28], [29], [41], [42].

This thesis aims to introduce a novel approach to sizing an HESS including batteries and
supercapacitors for rail vehicles where the HESS is in charge of supplying the energy required
for the whole journey. Moreover, this thesis proposes an innovative method to make batteries
play as the main energy supply in order to charge supercapacitors. The methods considered

contribute significantly to a decrease in CO, emissions, energy consumption and cost.

1.2. Objectives

In order to reach the abovementioned goals, the following objectives need to be addressed:



Chapter 1 - Introduction

A review of the literature on previous sizing and charging methods is required. Previous
studies have to be assessed and compared; after analysing the literature, a clear and
detailed research plan can be identified.

It is essential to model train movement and traction power supply in order to understand
railway system requirements. Simulation software needs to be employed in order that
various parameters of the traction such as energy consumption, peak power requirement,
journey time, etc. can be identified.

Utilising batteries and supercapacitors together in an HESS should be evaluated. It is
crucial to observe the effectiveness of integrating these two energy storage devices and
to validate the advantages of this combination over single ESSs.

Different optimisation methods should be discussed and evaluated for the proposed
strategies. Optimum-decision approaches contribute to decreased energy consumption
and costs.

Applications have to be considered to apply the methodologies on. Theoretical studies
based on simulations show proper and efficient results, but it is crucial to apply
methodologies into real-world applications to validate the results obtained and

demonstrate the feasibility of the proposed strategies.

1.3. Thesis Structure

This thesis will address the facets presented below for the sake of railway system optimisation

regarding CO2 emissions, energy consumption and cost.

Chapter 1 presents the background of the current situation in railway networks. The principal

research purpose of this thesis is developed in this chapter, which is optimising the railway
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system in terms of CO, emissions, energy consumption and cost by optimal sizing of an HESS

and optimal charging approaches.

Chapter 2 reviews the literature on HESSs for railway system. After a brief review of train
movement, traction power supplies and traction drives, ESSs/HESSs, different sizing methods
and existing approaches to charging ESSs/HESSs are identified in this chapter. The methods

are analysed and after discovering the gap, the hypothesis of this thesis is developed.

Chapter 3 discusses the methodologies employed in this thesis in order to reach the objectives.
First, it is shown how the train movement is simulated. Following this, the integration of
batteries and supercapacitors in an HESS is evaluated. Then, the optimal sizing and charging

methods are presented.

Chapter 4 applies the methodologies to a real-world application. Evaluation, sizing and
charging strategies are applied to a diesel train line; the data for the chosen case study are based

on a diesel line in Liverpool. The results are validated in this chapter.

Chapter 5 proves the validation of the proposed strategies by demonstrating another case study.
All considered methodologies (evaluation, sizing and charging methods) are applied to a

suburban tram line; the data used are from a tram line in Edinburgh.

Chapter 6 discusses the results obtained from Chapter 4 and Chapter 5. The results obtained
from evaluation of batteries and supercapacitors together in an HESS, optimal sizing of the

HESS and, finally, getting batteries to charge supercapacitors in both case studies are discussed.

Chapter 7 summarises the conclusions and contributions of this thesis. The hypothesis is

validated according to the results. Additionally, future work is also described.
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Chapter 2
Literature Review

2.1. Introduction

In the last decade, employing ESSs/HESSs in railway networks has been popular within the
railway industry. ESSS/HESSs have been introduced to rail systems to support in different
aspects such as recovering regenerative braking energy, acting as a back-up for the energy
source, providing the main energy supply, etc. [41], [42]. Research has indicated that compared
to an ESS, using an HESS increases system performance and flexibility [19], [23], [24], [25],
[26], [27], [28], [29], [30], [31]. Different energy storage devices have been used in HESSs in
railway networks and various sizing methods have been introduced by researchers [24], [25],
[26], [27], [35], [37], [38], [39], [40]. Charging the HESS is also of importance and researchers
have discussed diverse energy suppliers to charge the energy storage devices in HESSs [18],

[19], [24], [27], [28], [29], [41], [42].

This chapter first talks about railway traction power systems. Both DC and AC power supplies
and traction drives are discussed. Following this, different types of ESSs as well as the energy
storage devices commonly used in railway networks are presented. HESSs are then discussed
and different sizing methods to size them are described. Moreover, previous researches which
have used the mentioned sizing methods are reviewed. Finally, the gap in sizing and charging

HESSs for railway systems is identified and the hypothesis is developed.
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2.2. Fundamentals of Train Performance

Railway systems play a key role in both urban and suburban transportation networks. This is
mostly because of this mode of transport’s benefits of such as being more economical and
producing less pollution and noise production compared to other modes. Railway vehicles are
characterised by different parameters which determine the nature of the traction load and its

performance [41], [43], [44], [45].

2.2.1. Train Performance

Energy supplied to a train is used to accelerate it in linear motion as well as rotating components
(wheels or motor armatures) in rotary motion, in order to conquer both electrical and
mechanical power losses. Friction resistance to motion or to do work in moving the mass of the
train uphill can be considered as mechanical loss, and the loss from motors and drives can be
considered as electrical loss. The amount of energy that a train uses is dependent on the type of
railway network. In urban rail systems, spacing between stations is short and the energy most
required is that needed to accelerate the train, whereas in high-speed railways, the energy
consumed to overcome the resistance to motion between stations is the greatest. Figure 2.2.1

presents the forces on a train:

Mg

Figure 2.2.1. Forces on train, produced by R.J. Hill [46]
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The equation of motion which can be used for train motion can be defined as:

d2s _ (2.2.)
M W+Mgsma =F—R

Where M’ is the effective mass including rotary allowance, s is the instant distance of the train,
t is the dependent element time, M is the tare mass, g is the gravitational acceleration, « is the

slope angle, F is the tractive force and R is the resistance [46], [47].

In order for the train to move, the torque of the motor needs to be transferred to the wheel/rail
interface as tractive force. This force, which is called adhesion, is the friction force between the

wheels and rail. The values of the adhesion force on each driven axle is:
F=uMg (2.2.2)
where p is the friction coefficient between 0 and 1 and Mg represents the axle load.

R in the equation of motion is the resistance to motion and is the result of the internal forces (in
the train) and the external forces (due to the interaction between vehicle and track). R can be

expressed as:

DM
R = (A+ Bv)M + Cv? + Mga + Tg (2.2.3)

A, B, C and D are coefficients. V is the velocity, M is the mass and r is the track radius [46],
[48]. (A+ Bv)M indicates the internal rolling resistance and the vehicle-track interface
resistance. The second term, Cv?, is aerodynamic resistance and can be defined as normal

pressure drag or surface friction. Mga presents the alignment (track) resistance which is the
. DMg
sum of the gradient and curvature components. The last term, — happens due to track

curvature.
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Returning to the equation of motion, it can be deduced that motor torque is capable of
accelerating the train after overcoming the abovementioned resistances. Figure 2.2.2 indicates

the characteristics that the most economical drive needs to have:

starting torque limit
torque ~ |

resistance to motion
forces at various

gradients
0
speed
I 1 il
J

base balancing speed
speed speed for

i 1% gradient

S |
torque-limited | powaer-limited
operation [ operation

Figure 2.2.2. Traction force vs speed characteristics in traction, produced by R.J. Hill [46]

As seen in the Figure 2.2.2, initial torque is limited by traction motor current rating
requirements. Therefore, the maximum tractive envelope, which is a function of speed, becomes
consistent with constant power operation. A balancing speed can consequently be achieved
should the maximum power be set by the controller and, at this point, tractive effort becomes
equal to the sum of gradient forces and vehicle resistance. In balancing speed, acceleration is

zero [46].

2.2.2. Train Movement

The entire journey of a train between two stations can be decomposed into four steps [49], [50].
The typical running behaviour of a train can be predicted according to some constraints, such
as speed limitations or length and rolling stock characteristics [49]. This speed profile is

indicated in Figure 2.2.3:
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Speed limit

Motoring
mode

Cruising
mode

Coasting
mode

Braking
mode

\

Figure 2.2.3. Speed profile of a train over a section between two stations, produced by Ning Zhao [51]

2.2.2.1. Acceleration

During acceleration, which is called motoring or powering too, power is applied to the train
when climbing a hill in order to overcome the effects of gravity. Moreover, Power is used to
conquer dynamic resistance in order to accelerate the train and obtain the required acceleration

rate [52], [53].

In the acceleration mode, if F,. is traction force, Fy,.q4 is gradient force on train movement and

Fresise 1S resistance to train movement:

Fgrad + Fresist < Ftr < Fmax (2-2-4)

i P . Voo
If K, is the coasting factor which equals — (

c—max

Ve—min and V._,.., are minimum and

maximum coasting speed, respectively), traction force for this mode can be expressed as:
Fi = Ky, X Fpax (2.2.5)
And the total force to move the train is:

Fiotar = Ftr — Fgrad — Fresist (2.2.6)

Train acceleration is a;,- and in acceleration mode is presented as:

10
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_ Ftotal (227)

where my, is the effective mass of the train. Effective mass of the train considers rotary

allowance and is the train mass plus the mass of rotating wheels.

Train current is another parameter which is considered for different modes of train. In

acceleration mode, this parameter is expressed as:

Fer
Fmax

Ly = Lngy X = Imax X K; (2.2.8)
where K is the traction force factor.
Finally, electric power in acceleration can be obtained:

Fo = Ity X Upr (2.2.9)
where U, is the average voltage on the conductor shoe.
By integrating the electric power, energy consumption can be achieved [52].

2.2.2.2. Cruising

In cruising mode, there is no acceleration and the train moves with a constant speed [49], [53].

In this mode, both tractive force and acceleration are zero [51].

Frota = 0 (2.2.10)

11
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Mer (2.2.11)

2.2.2.3.Coasting

Coasting mode is a phase during which no power is required and the train moves by the forces
of dynamic resistance and the active component of gravity (inertia) [52]. Due to deceleration in
coasting, speed decreases and energy can be saved as it does not depend on power [50], [52].
Should the coasting mode happen early in the journey, more energy can be saved. However,

this results in an increase in the journey time [49].

Since the train does not need power in this mode and thus traction force (Fy,.) is zero, total force

in coasting mode can be expressed as:

Feotar = _(Fgrad + Fresist) (2.2.12)
And the train acceleration is:
Q= th_ttl (2.2.13)

In coasting mode, train current is zero, which results in zero train power. Hence, no energy is

consumed in this mode [46].
2.2.2.4. Braking

In braking mode, speed is reduced in order for the train to either meet the speed limits or stop
at a station [52]. In this mode, resistance to the train’s advance and the service braking force

are combined [50], [53].

For braking, if K}, is the deceleration factor, the braking force will be:

12
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Fpr = Kpr X Fyp_mmax (2.2.14)
And total force can be achieved by:
Fiotar = —(Fpr + Fgrad + Fresist) (2.2.15)
In this mode, train deceleration is expressed as:

Ftotal (2.2.16)
Apr = e
r

In braking, the train current is negative and can be presented as:

Fpr
Ity = —Ipgx X Fr:ax = —Imax X Kpr (2'2'17)

Finally, the power can be obtained:
Pe = ItT‘ X UtT' (2218)

In braking, because electric power is negative, energy can be produced if the motor is used as

a generator [52].

2.2.3. Train Simulation

In different engineering disciplines, simulation is the definition of reconstruction and
representation of reality in a virtual procedure. Railway Engineering is no exception as
simulation plays a crucial role in railway networks and train operations. Simulation increases
comprehension of the railway system environment as well as creating assumptions and
predictions [54]. Furthermore, simulation contributes to more efficient performance analysis,
as well as checking future timetables, avoiding disturbance , assessing interaction and

consequently cost saving [55]. Various universities and institutions have developed methods

13
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and software for simulating train behaviour. While developing simulation software and tools
for railway networks, one the most remarkable objectives is to calculate/estimate the energy
consumption of a train. In the early days, FORTRAN language was used in order to simulate
train traction. Gradually, C++ replaced FORTRAN. Nowadays, most researches carried out to
simulate railway networks and calculate train energy consumption are performed in
applications such as MATLAB. In spite of the benefits and convenience of computer programs
and software for simulating train behaviour, there are drawbacks to these methods such as non-

portable executable files and computational inefficiency [56].

The Single Train Simulator (STS), developed by Dr Stuart Hillmansen at the University of
Birmingham in the UK, is one the programs employed to simulate train traction. This software
is able to assess the effects of different driving styles for various railway vehicles and is suitable
for simulating a range of propulsion packages [57]. The Multi Train Simulator (MTS), which
is the improved version of STS, was developed using object-oriented methods and modular
structure design. This program can provide single train simulation, multi-train traction

calculation and timetable analysis [58].

Simulation of Train Energy Consumption (STEC) is another railway simulator, which was
developed by Johan Oberg (MiW Konsult AB) for the Royal Institute of Technology in Sweden
(KTH). The essential objective of this software, which is Microsoft Excel-based, is to calculate
the energy consumption and running times when both vehicle and route are defined with
different parameters. Flexibility and a practical interface are two key advantages of this
software [59]. OpenTrack is another train simulation program which was started as a research
project at the Swiss Federal Institute of Technology. This simulator is object-oriented and the
most significant advantage of this program is its ability to offer interfaces to general data

formats (ASCII and XML) as well railway-specific formats (PROTIN and FBS) [60]. The

14
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Railway Total Simulator, developed by Hitachi, has the capability to predict train energy
consumption and traffic volumes. This program allows a wide range of simulations to be carried
out by dividing the whole railway system into subsystems. These subsystems include rolling

stock, traffic control system, signalling system and supply system [61].

All the above-mentioned simulators have different advantages and can be employed for
different railway applications. However, STS is amongst the most popular simulators for
simulating train behaviour as it is user-friendly, simple and flexible; moreover, it uses
MATLAB to run. This program takes the data of the route (gradient, speed limits, driving styles,
distance between stations) and of the vehicle running on the route (physical, mechanical and
electrical properties) and sends this information to the simulator. Various outputs are acquired
after simulation, such as total energy consumption, total journey time and peak power demands

during the journey [57].
2.3. Railway Traction Power Systems

In an electrical railway network, power is transmitted from the power supply to the electric
vehicle through conductor systems. Based on the application and the required features, the
power is transmitted in AC or DC and is converted to be used in an AC or DC traction drive

[62], [63].
2.3.1. Power Supply

In general, in modern railway systems, urban lines and high-speed railways mostly use AC
power supplies. There are several reasons for this; for instance, higher voltages can be

transmitted in AC which reduces transmission loss for long distances. Moreover, AC systems
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have higher efficiency. DC power supplies are usually employed for suburban and light
railways due to their lower voltage, less prone to failure and less electromagnetic interference,

which all decrease risks to public in suburban areas [64].

2.3.1.1. DC Power Supplies

Depending on the size and demand of the railway network, the electrical supply which is fed to
the railway network is normally 132, 66 or 33kV. The electricity is then stepped down by
transformers to a medium voltage of 33, 22 or 11kV. This medium voltage feeds the whole
railway network and is transferred to the substations. In each DC traction substation, there are
transformers and rectifiers to convert 11kV AC to 600, 750, 1500 or 3000V DC. Regarding
economics, the substation positions depend on the voltage: a higher voltage requires a greater
distance. It is suggested to have 2-4 km between substations for 600V; 4-6km for 750V; 8—
13km for 1500V; and 20-30km for 3000V [62], [64], [65]. By considering the power and the
number of trains on the network, the exact distance between substations can be determined [64],

[66]. Figure 2.3.1 indicates a typical DC supply arrangement in a railway system.
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Figure 2.3.1. A typical DC supply arrangement in a railway system, produced by R.D. White [62]

In a DC supply system, current is transmitted to the vehicle through an overhead line, or through
third rails by pantographs/shoes. This current usually returns using running rails. However,
some railway systems, such as London Underground, use an additional insulated conductor to

return the current in order to prevent the effects of stray current [64], [65].
2.3.1.2. AC Power Supplies

System Voltage 15kV, 16.7Hz

One of the typical supply systems for railway networks is 15kV, 16.7Hz (50/3Hz). A railway
electrification system with this voltage and frequency is employed in countries such as
Switzerland, Germany, Sweden and Austria. In Austria, Switzerland and some parts of
Germany, there are power grids which produce single-phase AC current at a frequency of 16.7

HZ. The voltages which are produced in these power grids are from 110kV in Germany and
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Austria and 132kV in Switzerland. In Germany, for instance, the energy is taken from the
national power grid at 110kV, 50Hz and, by the use of AC/AC converters or rotary machines,
iIs transformed to 55-0-55kV AC or 66-0-66kV AC at 16.7Hz. The zero point is connected to
the earth, giving each part of the single-phase AC power line a voltage of either 55 or 66kV. In
Sweden, Norway and other parts of Germany, there is no special single-phase power grid. The
electricity is directly taken from the three phase 110V at 50Hz, transformed to low-frequency

single-phase. For both systems, the energy is converted into 15kV AC at the substations [63].
System Voltage 25kV, 50Hz

The incoming energy for a 25kV, 50Hz supply system, which is specifically designed for rail
systems, is typically 132, 275 or 400kV. This energy is transmitted to two feeder stations (to
increase the degree of security) which have transformers, switchgear metering systems and
communication, and Supervisory Control and data Acquisition (SCADA) monitoring. In feeder
stations, the energy is converted to 25kV AC and is fed to the overhead lines [63]. This AC

system is employed in the UK.
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Figure 2.3.2. A typical 25kV, 50Hz AC supply arrangement in a railway system produced by R.D. White [63]
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2.3.2. Traction Drive

In railway systems, regardless of DC or AC supply, both DC and AC traction drives are
employed. Both electric motors take the energy from either DC or AC supply after proper

conversions and transform the electrical energy into mechanical energy to send to the wheels.

2.3.2.1. DC Traction Drives

Since they were originated, DC motors have been controlled by various voltage supplies. In the
early days, the output voltage was controlled by series resistances. The device used, called a
camshaft controller, is still in use for some light railways. Modern control systems in DC motors

take advantage of a DC-DC chopper converter with variable input—variable output voltages.

Figure 2.3.3 shows a schematic of a typical chopper circuit for a DC traction drive.
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Figure 2.3.3. A typical chopper control circuit in a DC motor, produced by F. Schmid and C.J. Goodman [66]

In order to meet the driving speed, a closed loop control is used to achieve the required armature

or field current [64], [66].
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2.3.2.2. AC Traction Drives

Nowadays, modern railway systems around the globe are moving towards the use of AC
traction drives. This is due to advantages such as low maintenance requirements for AC motors
and, more important, an increase in power density due to elimination of commutators [64], [67].
The major drawbacks of these types of motors is their complexity due to the power electronic
converters required to supply variable voltage and frequency. The controllers in old AC motors
were Gate Turn-off Thyristors (GTO) with operating frequencies between 200 and 300Hz.
These controllers have now been replaced by Insulated Gate Bipolar Transistors (IGBT) which
have a higher frequency range, voltage and current. Figure 2.3.4 indicates the circuit of a typical

AC motor drive [64], [66].
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Figure 2.3.4. A typical control circuit in an AC motor, produced by F. Schmid and C.J. Goodman [66]
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2.4. Energy Storage System

An ESS is a technology with the ability to absorb energy, store it for a period of time and then
dispatch it [68]. ESSs can be employed to manage different characteristics of electricity, such
as hourly changes in the price of electricity and power demand [69]. Each ESS has three main

parts; the first is an energy storage device which is used to store electricity, such as batteries,
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supercapacitors, flywheels, etc. A power converter which controls the input/output electrical
flows is the second part of an ESS. Due to the various input and output conditions under which
ESSs work, power converters, which are based on power electronic devices, manage the energy
flow in a bidirectional way and ensure suitable performance of the ESS. Finally, there should
be a power flow controller to optimise the operation of the ESS. These controllers manage the
charge/discharge process with regard to the State of Charge (SoC) or the network voltage [41],
[70]. ESSs can be classified according to the form of energy used. The categories into which
these systems are classified are: mechanical, electrical, chemical, electrochemical and thermal

ESSs [69].

In railway transport, motors have the capability to act as generators during braking. In this
procedure, Kinetic energy is converted into electricity in a process known as dynamic braking.
In rheostatic braking, regenerated electricity is dissipated in banks of variable resistors and the
process of reusing this electricity for the railway transport itself is called regenerative braking
[41]. After the development of power electronic devices in recent decades, regenerative braking
seems an effective and optimistic solution for reducing energy consumption in electrified urban
transport systems [41], [70]. The excess energy recovered from regenerative braking of a
vehicle can be employed to supply the auxiliary functions of the vehicle itself or can be used
for the other vehicles in the same network after being returned to the power supply. Research
has shown that the energy consumption in urban rail systems can be reduced by between 10%
and 45% by using regenerative braking. Urban rail systems use 2% of the electricity generated
in the UK [161]. The amount of energy recovered is dependent on several factors such as track
gradient. ESSs are outstanding new technologies to store the energy obtained from regenerative

braking and increase the efficiency of energy consumption in railway systems.
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Moreover, ESSs have been recently recognised as a contributor to supply power to railway
systems. They are able to provide power for the catenary-free parts of routes. For routes where
it is not cost-effective or there is difficulty in electrifying the line, introducing trains equipped
with on-board ESSs appears to be an efficient method to replace the diesel trains. Moreover,
this avoids the visual pollution of the catenary, for example when the train passes a historical

building [12], [13], [14], [15], [16], [17], [71].

Choosing a suitable and efficient ESS for each application depends on the given characteristics
and requirements of that application but, generally speaking, an ESS to be utilised for a railway
application should have high power peaks of charge/discharge (in the range of 0.1 to 10MW),
low weight and volume (especially for on-board applications), a high number of life cycles
(between 100,000 and 300,000 cycles) and intermediate energy capacity [41]. Batteries,
supercapacitors, flywheels, Superconducting Magnetic Energy Storages (SMES) and fuel cells

are common energy storage systems employed in railway applications [41], [70].

2.4.1. Different Types of Energy Storage System

There are two types of ESS which can be implemented for railway networks: the first one is a
stationary or trackside ESS which is installed along the track or at the substation level; the
second kind, an on-board or mobile ESS, is implemented on board the train and forms a series-

hybrid electric topology in the case of using the network as the main energy source [41], [70].
2.4.1.1. Wayside Energy Storage Systems

Wayside energy storage systems are implemented in existing substations or at particular places
where there are more line voltage variations (for example, near to stations). Not only can

wayside ESSs reduce the whole energy demand of the system, but they also have the ability to
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stabilise the voltage at weak points of the network. Wayside devices help to shave peaks of
energy consumption during acceleration, which results in decreased resistive losses and energy
costs in the supply line. There is no need to have additional substations for voltage drop
compensations when using these types of ESS. Compared to on-board systems, wayside ESSs
do not require additional space and mass on the vehicle and, consequently, no additional traction
energy is consumed while employing a wayside solution [41]. Being capable of recovering
braking energy from several braking vehicles at the same time is another advantage of stationary

solutions; on-board solutions do not have this ability.

Variability of traffic conditions is a significant factor to be considered when designing a
wayside ESS. It is also essential to carry out a fine-tuned analysis in order to optimise the
capacity of a wayside system. In recent research, diverse optimisation procedures have

employed various techniques to reach an optimised size for wayside ESSs [41], [70].

There is a wide range of storage technologies which are suitable for employment in wayside
operations. Using supercapacitors in wayside ESSs contributes greatly to voltage stabilisation
and peak shaving. Flywheels, with similar power characteristics to supercapacitors with higher
energy densities, are another type of storage device suitable for wayside systems. An SMES
system with fast response seems to be an efficient storage device, but its high cost and

complexity mean that it is not currently used in many applications [41], [72].

Several researches can be found in the scientific literature on wayside ESSs for urban rail
systems. Most researchers have preferred to choose supercapacitors as storage devices for
wayside applications. However, there have been some studies on employment of flywheels and

batteries for these ESSs [41], [70], [72].
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2.4.1.2. On-board Energy Storage Systems

Employing an on-board ESS benefits the railway system in different ways: similar to the use of
a wayside ESS, power peak demand can be shaved during acceleration by using an on-board
ESS. There can also be a certain degree of power autonomy in catenary-free applications or
depot operations when using an on-board ESS which is a significant benefit of these types of
ESSs. Moreover, voltage drops can be limited, which consequently results in higher traffic
density without additional modification. On-board storage systems operate at higher
efficiencies than wayside ESSs because of the absence of line losses. When using an on-board
ESS for electric trains, 20-30% of the energy can be saved. Due to the independent control of
traffic conditions, it is easier to manage recovered energy in on-board ESSs than when using
wayside storages. If properly sized, on-board systems are capable of storing the whole braking

energy.

In order to utilise an on-board ESS efficiently, as for wayside applications, a sizing optimisation
analysis should be carried out to prevent oversizing (which results in increased weight and
volume) or undersizing (which leads to energy waste) of the storage system. To control these
types of ESS, various parameters such as network voltage, vehicle speed, traction power and

SoC have to be considered [18], [41], [70].

Due to the weight and volume limitations of on-board ESSs, there are only a few types of energy
storage device which are applicable for on-board solutions. Supercapacitors are currently the
best option to be employed for on-board systems due to their low cost, long lifetime, fast
response and high power density. Supercapacitors have low energy density; in cases where high

energy density is required for an on-board application, batteries, which are capable of providing
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higher energy densities, can be used. Due to operability and safety issues, flywheels and SMESs

are not recommended for on-board applications.

With regard to recent studies on recovering braking energy with on-board energy storage
systems, the majority of researchers have worked on supercapacitor technology, indicating that
supercapacitors are the most appropriate option to employ for on-board solutions. In contrast,
only a few studies have been carried out regarding on-board solutions with batteries and
flywheels to recover regenerative braking energy. It should be noted that batteries have been
the preferred type of storage device in long-distance catenary-free operations. Hybrid ESSs
have hardly been studied in urban rail applications and there has been no research on SMES

operation for on-board ESS [24], [41].

2.4.2. Different Energy Storage Devices

2.4.2.1. Batteries

Batteries are the most common type of energy storage devices in ESSs and have the widest
range of applications amongst all storage devices. A battery is composed of a certain amount
of cells (with a certain voltage and current), each of which consists of two different electrodes
(one positive and one negative) immersed in an electrolyte, and a separator. Energy in a battery
is delivered through reversible electrochemical charge/discharge reactions in cells [41], [73],

[74]. A battery cell is shown in Figure 2.4.1:
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Figure 2.4.1. Schematic of a battery [73]

There are two types of cell: the first type is called a primary cell which is not rechargeable and
has to be replaced after depletion of reactants. The second type, the secondary cell, is
rechargeable and reactants can be restored until they reach their full charge state, provided a
DC charging source is utilised. To be able to use batteries in an ESS and accommodate

regenerative braking energy, batteries consisting of secondary cells should be chosen [73], [75].

The rating of a battery is stated in terms of its nominal voltage (V) and ampere-hour (Ah)
capacity; the performance of a battery can be described by these two parameters. As stated
above, each cell in a battery produces voltage, and the nominal voltage of the whole battery is
based on the sum of the nominal voltages of cells connected in series [73], [74]. Ah capacity is
the amount of current that a fully charged battery can deliver in a certain amount of time (before

the voltage drops below a specific limit) at a given temperature.

The rate of discharge of a battery (C-rate) is a battery feature specifying the amount of current
that can be delivered in 1 hour in a certain voltage range [74], [76]. SoC is also a notable
characteristic of batteries; it describes the percentage of battery capacity relative to the capacity

of a fully charged battery. In other words, SoC defines the battery capacity remaining in the
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battery with regard to its maximum capacity [73], [77]. In general, to calculate the SoC, the

current is integrated to determine the change in battery capacity over time [77].

In terms of the advantages of employing batteries in different applications, the high energy
density of batteries is the most significant advantage of this type of storage device. Batteries
are safer than other types of energy storage devices regarding performance, they are easy to use
and have minimal environmental impacts. Employing batteries contributes to load smoothing
and peak lopping, which leads to remarkable savings in energy and cost [78]. They can also
provide a rapid response to meet the demands of applications [79], [80]. On the other hand, due
to the chemical reactions in batteries, the maximum current which can be pumped into or drawn
out of a battery is limited. This results in typical batteries having a low power density compared

to some energy storage devices such as supercapacitors [81].

Batteries can be classified into different types based on their electrode material. In railway
applications, commonly used batteries are lead-based (lead—acid), nickel-based (nickel—
cadmium and nickel-metal hybrid), lithium-based (lithium-ion and lithium-poly) and sodium-
based (sodium—sulphur and sodium-nickel chloride or ZEBRA). Amongst all these types,
lithium-based batteries have a relatively higher energy density, power density, lifetime and
efficiency. Moreover, they have a lower self-discharge rate compared to other types of batteries.
Although the biggest disadvantage of lithium-based batteries is their high initial cost, their great
advantages contribute significantly to the reduction of the total energy consumption and,
consequently, the total cost. The high manufacturing cost, thus, can be compensated.
Considering these factors, lithium-based batteries are the most appropriate energy storage

devices to be employed in an ESS in a railway system [41].
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In addition to the above-mentioned advantages of lithium-based batteries, their low
maintenance requirements, absence of memory effects and smaller weight and volume
(compared to other battery types) are other positive characteristics of these batteries.
Furthermore, for applications requiring rapid frequent switching back and forth between charge
and discharge conditions, lithium-based batteries are the most efficient type. However, it should
be noted that while using lithium-based batteries, there should be a battery management system
in order to maintain the SoC, temperature and voltage within a secure range of operation [41],

[82], [83], [84], [85], [86], [87].

There is a wide range of batteries with electrodes which are made from lithium, but Lithium-
ion (Li-ion) and Lithium-polymer (Li-poly) are the major types in this battery category. Li-ion
batteries have much longer life cycles, are able to operate in middle temperature ranges, have
fewer limitations on the charge/discharge current and no organic electrolyte (organic
electrolytes are volatile and inflammable) [41], [85], [87], [162]. Therefore, it appears that Li-
ion batteries are more efficient and appropriate for utilise in railway applications. Amongst the
different types of Li-ion batteries, Lithium Titanate (LTO) appears to be efficient due to its

higher power density compared to the other types [88], [89].
2.4.2.2. Supercapacitors

Supercapacitors (SC) or Ultracapacitors (UC) are subcategories of electrochemical capacitors
and are popular types of energy storage device employed in various electrical systems,
especially in electrified railway applications. Supercapacitors have a higher capacitance
compared to normal electrostatic capacitors. A supercapacitor is built up of two electrodes, a
separator and an electrolyte, and the energy is stored by charge transfer at the boundary between

the electrolyte and electrodes. There is a membrane between the two electrodes in order to allow
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charged ions to move and prevent electronic contact. In a supercapacitor, the size of ions, the
level of voltage level decomposition and the surface area of the electrodes are three factors
influencing the amount of stored energy [90]. Figure 2.4.2 indicates a schematic of a

supercapacitor.
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Figure 2.4.2. Schematic of a supercapacitor [91]

Since supercapacitors are a type of capacitor, they are ruled by the same basic principles as
conventional capacitors. As for capacitors, supercapacitors can be rated by their capacitance
(C) and their nominal voltage (V). Capacitance can be defined as the ratio of stored charge (Q)
to applied voltage (V). Capacitance is proportional to the surface area of electrodes (A) and the

distance between electrodes (D) where dielectric constant (g,¢,) is considered as well.

The energy density and power density of supercapacitors are important attributes to consider
when choosing them as storage devices for different applications. Compared to conventional
capacitors, supercapacitors have a much larger surface area and a shorter distance between
electrodes; therefore, their energy density and capacitance are higher than those of common
capacitors [90], [91]. As discussed in Section 2.4.1.2, supercapacitors are the preferred and
most suitable type of energy storage device for storing regenerative braking energy in both

wayside and on-board applications for electrical railway systems [41]. In order to store the
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maximum braking energy of a train while using supercapacitors, there should be a power flow

controller to control the level of SOC [70].

The most notable advantage of supercapacitors is their high power density which easily benefits
the network in dealing with peak power demands and, consequently, decreasing voltage drops.
These types of energy storage device have a very high efficiency within one
charging/discharging cycle (around 95%), which is due to their low internal resistance. Another
advantage of employing supercapacitors is that it is easy to measure their SOC by using terminal
voltage as their voltage is much more correlated with SoC compared to electrochemical cells.
The electrostatic nature of these types of energy storage devices helps them benefit from a long
life of about 1 million charging/discharging cycles. Low heating losses are another advantage
of supercapacitors. The long life of these capacitors with little degradation makes them
environmentally friendly, safer than other types of energy storage devices such as flywheels
and Superconducting Magnetic Energy Storage and reversible (high rate of electron transfer)
[70], [90], [92]. In contrast, low energy density is the most notable disadvantage of
supercapacitors. These devices have low voltage and, to reach the required voltage level
specified for each application, many cells have to be put in series. Therefore, there should be a
voltage balancing system controlling the individual voltage of each cell in order to protect it
from overvoltage. Significant self-discharge, rapid voltage drop and spark hazard (when
shorted) are other drawbacks of supercapacitors, which must considered when choosing them

to be employed in an application [90], [92].

There are diverse materials used for supercapacitor electrodes and electrolytes. Materials used
to build electrodes are carbon, metal oxide and conducting polymer; electrolyte material can be
organic, aqueous or solid. The most significant classification by which supercapacitors are

categorised is electrolyte type. Electric Double Layer Capacitor (EDLC) or Symmetric,
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Pseudocapacitor or Asymmetric, Composite and Hybrid are different types of supercapacitors
[90], [91]. EDLCs, which store energy electrostatically, use carbon for both electrodes, and a
double layer of charge is used store electricity. There is no transfer of charge between electrode

and electrolyte [91], [93].

2.4.2.3. Flywheels

Flywheels or mechanical batteries are electromechanical storage devices that store the kinetic
energy in a rotor. The energy stored in the rotor is proportional to the inertia of the rotor and
the square of its rotational speed. The rotor of a flywheel is connected to an electrical machine
which has the ability to operate as either a generator or a motor. In the charging process, the
electrical machine functions as a motor. In this mode, the electrical supply increases the
rotational speed of the flywheel to enhance the kinetic energy. On the other hand, the electrical
machine becomes a generator in the discharging process when the energy stored in the flywheel

is released [41], [94]. Figure 2.4.3 shows a schematic of a flywheel.
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Figure 2.4.3. Schematic of a flywheel [95]

The advantages of flywheels are their high efficiency, fast charge/discharge process, strong

instantaneous power, low maintenance and long life. However, flywheesl are not considered an
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efficient type of energy storage device for use in railway applications. When employing
flywheels, there is a potential risk of explosive shattering if there is a failure. Moreover,

flywheels are relatively heavy and they also have a high self-discharge rate [41], [94].

2.4.2.4. Superconducting Magnetic Energy Storages

SMESs store electric energy in a magnetic field which is generated by a direct current flowing
through a coil. This coil, which is contained in a cryostat or dewar consisting of a vacuum vessel
and a liquid vessel, is cryogenically cooled by refrigeration below its superconducting critical
temperature. Because of the nearly zero resistance of the superconducting Niobium Titanium
(NDbTi) cables, the current circulates indefinitely in the coil. In the discharging mode, the DC
potential is removed to release the energy [41], [96]. Figure 2.4.4 shows a schematic of an

SMES.
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Figure 2.4.4. Schematic of a SMES [97]

SMESs have a number of advantages such as high energy density efficiency and fast response.
They also have a very long life cycle. In contrast, they have high initial and maintenance costs
due to refrigeration and they generate very strong magnetic fields which can easily interfere

with railway systems such as signalling and telecommunication [41], [96].
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2.4.2.5. Fuel Cells

In a fuel cell, chemical energy is converted to electric energy though an oxidation reduction
(redox) between the fuel (hydrogen) and oxidant (oxygen). This process is the reverse of
electrolysis in which electricity separates hydrogen and oxygen. A fuel cell includes three main
components: a cathode, an anode and an electrolyte sandwiched between the two. Oxygen flows
past the cathode from the air and the fuel gas which contains hydrogen flows through the anode.
Hydrogen ions that are positively charged pass though the electrolyte membrane and react with
oxygen to form water. Electrons that are generated by this electrochemical reaction flow from
the anode to an external load and then to the cathode again, which consequently generates
power. Fuel cells differ by electrolyte type: alkaline, phosphoric acid, molten carbonate, proton
exchange membrane, microbial, and solid oxide fuel cells are various types known by the type

the electrolyte they have [98], [99]. Figure 2.4.5 shows a schematic of a fuel cell.

-
N —
electrons (e’) +

Electrolyte

Electrodes and Catalyst

Figure 2.4.5. Schematic of a fuel cell [100]
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Fuel cells are new type of energy storage device in railway systems and researchers are working
on prototypes to make use of fuel cells for on-board applications [101], [102]. Fuel cells appear
to be decent energy storage devices for contributing to the power supply. They have advantages
such as high reliability, efficiency and flexibility and low production of noise and CO> emission.
However, it should be noted that hydrogen is still expensive (about £10-£15 per kg in the UK)
to produce and is not widely available; there is lack of infrastructure supporting the distribution
of hydrogen, and a major part of the currently available fuel cell technologies are in the
prototype stage and have not yet been validated [98], [99], [102], [103], [104], [163]. Moreover,
compared to batteries, the current hydrogen fuel cell technologies have lower efficiency and in
order to produce the hydrogen (in electrolysis process) to fuel them, more CO2 emissions are

produced [101].

2.4.3. Hybrid Energy Storage Systems

An HESS is a type of ESS in which two or more energy storage devices are combined in order
to obtain the best features of each type, overcome drawbacks and improve the efficiency of the

storage system [105], [106].

In general, the integration of batteries and supercapacitors in an HESS has attracted the
attentions of researchers in various applications due to the complementary characteristics of
these two energy storage devices. The integration of batteries and supercapacitors has been
proposed in various applications such as microgrids, PV applications, wind applications,
Electric Vehicles (EV), aircraft, wireless sensor networks, uninterruptable power supplies,
excursion ships, Wave Energy Converters, Rubber- Tire Gantry Cranes, Plug-in Electric City

Bus, etc. [35], [38], [107], [108], [109], [110], [111], [112], [113], [114], [115].
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In these applications, HESSs including batteries and supercapacitors have been introduced for
various reasons such as taking advantage of the positive features of both devices
simultaneously, increasing battery life by not causing severe damage, avoiding an oversized
storage system, enhancing the overall performance of the HESS, decreasing the total cost,
improving the balance between generation and demand, and absorbing regenerated power [35],

[38], [107], [108], [109], [110], [111], [113], [114], [116].

In railway applications, the combination of batteries and supercapacitors, in particular, seems
to be an efficient solution for on-board energy storages, especially in catenary-free operations.
There has been research proposing this integration in railway applications and work has been
carried out on designing, sizing, controlling and charging these HESSs [18], [19], [20], [23],
[24], [25], [26], [27], [28], [29], [32], [117]. As mentioned above, flywheels and SMESs are
not suggested to be used for on-board ESS in railway applications due to operability, safety and
economic issues. Moreover, fuel cell technologies are still not fully available and the costs are
high. Batteries and supercapacitors are safer, more functional, more environmentally friendly
(not contributing to air, noise and land pollution and helping to conserve resources such as water
and energy) and more cost-effective. The integration of batteries with a high energy density to
supply the energy required for the journey, and supercapacitors with high power density to meet
the stringent power requirements during acceleration and braking means an HESS meets both
energy and power requirements [19], [23], [32], [41], [105], [118], [119]. Making batteries to
meet the high power requirements in the mentioned modes leads to an oversized system and,
moreover, decreases battery life. Due to the high cost of supercapacitors, using solely them in
a storage system results in a highly expensive system [23], [25], [26], [27]. Therefore,
combining batteries and supercapacitors in an HESS benefits railway application to a great

extent. The result of this combination is basically dependent on the way in which batteries and
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supercapacitors are interconnected and controlled and how the strengths and weaknesses of

each type are utilised and avoided, respectively [105].

Fundamentally, one of the most critical factors to consider while designing an HESS for a rail
system is the size (both weight and volume) of the HESS. An HESS installed on a train adds to
the mass of the train and therefore increases the energy consumption and costs. Moreover, there

is usually limited space on a train to install the HESS [24], [27], [28], [29].

2.4.4. Sizing Methods for HESS

In order to size HESSs, there are various sizing methods that can be employed. These methods
can be classified into three groups: 1) Constrain-based or Generic methods, 2) Optimisation-

based or Heuristic methods, and 3) Frequency-based methods [120], [121].

Various applications, including railway ones, have employed these methods to size HESSs

including batteries and supercapacitors, with different objectives.
2.4.4.1. Constraint-based Methods

Constraint-based or Generic sizing methods size the HESS generally based on constraints.
These constraints can be various parameters; the ones most used in research are specific
energy/power and voltage/current limits which are either requirements of the application or

characteristics of each energy storage device.

Several researches have been carried out on power applications in order to size HESSs including
batteries and supercapacitors. [36] considered the voltage limits of the application and the
specific energy of the storage device in sizing an HESS for EV applications. In [40], the energy

requirement for the application and the voltage limits of the supercapacitor were considered for
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wind turbines. Historical power values were used in [110] in a PV-based wireless sensor
network considering the battery voltage limit. In [111], the energy and power requirements of
an uninterruptable power supplies system were considered. [112] considered the current and
voltage limits of the application and the storage devices as well as the energy capacity of both
devices for an electric excursion ship. The energy and power requirements of the system were
used when sizing the HESS for a Wave Energy Converter in [113]. In [122], both the energy
requirement and voltage limits for the application were considered for another EV-related sizing

study.

Regarding Constraint-based sizing methods in railway-related research, the voltage limits of
the battery and supercapacitor as well as the line voltage were used in [28] to size an HESS for
urban rail transit. [29] carried out a sizing procedure for urban rail as well, based on the required

regenerative braking energy.
2.4.4.2. Optimisation-based Methods

In an Optimisation-based or Heuristic method, an optimisation algorithm is employed to size
the HESSs. These algorithms are applied with different objective functions; the one most used

is the reduction of costs.

With regard to Heuristic methods carried out in the literature to size batteries and
supercapacitors in an HESS, [115] used a Particle Swarm Algorithm (PSO) to size an HESS for
Plug-in Electric City Bus in order to minimise the energy storage costs. Multi-objective
optimisations were developed in [123] and [124] for EV applications to minimise the total size
and cost of the HESS and maximise the life cycle of batteries. [125] proposed an optimal
capacity determination model with the objective function of minimum annual cost for a wind

application. An HESS was sized optimally in [126] with the objective function of total cost
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minimisation using PSO for a PV application. Again, for another PV application, an HESS was
sized in [127] using Bacteria Foraging Optimisation to minimise the total costs. An updated
Differential Evolution (DE) was introduced in [128] to size an HESS for renewable energy

resources considering the target of total cost minimisation.

In railway applications, [25] and [26] have presented Linear Programming and a multi-period
optimal power flow problem formulation, respectively, for electric railways. For HESSs
installed on trams, [27] and [32] used a Genetic Algorithm (GA) and PSO, respectively; the
objective function in [27] was minimising operation costs and in [32] it was decreasing weight
and cost as well as prolonging battery life. [129] proposed a GA for DC rail transit with the

objective function of minimising operation costs.
2.4.4.3. Frequency-based Methods

Both constraint- and optimisation-based approaches are executed in the time domain.
Frequency-based methods carry out the sizing procedure in the frequency domain. Power is
decomposed amongst the energy storage devices by applying low-pass, band-pass or high-pass
filters where each device needs to supply the low-, middle-, or high-frequency parts of the load
[33], [35], [38]. Amongst the three sizing approaches, for both generic and heuristic methods
which are carried out in the time domain, numerous scenarios need to be explored and a large
amount of computations need to be implemented in order to obtain reliable results. On the other
hand, frequency-domain methods require a small amount of computations and ,furthermore,

precise and credible results can be acquired with fast operations [121], [130].

Regarding the non-railway researches that have been carried out to size HESSs including
batteries and supercapacitors in the frequency domain, [33] proposed a filter-based approach in

an EV application in order to minimise the installation and running costs. Two band-pass filters
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were employed in [35] in a frequency-based approach to size an HESS in an isolated system
with high wind generation. In [38], a frequency approach employing two low-pass filters was
adopted to minimise the size of the HESS installed on an aircraft. Spectrum analysis and
Discrete Fourier Transform (DFT) were proposed in [130] and [131], respectively, to size an
HESS for wind turbines. [132] considered frequency analysis using low- and high-pass filters
to size an HESS for renewable energies to minimise the total annual cost. Again for renewable
energy applications, a Role Dividing Strategy via an Empirical Wavelet Transform was used in
[133], employing band-pass and low-pass filters to size an HESS. [134] and [135] employed
Fast Fourier Transform (FFT) and DFT, respectively, to size HESSs in PV applications, with

the objective function of cost minimisation for [134].

In some of these methods, there have been objectives sought while using frequency-based
methods. In these researches, optimisation tools were proposed as well in order to determine
the optimal cut-off frequencies for the filters to reach the required objectives. As mentioned

above, these objectives were cost or size minimisation.

In the literature, some researches have applied frequency analysis to HESSs including batteries
and supercapacitors not to size the HESS, but as a controller to manage the energy split between
the battery pack and supercapacitor pack that have been sized already. [136], [137] and [138]

used this approach for EV applications, and [139] used it for urban rail transit.

Fast Fourier Transform

The Fast Fourier Transform (FFT) is a type of Fourier Transform which is widely used in
various applications in engineering. This method is used to transform a function of time into a
function of frequency, or in other words, transform signals from time domain to frequency

domain. In a Discrete Fourier transform (DFT), a finite sequence of equally-spaced samples of
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a signal in time domain is transformed into a sequence of equally-spaced samples in frequency
domain with the same length. FFT is an effective algorithm of DFT which removes duplicated
terms and the calculating time is decreased from N2 to NLogzN; where N is the number of
samples of the discrete signal. This results in dramatic decrease in calculation time compared
to DTF. In FFT algorithm, every discrete Fourier with N samples can be divided into the two
Fourier transforms, each with N/2 samples. The first Fourier transform includes even samples
and the second one includes odd samples. FFT uses large number of samples without decreasing
the speed of transformation procedure. FFT produces the exact result as DFT, but in a faster

operation [174], [175], [176].

In this project, due to fast and accurate response, FFT method is used to transform the signals

from time domain to frequency domain.

2.5.0ptimisation Methods in Railway Applications

As a whole, optimisation plays a key role in engineering, economics and related fields. In
engineering, optimisation is the process of an idea improvement. Optimisation can be defined
as a process of finding the best feasible solution to a single- or multi- dimensional problem by
an objective function or a performance index within a given time and in a pre-determined search
space. In an optimisation, the problem needs to be formulated and the required output is
obtained through adjusting inputs or characteristics by use of a mathematical procedure. Inputs
are parameters, the mathematical procedure is called the objective function, fitness function or

cost function and the outputs are objective, fitness or cost. [51], [164].

In recent decades, several optimisation techniques have been developed with different

characteristics and their own advantages and disadvantages and they have been applied to
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different sectors. Railway sector has not been an exception and diverse optimisation techniques
have been widely employed for various purposes such as optimising time, cost or energy.
Optimisation methods can be generally categorised into two groups: meta-heuristic or

approximate methods and deterministic or exact methods.

2.5.1. Meta-heuristic Optimisation Methods

Meta-heuristic or approximate optimisation methods were developed to sample a set of
solutions for optimisation problems with large search space which were difficult to be fully
sampled. Since then, meta-heuristic methods have become popular and have been widely used
in various fields. These types of optimisation approaches do not guarantee to obtain the most
optimal solution, but when there is imperfect/incomplete data and/or limited computation
capacity, they provide sufficiently good results with low computational efforts. Thus, meta-
heuristic optimisation methods are more efficient compared to other methods when it comes to

addressing problems by exploring a high dimensional search space [165], [166], [167], [168].

The first set of popular meta-heuristic methods that have been employed for railway
applications are Evolution- or population-based solutions such as Genetic Algorithm, Harmony
Search Algorithm, Evolutionary Programming and Simulated Annealing. The next set of meta-
heuristic methods are subcategory of swarm-based algorithms including Particle Swarm
Algorithm, Ant Colony Optimisation and Bacteria Foraging Algorithm [51], [165], [166],

[167], [168].
2.5.2. Deterministic Optimisation Methods

Deterministic or exact optimisation methods analyse all possible solutions in order to choose

the most optimal one. Compared to metaheuristic methods, deterministic methods provide a
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more straightforward approach and more importantly, achieving the most optimal solutions
within instance dependent run time is guaranteed. The biggest drawbacks of these types of
optimisation solutions are that they involve a great amount of computation and they are more

time-consuming compared to meta-heuristic approaches [51], [64], [167].

Various deterministic optimisation techniques have been employed in railway applications,
where the most used ones and Brute Force Optimisation, Dynamic Programming and

Integer/Fuzzy Linear Programming [51], [64], [167], [169], [170].

Considering the advantages and disadvantages of meta-heuristic and deterministic methods and
the objective of this project, deterministic optimisation approaches are chosen to be used for
this project. The main reason for this decision is due to the capability of deterministic methods
in choosing the most optimal solution, which directly affects the sizing procedure of the HESS,
its final size and hence, the energy consumption of the train. Although deterministic methods
are time-consuming and need complicated computation, the optimisations proposed for this
project will be used only once in the design during the sizing process of the HESS and there is

no need to employ fast or real time optimisation approaches.

Amongst different mentioned deterministic methods, Brute Force Optimisation will be used
due to its efficiency and higher applicability for this project. In Brute Force Optimisation, which
is known as exhaustive search, the searching process includes the enumeration of all possible
candidate solutions in solution domain that can be given to the problem and evaluation of
candidate satisfaction in meeting the problem. Normally, Brute Force is directly based on the
statement of a problem and the definitions of involved concepts for that problem. As any
deterministic optimisation method, Brute Force finds optimum solutions [51], [64], [169],

[170].

42



Chapter 2 — Literature Review

2.6. Economic  Aspects of Battery Systems Vs,

Electrification

As part of the decarbonisation strategy established in the UK in phasing out all diesel trains by
2040, Network Rail has established technology deployment recommendations to achieve
traction decarbonisation by phasing out unelectrified railway. Unsurprisingly, the capital and
ongoing costs required for each of the proposed recommendations is remarkable. The upfront
capital investment and ongoing operational costs associated with the infrastructure and rolling
stock as well as disruption dis-benefit during construction for the recommendations are as

below:

e Infrastructure capital and renewal costs;

e Infrastructure maintenance costs;

e Disruption during construction disbenefits;
¢ Rolling stock maintenance costs;

¢ Rolling stock fuel costs;

¢ Rolling stock lease costs; and,

e NR maintenance costs.

However, costs and benefits for traction decarbonisation strategy will be broadly balanced
over a ninety-year appraisal period. Figure 2.6.1 indicates the benefits, costs and Net Present
Value (NPV) of traction decarbonisation strategy over a ninety-year period which is

produced by Network Rail [171].
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Figure 2.6.1. Benefits, costs and NPV of traction decarbonisation strategy over a ninety-year period,
produced by Network Rail [171]

Amongst the proposed solutions, there are recommendations for 13,000 Single Track
Kilometres (STK) of electrification and 800 STK of battery train deployment. In the current
recommendation, the deployment of batteries is less than electrification. This is due to the
novelty and on-going research being associated with this technology. Moreover, most train
operating companies currently expect autonomously-powered mainline trains to store adequate
energy to be able to complete a whole day of operation as a minimum. With the current available
battery technology, this target is difficult to achieve. However, researches carried out in
Network Rail and RSSB claim that battery technology is a rapidly developing field, reducing
cost and increasing power and energy capacities. Hence, in Traction Decarbonisation Strategy
proposed by Network Rail, it is recommended that battery train operations commence to ensure
the development of standards, gaining whole-system operational experience, and learning
lessons. This will lead to embedding best practice as part of the required longer-term

introduction of these units.
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Currently there is a fundamental economic difference between the capital costs and
maintenance costs of electrification and battery systems. Electrification involves relatively high
one-off or long-lived initial costs but very low marginal costs for the train services which use
it. Conversely, battery traction involves a relatively lower capital cost but higher on-going

operational costs [171], [172].

Regarding electrification, in general capital costs span from £1m/STK to £2.5m/STK. For the
electrification recommendation in Traction Decarbonisation Strategy, the total capital
investment is predicted between £18bn and £26bn (2020 prices) for infrastructure. Analysis
suggests the capital cost of the rolling stock required to fulfil the recommendation is likely to
be between £15bn-£17bn (2020 prices) with freight locomotives an additional £3bn-£4bn (2020
prices). This results in a combined capital cost of £36bn-£47bn (2020 prices). Operation cost
savings for the proposed electrification system recommendation have been estimated to be in

the range of £12bn-£17bn (2020 prices) over the ninety-year period [171].

With regard to battery train system, Table 2.6.1 indicates the cost of different components of

an on-board battery storage system [173].

Table 2.6.1. Cost components of on-board battery storage systems [173]

Maintenance
System | Component Description Capital Cost
Cost/year
Grid e Grid connection 0.3% of Capital
£210/kW
Connection | e Metering Cost
Delivery
e Converter (ACto
Conversion £250/kW 5% of Capital Cost
DC)
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e Modules
e Enclosures
Battery e Heating,
£296/kW 2% of Capital Cost
System Ventilating and Air
Conditioning
(HVAC)
e Invertor
Storage Power o Battery
£11.5/kW -
Electronics Management
System (BMS)
Primary e Install 1
Substation connection £40,000 -
connection
e Foundation for 1.9% of Capital
Civils £42.5/kW
battery package Cost
Electrification | ¢ Catenary
End-use £1,125,000/STK -
Infrastructure | ¢ Gantry

Obviously, the key component of an on-board battery system is the battery storage system
which has the capital cost of £296/kW for 2020. However, the suite of publications
demonstrates cost reduction for battery storage over time. Table 2.6.2 indicates the capital and
Operation and Maintenance (O&M) costs of battery storage system from 2020 to 2050 for every
decade, produced by RSSB, where the projections in the table are based on the low, medium,

and highest values (on a normalised basis) [173].
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Table 2.6.2. Capital investment cost of battery storage system from 2020 to 2050, produced by RSSB [173]

Unit 2020 2030 2040 2050
Capital Default £/kWh 296 168 144 120
Investment Low £/kWh 280 104 80 64
Costs High £/kWh 304 240 208 176
O&M Costs - % Capex 2.0 2.0 2.0 2.0

2.7. Hypothesis Development

As seen in the literature, due to the complementary characteristics of batteries and
supercapacitors, their integration has attracted the attention of researchers to employ it in
numerous power applications, including railways. As mentioned in the literature, one of the
biggest advantages of this combination is to take advantage of the high energy density of
batteries and the high energy density of supercapacitors. Furthermore, it has been stated in the
literature that combining batteries and supercapacitors leads to a decrease in the size of the
HESS. However, for HESSs installed on board in railway applications, there has been no
unified research indicating the relevance of these two facts and the influence of the mentioned
characteristics of these two energy storage devices on the decrease in the total size. Moreover,
the effects of the battery C-rate on the total size of an HESS installed on board in a railway

application is an area that has not been so far considered in research.

Regarding sizing an HESS including batteries and supercapacitors, the literature indicated that
a great number of researches have been executed in various applications using Generic,
Heuristic or Frequency-based methods. In rail systems, although Generic and Heuristic methods
have been deployed in a number of researches to size HESSs including batteries and

supercapacitors, there has not been any research on sizing on-board HESSs with batteries and
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supercapacitors using Frequency-based methods and with the objective function of size

minimisation along with an optimisation method.

In the literature, researchers have indicated different methods for charging HESSs including
batteries and supercapacitors. Most of these methods propose charging by the grid, either at
stations or by overhead lines. However, there is a gap in employing one energy storage device

to charge the other one during the journey.

Considering the objectives of decreasing energy consumption, cost and CO> emissions, the
hypothesis proposed in this thesis is as follows: Batteries and supercapacitors can integrate to
form an effective energy storage system to meet both energy and power required by
independently powered trains. There is a crucial need for optimal sizing of batteries and
supercapacitors and Frequency Analysis method is a proper method to reach this goal.
Moreover, batteries can be employed to charge supercapacitors during the journey. In order to
fulfil the hypothesis, a simulation tool is required to model the HESS and the energy hub as
well as the sizing and optimisation procedures. Modelling the whole performance of the HESS
should be considered jointly. The applicability of the proposed approaches should be

demonstrated based on the case studies.

2.8. Summary

In this chapter, first, the fundamentals of train performance and railway traction power system
were discussed. The basics of train performance and movement as well as the simulation tools
used to trace train behaviour were studied. Moreover, AC and DC traction power supplies and

drives were reviewed. Then, the ESSs and their different types were described as well as the

48



Chapter 2 — Literature Review

energy storage devices employed in railway networks. HESSs including batteries and

supercapacitors were studied and sizing methods used to size HESSs were discussed.

This chapter reviewed the literature on integrating batteries and supercapacitors in an HESS in
various power applications, including railways. This chapter studied the benefits of this
integration as well as the sizing approaches used for this combination for all applications. In
addition to this, the charging methods proposed by researchers specifically for railway
applications were studied. By analysing the prior literature, a hypothesis was developed for this
thesis in order to evaluate the use of batteries and supercapacitors in an HESS for independently
powered trains, size the HESS using FFT and Brute Force optimisation and employing batteries

to charge supercapacitors.
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Chapter 3
Methodology

3.1. Introduction

In order to design an HESS for an independently-powered train, there are numerous methods
that can be employed in each stage of the design procedure. From choosing proper energy
storage devices to selecting optimal methods for sizing and charging an HESS, a great number
of methods exist which have their own advantages and disadvantages. Hence, choosing a decent
method for each stage of the design is essential and challenging. A method needs to be chosen
based upon the function of the application, performance and maintenance requirements,
objective priorities, operation constraints and costs as the design requirements and procedure

will be different when aiming at different goals [27], [41], [112].

In this chapter, first, various scenarios are proposed to evaluate the combination of batteries and
supercapacitors as the selected energy storage devices to understand whether this combination
leads to a more efficient HESS to support train traction. Furthermore, indication of how to
assess the performance of the HESS for the chosen scenarios is given. Following this, the
Frequency Analysis method, the approach chosen for sizing the HESS optimally, is discussed.
It is shown how the battery pack and supercapacitor pack can be sized using this method, and
evaluation of performance of the sized HESS is discussed as well. This chapter finally discusses
how battery pack can be used as an energy supply to charge supercapacitor pack during the
journey. For the proposed methods in this project, different validation approaches will be

proposed in order to validate the methods.
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3.2. Evaluation of an HESS Including Batteries and

Supercapacitors

As discussed in Chapter 2, employing an HESS including batteries and supercapacitors for rail
systems has become popular in recent decade for various reasons. It was said that one of the
main reasons for employing batteries and supercapacitors together in an HESS was to decrease
the size of the HESS. Thus, in this project, the main goal of proposing battery + supercapacitor
for the storage system to be installed above the train is reducing the size of the storage system
which, in turn, leads to a reduction in the total mass of the train and consequently decreases the
total energy consumption and cost. Hence, this phase of the project firstly indicates whether it
is more efficient to use a battery + supercapacitor HESS rather than a battery-only or
supercapacitor-only ESS according to the weight and volume of the storage system. In the
literature, it was expressed that integrating batteries and supercapacitors in an HESS could
result in getting advantage of the high energy density of the batteries and the high power density
of supercapacitors simultaneously. Hence, in this phase it is shown how the energy densities
and power densities of the batteries and supercapacitors influence the total size of the HESS.
Finally, this phase of the project assesses the change in the total size of the HESS when the C-

rate of the batteries changes.

As mentioned in Section 2.4, each ESS/HESS has three parts: energy storage device, convertors
and controllers. This project focuses on the key part of the HESS which is energy storage
device. Hence, this project only considers the weight and volume of this part, which is battery
modules and supercapacitor modules, and ignores the weights and volumes of other parts in the

HESS.
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3.2.1. Calculation of the Number of Modules

In order to compare the weight and volume of a battery + supercapacitor HESS with the weight
and volume of a battery-only or supercapacitor-only ESS, the storage systems need to be sized.
3.2.1The first step in sizing is to determine the total energy and the peak power demands that

should be met by the HESS.

3.2.1.1. Total Energy Demand and Peak power Demand

As mentioned in Chapter 2, both ESSs and HESSs should be sized in such a way to meet both
the energy demand and peak power demand for the required train journey. Simulation helps to
obtain the required information. In order to simulate the traction in Single Train Simulator
(STS), the simulator chosen for this project, route data and vehicle specifications need to be
entered as expressed in Chapter 2. For this project, the HESS is sized for one return journey. In
other words, it is expected that the HESS is sized in such a way to be capable of providing
enough energy and power for the train for one return journey. The generation rate in STS is
85%, which is the efficiency from the energy supply (HESS in this case) to the energy
transferred to the wheels. Hence, no additional efficiency rate is considered for transferring
energy between the HESS and the wheels of the train. Regenerative braking energy (regen
energy) is considered in this project; it is absorbed by the HESS in braking modes with the
regeneration rate of 50%. Due to the energy densities and power densities of the battery and
supercapacitor, it is expected that the battery will play the main role in supplying the energy
required during cruising modes, and the supercapacitor is mostly in charge of meeting the peak
power demand in acceleration modes. By achieving energy and peak power requirements, they

should be split between the battery pack and supercapacitor pack and therefore the number of

52



Chapter 3 — Methodology

battery modules and supercapacitor modules in the HESS needed to provide the required energy

and power can be calculated.
3.2.1.2. Sizing the Battery Pack

The number of battery modules can be determined when the energy and power that the battery
pack needs to supply during the journey are known. The number of battery modules needed to
provide the energy requirement and the number of battery modules to support the peak power
demand are calculated separately, and the greater number is chosen as the final number of

battery modules.
e Calculation regarding energy demand

To start the calculation, the highest energy that a single battery module can supply should be

determined:
EMod = clod x y}od (Max) (3.2.1)

where C}%¢ is the capacity of the battery module in Ampere-hours (Ah) and V24 (Max) is the
maximum voltage of the battery module in Volts (V). Now the number of battery modules

required to provide the energy requirement can be calculated:

R
NE. = Epsd (3.2.2)
Bat = gMod o [S0Cpqe(Max) — SOCpqe(Min)]

where Eggg expresses the energy required from the battery pack to supply in Watt-hours (Wh).

The SOC of the battery presents the current capacity of the battery as a percentage of the
maximum capacity that can be stored in the battery. In these calculations, SOCg4t—pax 1S the

maximum percentage of the energy that can be saved in a battery module and SOCg4¢—pin 1S
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the amount of energy that cannot be used. This is due to the internal impedance of the batteries
where some part of the energy is dissipated within cells and is lost as heat. Thus,
S0Cpat(Max) — SOCg4:(Min) conveys the useful amount of energy that can used and in other
words, it is the efficiency of the battery module. For this project, SOCg,:(Max) is considered
to be 100% and SOCg,:(Min) is considered to be 20% which makes the efficiency of a battery
module 80%. By knowing the number of battery modules in the battery pack, the weight and

volume of the battery pack can be determined:

Weik,, = NE,, x Weilo? (3.2.3)

Volk,, = NE,, x Vol¥od (3.2.4)

where Weiko%and Vol}o2 are the weight and volume of a single battery module in Kilograms

(kg) and cubic metres (m3), respectively.

e Calculation regarding power demand

In order to calculate the number of battery modules required for the peak power demand, the

discharging power for each battery module should be calculated:

PMOd

pod = 1Mo x Vet (Max) (3.2.5)

where 1394 is the typical discharging current of the battery module in Amperes (A) obtained

by:
od C,’g;’?"td (3.2.6)

and T is the time in Hours (h). Now the number of battery modules needed to meet the peak

power demand can be obtained:
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P (3.2.7)

NE . =
Bat ™ pied x [SOCpac(Max) — SOCpq(Min)]

where Py is the peak power that the battery pack needs to meet in Watts (W). The weight and

volume of the battery pack sized regarding the power demand can be achieved using the

equations below [27], [38], [77]:
Weib,. = Nb,. x Weillod (3.2.8)
Volb,, = NE,, x VolMod (3.2.9)
3.2.1.3. Sizing the Supercapacitor Pack

As for the batteries, the supercapacitor pack needs to be sized regarding energy demand and
power demand separately, and the greater number of modules is chosen at the end. By
determining the energy and power that the supercapacitor pack needs to provide, the number of

supercapacitor modules can be calculated.
e Calculation regarding energy demand

Using the same process as for sizing the battery pack, the amount of energy that can be stored

in a single supercapacitor module should be calculated first:

1 3.2.10
Egéod — E X C%Od X [VSI\gOd(Max)]Z ( )

where C}°% is the capacity of the supercapacitor module in Farads (F) and V22°4(Max) is the
maximum voltage of the module in Volts (V). Now the number of supercapacitor modules

required to meet the energy demand can be calculated:

55



Chapter 3 — Methodology

ERe (3.2.11)

N& =
B % [1 - [SOCsc(Max) = SOCsc(Min)P?]

where ESRC?Q is the energy requirement that the supercapacitor pack needs to provide in Watt-

hours (Wh). As for the battery, SOCsc(Max) is considered to be 100% and SOCs-(Min) is
considered to be 20%, making the total efficiency of the supercapacitor module 80%. Then the
total weight and volume of the supercapacitor pack which is sized regarding energy demand

can be determined:
Weif, = NE x Weilted (3.2.12)
VolE. = NE. x Volllod (3.2.13)

where Wei¥°%is the weight in Kilograms (kg) and Vol%°¢ is the volume in Cubic-metres (m3)

for a single supercapacitor module.
e Calculation regarding power demand

The procedure to determine the weight and volume of a supercapacitor pack regarding power
demand is the same as for batteries. The discharging power that each supercapacitor module is

able to provide can be obtained as below:
pited = [}o x VIt (Max) (3.2.14)

where 1294 s the typical discharging current of the supercapacitor module in Amperes (A).
This power is the typical discharging power of the supercapacitor considering the

supercapacitor’s allowed discharging current.

Following this, the number of supercapacitor modules required to meet the required peak power

demand can be determined:

56



Chapter 3 — Methodology

PEe (3.2.16)

P __
Nsc = Daoa
SC

where Ps’zeq is the peak power in Watt (W) that should be met by the supercapacitor pack.

Finally, the weight and volume of the supercapacitor pack can be achieved:
Weik, = NE. x Weillod (3.2.17)
Volf, = NE. x Vollod (3.2.18)

Finally, the total weight and volume of the HESS regarding either the energy demand or the

power demand can be obtained as below [37], [38], [116]:

WeiHESS = WeiBat + Weisc (3219)

VOlHESS = VOlBat + VOlSC (3220)

3.2.2. Tests for Evaluation

Now that the procedure for calculating the number of modules for both the battery pack and
supercapacitor pack is determined, it is possible to size a battery-only ESS, supercapacitor-only
ESS and an HESS including batteries and supercapacitors in order to compare their weights and
volumes and, moreover, to evaluate the influence of the energy density and power density of

both devices on the total size of the storage system.

3.2.2.1. Size and Influence Evaluation

e Case 1. Energy Demand and Power Demand Separately
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In the first case, energy demand and power demand are considered separately. Battery-only,
supercapacitor-only and hybrid storage systems should be sized in such a way to provide the
total energy required from the storage system. Five scenarios can be considered in order to size
the storage system, as indicated in Table 3.2.1. Scenario 1 is the battery-only storage system
where all the required energy is provided by the battery. Scenario 5 is the supercapacitor-only

storage system where supercapacitor is in charge of meeting the whole energy demand.

Table 3.2.1. Five scenarios to meet the energy demand

Scenario | Storage device | Energy supply percentage
Scenario 1 Bat 100%
SC 0%
Scenario 2 Bat 15%
SC 25%
Scenario 3 Bat 20%
SC 50%
Scenario 4 Bat 25%
SC 75%
Bat 0%
Scenario 5 SC 100%

In Scenarios 2-4, which are hybrid storage systems, different supply percentages are considered
for the battery and supercapacitor to meet the energy requirement in order to observe the effects
of the energy density of both battery and supercapacitor on the total size of the HESS. For
instance, in Scenario 2, 75% of the total energy demand is to be supplied by the battery pack
and 25% of the total energy demand is to be met by the supercapacitor pack. When the total
energy requirement is known from the simulation, this amount of energy can be split between
the battery and supercapacitor for each scenario according to the considered percentages and
the weight and volume of the storage systems can be calculated using the procedures stated in

Sections 3.2.1.2 and 3.2.1.3. Therefore, it can be decided which storage system has the lowest
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weight and volume regarding energy requirement and moreover, the influence of the energy

densities of both battery and supercapacitor can be assessed.

The same process can be executed for meeting the peak power demand. Five scenarios can be
considered; in each scenario, the battery and supercapacitor are responsible for meeting
different percentages of the peak power demand. These scenarios are indicated in Table 3.2.2.
Here, the sizes of the storage systems can be compared regarding power, and the influence of

the power densities of both devices on the total size of the storage system can be evaluated.

Table 3.2.2. Five scenarios to meet the peak power demand

Scenario | Storage device | Peak power supply percentage
Scenario 1 Bat 100%
SC 0%
Scenario 2 Bat 5%
SC 25%
Scenario 3 Bat 20%
SC 50%
Scenario 4 Bat 25%
SC 75%
Bat 0%
Scenario 5 SC 100%

Although the methods mentioned give a generic opportunity to compare the sizes of battery-
only/supercapacitor-only ESSs with HESSs including both battery and supercapacitor, and also
help to evaluate the effects of the energy density and power density of both devices on the total
size of the storage system, they cannot be referred to as an adequate validation for this project.
In train traction, both energy demand and peak power demand should be met simultaneously
during the journey and hence the ESS/HESS should be sized in order to provide both energy
and peak power properly. Therefore, there should be scenarios where both energy demand and

peak power demand are considered together to size the storage system.

e Case 2: Energy Demand and Power Demand Together
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In order to have scenarios considering both energy demand and peak power demand, the above-
mentioned scenarios can be considered together. The five scenarios regarding energy demand
can be combined with the five scenarios regarding peak power demand, and twenty five
scenarios can be obtained. In this case, all combinations to meet both energy demand and peak
power demand simultaneously are considered and as a result, the proximity of validation of the

incoming results is increased. Table 3.2.3 indicates these 25 scenarios.

Table 3.2.3. Twenty-five scenarios to meet energy demand and peak power demand simultaneously

Scenario Storage device | Energy supply percentage | Peak power supply percentage
Scenario 1 Bat 100% 100%
SC 0% 0%
Scenario 2 Bat 100% 5%
SC 0% 25%
Scenario 3 Bat 100% 50%
SC 0% 50%
Scenario 4 Bat 100% 25%
SC 0% 75%
Scenario 5 Bat 100% 0%
SC 0% 100%
Scenario 6 Bat 5% 100%
SC 25% 0%
Scenario 7 Bat 5% 5%
SC 25% 25%
Scenario 8 Bat 5% 50%
SC 25% 50%
Scenario 9 Bat 5% 25%
SC 25% 75%
Scenario 10 Bat 75% 0%
SC 25% 100%
Scenario 11 Bat 50% 100%
SC 50% 0%
Scenario 12 Bat 50% 5%
SC 50% 25%
Scenario 13 Bat 50% 50%
SC 50% 50%
Scenario 14 Bat 50% 25%
SC 50% 75%
Scenario 15 Bat 50% 0%
SC 50% 100%
Scenario 16 Bat 25% 100%
SC 75% 0%
Scenario 17 Bat 25% 75%
SC 75% 25%
Scenario 18 Bat 25% 50%
SC 75% 50%
Scenario 19 Bat 25% 25%
SC 75% 75%
Scenario 20 Bat 25% 0%
SC 75% 100%
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Scenario 21 Bat 0% 100%
SC 100% 0%
Scenario 22 Bat 0% 5%
SC 100% 25%
Scenario 23 Bat 0% 50%
SC 100% 50%
Scenario 24 Bat 0% 25%
SC 100% 5%
Scenario 25 Bat 0% 0%
SC 100% 100%

Regarding the battery, in each scenario the percentage of the required energy that the battery
pack needs to supply is different to the percentage of the peak power demand that it is in charge
of supplying. In other words, the battery pack should supply a given percentage of the energy
demand and it is responsible for supplying a different percentage of the peak power demand. In
Scenario 2, for instance, the battery pack should supply all the required energy, but it is
responsible for meeting 75% of the required peak power, and the rest should be met by the
supercapacitor pack. It is the same for the supercapacitor pack where different numbers of
modules are achieved for this pack to meet the energy demand and the peak power demand.
Hence, in each scenario for either battery pack or supercapacitor pack, the higher number of
modules is considered to be on the safe side and to be ensured that both energy demand and

peak power demand, to be provided by either battery pack or supercapacitor pack, are met
properly.
Npa: = Max(NE,. ,NE) (3.2.21)
Ngc = Max(NE. ,N&) (3.2.22)
After choosing the higher number of modules, by using the equations mentioned in Sections
3.2.1.2 and 3.2.1.3, the weight and volume of either battery pack or supercapacitor pack can be

calculated accordingly; following this, the total weight and volume of the HESS can be

determined.
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Scenario 1 is the battery-only storage system, Scenario 25 is the supercapacitor-only storage
system and Scenarios 2—24 are HESSs with different percentages of energy and power supply
for battery and supercapacitor. By taking this measure, ESSs can be compared to HESSs
regarding weight and volume and the influence of the energy and power densities of the chosen
storage devices can be assessed considering both energy demand and peak power demand at

the same time. Therefore, the validation process is more precise.
3.2.2.2. C-rate of the Battery

As mentioned in Section 2.4.2.1, the C-rate of a battery is a measurement of the rate at which
the battery discharges according to its maximum capacity. The C-rate states the discharge
current of batteries. When a battery is discharged at 1 C-rate, it becomes fully empty in an hour.
When it is said that the C-rate of a battery has increased, it means that the battery is discharged
at a higher current and hence, it is able to deliver energy in a shorter period of time. In other
words, the specific power of the battery increases [77]. While increasing the C-rate of the
battery increases the specific power that it can provide, it makes battery discharge in a shorter

time and moreover, it decreases the battery’s life time [24], [41], [77], [140].

The C-rate of the battery is an important factor when sizing a battery pack and consequently,
sizing an HESS including battery and supercapacitor since it directly affects the specific power
that a battery module can provide to be able to meet the power demand. In order to assess the
effects of the C-rate of the battery on the total size of the HESS and also on the performance of
the battery, a different approach is used to size the HESS in which the C-rate of the battery is

considered.

Firstly, the energy that a battery module can provide and then the number of battery modules

required to meet the total energy demand should be determined:
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EMod = cMod x y}1od(Max) (3.2.23)

ERea (3.2.24)

Bat

EIIEVI(ftd X [SOCpqt(Max) — SOCpqe(Min)]

Nggr =

Then, the power that each battery module is able to provide, considering the C-rate, can be

determined:
PMod = Crate x 1394 x Vo4 (Max) (3.2.25)

Now the maximum power that the number of battery modules obtained from Equation (3.2.24)

is able to provide can be calculated:
Pred = Npgp X PYO% X [SOCpqe(Max) — SOCgqr(Min)] (3.2.26)
The rest of the peak power demand can be supplied by the supercapacitor pack:

ps’zeq = Preq — pBR;tq (3.2.27)

and the number of supercapacitor modules can be determined based on the power required from

the supercapacitor pack:

Pslzeq (3.2.28)
NSC = Rg]god
where

The weights and volumes of the battery pack and the supercapacitor pack can be obtained as

below:
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Weigar = Nggr X Weilod (3.2.30)
Volgar = Nggr X VolMod (3.2.31)
Weige = Ngc X Weiklod (3.2.32)

VOlSC = NSC X VOlé-véOd (3233)

Finally, the total size of the HESS can be determined:

WeiHESS = WeiBat + Weisc (3234)

VOlHESS = VOlBat + VOlSC (3235)

By Increasing the C-rate of the battery, the change in the total size of the HESS can be observed.

3.2.3. Methodology Validation

The next step is to validate the proposed methodology. In order to achieve this, the performance
of the sized HESS needs to be observed and assessed. Methods were proposed in the last section
to determine the number of battery modules and supercapacitor modules by knowing the
required energy demand and power demand that each pack needs to meet. However, this does
not determine how this sized HESS behaves in providing the required energy and power
demand during the journey. The performance of the sized HESS needs to be tracked in order to

validate its ability to meet the demands and therefore, validate the proposed sizing method.
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3.2.3.1. Supplying the Required Energy and Power

The first validation method is to be ensured that the sized HESS is able to meet the required
energy and power. Hence, all 25 scenarios are simulated in STS in order to observe and compare
their performances in supplying the required energy and power. Below are the factors

considered for the HESS when employed during the journey:

e Battery pack and supercapacitor pack meet the total energy demand and power demand

regarding their energy and power limit.

e Regarding the rate of charge/discharge, for the first assessment where C-rate is not a
variable factor, it is considered that the battery pack is not charged/discharged at more than
its 1 C-rate. According to the literature, charging batteries in higher C-rates make them
discharge quicker and frequency charge/discharge harms batteries and shortens their
lifetime. With regard to the supercapacitor pack, it is charged/discharged at its typical

power.

e Regarding regenerative braking energy, in general it is considered that regen energy is
absorbed by the supercapacitor pack during braking as a supercapacitor has a high power
density than a battery and is capable of absorbing more regen energy than battery. However,
if the SOC of the battery goes below 50%, the regen energy is to be absorbed by the battery
pack. This is because the battery plays the main role in providing the energy demand during

the journey. The regeneration rate is determined as 0.5.

e Inscenarios where either the battery pack or supercapacitor pack is sized based on only
energy demand or power demand, the pack will not be able to meet the required demands

during the journey. Hence, the pack becomes empty earlier than expected and will not be
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able to provide its share of the supply. The general solution in these scenarios is to use the
other storage device to compensate and meet the requirements in lieu of the empty device.
This is feasible only if the other device has an adequate amount of energy stored.
Furthermore, other measures can be taken to make the HESS perform properly in these
scenarios. The measures can be increasing the number of modules, or getting the other
device to act as an energy supply and charge that device before becoming empty. The latter

method will be discussed in detail in Section 3.3.4.

By simulating the train traction, where the required energy and power demands are to be met
by the HESS, it can be observed how the HESS supplies the train during the journey and the
capability of the HESS to meet the required energy and power demand can be seen. This will
validate the proposed methodology in sizing an HESS. Moreover, this simulation will indicate
the necessity of considering both energy demand and power demand in determining the number
of battery and supercapacitor modules; if a sized HESS does not work properly in a scenario
due this essential matter, the simulation will make this clear. Thus, the proposed validation

process validates this necessity as well.

3.2.3.2. SOC of the HESS

Another approach for validating the sizing procedure is to observe the changes in the HESS’s
SOC during the journey. The SOCs of both the battery pack and supercapacitor pack can be
tracked, which makes it possible to see how both packs behave in different modes of the
journey. Simulating the SOC of the HESS indicates how the battery pack and supercapacitor
pack discharge in acceleration and cruising modes and how they charge from regen energy

during braking modes. By tracking the stored energy in both the battery pack and supercapacitor
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pack during the journey, it is possible to evaluate whether both packs have been sized properly

to meet the traction requirements and hence, the proposed sizing methodology will be validated.

3.3. Sizing the HESS in the Frequency Domain

After evaluating the integration of battery and supercapacitor in an HESS and proposing
methods to calculate the number of battery and supercapacitor modules, the HESS needs to be
sized optimally. Although 25 possible combinations of battery and supercapacitor were
considered in Section 3.2, they were proposed based on mathematical calculations only and for
validation purposes. The HESS needs to be sized optimally in order to minimise its size, which
minimises the total mass of the train and hence decreases the total energy consumption of the

train during the journey.

As mentioned in Chapter 2, an optimal sizing method in the frequency domain was chosen for
this project due to the small amount of computations and fast and credible results. This section
proposes a method to size the HESS optimally in the frequency domain using FFT and Brute
Force optimisation with the objective function of weight and volume minimisation. As in
Section 3.2, the performance of the sized HESS during the journey is evaluated to validate the

use of FFT alongside Brute Force Optimisation in sizing an HESS.

The same as the previous part, this project only considers the weight and volume of battery
modules and supercapacitor modules in the HESS and the weight and volume of other parts are

not considered.
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3.3.1. Frequency Analysis Method

In order to start sizing the HESS using the Frequency Analysis, the first step is to design filters.
In this project, both low-pass and high-pass filters are employed. In general, there are two types
of digital filter: Finite Impulse Response (FIR) and Infinite Impulse Response (1IR). An FIR
filter has a finite duration. Another name for these types of filters is ‘non-recursive’ filter which
means that the filter takes only input values for calculation. An FIR has linear phase
characteristics. In order to obtain precise results while using an FIR, the order number should
be high. A higher order increases the amount and time of calculation. An IIR filter, which has
infinite duration, is a recursive filter where in addition to input values, previous output values
are also considered. This enhances the sensitivity of the filter. An IIR has non-linear phase
characteristics and requires a lower order than an FIR in order to have the same performance as
a high-order FIR. In this project, an IIR filter is chosen due to less and faster computation and
more sensitivity. There are different types of IIR filters: Butterworth, Chebyshev I, Chebyshev
I1, Bessel and Elliptic filters. In this project, a Butterworth filter is used because it has very low
ripples in the pass band and stop band [141], [142], [143], [144]. However, although
Butterworth filter is called a maximally flat filter and has the lowest ripples among all IR
filters, overshoots/undershoots can happen. This is because Butterworth filter is underdamped
and therefore, overshoots and undershoots happen whenever there is a rapid transition in the
data, such as acceleration and braking modes in both case studies for this project [143], [145],

[146].

A proper cut-off frequency should be determined for both filters. Various cut-off frequencies
can lead to different low pass-filtered and high pass-filtered results, different energy and power

demands that the battery pack and supercapacitor pack need to meet, different numbers of
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modules for both battery pack and supercapacitor pack and, eventually, different sizes for the

HESS. Therefore, it is crucial to determine optimal cut-off frequencies for both filters.

After designing the filters, they are ready to be applied to the load. As in Section 3.2, first the
train traction needs to be simulated in STS. In this phase, the Power/Frequency result is of
interest. Both low-pass and high-pass filters need to be applied to this result in order to split the
power demand into low-frequency parts and high-frequency parts. The low-frequency parts of
the demand are to be supplied by the battery pack because of its low power density; for high-
frequency parts of the demand, the supercapacitor is in charge of supply because of its high
power density. It is obvious that the power demand determined from the simulation is in the
time domain. In order to apply the filters, the power demand needs to be in the frequency
domain. Hence, with the help of an FFT, the Power/Time result is transformed into
Power/Frequency. This is executed with the FFT function in MATLAB. The result is then

transformed back into time domain. The power split is indicated in Figure 3.3.1

Power Tim

——-  POWET ) Supercapacitor
High Pass Filter
Time

Figure 3.3.1. Power split using low-pass filter and high-pass filter

Time
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3.3.1.1. Sizing the Battery Pack Using a Low-Pass Filter

Now the designed low pass filter can be applied into the Power/Frequency result, and the low
pass-filtered Power/Frequency is obtained. This result is then transformed back into the time

domain. The power demand which needs to be supplied by the battery pack is obtained by:
ot = Max[Max[P(t) jow] , Min[P(t) Low] (3.3.1)

where P(t) ., is the low pass-filtered power demand in the time domain, Max[P (t) ] is the
maximum discharging power and Min[P(t),,] is the maximum charging power of the low

pass-filtered power demand.

Then, Equations (3.2.5) to (3.2.7) can be used in order to determine the number of battery
modules regarding peak power demand. Now the number of battery modules regarding the
energy demand should be determined. To achieve this, the energy demand of the low frequency
parts of the power demand should be obtained first. By integrating the low pass-filtered

Power/Time result, the low pass-filtered Energy/Time can be determined by:

¢ (3.3.2)
E()Low =Jp(t)Low

0

and the energy demand which the battery pack is in charge of supplying can be determined by:
Efel = Max[E () 0] — Min[E () 0w] (3.3.3)

where Max[E(t)ow] — Min|E (t)0w] €Xpresses the energy variation over the whole journey.
The energy capacity of the battery pack should be able to meet the difference between the

maximum energy and the minimum energy.
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By using Equations (3.2.1) and (3.2.2), the number of battery modules regarding the energy
demand can be determined. As mentioned before, after calculating the number of modules
regarding energy demand and peak power demand, the higher number of modules needs to be
chosen to be on the safe side and to be ensured that both demands are met properly. Hence,
according to Equation (3.2.21), the higher number of modules is determined. Due to the high
energy density and low power density of battery, it is expected that the higher number of
modules is the number of modules regarding power demand. Finally, the weight and volume of

the battery pack can be determined by employing Equations (3.2.30) and (3.2.31) [37], [116].
3.3.1.2. Sizing the Supercapacitor Pack Using a High-Pass Filter

Now the designed high-pass filter is applied to the Power/Frequency power demand (obtained
by FFT) in order to achieve the high pass-filtered result. Again, this result which is in the
frequency domain is transformed into the time domain. As for the low pass-filtered result, the

power demand that should be supplied this time by the supercapacitor pack is obtained by:
P! = Max[Max[P(O)nign] , Min[P(O) nign]] (3.34)

where P(t)y;gn represents the high pass-filtered power demand in the time domain and
Max[P(t)High] and Min[P(t),,.] are the maximum discharging power and the maximum

charging power of the high pass-filtered power demand, respectively. Equations (3.2.14) and
(3.2.16) can be used to calculate the number of supercapacitor modules regarding peak power
demand. As for the procedure used to size the battery pack, integrating the high pass-filtered

Power/Time result can lead to Energy/Time:
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t (3.3.5)
E(®)nigh = fP( VHign

0

And the energy requirement that should be met by the supercapacitor pack is obtained by:
Ege? = Max[E(®)uign] — Min[E () nign] (336)

Equations (3.2.10) and (3.2.11) can be used to calculate the number of supercapacitor modules
regarding energy demand, and Equation (3.2.22) determines the final number of supercapacitor
modules. Due to the high power density and low energy density of supercapacitors, it is
expected that the higher number of modules is the number of modules regarding energy
demand. Eventually, the weight and volume of the supercapacitor pack can be acquired by

employing Equations (3.2.32) and (3.2.33).

Now, by knowing the sizes of both the battery pack and supercapacitor pack, the total size of

the HESS can be obtained using Equations (3.2.34) and (3.2.35).

3.3.2. Choosing an Optimal Cut-off Frequency and Sizing the HESS

As mentioned previously, the most crucial part in sizing an HESS using the Frequency Analysis
method is to use an optimal cut-off frequency for both the low-pass filter and high-pass filter
since this affects the weight and volume of the HESS. In order to find the optimal cut-off
frequency/frequencies, an optimisation method can be employed. As mentioned in Section
2.5.2, for this project Brute Force Optimisation is chosen where all possible cut-off frequencies
and their respective weights and volumes are considered in order to find the cut-off
frequency/frequencies that results in the lowest weight and volume of the HESS. Brute Force

is built in MATLAB.
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To start the optimisation procedure, a suitable range needs to be determined for the cut-off
frequencies. The Sample frequency is 1Hz. In filters, the Nyquist frequency is the frequency at
which any result sampled beyond this frequency is distorted and signals are reconstructed. The
Nyquist frequency is half of the Sample frequency, which is 0.5Hz in this project. Hence, the
upper limit of the cut-off frequency range is considered to be 0.5Hz. For the lower limit, 1uHz

is considered. Moreover, the step is considered to be 1uHz, which makes 500,000 iterations.

For the first iteration, a 1uHz cut-off frequency is considered for both the low-pass filter and
high pass-filter, and all the procedures explained in Section 3.3.1.1 for sizing the battery pack
and Section 3.3.1.2 for sizing the supercapacitor pack are executed. At the end of this iteration,
the total weight and volume of the HESS are achieved for a 1uHz cut-off frequency. Then, the
whole procedure is carried out in the second iteration, for a 2uHz cut-off frequency, and again
the total size of the HESS is obtained. This is repeated to the last iteration, a 0.5Hz cut-off
frequency. The total weight and volume of the HESS achieved in each iteration is saved and
eventually, the minimum weight and volume of the HESS among 500,000 iterations are chosen,
which leads to the optimum cut-off frequency for the filters. It should be noted that since there
are two different parameters to find the minimum amount for, weight and volume, two different
optimal cut-off frequencies might be achieved at the end. A decision needs to be made should
this happens and only one optimal cut-off frequency should be chosen for designing the filters
and sizing the HESS. Figure 3.3.2 indicates the proposed Frequency Analysis method a Brute

Force optimisation procedure for finding optimal cut-off frequency for the filters.
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Figure 3.3.2. Brute force optimisation to find the optimal cut-off frequency
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3.3.3. C-rate Constraint in Energy-based and Power-based

Calculations

In power-based calculations, the power requirement and the device’s specific power are the
bases of determining the number of modules. This automatically considers the allowable
discharging power of the energy storage device and C-rate constraint is generally considered in
these calculations. As mentioned in Sections 3.3.1.1, it is expected that the final number of
batteries is determined based on the power demand calculations and hence, the C-rate constraint

is met while determining the number of battery modules.

On the other hand, due to the nature of energy-based calculations, these calculations only focus
on the total energy requirement that the energy storage device needs to meet, and the device’s
specific energy is the base parameter for the device considered to determine the final number
of modules disregard the device’s typical discharging power. If the device’s typical discharging
power is of a great importance in discharging procedure, there is a risk that the energy-based
sized pack discharges higher than its typical discharging power during the journey, becomes
empty earlier than expected and consequently, is not able to meet the required energy and

power.

As mentioned in Section 3.3.1.2, it is expected that the final number of supercapacitors is
determined based on the energy demand calculations. In order to check if the sized
supercapacitor pack discharges within the limit of its typical discharging power during the
journey, the C-rate constraint can be imposed on the energy based-sized supercapacitor pack
after determining the final number of supercapacitors from the high pass-filtered energy result.
If the sized supercapacitor pack is not able to meet the required energy and power demand for

which it was responsible after considering the C-rate constraint, this means the already sized
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supercapacitor pack discharges at higher C-rates than allowed which makes it become empty

earlier than expected.

By increasing the number of supercapacitors, the power capability of the supercapacitor pack
increases and hence, the supercapacitors do not need to discharge higher than their typical
discharging power. This in turn will help the supercapacitor pack to be able to meet the required

energy and power demand.

3.3.4. Employing Battery Pack as an Energy Supplier

Due to the high energy density of batteries and their ability to save greater amount of energy
compared to supercapacitors, these energy storage devices can be employed to act as an active
energy supplier during the journey and charge supercapacitors. By charging supercapacitors in
intervals or continuously during the journey, the supercapacitor pack does not need to be
accurately sized to meet the total required energy and power demand that it is responsible for
as it can receive a part of the required energy during the journey by the battery pack. This will

lead to a decreased number of supercapacitor modules and hence, a decreased size of the HESS.

In order for the batteries to charge supercapacitors during the journey, optimisation methods
can be defined and applied. Inputs can be used to reach the defined objective functions
considering constraints and criteria. Table 3.3.1 indicates requirements for optimisation
methods to charge supercapacitors by batteries. Fixed inputs are the total energy and power
requirements and also characteristics of batteries and supercapacitors. Numbers of batteries and
supercapacitors can be controlled and hence, are considered as variable inputs. Moreover, the
discharging power of batteries to charge supercapacitors is a variable input. Different objective
functions can be considered, but according to the main objectives of this project, the objective

function here is to minimise the total size of the HESS. The most important constraint in the
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optimisation procedure is for the HESS to be able to meet the total energy and power
requirements. Moreover, the SOC of the battery pack or supercapacitor pack are other
constraints that might be needed. Various criteria can be considered for the optimisation
methods, such as charging supercapacitors based on the mode of traction (acceleration,
coasting, cruising and braking), charging based on the energy left in the supercapacitors, or

charging based on journey time.

Table 3.3.1. Requirements for optimising battery charging supercapacitors

Variable
Fixed Input Obijective Function | Constraint Criteria
Input
ErotProt
Charging based on the
Meeting mode of traction
EMod plod | Npg N
ETot ’ PTot
Minimising Charging based on
WeiBat, VOlBat NSC ]
Weiygss, Volygss S0Cgqt SOCs¢
Efed, Pited | Poat
SOCq Charging based on
journey time
Weisc, VOlS’C

In this project, the charging method is proposed as a further analysis in frequency domain sizing
procedure and is dependent on the results achieved from the Frequency Domain analysis.
Hence, the charging procedure is applied to the HESS which is already sized using the

Frequency Analysis method.
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Two charging criteria are considered for this project and for each criteria, two scenarios are

proposed. The criteria and associated scenarios are set out as below:

1. Charging based on SOC of the supercapacitor pack:
a) Battery pack charging supercapacitor pack whenever SOC of the supercapacitor
pack goes below 1%,
b) Battery pack charging supercapacitor pack whenever SOC of the supercapacitor
pack goes below 100%.
2. Charging based on the mode of traction:
a) Battery pack charging supercapacitor pack only in acceleration modes,

b) Battery pack charging supercapacitor pack only in cruising modes.

Brute Force optimisation will be applied to all four scenarios with the objective function of
minimising the total size of the HESS. For the optimisation process, the fixed inputs stated in
Table 3.3.1 stay fixed. Since the battery pack will act as the energy supply to charge the
supercapacitor pack during the journey, the number of battery modules is considered as fixed
inputs. The number of supercapacitor modules is considered as the variable input which needs
to be optimised in order to achieve the objective of the optimisation method. Moreover, since
the C-rate of the battery has been considered as a significant factor throughout the whole project
and it is important not to discharge batteries higher than their 1 C-rate, the discharging power
of the batteries to charge supercapacitors is considered fixed at 1 C-rate for the charging
procedures. Two constraints need to be considered for this optimisation problem. The first one
is for the HESS to be able to meet the total energy and power demand, and the second one is
for the supercapacitor pack’s minimum SOC which should be between 0 and 1 and it should

not become 0. This means the number of supercapacitor modules need to decrease as much as
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the HESS is still able to meet the required energy and power demand without making the

supercapacitor pack empty during the journey.
3.3.5. Methodology Validation

As in the first phase of this project, the Evaluation Phase, this phase needs validation as well.
General and specific validation methods are introduced for this phase in order to validate the

proposed Frequency Analysis method.
3.3.5.1. Brute Force Optimisation Validation

As mentioned in Section 3.3.2, the most crucial part of the proposed Frequency Analysis
method is to find out the most optimal cut-off frequency for the filters. Brute Force optimisation
is considered to achieve this goal. In order to validate this optimisation method, the results for
all iterations achieved from the optimisation method need to be analysed. The figures indicating
the cut-off frequency versus the total weight and volume of the HESS will be analysed to see
whether the determined optimal cut-off frequency results in the minimum weight and volume

of the HESS.

Brute Force optimisation proposed for charging procedure will be validated as well. The figures
showing the number of supercapacitor modules versus the minimum SOC of the supercapacitor

pack during the journey will be analysed to validate the results.
3.3.5.2. FFT+Filters Validation

In order to size the HESS in frequency domain, FFT and low pass and high pass filters are the
bases of the proposed method. After validating the proposed Brute Force optimisation method

for finding the most optimal cut-off frequency/frequencies for the filters, then the designed
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filters need to be validated. The filtered results will be added in order to see whether the initial
results before filtering can be obtained. This will indicate whether the FTT method works well
and if the filters are designed properly. The low pass-filtered Power/Time result can be added
to the high pass-filtered Power/Time result to obtain the very first Power/Time result and
moreover, the low pass-filtered Energy/Time can be added to the high pass-filtered
Energy/Time result to see whether the unfiltered Energy/Time result can be achieved. By

achieving the initial results, proposed FFT method and designed filters can be validated.
3.3.5.3. Sizing in Frequency Domain Validation

The performance of the sized HESS should be assessed to validate the whole Frequency
Analysis method chosen for optimal sizing of the HESS. The validation methods are the same
as those used for the first phase of this project. As mentioned in Section, it should be seen
whether the sized HESS is able to meet the energy demand and the power demand during the
journey. All considerations mentioned in Section 3.2.3 are considered here as well. Following
this, the SOCs of both the battery pack and supercapacitor pack are tracked in order to observe
the rate of changes of the stored energies in both packs. The chosen Frequency Analysis method
will be validated if the sized HESS performs properly in meeting the total energy and power
demand. This validation might indicate that choosing the higher number of modules for both
packs may lead to some energy being left in either pack at the end of the journey. Therefore,

other methods will be proposed in order to decrease the size of the HESS.

3.4. Summary

This chapter discussed the methodology used in this project. Two phases were considered to

reach the aim of the project and the approaches proposed in each phase were discussed.
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The objective of the first phase was to evaluate the use of battery and supercapacitor together
in an on-board HESS. After proposing calculations for sizing the battery pack and
supercapacitor pack regarding energy demand and power demand, evaluation tests were
introduced. Five scenarios, considering the energy demand and the power demand separately,
and then 25 scenarios, considering the energy demand and the power demand simultaneously,
were introduced to compare the weight and volume of the HESS with battery-only and
supercapacitor-only ESSs. Moreover, scenarios were introduced to assess the influence of the
energy density and power density of both the battery pack and supercapacitor pack on the total
size of the HESS. Assessing the effect of a change in the C-rate of the battery on the total size
of the HESS was another test proposed in the first phase. Validation methods were introduced

to assess the proposed methods.

In the second phase, the Frequency Analysis method was proposed to size the HESS. Low-pass
and high-pass filters were proposed to split the power demand into low-frequency and high-
frequency parts, where battery was chosen as the storage device to support the low-frequency
parts and supercapacitor to support the high-frequency parts of the demand. Brute Force was
also proposed as an optimisation method to determine the optimal cut-off frequency for both
filters. Following this, imposing C-rate constraint on energy based-sized supercapacitor pack
was proposed. Moreover, it was proposed to use batteries as active energy suppliers in order to
charge supercapacitors during the journey. In order to validate the proposed methodology in

this phase, validation procedures were introduced.

These mentioned methodologies will be applied to the case studies in Chapter 4 and Chapter 5

in order to validate the chosen approaches.

81



Chapter 4 — Case Study 1: Non-electrified Line

Chapter 4
Case Study 1: Non-electrified Line

4.1. Introduction

In this chapter, in order to validate the methodology introduced in Chapter 3, the proposed
approaches are applied to a case study. As mentioned in Chapter 1, the main idea of introducing
an HESS installed on a train is to provide the required energy and power for the whole journey
without the support of electrification. Hence, the applications that this idea is most beneficial
for are non-electrified lines. By installing the HESS above a train running on a non-electrified
line, which is assumed to be a diesel line, CO2 emissions can be cut dramatically due to the

phasing out of diesel trains. Moreover, there is no need to electrify the line.

For the case study, an existing non-electrified line in the UK is considered; the data used for
the route and vehicle running on this route are based on a railway line in Liverpool. In this
chapter, first, it is seen whether it is efficient to integrate the battery and supercapacitor in an
HESS to be installed above a train running on this line. Following this, a proper HESS is sized
using the Frequency Analysis method and Brute Force optimization to be installed above the
train running on the line. Then, scenarios will be proposed to use batteries to charge

supercapacitors during the journey.
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4.2.Case Study Familiarisation

4.2.1.Route Data

For this case study, the timetable considered is the real timetable for the existing journeys of a
diesel train on a non-electrified line. This route is close to two electrified routes and shares its
first station with one of those routes. There are six stations on this route with a whole length of
23.33km, which makes the return journey 46.66km. The speed limit is different in different
parts of the route and the maximum speed is 80km/h. The route is fairly smooth and hence the
gradient is considered zero for the whole route. Dwell time is 30 seconds for all stations. Table

4.2.1 indicates the route data of this case study.

Table 4.2.1. Route data of Case study 1

Parameter Amount
Stations 6
Distance (km) 23.33
Maximum Speed (km/h) 80
Gradient ~0
Dwell time (s) 30

4.2.2. Vehicle Data

The current vehicle running on this line is a diesel engine; if an HESS needs to be installed on
this train, it would be costly as it would need upgrading to become an electrified train. Hence,
it is assumed that the HESS is installed on the electrified trains running on the electrified lines

close to this line and. When the train runs on those electrified lines, it is supplied by the
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electrification system, and when it enters this non-electrified route, it uses the energy stores in

the HESS.

The trains running on the mentioned electrified lines are British Rail Class 507/508 (BR
C507/508), which are DC-powered Electrical Multiple Units (EMU). This train is indicated in

Figure 4.2.1.

Figure 4.2.1. British Rail Class 507/508

There are three cars in each EMU and one driving motor at each end of the train (cars 1 and 3).
Each driving motor (car) has four series wound motors and one camshaft driven rheostat

controller. The key properties of C507/508 are indicated in Table 4.2.2.

Table 4.2.2. Vehicle data of Case study 1

Property Data
Car 3
Car dimensions (L x W x H) 19.8 x 3.85 x 8.82 m
Seats 232 on all except 192 on class 508/1
Laden weight (t) 121.9
Series motors 8
Train output (kW) 8x85
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Rated power (kW) 656
Maximum power (kW) 1200
Maximum speed (mph) 75
Davis coefficients A =0.00186, B =0.2179, C = 16.62
Brakes Rheostat and West code
Number of notches 5

4.2.3. Traction Simulation

By knowing the route data and vehicle data of the case study, it can be simulated in STS. Figure

4.2.2 indicates the gradient and velocity profile of the route, which were entered as inputs for

the simulation.
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Figure 4.2.2. Altitude, Velocity profile, Running diagram, Specific traction, resistance and acceleration,

Acceleration and Traction/Braking power of the simulated route
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In the upper left figure, it can be seen that the altitude is zero for the whole journey. The changes
in the velocity during the journey are shown in the upper middle figure, showing the maximum
of 80km/h. The upper right figure indicates time versus distance, indicating the total journey
time of 48.1 minutes. The tractive effort versus velocity is indicated in the bottom left figure
for specific traction, resistance and acceleration. The changes in acceleration during the journey
are shown in the bottom middle figure. One of the key results required for sizing the HESS, as
mentioned before, is the peak power requirement which is indicated in the bottom right. This
figure indicates traction and braking power versus distance, and it can be seen that the peak
charging and discharging power is 1.2MW. Figure 4.2.3 is a closer look at this figure. It can be
seen that the total journey time is 2886 seconds (48.1 minutes). Green dots indicate the stations

in the return journey.
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Figure 4.2.3. Power consumption in the time domain

The Traction line indicates acceleration and cruising modes and the Braking line indicates the

braking modes during the journey. Another parameter required to size the HESS is the energy
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consumption required for the whole journey; this is indicated in Figure 4.2.4, where it can be
seen that the total energy which should be provided by the HESS is 154.6kWh. It is seen that
the regenerative braking energy is absorbed in the braking modes, every time the train brakes.
The total power demand and energy demand that should be provided by the HESS become

1200kW and 154.6kWh, respectively.
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Figure 4.2.4. Energy consumption in time domain

4.3. Applying the “Evaluation” Phase to the Case Study

In order to start the evaluation of integrating battery and supercapacitor, based on Section
3.2.2.1, Case 1 with five scenarios for both energy demand and power demand is applied to the
case study to determine the total weight and volume of the HESS. For these tests, the
characteristics of 24V 60Ah Altairnano battery modules (which are LTO batteries) and 125V

Heavy Transportation Maxwell supercapacitor Modules (which are EDLCs) are considered.
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The characteristics of the considered battery and supercapacitor modules are indicated in Table

4.3.1 and

Table 4.3.2 [154], [155].

Table 4.3.1. Characteristics of 24V 60Ah Altairnano battery module

Parameter Amount
Voltage range (V) 17-27.5
Capacity (minimum/typical) (Ah) 65/67.4
Typical discharge energy (wh) 1450
Energy density (wh/l) 108
Specific energy (wh/kg) 51.8
Peak power (discharge/charge (w) 22600/36300
Power density (discharge/charge)
1682/2704
(wil)
Specific power (discharge/charge)
806/1296
(wh/kg)
Weight (kg) 28
Volume (md) 0.0147
Cycle life (at 25°C) >25000
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Table 4.3.2. Characteristics of 125V Heavy Transportation Maxwell supercapacitor module

Parameter Amount

Voltage (rated/maximum) (V) 125/136
Capacity (rated) (F) 63
Stored energy (wh) 140
Specific energy (wh/kg) 2.3
Typical discharging current (A) 100
Weight (kg) 61

Volume (md) 0.0054

Cycle life (at 25°C) 1000000

The numbers of battery modules and supercapacitor modules are calculated in each scenario
based on the required energy or power. Then, the weight and volume of the battery pack and
supercapacitor pack and, finally, the total weight and volume are determined. Figure 4.3.1
indicates the total weight and volume of the HESS where only energy demand is considered.
As said in Chapter 3, from Scenario 1 to Scenario 5, the number of battery modules required to
provide the total energy demand decrease and the number of supercapacitors increases. It is
obvious that from Scenario 1 to Scenario 5, the total weight and total volume of the HESS
increase. It can be seen that every time the battery pack provides 25% less of the total energy
required and the supercapacitor pack provides 25% more of the total energy required, the total
weight of the HESS increases by about 40t and its volume increases by about 3.2m?3. Scenario
1is the battery-only scenario and Scenario 5 is the supercapacitor-only Scenario, and it is visible

that to support the energy demand, it is better to have a battery-only ESS to have the lowest
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weight and volume. The supercapacitor-only scenario has the biggest size when it comes to the
energy demand. Figure 4.3.2 indicates the weight and volume of the HESS in five scenarios to
meet the power demand. Again, from Scenario 1 to Scenario 5, the number of battery modules
decreases and the number of supercapacitor modules increases. From the figures, it can be seen
that from Scenario 1 to Scenario 5, the total weight and total volume of the HESS decrease.
From one scenario to another, every time, the weight and volume of the HESS decrease by 4.3t
and 2.86m?, respectively. Again, Scenario 1 is the battery-only scenario and Scenario 5 is the
supercapacitor-only one and it can be seen that for the power demand, the supercapacitor-only
scenario results in the smallest size and using only batteries as energy storage devices results in

the highest weight and volume.
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Figure 4.3.1. (a) Total weight of the HESS for 5 scenarios to meet the energy demand,
(b) total volume of the HESS for 5 scenarios to meet the energy demand
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Figure 4.3.2. (a) Total weight of the HESS for 5 scenarios to meet the power demand,
(b) total volume of the HESS for 5 scenarios to meet the power demand

Now, these two cases combine to form 25 scenarios. Regarding the procedure mentioned in
3.2.2.1, the numbers of battery modules and supercapacitor modules are determined. After
choosing the higher numbers of modules, the weight and volume of each pack and, finally, the
total size of the HESS are calculated in each scenario. Figure 4.3.3 indicates the total weight

and volume of the HESS in all 25 scenarios. As scenarios go from Group A to Group E, the
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energy percentage that the battery pack needs to supply decreases and the energy percentage
that the supercapacitor pack has to provide increases. The power demand percentage for each
storage pack stays unchanged. It can be seen that from Groups A to E, as the battery pack has
to provide a lower amount of energy and the supercapacitor pack is in charge of supplying more
energy, the total weight and volume of the HESS increase. Every time the battery pack provides
25% less and the supercapacitor pack provides 25% more energy, the total weight and volume
of the HESS increase by about 40t and about 3.2m3. Now in each individual group, from the
first scenario to the fifth one, the energy demand stays the same and the power demand
percentage that the battery pack and supercapacitor pack need to supply change. From the
figure, it can be observed that both weight and volume have decreased. Every time the battery
pack is responsible for providing 25% less of the power demand and the supercapacitor pack is
responsible for providing 25% more of the demand, the total weight and volume of the HESS
decrease by about 4.3t and 2.86m?>. From the figures, it can be seen that both the lowest weight
and lowest volume happen in Scenario 5, in which the battery pack is in charge of supplying
the total energy demand and the supercapacitor pack is responsible for supplying the total power
demand. On the other hand, the highest weight and volume happen in Scenario 21, in which all
the energy demand and all the power demand are expected to be supplied by the supercapacitor

pack and battery pack, respectively.
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Figure 4.3.3. (a) Total weight of the HESS for 25 scenarios,
(b) total volume of the HESS for 25 scenarios

In order to assess the performance of the sized HESS, Scenario 2 is chosen as an example. As
mentioned in 3.2.2.1, in this scenario, the whole energy demand is supplied by the battery pack;
in terms of the power demand, 75% of the peak power required is supplied by the battery pack

and 25% is provided by the supercapacitor pack.

Table 4.3.3 indicates the number of battery and supercapacitor modules as well as the sizes of

the battery pack, supercapacitor pack and the HESS.
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Table 4.3.3. Results of sizing HESS in Scenario 2

Battery pack Supercapacitor pack
Energy-based module number 105 0
Power-based module number 607 23
Higher number of modules 607 23
Power supply (kW) 900.1 299.9
Weight (t) 17 1.403
Total weight of the HESS (t) 18.4
Volume (m®) 8.94 0.12
Total volume of the HESS (m°) 9.06

Figure 4.3.4 indicates how the battery pack and supercapacitor pack in the sized HESS supply
the power demand of the train during the whole journey. From the figure, it can be deduced that
the acceleration modes are the modes that both the battery pack and supercapacitor pack should
work together to provide the required power. The power required in cruising modes is 182.5kW,
which is within the battery pack power limit, and the battery pack is in charge of meeting the
power demand in these modes. In cruising modes, everything is as expected, but it can be seen
that in the acceleration modes the simulation does not correspond to the calculations. In the
acceleration modes, because the supercapacitor pack is not able to provide the 299.9kW for
which it is responsible, the battery pack is forced to go beyond its power limit (900.1kW) and
discharge more than its 1 C-rate. This makes the battery pack able to compensate for the

supercapacitor pack and, consequently, help the HESS to meet the 1200kW power demand.

96



Chapter 4 — Case Study 1: Non-electrified Line

Power supply by battery pack and supercapacitor pack in time domain
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Figure 4.3.4. HESS supplying power demand in time domain for Scenario 2

Looking at the acceleration mode in the second station, which happens in 122s to 146s, it can
be observed that the supercapacitor pack starts to supply the power, but it stops supplying before
the end of the acceleration mode, in 136s, and the battery pack has to take over until the end of
the acceleration modes. As mentioned before, the supercapacitor pack absorbs all the
regenerative braking energy in braking modes, unless the SOC of the battery pack is less than
50%. Therefore, the supercapacitor pack becomes full during braking modes, but again it does
not have enough energy to meet the power demand percentage which it is in charge of supplying
during the next acceleration mode. This happens until the end of the journey. Figure 4.3.5 shows
how both the battery pack and supercapacitor pack discharge to support the train traction during

the journey.
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State of Charge in time domain
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Figure 4.3.5. SOC changes of battery pack and supercapacitor pack in time domain for Scenario 2

For the acceleration at second station, the discharging procedure for both packs starts in 122s.
The supercapacitor pack becomes fully empty in 14 seconds and from 136s, the battery pack
discharges more (with a higher slope in the figure) to compensate for the supercapacitor pack
until the end of the acceleration mode. In cruising mode, the battery pack is the only pack
discharging and it discharges gradually at its 1 C-rate. When the train enters braking mode, all
the regen energy is absorbed by the supercapacitor pack and it becomes full again. This happens
until the end of the journey. It is seen that at the end of the journey, the supercapacitor pack is
full; because it charges with regen energy from the last braking mode at the end of the journey.

Regarding the battery pack, 80.28% of stored energy in the battery pack is left unused.

The sized supercapacitor pack is not able to perform as expected in this scenario as the number
of supercapacitor modules is considered based on the power demand only. The supercapacitor
pack should be able to meet the required power, but it does not have the energy required to do

so. In order to tackle this problem, the first solution was for the battery pack to discharge more
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than its 1 C-rate and compensate for the supercapacitor pack. Another solution is to increase
the number of supercapacitor modules until the supercapacitor pack is able to meet the required
percentage of the power demand. In Scenario 2, if 19 supercapacitor modules are added to the
previous three modules to make it 42 supercapacitor modules in total, the supercapacitor pack
is able to meet the required power demand. Figure 4.3.6 indicates how the HESS supplies the

power demand during the journey when 19 supercapacitor modules are added.
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Figure 4.3.6. HESS supplying power demand in time domain for Scenario 2,
increased number of supercapacitor modules

It is seen that the supercapacitor pack is now able to meet the percentage of the power demand
for which it is responsible for, and it has enough energy to meet the required power in
acceleration modes until the end of the journey. Moreover, it can be observed that the battery
pack has met the power demand within its power limit and is not forced to discharge more than
900.1kW. The SOC changes of the both packs after adding supercapacitor modules is shown in

Figure 4.3.7.
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State of Charge in time domain
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Figure 4.3.7. SOC changes of battery pack and supercapacitor pack in time domain for Scenario 2,
increased number of supercapacitor modules

The supercapacitor pack fully charges by the regen energy in braking modes and uses that
energy for accelerations, but its SOC never goes below 3.32%. This is because now there are
more supercapacitor modules to be charged by the regen energy and the supercapacitor pack
has enough energy to meet the required power demand. The battery pack uses 18.82% of its
stored energy and, at the end of the journey, 81.18% of the stored energy in the battery pack
stays unused. Compared to the previous solution, when the battery pack had to discharge more
than its 1 C-rate, where 80.28% of the stored energy was left in the battery pack at the end of
the journey, it can be deduced that battery uses 0.9% of its stored energy (8.1kWh) to

compensate for the supercapacitor pack.

Increasing the number of supercapacitor modules solves the problem, but it not an efficient
method. Adding supercapacitor modules increases the total weight and volume of the HESS by

1.15t and 0.7m?, and increased weight of the HESS in turn adds to total mass of the train by
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1.15t and consequently, increases the total energy consumption of the train. Another solution
could be getting the battery pack to charge the supercapacitor pack at its 1 C-rate whenever the
supercapacitor pack’s SOC goes below 1%. When the supercapacitor pack’s SOC goes below
1% in the acceleration mode, the battery pack starts charging the supercapacitor pack and at the
same time, the supercapacitor can meet the power demand until the end of the acceleration
mode. Figure 4.3.8 indicates how both the battery pack and supercapacitor pack do their duties

properly and supply the power demand.
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Figure 4.3.8. HESS supplying power demand in time domain for Scenario 2,
battery pack charging supercapacitor pack

The interesting part of this solution is to see how both packs discharge during the journey.
Figure 4.3.9 indicates the discharging procedures for both battery pack and supercapacitor pack
when the battery pack charges the supercapacitor pack. Figure 4.3.10 indicates a closer look at

the charging procedure.
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State of Charge in time domain
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Figure 4.3.9. SOC changes of battery pack and supercapacitor pack in time domain for Scenario 2,
battery pack charging supercapacitor pack
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Figure 4.3.10. Closer look of SOC changes of battery pack and supercapacitor pack in time domain for Scenario
2, battery pack charging supercapacitor pack
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It can be seen that both packs start to discharge in 122s as the first acceleration mode starts. The
supercapacitor pack’s SOC goes below 1% at 136s and from this point until 146s, the end of
the acceleration mode, the battery pack discharges to meet the power demand and to charge the
supercapacitor pack. From 136s to 146s, the supercapacitor pack absorbs energy from the
battery pack and discharges to meet the power demand. It is seen that at the end of the
acceleration mode, 146s, the energy stored in the supercapacitor pack is 1.5%. The
supercapacitor charges by regen energy in the braking mode and this procedure continues until
the end of the journey. At the end of the journey, the battery pack has 80.93% of its stored
energy left. This means the battery pack uses 0.25% of its stored energy (2.2kWh) to charge the
supercapacitor pack. This is 0.65% (5.8kW) less than in the solution when it was compensating

for the supercapacitor pack.

This problem that the supercapacitor pack is not able to meet the required power demand
happens in scenarios 2, 3, 4, 5, 10, 15 and 20. Figure 4.3.11 compares the weight and volume
of the total HESS for 25 scenarios for three proposed solutions: adding supercapacitor modules,
battery pack compensating for supercapacitor pack and battery pack charging supercapacitor
pack. For normal scenarios, where the supercapacitor pack behaves as expected, there is no
need to add to the supercapacitor modules and the size of the HESS is the same for all three
solutions. The scenarios with unexpected results, where solutions were proposed, are indicated
with green circles. It is obvious that the weight and volume of the HESS are greater when
supercapacitors are added compared to the solutions where no additional module is added and
the battery pack either compensates for or charges the supercapacitor pack. It is seen that
Scenario 5 has the biggest size difference between the proposed solutions. In this scenario,
regarding weight, it is 60.75t for the adding supercapacitors solution and 5.4t for battery

compensating/charging solutions. In terms of the volume, it is 6.93m® for adding
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supercapacitors solution and 0.49m?3 for battery compensating/charging solutions. Orange line

indicates the laden mass of the train.
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Figure 4.3.11. (a) Total weight of the HESS for 25 scenarios for 3 solutions,
(b) Total volume of the HESS for 25 scenarios for 3 solutions

Now the effects of a change of the C-rate of the battery on the total size of the HESS are
assessed. As mentioned in Section 3.2.2.2, the C-rate of the battery modules is increased from
1 to 5 and by using the approach mentioned, the number of battery modules and supercapacitor
modules, their weights and volumes and finally the total size of the HESS are achieved. Figure

4.3.12 indicates both total weight and total volume of the HESS for C-rates 1, 2, 3, 4 and 5.
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Figure 4.3.12. (a) Total weight of the HESS for C-rates from 1 to 5
(b) total volume of the HESS for C-rates from 1 to 5

It can be seen that both the weight and volume of the HESS decrease gradually as the C-rate of
the battery pack increases. Regarding the total weight of the HESS, every time that one
supercapacitor module is removed, the total weight is decreased by 0.061t (61kg). Regarding
the total volume of the HESS, every time that there is one less supercapacitor module in the

supercapacitor pack, the total volume is decreased by 0.0054m? (5400cm?).

Table 4.3.4 indicates the number of battery and supercapacitor modules in each pack and also

the power limit that each pack can provide.

Table 4.3.4. Power limit of battery and supercapacitor packs for C-rates from 1to 5

- Number of Power limit of
C-rate batI:Iel:ym?nec: doufles baFt)toe \:\;/EL:;(ZEIEI?\];V) supercapacitor supercapacitor
modules pack (kW)
1 105 155.7 77 1044.3
2 105 3114 66 888.6
3 105 467.1 54 732.9
4 105 622.8 43 577.2
5 105 778.5 31 421.5

From the table, it can be seen that the number of battery modules stay unchanged, but by
increasing the C-rate of the battery pack, the battery pack is able to provide more power. Hence,
the number of supercapacitor modules and consequently, the power demand that the

supercapacitor pack needs to meet decreases.
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Since the supercapacitor pack is sized based on the power demand only, it is expected that it
does not have enough energy to meet the required power demand. This is indicated in Figure

4.3.13 for 1 C-rate.
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Figure 4.3.13. HESS supplying power demand in time domain for 1 C-rate

The change of the SOC in both the battery pack and supercapacitor pack is indicated in Figure

4.3.14.
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State of Charge in time domain
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Figure 4.3.14. SOC changes of battery pack and supercapacitor pack in time domain for 1 C-rate

It can be seen that the supercapacitor pack becomes empty in the return journey and because
the battery pack has discharged more than its power limit to compensate for the supercapacitor
pack, its SOC drops below 50%. Therefore, the battery pack absorbs regen energy in braking
modes and the supercapacitor pack stays empty until the end of the journey. At the end of the

journey, 4.95% of the energy stored in the battery pack is left unused.

This happens for all five scenarios considered above, from 1 C-rate to 5 C-rate. As shown in
previous tests, the battery pack can be used as a source to charge the supercapacitor pack
whenever the supercapacitor pack is about to become empty and continues charging until the

end of that mode.

Figure 4.3.15 shows the HESS in each scenario meets the total power demand and how both
the battery pack and supercapacitor pack can meet the specific power demand which they are

responsible for, without discharging more than their power limits. It can be seen that from 1 C-
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rate to 5 C-rate, the power limit of the battery pack increases and the power demand that the
supercapacitor pack has to provide decreases. Scenario 1 is the only scenario where the

supercapacitor pack helps to meet the power demand in cruising modes too.
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Power supply by battery pack and supercapacitor pack in time domain
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Power supply by battery pack and supercapacitor pack in time domain
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Figure 4.3.15. HESS supplying power demand in time domain for (a) 1 C-rate

(b) 2 C-rate

(c) 3 C-rate

(d) 4 C-rate

(e) 5 C-rate
One of the most important results of this test is the change in the SOC of the battery pack in
different C-rates. Figure 4.3.16 shows how the battery pack discharges with C-rates 1 to 5
during the journey. From the figure, it can be seen that by increasing the C-rate of the battery
pack, the battery pack discharges more quickly and, at the end of the journey, less energy is left
in this pack. The figure shows that for all C-rates, whenever the SOC of the battery pack goes
lower than 50%, the battery pack charges by regen energy in braking modes. By comparing the
SOC figures for 1 C-rate in compensating mode and charging mode, again it can be seen that
the battery uses less energy to charge the supercapacitor pack than when compensating to meet
the power demand instead of the supercapacitor pack. It should be noted that for all figures

indicating the SOC of batteries and supercapacitors, 0 means 20% of the energy left in the pack

and is the energy that cannot be used.
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State of Charge in time domain
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Figure 4.3.16. SOC change of battery pack in time domain for C-rates 1 to 5

Figure 4.3.17 shows the change in the SOC of both the battery pack and supercapacitor pack in

all 5 C-rates. A closer look at the charging procedure for final three stations is indicated as well.
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State of Charge in time domain

WD NN — — — S0C of battery pack
| ™ L — S0C of supercapacitor pack
80 . ~7 1
o \

80T )
— 0 b ~L
= , . . .
S ™ N 2000 2200 2400 2600
= SN Time(s)
3 50
k<]
L 40
=
W

a0t

N
20 "
~
10F o =
N - o . .
o 500 1000 1500 2000 2500 3000
Time(s)
(d)

State of Charge in time domain

100 ' SOC of battery pack
50C of supercapacitor pack

2000 2200 2400 2600

State of Charge(%)
3

Time(s)
40
30 F
20
10
ok ) , ) , , |
0 500 1000 1500 2000 2500 3000
Time(s)
()

Figure 4.3.17. SOC changes of battery pack and supercapacitor pack in time domain for (a) 1 C-rate

(b) 2 C-rate

(c) 3 C-rate

(d) 4 C-rate

(e) 5 C-rate
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The figures show that the battery pack charges the supercapacitor pack whenever the
supercapacitor pack is about to become empty (when its SOC goes below 1%). This happens
in acceleration and cruising modes for 1 C-rate and only in acceleration modes at 2 to 5 C-rates.
Again, it is seen that by increasing the C-rate of the battery pack, the SOC of this pack reaches
50% more quickly and starts absorbing regen energy earlier. As a result, from the figures it can
be observed that from 1 C-rate to 5 C-rate, the supercapacitor pack stops absorbing regen energy

at an earlier stage during the journey.

4.4. Applying the ‘Sizing’ Phase to the Case Study

In the previous section, it was seen that integrating the battery and supercapacitor decreases the
total size of the storage system to be installed above the train and, moreover, that due to the
different characteristics of battery and supercapacitor, it is essential to size the HESS optimally
to minimise its weight and volume. In this phase, the Frequency Analysis method as well as
Brute Force optimization is used to size an HESS including Altairnano battery modules and

Maxwell supercapacitor modules for the chosen case study.

As mentioned in Section 3.3.2, in order to design low-pass and high-pass filters, an optimal cut-
off frequency should be determined. By using Brute Force Optimisation, with the frequency
range from 1uHz to 0.5Hz, and the procedure explained in Section 3.3, optimal cut-off

frequencies are achieved.

Figure 4.4.1 indicates the achieved results from Brute Force Optimisation, where the cut-off

frequency is indicated versus weight and volume.
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Figure 4.4.1. Brute Force Optimisation results to achieve minimum (a) weight and (b) volume
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As expected, two optimal cut-off frequencies are achieved to have minimum weight and
minimum volume. Table 4.4.1 indicates the achieved optimal cut-off frequencies and respective

weights and volumes.

Table 4.4.1. Optimal cut-off frequencies

Cut-off frequency (uHz) Total weight (t) Total volume (m?3)
992-996 15.09 2.87
934-953 15.095 2.85

Since only one cut-off frequency needs to be considered for the filters, the cut-off frequency
based on total weight is chosen as the weight of the HESS affects the mass of the train and then
the total energy consumption. This results in a total weight and volume of 15.09t and 2.87m?®.

Now both low pass and high pass filters can be built with a cut-off frequency of 992 uHz.

Figure 4.4.2 indicates the power demand for the whole journey in the frequency domain, and
Figure 4.4.3 shows how this demand is filtered by a low-pass filter. It can be seen that
frequencies higher than 992uHz are attenuated. Figure 4.4.4 indicates the low pass-filtered
power demand in the time domain and based on the approach proposed in Section 3.3.1, the

power demand required from the battery pack is 185kW.
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Figure 4.4.2. Power demand in frequency domain
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Figure 4.4.3. Low pass-filtered power demand in frequency domain
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Low pass filtered power in time domain

200

ar | i __._-—‘ mEimmil

1501

0 500 1000 1500 2000 2500 3000
Time(s)

Figure 4.4.4. Low pass-filtered power demand in time domain

Using integration, the low pass-filtered energy requirement which should be supplied by the
battery pack can be determined. This is indicated in Figure 4.4.5 and, based on Section 3.3.1,

the battery pack should be sized in a way to provide 153.5kWh.

Now, by knowing the power and energy required from the battery pack, this pack can be sized.
Table 4.4.2 indicates the number of battery modules calculated based on the energy demand
and power demand: 125 battery modules are required to meet the power demand and 104 battery
modules are required to meet the energy demand; 125 modules is chosen as the final number of

battery modules and then, the weight and volume of the battery pack are determined.
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Low pass filtered energy in time domain
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Figure 4.4.5. Low pass-filtered energy demand in time domain

Table 4.4.2. Sized battery pack

Power demand from battery pack (kW) 185
Power-based module number 125
Energy demand from battery pack (kwh) 153.5
Energy-based module number 104
Higher number of modules 125
Weight (t) 35
Volume (m?) 1.84

Now the supercapacitor pack should be sized. This time, the designed high-pass filter with a
cut-off frequency of 992uHz is applied to the total power demand of the case study. Figure

4.4.6 and Figure 4.4.7 indicate the high pass-filtered power demand in the frequency and time
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domains, respectively. By looking at Figure 4.4.7 and according to Section 3.3.1, the highest

power demand required from the supercapacitor pack is 1378kW.
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Figure 4.4.6. High pass-filtered power demand in frequency domain

High pass filtered power in time domain

1500
\ rl ‘ h H

1000 } ‘ |

500 |

JL L)

=500 [

Fower(kW)

T_. e

|

500 1000 1500 2000 2500 3000
Time(s)

-1000

-1500
0

Figure 4.4.7. High pass-filtered power demand in time domain
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In order to determine the high pass-filtered energy consumption, high pass-filtered Power/Time

is integrated and Figure 4.4.8 is obtained. According to the method mentioned in Section 3.3.1,

the total energy achieved from the high pass-filtered Energy/Time which should be supplied by
the supercapacitor is 11.1kWh.
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Figure 4.4.8. High pass-filtered energy demand in time domain

Table 4.4.3 indicates the energy and power required from the supercapacitor pack, and the
number of supercapacitor modules is calculated based on those demands: 102 and 190
supercapacitor modules are required to meet the power demand and energy demand,
respectively. The higher number of modules is the energy-based one and hence this number is

chosen as the final number. Following this, the weight and volume of the supercapacitor pack
can be obtained.
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Table 4.4.3. Sized supercapacitor pack

Power demand from supercapacitor pack (kW) 1378

Power-based module number 102

Energy demand from supercapacitor pack (kWh) 111

Energy-based module number 190
Higher number of modules 190
Weight (t) 11.59

Volume (md) 1.03

As mentioned in the optimisation procedure to find the optimal cut-off frequency, this
combination (125 battery modules and 190 supercapacitor modules) makes the total weight and

volume of the HESS 15.09t and 2.87m?, respectively.

Figure 4.4.9 indicates the total power demand as well as the low pass-filtered and high pass-
filtered power demands together and Figure 4.4.10 shows the total, low pass-filtered and high

pass-filtered energy demands together.

In order to check whether the filters have performed properly, the achieved Power/Time results
from both low-pass and high-pass filters are added, which is shown in Figure 4.4.11. Moreover,
the obtained Energy/Time results from both filters are added, which is shown in Figure 4.4.12.
Regarding power, it can be seen that the figure is exactly the total power demand of the case
study, with maximum charging and discharging power of 1200kW. With regard to energy, the
figure is exactly the same as the total energy requirement of the case study, with total energy

consumption of 154.6kWh.
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Figure 4.4.9. Total power demand, Low pass-filtered power demand and high pass-filtered power demand

in time domain
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Figure 4.4.11. Sum of low pass-filtered and high pass-filtered power demands

Low pass filtered energy+high pass filtered energy

=

160

. o
7

y; ]
T

2

Energy(k\Wh)
g

of
//\

0 500 1000 1500 2000 2500 3000
Time(s)

Figure 4.4.12. Sum of low pass-filtered and high pass-filtered energy demands
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As it was expected, the higher number of supercapacitor modules is the energy-based number
and as mentioned in Section 3.3.3, discharging power is not included in energy-based
calculations. Hence, the C-rate constraint can now be imposed on the determined supercapacitor
pack in order to see whether the pack has to discharge higher than its typical discharging power
during the journey and whether the sized supercapacitor pack is able to meet the required energy
and power demand after imposing the C-rate constraint. Figure 4.4.13 indicates how the sized
HESS performs in meeting the power demand after imposing C-rate constraint on the

supercapacitor pack.

Power supply by battery pack and supercapacitor pack in time domain
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Figure 4.4.13. HESS supplying power demand in time domain
after imposing C-rate constraint

It can be seen that after imposing the C-rate constraint, the sized supercapacitor pack including
190 supercapacitors does not have enough energy to meet the required power demand which
was responsible for. This means the supercapacitor pack discharges higher than its typical

discharging power after imposing the C-rate constraint and it becomes empty earlier than
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expected. The figure indicates that the battery pack is forced to compensate instead of the
supercapacitor pack. Figure 4.4.14 indicates how both battery pack and supercapacitor pack
discharge during the journey. It can be seen that the supercapacitor becomes fully empty from
1661s and stays empty until the end of the journey.

State of Charge in time domain
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Figure 4.4.14. SOC changes of battery pack and supercapacitor pack in time domain
after imposing C-rate constraint

Now, the number of supercapacitors need to increase in order to be ensured that there are
adequate number of supercapacitors discharging not beyond the typical discharging power. By
increasing the number of supercapacitor modules to 855, there will be enough supercapacitors

which don’t discharge above 13.6 kW.

Figure 4.4.15 indicates how this newly-sized HESS including 125 batteries and 855

supercapacitors supply the power demand during the journey.
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Power supply by battery pack and supercapacitor pack in time domain
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Figure 4.4.15. HESS supplying power demand in time domain

with increased number of supercapacitor modules

One hundred and twenty five battery modules can provide 185.3kW, and this is the power limit
of the battery pack. It can be seen that the battery pack meets the low-frequency parts of the
power demand (cruising modes and a part of the acceleration mode) and the supercapacitor
pack supports the high-frequency parts of the power demand, in acceleration modes. This figure
indicates that now the supercapacitor pack including 855 modules has adequate energy to meet
the power demand for which it is responsible until the end of the journey, and the battery pack

does not have to discharge more than its 1 C-rate to compensate for the supercapacitor pack.

Figure 4.4.16 indicates how both packs charge and discharge during the journey. Regarding the
supercapacitor pack, it is seen that only 0.79% of its energy remains at the end of the journey;

44.02% of the battery pack’s stored energy is left unused.
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State of Charge in time domain
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Figure 4.4.16. SOC changes of battery pack and supercapacitor pack in time domain

with increased number of supercapacitor modules

By imposing the C-rate constraint to the supercapacitor pack, there are 125 battery modules and
855 supercapacitor modules in the HESS, which makes the total weight and volume of the

HESS 55.65 t and 6.45 m?.

Now the battery pack can be used as an energy supplier to charge the supercapacitor pack during
the journey. As mentioned in Section 3.3.4, two criteria are considered for the charging
procedure and two scenarios are proposed for each criteria. The first criteria is to get the
batteries to charge the supercapacitors based on the energy left in the supercapacitor pack. The
first scenario for this criteria is for the battery pack to charge the supercapacitor pack whenever
the supercapacitor pack’s SOC falls below 1%. Brute Force optimisation is applied to the
already sized HESS including 125 batteries and 855 supercapacitors to minimise the number of
supercapacitor modules and hence, minimise the size of the HESS. The range of search for the

number of supercapacitor modules in the optimisation is between 1 and 855. The number of

129



Chapter 4 — Case Study 1: Non-electrified Line

supercapacitor modules can decrease as much as the minimum SOC of the supercapacitor pack
does not become 0 and also, the HESS is able to meet the required energy and power. Figure
4.4.17 indicates the result of the Brute Force optimisation, where the number of supercapacitor

modules are indicated versus the minimum SOC of the supercapacitor pack during the journey.

Brute Force Optimisation for <1% Scenario
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Figure 4.4.17. Brute Force Optimisation for Supercapacitor SOC <1% Scenario

From the figure, it can be seen that the minimum number of supercapacitors without making
the SOC of the supercapacitor pack become 0 is 430. With 430 number of supercapacitor
modules, the minimum SOC of the supercapacitor pack during the journey is 0.01%. With 429
supercapacitor modules, the SOC becomes 0 and this not desired. Hence, the optimal number
of the supercapacitor modules for this scenario is considered 430. Figure 4.4.18 and Figure
4.4.19 indicate how the HESS including 129 battery modules and 430 supercapacitor modules

perform during the journey.
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Power supply by battery pack and supercapacitor pack in time domain
00 v i

12
Total power reguirement
Power of battery pack
| Power of supercapacitor pack
1000 7
80O 1
=
=
’a%s 600 1
'S
400 1
200 ) 1
p L& ‘ ) ) ‘l_ il - ) ‘
0 500 1000 1500 2000 2500 3000
Time(s)

Figure 4.4.18. HESS supplying power demand in time domain,
battery pack charging supercapacitor pack for Supercapacitor SOC <1% Scenario

State of Charge in time domain

e SOC of battery pack
ey S0C of supercapacitor pack
90 | ey .
. i
8o | [l ]
| | \‘\
= 10r ] | T l
£ | U \
[T} L ‘ 4
o B0 1 .
@ | [ )
- \
& 50 | | A J
S L I | '.,\
@ 40 F mn S J
5| ||l )
? a0t |_I | N
|
20 F | n_ 4
— |_I | . [ 1
| | i | | |
10F | L y
L |
0k i i N |r II |- - n - i
) 500 1000 1500 2000 2500 3000
Time(s)

Figure 4.4.19. SOC changes of battery pack and supercapacitor pack in time domain,
battery pack charging supercapacitor pack for Supercapacitor SOC <1% Scenario
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Figure 4.4.18 shows that the sized HESS is capable of meeting the energy and power demand
and from Figure 4.4.19, it can be seen that the battery packs charges the supercapacitor pack
whenever its SOC goes below 1%. This happens in acceleration modes in the return journey.
The energy left at the battery pack at the end of the journey is 33.14%. With 125 battery modules
and 430 supercapacitor modules in the HESS, the total weight and volume of the HESS can

decrease to 29.73t and 4.15m?3, respectively.

The second charging scenario in this criteria needs to be considered, which is charging
whenever the supercapacitor pack’s SOC goes below 100%. Figure 4.4.20 indicates the result
of Brute Force optimisation for this scenario, where 5 number of supercapacitor modules is the
minimum number without making the SOC of the supercapacitor pack become 0. Figure 4.4.21
shows how the sized HESS with 125 battery modules and 5 supercapacitor modules meets the
energy and power demand during the journey and in Figure 4.4.22, the change of the SOC of
both packs can be seen, where the minimum SOC of the supercapacitor pack during the journey
is 0.01% and the energy left at the battery pack at the end of the journey is 14.29%. The figure
shows that the battery pack charges the supercapacitor pack whenever the supercapacitor pack’s

SOC falls below 100%. This happens in both cruising and acceleration modes.
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Brute Force Optimisation for <100% Scenario
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Figure 4.4.20. Brute Force Optimisation for Supercapacitor SOC <100% Scenario
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Figure 4.4.21. HESS supplying power demand in time domain,
battery pack charging supercapacitor pack for Supercapacitor SOC <100% Scenario
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State of Charge in time domain
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Figure 4.4.22. SOC changes of battery pack and supercapacitor pack in time domain,
battery pack charging supercapacitor pack for Supercapacitor SOC <100% Scenario

The size of the HESS including 125 battery modules and 5 supercapacitor modules is 3.8t and

1.85m?2.

The next criteria to have the battery pack to size the supercapacitor pack is charging based on
the mode of traction, where the first scenario in this criteria is to have the charging procedure
in cruising modes during the journey. Figure 4.4.23 indicates the result of the used Brute Force
optimisation applied to this scenario, which indicates that with 159 supercapacitor modules, the
minimum SOC of the supercapacitor pack during the journey 0.37%. Decreasing this number
to 158 makes the minimum SOC of the supercapacitor pack become 0; hence, 159 is chosen as
the most optimal number in this scenario for the supercapacitor modules. Figure 4.4.24 and
Figure 4.4.25 indicate the performance of the HESS including 125 battery modules and 159
supercapacitor modules; where the HESS is fully able to meet the required energy and power

and energy left at the end of the journey for the battery pack is 12.98%.
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Brute Force Optimisation for Cruising only Scenario
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Figure 4.4.23. Brute Force Optimisation for Cruising Scenario
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Figure 4.4.24. HESS supplying power demand in time domain,
battery pack charging supercapacitor pack for Cruising Scenario
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State of Charge in time domain
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Figure 4.4.25. SOC changes of battery pack and supercapacitor pack in time domain,
battery pack charging supercapacitor pack for Cruising Scenario

From Figure 4.4.25 it can be seen that the battery pack charges the supercapacitor pack in
cruising modes until the supercapacitor becomes full in that mode. The total weight and volume

of the optimal HESS in this scenario including 125 battery modules and 159 supercapacitor

modules is 13.2t and 2.69m?3, respectively.

The final scenario is to get the battery pack to charge the supercapacitor pack only in
acceleration modes. Figure 4.4.26 indicates the results achieved from Brute Force optimisation
for this scenario. It can be seen that the optimal number of supercapacitor modules in this
scenario is 17, where the minimum SOC of the supercapacitor pack is 0.01%. Figure 4.4.27
indicates how the HESS with 125 battery modules and 17 supercapacitor modules meets the

energy and power demands. The change of the SOC of both packs can be seen in Figure 4.4.28.
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Brute Force Optimisation for Acceleration Only Scenario
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Figure 4.4.26. Brute Force Optimisation for Acceleration Scenario
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Figure 4.4.27. HESS supplying power demand in time domain,
battery pack charging supercapacitor pack for Acceleration Scenario
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State of Charge in time domain
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Figure 4.4.28. SOC changes of battery pack and supercapacitor pack in time domain,
battery pack charging supercapacitor pack for Acceleration Scenario

Figure 4.4.28 indicates that the supercapacitor pack is only charged in acceleration modes and
that is the only mode where the supercapacitor is used. The energy left at the battery pack at the

end of the journey is 39.08%.

Now the sized HESSs in this phase need to be compared with each other and also with the
battery-only and supercapacitor-only scenarios. Table 4.4.4 compares the weights and volumes
of the battery-only and supercapacitor-only ESSs, optimised HESSs in normal modes with and
without C-rate constraints and optimal HESSs when the battery pack charges the supercapacitor
pack. The table indicates the total number of battery and supercapacitor modules in each
scenario as well as the total weight and volume of the storage system. It can be observed from
the table that four optimised HESSs have lower weights and volumes compared to battery-only
and supercapacitor-only ESSs; however, the optimised HESSs when there is C-rate constraint

and when the battery pack charges the supercapacitor pack in SOC<1% Scenario have higher
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sizes than the battery-only scenario. The highest weight and volume are for the supercapacitor-
only scenario, 161.89t and 14.33m?, respectively, and the lowest are for the HESS in which the
battery pack charges the supercapacitor pack in SOC<100% Scenario, with a total weight of
3.8t and volume of 1.86m*. Amongst four proposed charging scenarios, charging when the
supercapacitor pack’s SOC goes below 100%, resulted in the lowest number of supercapacitor
modules and consequently, the lowest size of the HESS. On the other hand, the biggest size of
the optimal HESS with charging scenario was for the one when the battery pack charged the

supercapacitor pack when the supercapacitor pack’s SOC goes below 1%.

The most remarkable comparison that can be made for the mentioned eight scenarios is the total
energy consumed by the train and the peak power demand after adding the weight of the sized
storage system to the mass of the train. Figure 4.4.29 and Figure 4.4.30 indicate the total energy
consumption and peak power demand before and after adding the HESS to the mass of the train.
It is clear that the greater weight of the on-board storage system adds more to the total mass of
the train and consequently results in more energy being required for the traction. The initial
energy consumption before adding the on-board storage system was 154.6kWh. Amongst the
mentioned eight scenarios, the scenario where the battery pack charged the supercapacitor pack
with SOC<100% had the lowest weight of the HESS and hence, resulted in the lowest energy
consumption increase, 1.2kWh, which is 0.77% increase compared to the initial energy
consumption. On the other hand, the supercapacitor-only scenario with the highest weight of
storage system increased the energy consumption to 209.6kWh, which is 35.57% increase. The
figures show that change in the mas of the train does not have any impact on the peak power
demand as this parameter is considered fixed for the vehicle running on the specified route.
Total energy consumption and peak power demand for each scenario as well as the increased

percentage in energy/power is included in Table 4.4.4. Both energy consumption and peak
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power demand figures indicate that increasing the energy consumption results in the increased

journey time and the more the energy consumption increases, the more the journey time

increases.

Table 4.4.4. Comparing battery-only ESS, supercapacitor-only ESS and optimised HESSs

Outimised Optimised
o pumise Optimised Optimised Optimised
Optimised HESS
. HESS HESS HESS HESS
Battery- | Supercapacitor | HESS (no C- (charging: in
(with C- harain: haraina: haraing: i '
only ESS only ESS rate (charging: (charging: (charging: in cceleration
. rate SOC<1% | SOC<100% | cruising only
constraint) only
constraint) Scenario) Scenario) Scenario)
Scenario)
Number of battery
810 - 125 125 125 125 125
modules
Number of
supercapacitor - 2654 190 855 430 5 159 17
modules
Total weight (t) 22.68 161.89 15.09 55.65 2973 38 13.2 454
Total volume (m?3) 11.91 14.33 2.87 6.45 416 186 27 193
Total energy
consumption after
. 162 209.6 159.2 1734 164.8 155.8 158.2 155.9
adding storage
system (kWh)
Increased energy
4.78 35.57 2.98 12.16 6.59 077 232 084
consumption (%) ' ' ' '
Peak power
1200 1200 1200 1200 1200 1200 1200 1200
demand after
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Energy consumption in time domain
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Energy consumption in time domain
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Energy consumption in time domain
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Figure 4.4.29. Energy consumption before and after adding the ESS/HESS for
(a) Battery-only Scenario
(b) Supercapacitor-only Scenario
(c) Optimised HESS (without C-rate constraint)
(d) Optimised HESS (with C-rate constraint)
(e) Optimised HESS (charging: SOC<1% Scenario)
(f) Optimised HESS (charging: SOC<100% Scenario)
(g) Optimised HESS (charging: cruising-only Scenario)
(h) Optimised HESS (charging: acceleration-only scenario)
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Power consumption in time domain
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Power consumption in time domain
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Power consumption in time domain
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Figure 4.4.30. Power demand before and after adding the ESS/HESS for
(a) Battery-only Scenario
(b) Supercapacitor-only Scenario
(c) Optimised HESS (without C-rate constraint)
(d) Optimised HESS (with C-rate constraint)
(e) Optimised HESS (charging: SOC<1% Scenario)
(f) Optimised HESS (charging: SOC<100% Scenario)
(g) Optimised HESS (charging: cruising-only Scenario)
(h) Optimised HESS (charging: acceleration-only scenario)

4.5. Summary

In this chapter, first a case study was introduced. The route and vehicle data for an EMU to run
running a 750V DC line were determined and the traction was simulated in STS in order to find

out the energy and power requirement of the journey to be supplied by the HESS.

First, the first part of the proposed methodology was applied to this case study in order to
evaluate the integration of battery and supercapacitor in an HESS. It was seen that with regard
to the energy demand, decreasing and increasing the number of battery modules and
supercapacitor modules by 25%, respectively, resulted in an increase in the total weight and
volume of the HESS by about 40t and about 3.2m?®. Regarding the power demand, decrease and
increase in the number of battery modules and supercapacitor modules by 25%, respectively,
resulted in an increase in the total weight and volume of the HESS by about 4.3t and 2.86m?. It
was seen that with 607 battery modules and 23 supercapacitor modules (Scenario 2), the
supercapacitor pack did not have enough energy to meet the demands. When the battery pack
compensated and charged the supercapacitor pack in order to solve the issue, it used 0.9% and
0.65% of its of its saved energy, respectively. Regarding the effect of the change in the C-rate

of the battery pack on the total size of the HESS, every time that one supercapacitor module
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was removed, the total weight and volume decreased by 0.061t (61kg) and 0.0054m?

(5400cm?®), respectively.

In the second phase, a combination of the Frequency Analysis method and Brute Force
optimisation was applied to the case study in order to achieve an optimal HESS with the
objective function of the minimum size of the HESS. In the first optimal HESS, 125 battery
modules and 190 supercapacitor modules were achieved resulting in the total size of 15.09t and
2.87m?. After imposing the C-rate constraint to the energy-based sized supercapacitor pack, it
was seen that the supercapacitor pack could not perform as expected and the number of
supercapacitor modules had to increase to 855 which the made the size of the HESS 55.65t and
6.54m?. The battery pack was then used as an energy supply to charge the supercapacitor pack
during the journey based on the energy left in the supercapacitor pack and also the mode of
traction. It was seen that amongst four charging scenarios, the scenario when the battery pack
charged the supercapacitor pack whenever the supercapacitor pack’s SOC went below 100%
resulted in the lowest weight and volume (3.8t and 1.86m%). Amongst all eight scenarios in this
phase, including battery-only and supercapacitor-only ESSs, optimal HESSs in normal mode
and optimal HESSs with charging procedure, the charging scenario with SOC<100% had the
lowest weight and therefore, the lowest energy consumption increase, which was 1.2kWh
(0.77%). On the other hand, the supercapacitor-only scenario with the highest weight of storage

system increased the energy consumption the most to 209.6kWh (35.57%).
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Chapter 5
Case Study 2: Tram Line

5.1. Introduction
In order to check the continuity of validation, the proposed methodology should be applied to

another case study with different characteristics to the previous one (non-electrified line). For
the second case study in this project, a tram line was chosen and the data used in this case study
are based on the Edinburgh Tram line. This tram line is already electrified; an electric tram runs
on an electrified tramway equipped with 750 V DC Overhead Line Equipment (OLE).
However, the proposed methodology was applied to this case study to determine the

applicability of the proposed methodology on trams.

As for Case Study 1, the real timetable is considered for this case study. All the proposed
approaches introduced in Chapter 3 are applied to this case study too and the Evaluation, Sizing

and Charging Phases are applied to this tram line.

5.2. Case study Familiarisation

5.2.1. Route Data

In this tram line, there are 15 stations. A one-way journey is 13.78km long, which makes the
return journey 27.56km. The maximum speed in this journey is 70km/h. The line is somewhat
hilly line and hence the gradient is variable throughout the journey. The dwell time in the real

timetable is 30 seconds for all stations. Table 5.2.1 indicates the route data for this case study.
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Table 5.2.1. Route data of case study 2

Parameter Amount
Stations 15
Distance (km) 13.78
Maximum Speed (km/h) 70
Gradient Variable
Dwell time (s) 30

5.2.2. Vehicle Data

As mentioned above, the tram running on this line is an electrified one (which is indicated in
Figure 5.2.1) and, for this project, it is assumed that the HESS is sized to be installed above the
tram to provide the energy required for the whole journey. Therefore, the tram does not have to

use the overhead electrification.

Figure 5.2.1. Edinburgh tram
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The tram has seven coaches which rest on four bogies. Key features of this tram are shown in

Table 5.2.2.

Table 5.2.2. Vehicle data of Case Study 2

Property Data
Tram length (m) 42.85
Laden weight (t) 80.46
Tractive effort (KN) 105.34
_ _Maxim_u_m power 904
(including auxiliary loads) (kW)
Maximum speed (km/h) 70
Davis coefficients A =1.0848, B =0.007819, C = 0.0006205
Rotary allowance 0.07

5.2.3. Traction Simulation
The same as the previous case study, the first step is to simulate the train traction in STS in

MATLAB. Figure 5.2.2 indicates the changes of some parameters of traction during the

journey.
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Figure 5.2.2. Altitude, Velocity profile, Running diagram, Specific traction, resistance and acceleration,
Acceleration and Traction/Braking power of the simulated route

The upper left figure shows the altitude versus distance, and it can be seen that this parameter
changes during the journey, from +15.15m to -25.05m. The upper middle figure is the velocity
profile, showing the maximum velocity of 70km/h. The upper right panel shows running
diagram which indicates that the train travels 27.56km in 58.35 minutes. The bottom left and
the bottom middle figures show the tractive effort and the change of the acceleration of the
tram, respectively, during the journey. The bottom right figure indicates power versus time,
with 0.904MW (904kW) for both traction and braking. As the power requirement is one of the
two key features that should be extracted from the traction simulation, Figure 5.2.3 shows the

inclusive Power/Time result for this case study.
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Figure 5.2.3. Power consumption in time domain

Due to the constant changes of velocity and gradient during the journey, several accelerations
and brakings are observed in the figure. The HESS needs to be sized in a way to provide 904kW

of power.

Energy consumption is the other crucial parameter that is required from the train simulation.
Energy/Time is indicated in Figure 5.2.4, which shows that the train requires 112.6kWh in 3501
seconds (58.35 minutes) of journey time. It can be seen that the train absorbs energy whenever
it brakes. In order for the HESS to meet the total energy demand for this case study, it should

have 112.6kWh of stored energy.
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Energy consumption in time domain
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Figure 5.2.4. Energy consumption in time domain

5.3. Applying the ‘Evaluation’ Phase to the Case Study

As for the previous case study, this section evaluates the use of battery and supercapacitor
together in an HESS as well as the impacts of the energy densities and power densities of both
storage devices on the total size of the HESS. The first stage is to apply Case 1 of the evaluation
tests, five scenarios, (Section 3.2.2.1) to this case study. The HESS is sized for five
combinations of batteries and supercapacitors based on the energy demand and power demand
obtained in the previous section. The same as the previous case study, the characteristics of 24V
60Ah Altairnano battery modules, shown in Table 4.3.1, and 125V Heavy Transportation

Maxwell supercapacitor Modules, shown in

Table 4.3.2, are considered.
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Figure 5.3.1 indicates the total weight and volume of the HESS when it comes to supplying
energy. The figures show that from Scenarios 1 to 5, as the number of battery modules increases
and the number of supercapacitor modules decreases, both the weight and volume of the HESS
increase. It can be seen that every time the battery pack provides 25% less energy and the
supercapacitor pack provides 25% more energy, the weight and volume of the HESS increase

by about 28.9t and 2.3m?, respectively.
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(b)

Figure 5.3.1. (a) Total weight of the HESS for 5 scenarios to meet the energy demand,
(b) Total volume of the HESS for 5 scenarios to meet the energy demand

Now combinations are considered to meet the power demand. Figure 5.3.2 shows the weight

and volume of the HESS for this case.
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Figure 5.3.2. (a) Total weight of the HESS for 5 scenarios to meet the power demand,

(b) Total volume of the HESS for 5 scenarios to meet the power demand
From the figures, it can be seen that every time the battery pack and the supercapacitor pack
are in charge of providing 25% less power and 25% more power, respectively, the weight

decreases by about 3.25t and the volume decreases by about 2.16m?.

Among all five scenarios, the battery-only ESS has the smallest size when it comes to the energy
supply and the largest size regarding supplying the power demand. For the supercapacitor-only
ESS, it is vice versa: it is largest when it is in charge of meeting the total energy demand and

smallest when it has to meet the required power.

Now Case 2 of the evaluation tests, 25 scenarios (Section 3.2.2.1) should be applied to this case

study. Figure 5.3.3 indicates both the weight and volume of the HESS for all 25 scenarios.
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Figure 5.3.3. (a) Total weight of the HESS for 25 scenarios
(b) Total volume of the HESS for 25 scenarios

From Group A to E, the power demand percentage stays constant, the battery pack provides
less energy and the supercapacitor pack provides more energy. It can be seen that every time
the battery pack is in charge of supplying 25% less of the total energy demand and the
supercapacitor pack needs to provide 25% more energy, the total weight and volume of the
HESS increase by about 28.9t and 2.3m?, respectively. In each individual group, from the first
scenario to the fifth one, the energy percentage stays constant and both packs need to meet

different percentages of the power demand. It can be seen that from one scenario to the next,
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where the battery pack meets 25% less of the power demand and the supercapacitor pack meets
25% more of the power demand, the weight and volume of the HESS decrease by about 3.25t

and 2.16m?, respectively.

Now the sized HESS in Scenario 2 is selected as an example to evaluate its performance. Table

5.3.1 indicate the details of the sized HESS including battery pack and supercapacitor pack in

Scenario 2.
Table 5.3.1. Results of sizing HESS in Scenario 2
Battery pack Supercapacitor pack
Energy-based module number 76 0
Power-based module number 458 17
Higher number of modules 458 17
Power supply (kW) 679.1 224.9
Weight (t) 12.83 1.03
Total weight of the HESS (t) 13.86
Volume (m®) 6.74 0.09
Total volume of the HESS (m°) 6.83

Figure 5.3.4 indicates how the sized HESS in Scenario 2 meets the total power demand in this
case study. It is obvious that, as for the previous case study, the supercapacitor pack does not
have enough energy to meet the percentage of the power demand for which it is responsible.
Again, the battery pack needs to discharge more than its 1 C-rate (which is 679.1kW) to

compensate for the supercapacitor pack and hence, to help the HESS meet the peak power
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requirement. The changes of the SOC of both the battery pack and supercapacitor pack in

Scenario 2 are shown in Figure 5.3.5.
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Figure 5.3.4. HESS supplying power demand in time domain for Scenario 2
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Figure 5.3.5. SOC changes of battery pack and supercapacitor pack in time domain for Scenario 2
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From the figure it can be seen that the supercapacitor pack becomes empty during accelerations
and it charges by the regen energy whenever the train brakes. The braking energy is enough to
fully charge the supercapacitor pack, but this energy is not enough to fulfil the energy required
from the supercapacitor pack in acceleration modes. Although the battery pack discharges more
than its 1 C-rate to support the supercapacitor pack, it only uses 22.68% of the energy stored in

it and 77.32% of this energy is left unused at the end of the journey.

As for the methods proposed in the previous case study in Section 4.3, in order to not force the
battery pack to discharge more than its power limit, one solution is to increase the number of
supercapacitor modules so that the supercapacitor pack has enough energy to meet the required
peak power. For Scenario 2 in this case study, if there are 5 more supercapacitor modules (a
total of 22 supercapacitor modules in the supercapacitor pack), this pack is able to perform
properly. Figure 5.3.6 indicates how the new HESS with 22 supercapacitor modules supplies

the required power and how both packs perform as expected.
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Figure 5.3.6. HESS supplying power demand in time domain for Scenario 2,
increased number of supercapacitor modules
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The change in the stored energy in both battery pack and supercapacitor pack after increasing

the number of supercapacitor modules in shown in Figure 5.3.7.
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Figure 5.3.7. SOC changes of battery pack and supercapacitor pack in time domain for Scenario 2,

increased number of supercapacitor modules

Here, the battery pack is responsible only for its percentage of meeting the power demand and

uses 22.43% of its stored energy, having 77.57% energy left at the end of the journey at 3501s.

This means that if the supercapacitor pack does not have enough energy, the battery pack needs

to spend 0.25% (1.7kW) of its stored energy to compensate for the supercapacitor pack.

As mentioned in Section 4.3, another method to tackle this problem is to get the battery pack to

charge the supercapacitor pack. Whenever the supercapacitor pack’s SOC goes below 1%, the

battery pack charges the supercapacitor pack. Figure 5.3.8 indicates how both packs meet the

percentages of the power demand that they are in charge of meeting, when the battery pack

charges the supercapacitor pack.
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Power supply by battery pack and supercapacitor pack in time domain
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Figure 5.3.8. HESS supplying power demand in time domain for Scenario 2,
battery pack charging supercapacitor pack

Figure 5.3.9 shows the changes of the SOC of both packs when the battery pack charges the
supercapacitor pack. Whenever the supercapacitor pack’s SOC goes below 1%, the battery pack
charges the supercapacitor pack. In this solution, the battery pack has 77.49% of its stored
energy left. This means the battery pack needs to provide 0.08% (0.54kW) of its stored energy
to charge the supercapacitor pack, which is 0.17% (1.16kW) lower than when the battery pack
compensates for the supercapacitor pack. Here, as for the previous case study, for seven
scenarios (Scenarios 2, 3, 4, 5, 10, 15 and 20) the supercapacitor pack does not have enough

energy to meet the required power demand for which it is responsible.
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Figure 5.3.9. SOC changes of battery pack and supercapacitor pack in time domain for Scenario 2,
battery pack charging supercapacitor pack

Figure 5.3.10 indicates the total weight and volume of the HESS for each proposed solution:
the battery pack compensating for the supercapacitor pack, increasing the number of
supercapacitor modules and, finally, the battery pack charging supercapacitor pack. It is
obvious that the total size of the HESS stays unchanged when the battery pack either
compensates for or charges the supercapacitor pack and by increasing the number of
supercapacitor modules in the supercapacitor pack, the total size of the HESS increases. The
scenarios for which these solutions are proposed are shown with green circles. From the figure,
it can be seen that greatest size difference happens in Scenario 5, where increasing the number
of supercapacitor modules adds 71.98t and 7.32m?® to the weight and volume of the HESS,

respectively. The orange line indicates the mass of the train, which is 80.46t.
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Figure 5.3.10. (a) Total weight of the HESS for 25 scenarios for 3 solutions
(b) total volume of the HESS for 25 scenarios for 3 solutions
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The last evaluation test in this phase is to assess a change of the C-rate of the battery on the
total size of the HESS as well as on the rate of change of the SOCs for both battery and
supercapacitor. By applying the procedure mentioned in Section 3.2.2.2 to this case study, the
total weight and volume of the HESS can be achieved for 1 C-rate, 2 C-rate, 3 C-rate, 4 C-rate
and 5 C-rate. Figure 5.3.11 indicates the total weight and volume of the HESS for the mentioned

C-rates.
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Figure 5.3.11. (a) Total weight of the HESS for C-rates from 1 to 5
(b) Total volume of the HESS for C-rates from 1 to 5
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The figures show that by increasing the C-rate of the battery, both the weight and volume of

the HESS decrease gradually. Every time that the C-rate of the battery increases by one unit,

one supercapacitor module drops out and the total weight and volume of the HESS decrease by

0.061t (61kg) and 0.0054m3 (5400cm?), respectively.

Table 5.3.2 indicates the number of battery and supercapacitor modules for each C-rate as well

as the power limit of each pack.

Table 5.3.2. Power limit of battery pack and supercapacitor pack for C-rates from 1 to 5

- Number of Power limit of
C-rate bat’:IeL:;/nrt;ec: doufles balztoe \:\;?L:;(IEIE;\];V) supercapacitor supercapacitor
modules pack (kW)
1 76 112.7 59 791.3
2 76 225.4 50 678.6
3 76 338.1 42 565.9
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450.8

34
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It is seen that the number of battery modules has stayed constant, but each time the C-rate

increases by one unit, eight/nine supercapacitor module drops.

Again, due to the determination of the supercapacitor pack based on the power demand only, it
is expected that the supercapacitor pack does not have enough energy to meet the required
power demand. Figure 5.3.12 shows the sized HESS in the 1 C-rate Scenario with 76 battery
modules and 59 supercapacitor modules supplying the total power demand. It is obvious that
the supercapacitor pack cannot meet the required power demand and the battery pack has to
compensate for the supercapacitor pack from the beginning of the journey. After about half of

the journey, the supercapacitor becomes fully empty and it is the battery pack which supplies

the total power demand until the end of the journey.
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The scenario indicated in Figure 5.3.13, is complementary of that in Figure 5.3.12.
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Figure 5.3.13. SOC changes of battery pack and supercapacitor pack in time domain for 1 C-rate

This figure shows that when the energy stored in the battery pack goes below 50% and the
battery pack starts to absorb regen energy instead of the supercapacitor pack, the supercapacitor

pack stays fully empty until the end of the journey.

As mentioned before, to tackle this issue, the battery pack can charge the supercapacitor pack.
Figure 5.3.14 shows the performance of the HESS in meeting the total power demand for C-
rates of 1 to 5, when the battery pack charges the supercapacitor pack whenever the
supercapacitor pack’s SOC goes below 1%. It can be seen that in all five scenarios, the
supercapacitor pack is able to meet the given percentage of the power demand, and the battery
pack does not have to discharge more than its given C-rate to meet the total power demand. In
the figures, it can be seen that by increasing the C-rate of the battery, the power limit of the

battery increases and the power demand that the supercapacitor pack has to meet decreases.
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Power supply by battery pack and supercapacitor pack in time domain
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Power supply by battery pack and supercapacitor pack in time domain
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Figure 5.3.14. HESS supplying power demand in time domain for (a) 1 C-rate
(b) 2 C-rate
(c) 3 C-rate
(d) 4 C-rate
(e) 5 C-rate

Figure 5.3.15 indicates the changes of the SOC of the battery packs at C-rates 1 to 5. As for the
previous case study, by increasing the C-rate of the battery, the battery pack discharges more

quickly and uses more energy during the journey.
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State of Charge in time domain
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Figure 5.3.15. SOC change of battery pack in time domain for C-rates 1 to 5

Figure 5.3.16 indicates the change of the SOC of both battery pack and supercapacitor pack
together, for C-rates from 1 to 5. From the figures it can be deduced that by increasing the C-
rate of the battery pack, it discharges more quickly and hence its SOC goes below 50% more
quickly. Hence, it starts absorbing regen energy instead of the supercapacitor pack at an earlier

stage, which makes the supercapacitor pack stop absorbing the regen energy earlier. The closer

look at the charging procedure in figures is provided as well.
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State of Charge in time domain
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State of Charge in time domain
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Figure 5.3.16. SOC changes of battery pack and supercapacitor pack in time domain for (a) 1 C-rate
(b) 2 C-rate
(c) 3 C-rate
(d) 4 C-rate
(e) 5 C-rate

5.4. Applying the ‘Sizing’ Phase to the Case Study

Now in this phase, an optimal HESS including batteries and supercapacitors should be sized
for this case study using the Frequency Analysis method and Brute Force optimisation. As said
in 3.3.2, an optimal cut-off frequency needs to be chosen for both low-pass and high-pass filters
by the use of Brute Force optimisation to obtain the minimum weight and/or volume for the
HESS. Figure 5.4.1 indicates the achieved results from Brute Force optimisation, where the cut-

off frequency is indicated versus weight and volume.
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Figure 5.4.1. Brute Force Optimisation results to achieve minimum (a) weight and (b) volume
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As for the previous case study, two optimal cut-off frequencies are determined for this case
study after using Brute Force optimisation: one frequency to obtain the minimum weight and
one frequency to obtain the minimum volume. Table 5.4.1 indicates the optimal cut-off

frequencies obtained a s well as the associated weights and volumes.

Table 5.4.1. Optimal cut-off frequencies

Cut-off frequency (uHz) Total weight (t) Total volume (m?3)
1553-1562 10.649 2.26
969-974 12.597 2.01

As mentioned in Section 4.4, the cut-off frequency associated with the minimum weight is
chosen. For frequencies between 1553uHz and 1562uHz, the minimum weight of the HESS is
achieved: 1553uHz is chosen as the optimal cut-off frequency, where the volume associated

with this frequency is 0.25m3 more than the optimal volume.

Figure 5.4.2 indicates the power demand in the frequency domain and, by applying the low-
pass filter with the chosen cut-off frequency, low-pass filtered Power/Frequency can be

obtained, as shown in Figure 5.4.3.
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Figure 5.4.2. Power demand in frequency domain
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Figure 5.4.3. Low pass-filtered power demand in frequency domain
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Low pass-filtered power in the time domain is indicated in Figure 5.4.4 and, by using

integration, Figure 5.4.5 can be obtained, which shows low pass-filtered Energy/Time.

Low pass filtered power in time domain
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Figure 5.4.4. Low pass-filtered power demand in time domain

Low pass filtered energy in time domain
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Figure 5.4.5. Low pass-filtered energy demand in time domain
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The results obtained from the low-pass filters are used to size the battery pack. By looking at
these results and according to the approach mentioned in Section 3.3.1, the battery pack needs
to be sized in a way to meet 159.3kW and 109.7kWh. One hundred battery modules are required
to meet the power demand and 74 battery modules are required to meet the energy demand;
therefore, 108 is chosen as the final number of battery modules. Table 5.4.2 indicates the

characteristics of the sized battery pack.

Table 5.4.2. Sized battery pack

Power demand from battery pack (kW) 159.3
Power-based module number 108

Energy demand from battery pack (kwWh) 109.7
Energy-based module number 74
Higher number of modules 108

Weight (t) 3.024

Volume (mq) 1.59

By applying the high-pass filter to the power demand of this case study, the high pass-filtered
results can be achieved for the supercapacitor pack. Figure 5.4.6 and Figure 5.4.7 indicate the
high pass-filtered power demand in the frequency and time domains, respectively. According
to Figure 5.4.7, and by taking the approach mentioned in Section 3.3.1, the supercapacitor pack
needs to be sized in a way to provide 1057.4kW. By integrating Figure 5.4.7, the Energy/Time
result can be achieved (Figure 5.4.8), which indicates that according to Section 3.3.1, the
supercapacitor pack should be in charge of providing 7.3kWh energy. In order to meet the high
pass-filtered power and energy demands for which the supercapacitor pack is responsible, 78

supercapacitor modules and 125 supercapacitor modules are required to meet the power demand
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and energy demand, respectively. Hence, 125 supercapacitor modules are chosen to be on the

safe side.

.10® High pass filtered power in frequency domain
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Figure 5.4.6. High pass-filtered power demand in frequency domain
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Figure 5.4.7. High pass-filtered power demand in time domain
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High pass filtered energy in time domain
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Figure 5.4.8. High pass-filtered energy demand in time domain
Table 5.4.3 shows the characteristics of the sized supercapacitor pack.

Table 5.4.3. Sized supercapacitor pack

Power demand from supercapacitor pack (kW) 1057.4
Power-based module number 78
Energy demand from supercapacitor pack (kWh) 7.3
Energy-based module number 125
Higher number of modules 125
Weight (t) 7625
Volume (m®) 0.68
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Figure 5.4.9 shows the total power demand as well as the low pass-filtered and high pass-
filtered power demands in the time domain. The Energy/Time results for the total energy
requirements, the low pass-filtered energy demand and the high pass-filtered energy demands

are shown in Figure 5.4.10.
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Figure 5.4.9. Total power demand, Low pass-filtered power demand and high pass-filtered power demand
in time domain
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Figure 5.4.10. Total energy demand, Low pass-filtered energy demand and high pass-filtered energy demand
in time domain

Figure 5.4.11 indicates the sum of the low pass-filtered and high pass-filtered power demands,
and in Figure 5.4.12, the sum of the low pass-filtered and high pass-filtered energy demands is

shown. It can be seen that the peak power is 904kW and the energy consumption is 112.6kWh.
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Figure 5.4.11. Sum of low pass-filtered and high pass-filtered power demands
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Figure 5.4.12. Sum of low pass-filtered and high pass-filtered power demands
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The same as the previous case study, the number of supercapacitor modules are determined
based on the energy demand. Now the C-rate constraint should be imposed to the sized
supercapacitor pack and the performance of the sized HESS with 108 battery modules and 125
supercapacitor modules with this constraint should be assessed. Figure 5.4.13 and Figure 5.4.14
indicate the performance of the HESS in meeting the power demand and also the changes of
the SOC of both packs after imposing the c-rate constraint. It can be seen that the supercapacitor
pack cannot meet the required energy and power demand and becomes empty at 2721s, when,

the battery pack has to compensate for the supercapacitor pack until the end of the journey.

Power supply by battery pack and supercapacitor pack in time domain
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Figure 5.4.13. HESS supplying power demand in time domain
after imposing C-rate constraint
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State of Charge in time domain
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Figure 5.4.14. SOC changes of battery pack and supercapacitor pack in time domain
after imposing C-rate constraint

Now the number of supercapacitor modules need to increase in order to be ensured that there
are adequate number of supercapacitor modules which do not discharge higher than their typical
discharging power, which is 13.6kW. By increasing the number of supercapacitors to 1007,
both packs would perform properly without making the supercapacitor modules discharge

higher than 13.6kW.

Figure 5.4.15 indicates how the newly-sized battery pack and supercapacitor pack meet the
percentages of the power demand that they are responsible for. The changes in the SOC of both
packs during the journey are indicated in Figure 5.4.16, where the supercapacitor pack uses
96.65% of its stored energy, but the battery pack uses only 33% of its stored energy and 67%
of its energy remains at the end of the journey. The HESS including 108 battery modules and

1007 supercapacitor modules has a size of 64.45t and 7.02m?.
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Power supply by battery pack and supercapacitor pack in time domain
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Figure 5.4.16. SOC changes of battery pack and supercapacitor pack in time domain

with increased number of supercapacitor modules
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Now the battery pack should be used as an energy supplier to charge the supercapacitor pack
during the journey and as for the previous case study, four scenarios are applied to the sized
HESS with 108 battery modules and 1007 supercapacitor modules. Brute Force optimisation is

employed for each scenario to find out the most optimised number for supercapacitor modules.

The first scenario is charging whenever the supercapacitor pack’s SOC goes below 1%. Figure
5.4.17 indicates the result of the Brute Force optimisation where the minimum number of
supercapacitor modules without making the supercapacitor pack’s SOC become zero is 388

with the minimum SOC of 0.02% during the journey.

Brute Force Optimisation for <1% Scenario
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Figure 5.4.17. Brute Force Optimisation for Supercapacitor SOC <1% Scenario

Figure 5.4.18 and Figure 5.4.19 indicate how a sized HESS with 108 battery modules and 388
supercapacitor modules in this charging scenario work. It can be seen that the HESS performs

properly. The minimum SOC of the supercapacitor pack is 0.02% during the journey and battery

194



Chapter 5 — Case Study 2: Tram Line

has 50.02% of its stored energy left unused at the end of the journey. The total weight and

volume of this HESS is 26.69t and 3.68m?3, respectively.
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Figure 5.4.18. HESS supplying power demand in time domain,
battery pack charging supercapacitor pack for Supercapacitor SOC <1% Scenario
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Figure 5.4.19. SOC changes of battery pack and supercapacitor pack in time domain,
battery pack charging supercapacitor pack for Supercapacitor SOC <1% Scenario
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The second scenario is to charge the supercapacitor pack whenever its SOC goes below 100%.
Figure 5.4.20 indicates the result of the Brute Force optimisation for this scenario, where the
optimal number of supercapacitor modules is 4 with the minimum SOC of 0.01% during the

journey.

Brute Force Optimisation for <100% Scenario
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Figure 5.4.20. Brute Force Optimisation for Supercapacitor SOC <100% Scenario

Figure 5.4.21 shows how 108 battery modules and 4 supercapacitor modules meet the power
demand during the journey when this scenario is applied to the HESS and Figure 5.4.22
indicates how the SOC of both packs change during the journey; where the minimum SOC of
the supercapacitor pack is 0.01% and the energy left in the battery pack at the end of the journey
IS 26.33%. 108 battery modules and 4 supercapacitor modules make the size of the HESS 3.27t

and 1.61m?3.
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Power supply by battery pack and supercapacitor pack in time domain
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Figure 5.4.21. HESS supplying power demand in time domain,
battery pack charging supercapacitor pack for Supercapacitor SOC <100% Scenario
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Figure 5.4.22. SOC changes of battery pack and supercapacitor pack in time domain,
battery pack charging supercapacitor pack for Supercapacitor SOC <100% Scenario
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The next scenario is to get the battery pack to charge the supercapacitor pack in cruising modes
only. Figure 5.4.23 shows the result of the Brute Force optimisation, where the most optimal
number of supercapacitor modules is found as 327 and the minimum SOC of the supercapacitor

pack is 0.14%.
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Figure 5.4.23. Brute Force Optimisation for Cruising Scenario

The performance of the sized HESS with 108 battery modules and 327 supercapacitor modules
is indicated in Figure 5.4.24 and Figure 5.4.25; where the sized HESS with 22.97t weight and
3.35m?® volume can meet the required energy and power demand properly and the energy left

at the end of the journey for the battery pack is 43.33%.
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Power supply by battery pack anl:l supercapacitor pack in time domain
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Figure 5.4.24. HESS supplying power demand in time domain,
battery pack charging supercapacitor pack for Cruising Scenario
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Figure 5.4.25. SOC changes of battery pack and supercapacitor pack in time domain,
battery pack charging supercapacitor pack for Cruising Scenario
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The final scenario is to charge the supercapacitor pack in acceleration modes only. The result
of the Brute Force optimisation for this scenario is indicated in Figure 5.4.26 where the optimal

number is achieved as 15 with the minimum SOC of 0.01%.
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Figure 5.4.26. Brute Force Optimisation for Acceleration Scenario

The 108 battery modules and 15 supercapacitor modules make the size of the HESS 3.94t and
1.67md. Figure 5.4.27 and Figure 5.4.28 indicate the performance of the sized HESS in this

scenario, where the energy left in the battery pack at the end of the journey is 50.47%.
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Power supply by battery pack and supercapacitor pack in time domain
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Figure 5.4.27. HESS supplying power demand in time domain,
battery pack charging supercapacitor pack for Acceleration Scenario
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Figure 5.4.28. SOC changes of battery pack and supercapacitor pack in time domain,
battery pack charging supercapacitor pack for Acceleration Scenario
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Now the sized ESSs and HESSs in this phase should be compared. Table 5.4.4 indicates the
number of modules and sizes of the battery-only and supercapacitor-only ESSs as well as the
optimally sized HESSs. It can be seen that the size of the supercapacitor-only scenario is the
biggest, with 117t and 10.47m? and the size of the optimised HESS in SOC<100% Scenario is
the smallest with 3.27t and 1.61m3. Regarding the optimally-sized HESSs, three out of six
scenarios, the HESS with C-rate constraint, the HESS with SOC<1% charging Scenario and the
HESS with charging in cruising Scenario have higher weights and volumes than the battery-
only scenario. Amongst charging scenarios, the same as the previous case study, SOC<100%
Scenario resulted in the lowest weight and volume and SOC<1% Scenario resulted in the
highest weight and volume. Moreover, the charging in acceleration only Scenario has lower

size than charging in cruising only Scenario.

Now the total energy consumption and peak power demand of the traction after adding the eight
sized ESSs/HESSSs to the mass of the train should be analysed. Figure 5.4.29 and Figure 5.4.30
indicate the energy consumption and peak power demand for all eight scenarios before and after
adding the ESS/HESS. The initial energy consumption of the traction was 112.6kWh. It is
obvious that the greater the weight of the HESS is, the more the energy consumption will be.
Hence, the lowest energy consumption increase is for the SOC<100% charging Scenario (with
the smallest weight of the HESS) with 3.27% increase and the highest increase in the energy
consumption is for the supercapacitor only Scenario (with the biggest weight of the HESS) with
65.9% increase. From the figures it can be seen that the higher the energy consumption, the
longer the journey time. As for the previous study, the peak power demand has not changed
after adding the HESS since this parameter is considered constant for the tram. The new energy
and power demands as well as the increase in demands after adding ESSs/HESSs are captured

in Table 5.4.4 as well.
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Table 5.4.4. Comparing battery-only ESS, supercapacitor-only ESS and optimiesd HESSs

o o - Optimised
Optimised Optimised Optimised Optimised Optimised HESS
. . HESS HESS HESS o
Battery- | Supercapacitor- | HESS (no HESS (with - - T (charging: in
C-rate C-rate (charging: (charging: (charging: in acceleration
only ESS only ESS constraint) constraint) SOC<1% SOC<100% | cruising only onl
y y Scenario) Scenario) Scenario) y
Scenario)
Number of
battery 610 - 108 108 108 108 108 108
modules
Number of
supercapacitor - 1934 125 1007 388 4 327 15
modules
Total weight
17.08 117.97 10.65 64.45 26.69 3.27 22.97 3.94
®
Total volume
8.97 10.44 2.26 7.02 3.68 1.61 3.35 1.67
(m?)
Total energy
consumption
after adding 126.5 186.8 122 163.3 135.8 116.9 133.3 117
storage
system (kWh)
Increased
energy
12.34 65.9 8.35 45.02 20.6 3.82 18.39 3.9
consumption
(%)
Peak power
demand after
adding 904 904 904 904 904 904 904 904
storage

system (kW)
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Figure 5.4.29. Energy consumption before and after adding the ESS/HESS for
(a) Battery-only Scenario
(b) Supercapacitor-only Scenario
(c) Optimised HESS (without C-rate constraint)
(d) Optimised HESS (with C-rate constraint)
(e) Optimised HESS (charging: SOC<1% Scenario)
(f) Optimised HESS (charging: SOC<100% Scenario)
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(g) Optimised HESS (charging: cruising-only Scenario)
(h) Optimised HESS (charging: acceleration-only scenario)
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Figure 5.4.30. Power demand before and after adding the ESS/HESS for
(a) Battery-only Scenario
(b) Supercapacitor-only Scenario
(c) Optimised HESS (without C-rate constraint)
(d) Optimised HESS (with C-rate constraint)
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(e) Optimised HESS (charging: SOC<1% Scenario)
(f) Optimised HESS (charging: SOC<100% Scenario)
(9) Optimised HESS (charging: cruising-only Scenario)
(h) Optimised HESS (charging: acceleration-only scenario)

5.5. Summary

This chapter indicated how the proposed methodologies work when they are applied to a
different railway application. As the second case study for this project, a tram running on a
750V DC OLE was considered. As in the previous case study, the traction of the tram running
on this line was simulated in STS to determine how much energy and power the on-board HESS

needs to provide.

The experiments proposed in the methodology were applied to the case study in order to 1)
evaluate the influence of the energy density and power density of both the battery and
supercapacitor on the total size of the HESS, and 2) observe the effect of a change in the C-rate
of the battery on the size and performance of the HESS. Decreasing and increasing the number
of battery modules and supercapacitor modules by 25%, respectively, resulted in an increase in
the total size of the HESS by about 28.9t and 2.3m? regarding the energy demand and a decrease
in the total size by about 3.25t and 2.16m?® with regard to the power demand. With 458 battery
modules and 17 supercapacitor modules in Scenario 2, the supercapacitor pack could not
perform properly. The battery pack used 0.25% and 0.08% of its stored energy to compensate
and charge the supercapacitor pack, respectively. By increasing the C-rate of the battery, every
time that one supercapacitor module was removed, the total weight and volume of the HESS

decreased by 0.061t (61kg) and 0.0054m? (5400cm?), respectively.
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The optimal HESS to meet the required energy and power demand for this case study was sized
using the Frequency Analysis method and Brute Force optimisation. In the first optimal HESS,
108 battery modules and 125 supercapacitor modules were determined, the size of the HESS
became 10.65t and 2.26m? and the energy consumption after adding this HESS to the mas of
the train increased by 8.35%. After imposing the C-rate constraint to the sized supercapacitor
pack, the supercapacitor pack could not meet the required energy and power demand and the
number of supercapacitors had to increase to 1007 modules, which made the total size of the
HESS 64.45t and 7.02m? and increased the total energy consumption by 45.02%. Charging
scenarios were proposed alongside Brute Force optimisation in order to get the battery pack to
charge the supercapacitor pack during the journey. The SOC<1% Scenario resulted in the
highest size of the HESS amongst four proposed charging scenarios with 108 battery modules
and 388 supercapacitor modules. The SOC<100% Scenario resulted in the lowest size of the
HESS amongst four charging scenarios and amongst all sized ESSs/HESSs in this phase, with
3.27t weight energy consumption increase of 3.82%. The biggest size of the ESS/HESS and
consequently, the highest energy consumption increase, amongst all eight scenarios was for the

supercapacitor-only ESS with 117.97t and 65.9% energy consumption increase.
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Chapter 6
Discussion

6.1. Introduction

This chapter discusses the results obtained from Chapter 4 and Chapter 5 for the proposed
phases to evaluate, size and charge the HESS. This chapter indicates the applicability of the

proposed methodologies for both railway applications used as case studies.

First, the obtained results are analysed and compared to what was expected based on the
literature, where available, and the proposed hypothesis. Following this, logical reasoning is

proposed for the results.

6.2.Evaluation of an HESS including Batteries and
Supercapacitors

The first set of results which were obtained in this phase were related to five scenarios where
battery and supercapacitor modules were used to meet the energy demand and power demand
separately. As mentioned in Section 2.4.3, a battery has higher energy density compared to a
supercapacitor. This means that for the same energy requirement, fewer battery modules are
required. It is the other way around when it comes to supplying the power demand and with the
same amount of power, fewer supercapacitor modules are required. The results from both case
studies showed that the supercapacitor-only ESS while supporting the energy demand was

much larger than the battery-only ESS while supporting the power demand. This means that it
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is easier for the battery to support the power demand than for the supercapacitor to support the

energy demand.

In the next set of results, the energy demand and power demand were integrated, and 25
scenarios were obtained. The results indicated that decreasing the number of battery modules
and increasing the number of supercapacitor modules regarding the energy demand affects the
total size of the HESS much more than to when the number of battery modules decreases and
the number of supercapacitor modules increases regarding the power demand. Again, as
claimed in the five-scenario experiment, this indicates that it is harder for the supercapacitor to
meet the energy demand than for the battery to meet the power demand. This is because the
ratio of battery and supercapacitor energy densities is much higher than the ratio of battery and

supercapacitor power densities.

In order to assess the proposed experiments, the performance of sized HESSs in all 25 scenarios
in both case studies was evaluated. In some combinations, the percentage of energy/power
demand that either the battery or supercapacitor was in charge of meeting was 0%, and either
the battery or supercapacitor was in charge of meeting only one demand. This was the case in
Scenarios 2, 3, 4, 5, 10, 15 and 20 in both case studies and created issues where the sized HESSs
did not perform properly. In Scenarios 2, 3 and 4, the battery pack was in charge of meeting the
whole energy demand and hence the supercapacitor pack was only responsible for meeting the
required percentage of the power demand. This meant determination of the supercapacitor pack
was based only on the power demand. In Scenarios 10, 15 and 20, it is the other way around:
the whole power demand was to be supplied by the supercapacitor pack and therefore the
battery pack was sized based only on the energy demand. Again, as said before, the higher
number of modules for the battery is chosen based on the power demand, and sizing the battery

pack based only on the energy demand results in a battery pack with a small number of battery
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modules which does not provide adequate energy for the journey. This means that the
supercapacitor pack has to have more energy than it actually has, to compensate for the battery
pack. Finally, the reason for the issue which happened in Scenario 5 was a combination of the

two issues mentioned above.

In order to solve this issue for the above-mentioned scenarios, three solutions were given: the
battery pack compensating for the supercapacitor pack, adding more supercapacitor modules
and the battery pack charging the supercapacitor pack. It was obvious that adding
supercapacitor modules adds to the total weight and volume of the HESS: this conflicts with
one of the objectives of this project which is minimising the total size of the HESS. Moreover,
it was seen that because the battery pack was determined based on the power demand, a lot of
the saved energy in this pack was left unused at the end of the journey. Considering these two
facts, it is more efficient to get the battery pack’s help to solve the issue. Among the two
proposed solutions with the battery pack’s help, getting this pack to compensate for the
supercapacitor pack makes the battery pack discharge at more than its 1 C-rate, which is in
conflict with what is considered in Section 3.2.3.1, not discharging the battery pack at more
than its 1 C-rate. It was seen that the battery pack uses more energy to compensate for the
supercapacitor pack than to charge. This is because in the compensation scenario, the battery
pack discharges at a C-rate higher than 1 and hence discharges more energy. This was the same

for both case studies.

The next experiment in this phase of the project was changing the C-rate of the battery to
evaluate its effects on the size and performance of the HESS. In this experiment, the size of the
HESS was dependent on the number of supercapacitor modules since the number of batter
modules stayed constant and changing the C-rate of the batteries affected the number of

supercapacitor modules.
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6.3. Sizing the HESS in the Frequency Domain

In this phase of the project, optimal HESSs including batteries and supercapacitors were sized
for both case studies by employing the Frequency Analysis method and Brute Force
optimisation. It was seen that in both case studies, the determined power from the high-pass
filter which had to be supplied by the supercapacitor pack was more than the total power
demand required from the HESS. This is because of the overshoots and undershoots in the high-
pass filter, as expected and mentioned in 3.3.1. Although there is overshoot in the high-pass
filter, it should be noted that the low-pass filter are high-pass filters’ complement and the
summing low pass-filtered and high pass-filtered results indicated that the low-pass filters in
both case studies have compensated for the existing overshoots and undershoots in the high-
pass filters. Therefore, both the battery pack and supercapacitor pack were designed based on

the results obtained from the filters.

After imposing the C-rate constraint to the energy based-sized supercapacitor pack, it was seen
that the sized supercapacitor pack was not able to meet the required energy and power demand
and the number of supercapacitor modules had to increase to achieve the target. This indicates
that while sizing an storage system in frequency domain, if there is a limit in the discharging
power of a storage device and this is not considered in the body of the energy-based calculations
the same as the power-based calculations, there is a risk that the sized pack discharges higher

than its allowed discharging power and the storage system is not able to perform properly.

It was seen that in both case studies, a part of the stored energy in the battery pack was left
unused at the end of the journey. The achieved results demonstrate that sizing based on the
energy demand, if C-rate constraint is considered in the body of energy-based calculations,

gives a more accurate result than sizing based on the power demand and the energy demand is
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the key demand to be met during the journey. However, the HESS should have enough energy
to meet the peak power demand meaning that a great amount of energy should be available in
a short period of time. That is why the power demand is considered in sizing the HESS.
Considering an adequate number of battery modules to meet the power demand and sticking to
not discharging battery modules at more than their 1 C-rates resulted in an amount of unused
energy in the battery pack at the end of the journey. As showed in this project, the energy left
unused in the battery pack can be used to charge the supercapacitor pack during the journey.
There can be other potential uses for this unused energy, such as transferring the energy to the
wayside energy storage systems installed by the line and using that energy for other trains, or
sending the unused energy back to the substation, or using the energy for low power loads at

the stations; such as lighting or Passenger Announcements systems.

Regarding getting the batteries to charge the supercapacitors during the journey, two criteria
and two scenarios for each criteria were considered. Amongst four scenarios proposed for the
battery pack to size the supercapacitor pack during the journey, getting the batteries to charge
the supercapacitors whenever the supercapacitor pack’s SOC goes below 100% resulted in the
lowest number of supercapacitor modules and hence, the lowest size of the HESS. This is
because this scenario means the battery pack continuously charges the supercapacitor pack
during the journey, in both acceleration and cruising modes, and supercapacitors can charge by
a live energy supply throughout the journey. Hence, the number of supercapacitor modules can
be optimized the most. On the other hand, for three other scenarios, the charging procedure
happens only in intervals during the journey and not always. Amongst these three scenarios,
SOC<1% scenario resulted in the least optimised number as the supercapacitors charge only
when they need energy and when they are about to become empty. Charging only in

acceleration modes resulted in a more optimised number of supercapacitor modules compared
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to the scenario when charging happened in cruising mode. This is because the supercapacitor
pack is not used in cruising modes and charging can happen only once until it becomes full, but
in acceleration modes the supercapacitor pack continuously charges and discharges and more

energy from the battery pack can be received.

6.4. Summary

This chapter first gave a summary of the results achieved in two phases of the project. The
results were then discussed, compared to the expectations where feasible and then logical
reasoning was used to analyse the results. The results were those obtained from applying the
proposed methodology in Chapter 3 to the considered case studies, as indicated in Chapter 4
and Chapter 5. In this chapter, some results were completely aligned with both the literature
and methodology. These results were referred to the literature and were analysed. For most of
the results, there was no literature to compare them with and they were only expected when the

methodology was proposed. For these results, logical reasoning was given.
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Chapter 7
Conclusion and Future Works

7.1. Conclusion

This thesis proposed the integration of batteries and supercapacitors in an HESS installed on
board independently powered trains. This integration was first evaluated and then methods were

proposed to optimally size and charge the HESS.

Chapter 2 studied the fundamentals of train performance and traction systems. ESSs and HESSs
with different energy storage devices were discussed and the sizing methods to be used for
HESSs were studied. This chapter reviewed the literature on power system applications as well
as railway applications that have proposed the combination of batteries and supercapacitors and
employed sizing methods to optimally size HESSs. This chapter also discussed the optimisation
methods that are employed for railway applications and also the economic aspects of on-board
systems versus electrification. Based on investigation and analysis of the literature, the detailed
objectives for evaluating, sizing and charging an HESS including batteries and supercapacitors

were presented in the hypothesis.

In Chapter 3, the methodology was proposed, considering the objectives of the thesis (reduction
in energy consumption, cost and CO emissions). Twenty-five scenarios were introduced to
compare the sizes of the HESSs and to observe the influence of the energy and power densities
of the batteries and supercapacitors on the total size of the HESS. In addition, this phase
proposed observing the effect of a change in the battery C-rate on the total size of the HESS.

The next phase of this chapter proposed the combination of FFT and Brute Force optimisation
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in order to optimally size the HESS, with the objective function of weight and volume
minimisation. Finally, two criteria and two scenarios for each criteria were proposed alongside
Brute Force optimisation in order to have the battery pack to charge the supercapacitor pack

during the journey.

In order to validate the methodology, the proposed approaches were applied to a non-electrified
line and a tram line in Chapter 4 and Chapter 5 (Results Chapters), respectively. Chapter 6
(Discussion Chapter) discussed the results achieved in these chapters. It was seen that in both
case studies, the combination of batteries and supercapacitors can result in smaller storage
system. This approach indicated the effects of both the energy density and power density of the
batteries and supercapacitors on the total size of the HESS. The results in this phase also showed
that an increase in battery C-rate leads to a decrease in the total size of the HESS, but it makes

the battery discharge quicker.

In the mentioned chapters, the results of the sizing phase indicated that the HESS sized using
FFT and Brute Force optimisation could not meet both energy and power requirements during
the journey when the C-rate constraint was imposed on the energy based-sized pack. Moreover,
the results indicated that getting batteries to charge supercapacitors continuously during the
journey can lead to the most optimised HESS with the lowest size. At the end of this phase, the
battery-only and supercapacitor-only ESSs and all six optimised HESSs were compared
together in terms of the final numbers of energy storage devices, the total sizes of the
ESSs/HESSs and the total energy consumption and peak power demand after installing the on-
board ESSs/HESSs. The results showed that in both case studies, supercapacitor-only ESS was
larger than battery-only ESS and all HESSs and was the worst-case regarding the energy
consumption increase amongst all eight scenarios. For Case Study One, HESS with C-rate

constraint and HESS with SOC<1% charging scenario, and for Case Study Two, the two
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mentioned scenarios as well as the HESS with charging in cruising Scenario had bigger sizes
than battery-only Scenario. The HESS with SOC<100% charging Scenario was the lightest and

resulted in the lowest energy consumption increase.

From the results achieved in Chapter 4 and Chapter 5Chapter 5 and the following discussion in
Chapter 6, it can be deduced that the hypothesis proposed at the beginning of this thesis in
Section 2.5 is validated. The energy and power densities of both batteries and supercapacitors
as well as the battery C-rate have a remarkable influence on the total size of the HESS. The
combination of FFT and Brute Force optimisation can be employed to optimally size an HESS;
however, because the C-rate constraint is not generally considered in the body of energy-based
calculations, there is a risk that the energy based-sized pack is not capable of meeting the
required energy and power demand if the typical discharging power of the device is of a great

importance. Finally, batteries can be used to charge supercapacitors during the journey.

7.2. Main Contributions

7.2.1. Evaluation of an HESS Including Batteries and

Supercapacitors

This phase of the proposed hypothesis indicates the great influence of the energy density and
power density of both batteries and supercapacitors on the total size of the HESS. It shows that
combining batteries and supercapacitor in an HESS for an independently powered train
targeting size minimisation is a more efficient idea compared to battery-only and
supercapacitor-only ESSs. This becomes more important when discharging batteries at higher
C-rates is not desirable. This approach indicates that due to the strong influence of the energy

and power densities of batteries and supercapacitors, if the HESS is not optimally sized, the
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total weight and volume can increase to tens of tonnes and a few cubic metres, respectively.
Moreover, the HESS not working properly in some scenarios signifies the importance of
considering both energy demand and power demand simultaneously when sizing an HESS.
Regarding the battery C-rate, although a higher C-rate decreases the total weight and volume
of the HESS, it makes the batteries discharge quicker which, in the long term, harms the
batteries and shortens their life. Regarding the solution that suggested the battery pack charging
the supercapacitor pack, this can be used not only when the supercapacitor pack does not have
adequate energy to meet the demands, but also if something goes wrong with some
supercapacitor modules during the journey and the supercapacitor pack is not able to perform

as expected. This method can be used as a temporary fix until the problem is solved.

7.2.2. Sizing the HESS in the Frequency Domain

This phase of the proposed hypothesis indicates that although the Butterworth filter is a
maximally flat filter, overshoots and undershoots that happen in acceleration and braking modes
in the high pass- filtered results can make the results differ to what was expected. However,
using both low-pass and high-pass filters together, which are complementary filters, solves the
problem and the low-pass filter can fully compensate for the overshoots and undershoots in the
high pass-filtered results. The approach in this phase shows that the battery pack did not use all
its stored energy during the journey. This means that for the Frequency Analysis method using
FFT, even if an optimisation method is employed alongside to determine the optimal numbers
of battery modules and supercapacitor modules, the battery pack does not use all its stored
energy until the end of the journey because it is sized based on the power demand. This phase
indicates that should there is a limit in the discharging power of a storage device, the typical

discharging power should be considered as a constraint in energy-based calculations in the
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procedure of sizing, otherwise there is a risk for the energy based-sized storage system not to

be able to perform properly. In this phase, it was seen that if batteries are used as energy

suppliers to charge supercapacitors during the journey, the number of supercapacitor module

and consequently, the total size of the HESS can decrease.

7.3. Recommendations for Future Research

Based on the studies in this thesis, the following recommendations and research topics are

proposed for future studies:

For sizing the HESS in the frequency domain, other methods such as DFT or Wavelet
transform could be utilised and the results could be compared the ones obtained from
FFT in this thesis.

Other types of FIR and IIR filters with different values could be employed to size the
HESS in the frequency domain. The results achieved from different filters could be
compared and analysed.

In order to design the filters more accurately when employing Butterworth filters,
considerations could be taken into account to remove the overshoots and undershoots in
the high-pass filter.

When using FFT to size an HESS, measures need to be taken to size the battery pack
more accurately. Other optimisation methods could be employed alongside the main
optimisation problem, or an average of the number of energy-based battery modules and
power-based battery modules could be chosen.

C-rate constraint could be considered in the body of energy-based calculations in the
procedure of sizing in order to be ensured that the energy based-sized pack does not

discharge higher than its typical C-rate.
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Economic analysis could be carried out to compare the energy consumption and,
consequent costs between these scenarios: 1) sizing the battery pack based on the power
demand while not discharging batteries at more than their 1 C-rate which leads to an
oversized battery pack; 2) sizing the battery pack based on the energy demand and
discharging batteries at their highest possible C-rate, which leads to a quicker battery

replacement.
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