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CHAPTER |
INTRODUCTION

1.1  Background

With the growing population and economy, mobility demand in urban areas is
on the rise, and so is the resulting traffic congestion and air pollution. Safe, reliable,
comfortable, traffic efficient, economical, and environmentally friendly means of
transportation have always been a constant goal of city authorities (Mwambeleko and
Kulworawanichpong, 2017) and (Mwambeleko, 2015).

Trams and light rail vehicles (LVRs) have proven to be one of the best solutions
to urban mobility challenges. Thanks to their higsh passenger capacity and low energy
consumption per passenger-kilometer. Rail transport is characterized by the guided
movement of steel wheels on steel rails. The metal-to-metal contact that has
considerably low rolling resistance (Mwambeleko, 2015).

Today’s railroad vehicles can be driven by diesel-powered Internal Combustion
Engines (ICEs), electric traction motors, or the combination of the two. Electric traction
is not only more efficient and environmentally friendly than diesel traction, but also
more comfortable (due to little noise and vibration) and more economical (due to low
maintenance cost) (Mwambeleko, 2015).

1.1.1 The beauty of electric traction

The driving engine of an electric traction system is an Electric Traction

Motor (ETM), whereas the driving engine of a non-electric traction (mainly diesel

traction, for heavy vehicles) system is an Internal Combustion Engine (ICE). Compared
to an ICE, an electric traction motor has several significant advantages: -

i. efficiency of an ETM is more than twice the efficiency of an ICE.

With frequent stops, which is a characteristic of urban transport

system, the ICE highly inefficient,



i.  electric traction motor has considerably lower maintenance cost
and lower downtime per maintenance, mainly due to less
frequent maintenance requirement and easy to maintain,

ii.  electric traction motor has higher power to weight ratio than that
of an ICE,

iv.  electric traction motor has higher acceleration capability than an
ICE,

v.  electric traction motor can recover braking energy (can take a
generator role during braking), which means an increase in energy
efficiency and decrease in maintenance cost of braking shoes, and

vi.  electric motor operates with less vibration which means less track
damage, and increased ride comfort.

It is interesting to note that, except for regenerative braking and less
vibration, the advantages of an ETM over an ICE are very similar to the advantages that
an ICE had over a steam engine (Mwambeleko, 2015) and (Mwambeleko and
Kulworawanichpong, 2017).

In addition to the advantages of an ETM over an ICE, in many countries,
electricity is more economical than diesel. Moreover, electricity can be produced from
environmentally friendly and sustainable sources such as hydro, wind, and solar, and
even if electricity is produced from sources such as coal and natural gas, emission
level per kilowatt-hour output from such sources at a power plant is much lower than
that of an ICEs installed in a vehicle (Mwambeleko, 2015).

1.1.2 The need for on-board energy storage

Despite of all the benefits of electric traction, some railway routes are
either partially electrified or not electrified at all, for reasons such as: -

i. electrification cost,

ii. electrification complexity (difficulty and safety issues), and

jii. visual impact (aesthetic reasons).

Electrification cost is particularly true for lightly used routes. That is,

routes with not enough density of traffic movement to justify capital and maintenance



costs (Mwambeleko, Hayasaka, and Kulworawanichpong, 2020) and (Mwambeleko,
2015).

Electrification complexity is true for routes that are difficult to electrify
such as crossing routes (where two or more railways cross), routes passing under
bridges (or in tunnels) with not enough clearance and, routes with not enough right of
way. Electrification difficulty and cost often come bundled when trying to electrify old
routes which were constructed without electrification consideration (Mwambeleko,
Hayasaka, and Kulworawanichpong, 2020).

Visual impact is particularly true for routes passing through historical sites
and city centers. For aesthetic reasons, in some areas, catenaries (overhead contact lines)
are out of the question (Mwambeleko, Hayasaka, and Kulworawanichpong, 2020) and
(Mwambeleko, 2015).

Under such circumstances (when a route cannot be fully electrified),
On-Board Energy Storage Devices (OBESDs) such as batteries and supercapacitors are
often used, as depicted in Figure 1.1. Aside from suppling tram power demand on non-
electrified section(s), the OBESDs come with an added benefit, which is the ability to
store regenerative braking energy (Shiraki, Tokito, Yokozutsumi, 2015), (Mwambeleko,
2015), (Mwambeleko, Hayasaka, and Kulworawanichpong, 2020), and (Wang, et al,,
2020).
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Figure 1.1 Reasons and advantages of on-board energy storage

routes

1.1.3 The supercapacitor powered tram
Recently a tram powered solely by supercapacitors shown in Figure 1.2
rolled out in China. The four cars tram is 36.5 meters long, has a maximum speed of
70 km/h, and a capacity of 380 passengers. The supercapacitor bank is fully recharged
at each stopping station within 30 seconds as passengers board and deboard, giving

the tram an autonomy to the next stop (Saracco, 2016) and (Barrow, 2014).



Figure 1.2 Supercapacitor tram unveiled in China (railjournal.com, Barrow, 2014)

Having low energy density, several supercapacitor modules are needed
to store enough energy to move a tram from one station (charging point) to the next.
This imposes cost challenges given that supercapacitors are costly. A Maxwell 125V,
63 F supercapacitor modules costs around 5,000 USD (Mouser Electronics, Inc., 2018)
and (Arrow Electronics, Inc, 2018). Moreover, increasing the number of supercapacitor
modules increases tram weight and consequently increasing energy consumption.

1.1.4 Tram tractive energy demand

Rail vehicles are characterized by high inertia and low rolling friction.
The former accounts for high energy consumption during acceleration, the latter
accounts for low energy consumption during cruising, and the two combined accounts
for the ability to coast a long distance and high regenerative braking recuperation.
Trams and LRVs operating in urban areas are characterized by frequent stops (short
distances between stations) and low speed (about 40 kph to 50 kph). A tram consumes
high energy during acceleration (due to inertia resistance). Energy demand drops
significantly during cruising as the inertia resistance is out of the equation. During
coasting, and braking, tractive energy demand is zero, the only energy needed is to

supply auxiliary loads. General tram speed profile and its mapping to energy demand



are presented in Figure 1.3 (Mwambeleko, Kulworawanichpong, and Greyson, 2015),
(Mwambeleko and Kulworawanichpong, 2017), and (Mwambeleko, Hayasaka, and

Kulworawanichpong, 2020).
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Figure 1.3 Tram speed profile and energy consumption

1.1.5 The proposed idea
Accelerating Contact Lines (ACLs) which are short extension of existing
charging feeders are proposed in the study. With ACLs and OBESD hybrid tram system,
high energy demand during acceleration is supplied by an ACL, the rest of the
energy demand (after acceleration to the next station) is supplied by a small size
OBESD as depicted in Figure 1.4 through Figure 1.6 (Mwambeleko, Hayasaka, and
Kulworawanichpong, 2020).
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Figure 1.5 Accelerating contact line as an extension of a charging bar
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Figure 1.6 Block diagram of a supercapacitor and contact line tram system

1.2  Problem definition

Electrified tram systems are highly recommended for urban mass transport due
to their efficiency, cost effectiveness, and environmental friendliness. However,
attributed to electrification cost (or difficulty) and aesthetic concerns, some railway
routes are either partly electrified, or not electrified at all. This is true for i) routes with
low traffic movement that cannot justify electrification cost, ii) routes that are difficulty
to electrify for reasons such as not enough right of way, not enough clearance in a
tunnel or under a bridge, and presence of level crossover(s), and iii) routes passing
through historical areas and city squares (Mwambeleko, 2015).

Under such circumstances, trams and LRVs are often equipped with OBESDs.
The OBESDs are not only costly, but they also increase vehicle weight. Therefore, the
idea of accelerating contact lines is introduced to reduce the required size of the

OBESD. A layered view of a problem definition is depicted in Figure 1.7.
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Figure 1.7 Layered view of a problem definition

1.3  Research motivation

Trams and LRVs play a significant role addressing urban mobility challenges,
fuel efficiency and subsequently environmental concerns. Electric trains are much
more efficient, cost effective and environmentally friendly than the conventional
diesel trains. For reasons such as electrification cost and visual impacts some railway
routes (or route sections) are not electrified. Trams operation on those routes are often
equipped with OBESDs. Thanks to technological advancements, the cost of OBESDs is
decreasing while the performance is increasing. Subsequently, electric vehicles are
increasingly being manufactured. In most of electric buses, the capacity of OBESD is of
the order of hundreds of kWh. Interestingly, a tram having low coefficient of rolling
friction, consumes less energy per passenger kilometer than a bus (Mwambeleko, 2015)
and (Mwambeleko and Kulworawanichpong, 2017). Recently, a concept of
supercapacitor tram came to live, supercapacitor powered tram rolled out in China.
Supercapacitors have high power density but, they have low energy density and are
costly. They need to be recharged at every stopping station. Low energy density means

many supercapacitor modules are needed to move a tram from one station to the
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next, and since they are costly, this imposes cost challenges (Saracco, 2016) and
(Barrow, 2014). Owing to their high inertial, trams and LRVs consume high energy during
acceleration. During cruising the energy demand is low, thanks to the low rolling
friction. During coasting and braking, energy demand is very low. Introducing
accelerating contact lines by just extending the existing charging bar means, the high
energy during acceleration is supplied from the contact line and thus, the size and
cost of the OBESD (supercapacitor bank in this study) is reduced. Moreover, reducing
the size of the OBESD, reduces vehicle weight and consequently energy consumption
(Mwambeleko, Kulworawanichpong, and Greyson, 2015) and (Mwambeleko, Hayasaka,

and Kulworawanichpong, 2020).

1.4 Research objective
The main objective of the research is to reduce size and subsequently cost and
weight of OBESD required for trams (supercapacitor powered trams) operating on non-
electrified urban railway routes, taking into account visual impact concerns.
Accelerating contact lines (ACLs) and on-board energy storage (OBES) hybrid system is
introduced and, supercapacitor powered tram system is used as a case study.
To achieve the main objective the research work is divided into the following
subobjectives: -
i. - To establish speed profile for a given route.
ii. ~To model a tram powered solely by on-board supercapacitors
(cap Tram) and a hybrid tram powered on-board supercapacitors
and ACLs (cap_ACL_Tram), and then simulate them.
ii. To analyze by how much the proposed tram (cap ACL Tram)
system reduces size and cost of the required OBESD and, tram

energy consumption.
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1.5 Methodology

Aiming at enhancing supercapacitor powered tram system (reducing the
required size of the onboard supercapacitor bank) using ACLs; tram data,
supercapacitor data, and route data are acquired and prepared for simulation. With
the available literature, supercapacitor powered tram modeling is done using MATLAB.
Tram movement is simulated and, the results are analyzed as to what extend the ACLs

reduces required size of on-board supercapacitor bank.

1.6 Research assumptions
The following assumptions have been made in this study: -
i.  Charging infrastructure is already installed at each stopping station
as required for a supercapacitor powered tram.
i.  Contact line system is capable of supplying tram system maximum
power demand.

iii.  Tram tractive effort is continuous.

1.7  Scope and limitations of the study
Power loss and voltage drop across ACL is not of interest in this study, the ACL
is very short (just 150 m) and only one tram will be drawing power from an ACL at a
time. With low line resistance (such as 170 m{/km), there will be just a little power
loss and voltage drop across the ACL, which can be neglected without noticeable
effect.
Tram speed profile generation (optimization) is out of scope of this study for
two reasons: -
i. toavoid idea “clouding”. The focus of this work is to present the new
ACL idea in tram and light rail urban systems and,
i. aslongas atram accelerates fast when it is in ACL (or in power mode
ACL, to be explained in Chapter ), any (feasible) speed profile after
that will work fine. The proposed system does not necessarily need
speed profile to be optimized, what is important is high acceleration

when a tram is leaving a station.
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1.8  Expected benefits

Results from this research work are expected to be a great help and reference
to policy makers, city authorities, railway operators, tram and LRV manufacturers and,
other stakeholders interested in having electric trams and LRVs in urban areas with low

operating cost and visual impact.

1.9  Organization of the thesis

The thesis comprises five chapters. Background of the study, problem
definition, research objective, methodology, scope and limitation, assumptions and,
expected benefits are presented in chapter I.

In chapter I, a brief review on train motion, capacitors and supercapacitors as
energy storage devices are presented. Chapter Il presents tram system modelling.

Tram movement simulation results are presented and discussed in chapter IV,

and finally a conclusion and recommendations are given in chapter V.



CHAPTER Il
BRIEF REVIEW

2.1  Introduction

Electrified public transport systems such as trams and Light Rail Vehicles (LRVs)
play a significant role in providing green commuter transport services in cities. Traffic
congestion and urban air pollution is a concern to city authorities. Railway operators
would like to reduce travel cost and time. Realizing the benefit of electric traction,
trams and LRVs operating on routes that are not fully electrified are often equipped
with OBESDs such as supercapacitors (Mwambeleko, 2015).

Given their high inertial, low rolling friction, and the nature of their operation
(frequent stops and low speed), trams present an interesting power/energy demand
profile. During acceleration, power demand is considerably high. However, thereafter
when no power is drained to change tram inertial, the power demand drops
significantly. Different power sources hybrids have been proposed for tram drive. One
of them is Accelerating Contact Lines (ACLs) and OBESD hybrid system (Mwambeleko,
Hayasaka, and Kulworawanichpong, 2020).

In this chapter, a brief literature review on OBESD, ACL, supercapacitors, and

tram movement is presented.

2.2  Energy storage technologies in LRVs

Owing to the significant technological advancements in Energy Storage Devices
(ESDs) over the past two decades, Light Rail Vehicles (LRVs) with OBESDs have attracted
the attention of several researchers, companies, and authorities. Common energy
storage technologies currently used in LRVs include batteries (Lithium-ion batteries in
particular), supercapacitors, flywheels, and fuel cells. Among these, batteries and
supercapacitors are the most common. Compared to batteries, supercapacitors have
high power densities but low energy densities, they can deliver and absorb high power

but cannot store high energy per unit mass (or volume) as batteries (Arboleya P,
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Bidaguren P, and Armendariz U, 2016), (lwase, et al., 2015) (Shiraki, Tokito, and
Yokozutsumi, 2015) and (Wang, et al., 2020).

On account of their high-power density, supercapacitors located either on
ground (trackside) or inside a vehicle (on-board) are employed to reduce peak power,
and to increase voltage stability and energy efficiency. That is done by storing
braking energy when a vehicle brakes and supplying it back when a vehicle starts
accelerates (Barrero, Mierlo, and Tackoen, 2008) and (Sumpavakup, Ratniyomchai, and
Kulworawanichpong, 2017).

Supercapacitors are sometimes hybridized with batteries particularly for an
autonomous On-Board Energy Storage System (OBESS) since the two have
complimenting characteristics on energy and power densities (Wang, et al., 2020)

Utilizing Li-ion batteries, some railway operators such as JR East, JR West, and
JR Kyushu Japanese railway operators have been replacing Diesel Multiple Units (DMUs)
with battery and catenary hybrid trams. Battery-powered rail vehicles (replacement of
DMU with battery-powered vehicles) dates back to 1950s (Mwambeleko, Hayasaka, and
Kulworawanichpong, 2020).

Until very recently (within the decade), light railway vehicles powered entirely
by on-board supercapacitors have not been popular. The main reason is the fact that
currently, supercapacitor technology suffers from low energy density (Wang Y, Yang Z,

and Li F, 2018) and (Saracco, 2016)

2.3 Accelerating contact lines, previous works

An ACL is a short contact line extending from a tram stopping station. Its main
use is to supply power to a tram during acceleration (as the tram departs from a
station, accelerating to the desired speed). Therefore, relieving the OBESD from
supplying the high acceleration power. To reduce the required size of OBESD in trams,
the ACL concept was introduced by Mwambeleko and Kulworawanichpong. Lithium
titanate battery pack was used as an OBESD (Mwambeleko and Kulworawanichpong,
2017).

Compared to a tram powered solely by battery, a battery-ACL (BACL) tram

system (with a total electrified distance of 1.8 km out of a 25 km route) reduced the
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battery pack size by 62.5%. Compared to a conventional battery-contact line tram
system having 12.2 km electrified, the BACL showed equivalently performance
(Mwambeleko, Hayasaka and Kulworawanichpong, 2020).

If there already is a charging infrastructure at a tram station, then the ACL can
be realized by just extending the charging bar (or feeder). Such a modification will
increase the utilization of the charging infrastructure and reduce the required size and
cost of the OBESD (Mwambeleko and Kulworawanichpong, 2017) and (Mwambeleko,
Hayasaka and Kulworawanichpong, 2020).

If an ACL system is installed at a station where there was no charging
infrastructure, it will act as a charging point to rail vehicles that don’t have the
capability to draw power while moving (Mwambeleko and Kulworawanichpong, 2017)

and (Mwambeleko, Hayasaka and Kulworawanichpong, 2020).

2.4  Supercapacitors

A capacitor comprises two conducting plates separated by a dielectric. Applying
a DC voltage across a capacitor, charges the capacitor by accumulating opposite
charges to the two conduction plates. A dielectric between the plates, keeps the
opposite charges separated, creating an electric field by which capacitors store energy.
The ratio of accumulated charge to the applied voltage is called capacitance. It is
proportional to the surface area of the conducting plates and inversely proportional
to the distance between the plates (Raghavendra, et al., 2020) and (Moghbeli,
Hajisadeghian, and Asadi, 2016).

As the name suggests, a supercapacitor is a general term referring to a capacitor
with much higher capacitance than a conventional capacitor. Consequently, the former
has much higher energy density than the latter. Thanks to its high surface area, and
small distance between conducting plates. Thus, a supercapacitor can technically be
considered (modeled) just like a conventional capacitor, the only difference being
capacitance value. In this work therefore, the terms capacitor and supercapacitor are
used interchangeably (Moghbeli, Hajisadeghian, and Asadi, 2016).

Supercapacitors are used in many applications to store electrical energy and

supply it on demand. The applications range from voltage stabilization (buffer), backup
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system, to autonomous on-board energy source (Barrero, Mierlo, and Tackoen, 2008)
and (Wang, Yang, and Li, 2018).
2.4.1 Capacitor energy and voltage
Energy stored in a capacitor is proportional to its capacitance and
square of the voltage difference between capacitor conducting plates (terminals), as

expressed in Equation (2.1) (Wang, Guo, Xu, Wu, and Lin, 2019).

E:1C><V2><rSh = V= [— (2.1)
2 7,C

Where, E is energy stored in a capacitor (Wh), C is capacitor capacitance (F), V is
voltage difference between capacitor terminals (V), and 7, is a constant used to
convert seconds to hours so as to convert energy from watt-second to watt-hour.

From Equation (2.1) it can be seen that, unlike batteries, capacitor
voltage varies widely with the amount of energy stored in it (it’s state of energy). If
energy stored in a capacitor decreases to 25% of the full charge energy, capacitor
voltage decreases to 50% of the full charge voltage. This is a substantial voltage
variation. Thus, capacitor banks are usually used with (connected to) DC-DC converters
(Wang, et al., 2019).

Since voltage converters have a limited acceptable input voltage range,
capacitor minimum voltage is normally constrained such that the voltage range is
acceptable. Moreover, for a given power demand, low voltage necessitates high
current. A tram system (switching converters, circuit brakers, and cables) capable to
handle high current may prove to be uneconomical (Golchoubian and Azad, 2017).

If a capacitor is considered fully charged at rated voltage V, (which

rated

is normally the case, and it is so done in this study), then given capacitor minimum

voltage limit V energy harvestable E,, from a fully charged capacitor is as

expressed in Equation (2.2) (Wang, et al., 2019) and (Moghbeli, Hajisadeghian, and Asadi,
2016).
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E zlc(v2 —V?2
2

harv rated min

)7 (2.2)

Where, E,,, is harvestable energy (Wh), C is capacitor capacitance (F), V,;, is

harv
minimum voltage limit (V), and 7, is a constant used to convert seconds to hours.
It follows that, if capacitor minimum voltage is set to half of the rated

(full charge) voltage (that is, V,;, =3V

g ), then energy harvestable E,, from the

capacitor is 75% of the full charge energy E

1 Vrae i
Eharv = EC Vrited _(Ttdj ]Tsh

«» as expressed in Equation (2.3).

Substituting E._ for %Cvritedrsh

3

E._="E Vo =1y
4

harv fc? min — 2 Yrated

Where, E,,, is harvestable energy (Wh), E, is energy stored in a capacitor at full
charge (Wh), C is capacitor capacitance (F), V.. is capacitor rated voltage, which is
considered as a full charge voltage (V), V,,, is minimum voltage limit (V), and 7, is a
constant used to convert seconds to hours.

Generally, harvestable energy E, ., can be derived from capacitor State
Of Energy (SOE) which is defined as the ratio of energy stored in a capacitor to
capacitor’s energy storage capacity (energy stored in a capacitor at full charge) as

expressed in Equation (2.4) (Wang, et al., 2019).
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2 2
Vv V.
Vrated o Vrated

At full charge, capacitor SOE is 1 (100%)

Eharv = (1_ﬂmin ) Efc

2
V..
Epary =|1-| =20 | |E
harv [Vrated ) fc

Where, S is capacitor SOE, S, capacitor minimum SOE limit, V., is capacitor rated
voltage, which is considered as a full charge voltage (V), V,.;, is minimum voltage limit
(V) and Ey is energy stored in a capacitor at full charge (capacitor energy storage
capacity).
2.4.2 Capacitor bank from capacitor modules

To increase energy storage and power capabilities, several identical
capacitors (capacitor cells) as shown in Figure 2.1 are often connected to make a
capacitor module as shown in Figure 2.2, and several capacitor modules may then be

connected to make a capacitor bank as shown in Figure 2.3.

Figure 2.1 Supercapacitor cells (Maxwell Technologies, Inc, 2021).
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a) 16V, 500F b) 48V, 165F

Figure 2.2 Supercapacitor modules (Maxwell Technologies, Inc, 2021).

Figure 2.3 Supercapacitor bank from supercapacitor modules.

Examples of supercapacitor modules from various manufacturers are

shown in Table 2.1



20

Table 2.1 Supercapacitor modules from various manufacturers

L] XLR-48 Supercapacitor
[] a8 v, 166 F
Dimensions (mm): L x W x H:
421 x 177 x 196
Mass (kg): 14.7
Source: https://www.eaton.com/us/en-
us/catalog/electronic-components/xlr-supercapacitor-

module.html

L] Skelviod 51v Supercapacitor

L s1v, 177F
Dimensions (mm): L x W x H:

422 x 194 x 198

Mass (kg): 16
Source: https://www.skeletontech.com/skelmod-51v-
ultracapacitor-module

L] BMmODO165 P08 CO1

L] asv, 165F

Dimensions (mm): L x W x H:
418 x 194 x 179

Mass (kg): 14.2
Source:
https://www.maxwell.com/images/documents/48V_ds
DuraBlue 3000685 _4.pdf

LI BMODO0063 P125 B08

L] 125v, 63F

Dimensions (mm): L x W x H:
789 x 425 x 313
Mass (kg): 63.4

Source:
https://www.maxwell.com/images/documents/125V_M

odule_datasheet.pdf

Capacitance and internal equivalent resistance of a capacitor bank comprising
identical capacitor modules connected in series, parallel, and series-parallel are

expressed in Equation (2.5) (Maxwell Technologies, 2019) and (Kermani, et al., 2020).
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Where, C, and C,, are capacitor bank and capacitor module capacitances (F)
respectively, r,, and r,, are internal equivalent resistances (Ohms) of a capacitor bank

and capacitor module respectively, N, is number of capacitor modules in series, and

ms

N, is number of parallel strings.

Regardless of how capacitor modules (identical modules) are
connected (series, parallel, or series-parallel), the total energy storage capacity of a
capacitor bank equals the sum of energy storage capacity of individual capacitor

modules.

2.5 Supercapacitors versus batteries

Currently, the most common OBESDs are supercapacitors and lithium-ion
batteries (Wang, et al., 2020). Among the lithium-ion battery chemistries, lithium
titanate is the leading candidate in terms of power density (Liu, et al., 2015). However,
compared to supercapacitors, the lithium titanate battery comes far behind,
particularly in power density and cycle life.

It is possible to full charge a supercapacitor within 30 seconds, whereas a

battery would need around 30 minutes (Sengupta, et al,, 2018). Life cycle of a
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supercapacitor is in the order of millions, whereas that of a battery is in the order of
thousands (Farhadi and Mohammed, 2016).

Except for low energy densities, a supercapacitor exhibits key performance
characteristics for an OBESD. Its low energy ratios drawback can be addressed by fast
charging at stopping stations. This well suits urban transport systems characterized by
short distances between stations (Saracco, 2016) and (Barrow, 2014)..

Performance and life characteristics of a lithium titanate cell from Altairnano,
and DuraBlue supercapacitor cell from Maxwell are presented in Table 2.2 and Table

2.3 respectively.

Table 2.2 Altairnano Lithium Titanate cell (Altairnano, 2021)

Attribute Value Unit

Performance characteristics

Nominal voltage 2.22 V
Capacity typical’ 66.8 Ah
Typical discharge energy? 148 Wh
Internal charge impedance3 0.32 MmO
Internal discharge impedance® 0.38 mQ
Maximum continuous charge/discharge current 500 A

Life characteristics

Cycle life at 2C charge/discharge, 100% DOD, 25°C* > 25,000
Cycle life at 2C charge/discharge, 100% DOD, 55°C* > 6,000
Calendar life at 25°C° 25 years

Physical characteristics
Width x Height x Thickness 256 x 263 x 12.6 mm
Weight 1.81 ke

'At 70 Amps, 25°C, CCCV charge

At 70 Amps, 25°C, CCCV discharge
*At 10 sec DC pulse, 50% SOC, 25°C
*To 80% initial capacity

>25%C is the optimal temperature.
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Table 2.3 Maxwell DuraBlue supercapacitor cell (Maxwell, 2019)

Attribute Value Unit

Performance characteristics

Nominal voltage 2.70 V
Capacitance typical 3000

Stored energy 3.04 Wh
Equivalent series resistance (ESR) 0.29 mQ)
Maximum continuous charge/discharge current 1900 A

Life characteristics

Cycle life at 25°C 1,000,000

DC life at 25°C, rated voltage” 10 years

Calendar life at 25°C, uncharged al years
Physical characteristics

Height x Diameter 138 x 60.7 mm

Weight 0.51 ke

“Capacitance 80% of initial value, ESR 200% of rated value

For the reasons explained above (in this section), this work uses on-board
supercapacitor storage instead of battery storage which was used in the previous works.
Moreover, cost analysis is done in this study, it is not done in the two previous works
(Mwambeleko and  Kulworawanichpong, 2017) and (Mwambeleko, Hayasaka and

Kulworawanichpong, 2020).

2.6 Tram motion

Tram motion can be expressed using Newton’s second law of motion
and kinematic equations. Generally, when a tram moves from one station to
the next, its speed profile consists of four parts namely i) accelerating or
motoring, ii) constant speed or cruising, iii) coasting or freewheeling, and iv)
braking as shown in Figure 2.4 (Mwambeleko, 2015) and (Mwambeleko and

Kulworawanichpong, 2017).
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Veruise Veoast

Speed (m.s™)

Figure 2.4 General tram speed profile

Normally, when a train starts moving, it accelerates with approximately
constant acceleration, using constant (normally maximum) tractive effort to a speed
called base speed V.. From the base speed to cruising (desired) speed Ve
tractive power is kept constant and tractive effort reduces (as it has to) inversely to
speed until it balances resistance forces. To avoid slipping, the tractive effort is always
limited to a certain maximum value, depending on the number of driving axels and
the adhesion between the driving wheels and the track. Maximum tractive effort is
also a function of train speed (Mwambeleko, 2015).

When the tractive effort balances the forces opposing the motion, the train
moves with a constant speed (zero acceleration) drawing constant tractive power, this
is called cruising mode (Mwambeleko, 2015).

As a technique to minimize tractive energy consumption, before brakes are
applied, tractive power is cut off, and the train is left to move with its own kinetic
energy, this is called coasting or freewheeling. The train speed starts decreasing on
account of resistance to motion. Coasting has long been recognized as one of the
techniques to save energy, though it increases interstation run time (Mwambeleko,
2015).

Finally, brakes are applied, and the train is brought to a stop. As with the
tractive effort, braking effort is also limited to a maximum allowable value, which is
also a function of train speed. Typical tractive effort, braking effort, and resistance force

curves are as shown in Figure 2.5, data for these curves have been retrieved from
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Rotem tram (using curve fitting), the same data will be used in this study (Mwambeleko,

2015), (ITCgroup, 2014) and (Hyundai Rotem; Hyundai Motor Group, 2014).

m— Tractive effort

07 s Braking effort
Running resistance
a0 | on level track
101
0 1 I . . . . |
0 10 20 30 40 50 60 70
Speed [km/h]

Figure 2.5 Typical tractive effort, braking effort and resistance force curves

Modern trains use regenerative braking to recapture train’s kinetic energy. Some
trains just use rheostatic braking, where the braking energy is dissipated in a bank of
resistors as heat. As opposed to friction braking dynamic braking (regenerative or
rheostatic braking) has proven to minimize maintenance cost of the braking system
(Mwambeleko, 2015)

2.6.1 Tram longitudinal forces

Tram longitudinal dynamics are due to five main forces, namely i)
tractive effort force R, i) gradient force Fgy,q iii) frictional drag force Fyyq,, iv)
curvature resistance force F,, and, v) acceleration resistance (or inertial) force F,

as shown in Figure 2.6 (Chymera and Goodman, 2014) and (Nicholson, 2014).
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Figure 2.6 Forces affecting tram longitudinal dynamics

i) Tractive effort force.
Tractive effort force Ry, is the force applied to move (or brake)
a tram. It is positive if it is applied to move the tram, and negative if it is applied to
stop (oppose) the tram (Mwambeleko, Kulworawanichpong, and Greyson, 2015).
i) Curvature resistance force.

Curvature resistance force F, is the force opposing tram

curv
motion as the tram goes through a curve (corner). The curvature resistance force is
usually very small and thus, ignored (Yihui Wang, 2011), (Ahmadi, Dastfan, and Assili,
2017). (Chymera and Goodman, 2014) and (Nicholson, 2014).
i) Frictional-drag Force.

Frictional-drag force Fy is the force opposing tram motion
due to friction (axle bearing friction and wheel-track friction) and air drag. Wind (wind
drag) may be in the same direction or in opposite direction to tram direction. In this

work, however, wind effect is neglected. Normally, frictional-drag force (for a particular

train) is given using Davis equation as expressed in Equation (2.6) (Nicholson, 2014).

A + By, + Cvg, vinkm/h

I:frdr: 2 .
A + 3.6Bv + 12.96Cv vinm/s
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Where, F, is frictional drag force (kN), A and B are coefficients for static friction
(losses at the wheel-rail interface) and dynamic friction (axle bearing losses)
respectively and, C is aerodynamic drag coefficient (Nicholson, 2014).

iv) Gradient Force.

Gradient force F is the force due to route gradient,

grad
therefore it can either be positive (opposing tram motion on uphill section) or negative
(supporting tram motion on downhill section). With reference to Figure 2.6, gradient
force is computed as expressed in Equation (2.7) (Chymera and Goodman, 2014) and

(Nicholson, 2014).

F

orad =Mgsin @

=mg Ly 2.7)

JAY + AX?

Where, Fy,q is gradient force (N), m is vehicle (tram) mass (kg), g is gravitational
acceleration (m/s?), @ is gradient angle (radian), Ay is change in vertical distance
(altitude) (m), and AX is change in horizontal distance (m).

For small route gradients, Equation (2.7) can be approximated to an
easier to compute equation as expressed in Equation (2.8) (Mwambeleko and

Kulworawanichpong, 2017).

Fyraa =Mgsind ~ mgtan o
om Ay (2.8)
M A

Where, Fy,q is gradient force (N), m is vehicle (tram) mass (kg), g is gravitational
acceleration (m/s?), @ is gradient angle (radian), Ay is change in vertical distance
(altitude) (m), and AX is change in horizontal distance (m).
V) Acceleration Force.
Acceleration force F, is a result of forces imbalance between

tractive effort force and the summation of other (motion-opposing) longitudinal forces.
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It is, therefore, the force responsible for tram change of speed. It is expressed in

Equation (2.9) (Chymera and Goodman, 2014) and (Nicholson, 2014).

Facc = I:trt -R

Facc = I:trt B ( I:curv + I:frdr + l:grad )

Where, Fy,q is gradient force (N), Ry is tractive effort force (N), R is the sum of
resistance forces (N), F

ury 1S curvature resistance force (N), Fyq, is frictional-drag force
(N), and F

grag 1 gradient force (N).
Acceleration force F,, as a function of tram’s speed-change

(acceleration) is expressed in Equation (2.10) (Chymera and Goodman, 2014).

_v(i+D)-v(i)
Face = Mgt Hi+D)—t()

Av (2.10)
= Mgt At

= meﬁa

Where, AV is change in tram speed (m/s), At is change in time (s), my is effective
tram mass (kg) to be explained later, o is tram acceleration (m/s?) and F,. is
acceleration force (N).

When a tram accelerates, the total mass m (m=mtare+mload) is
accelerated linearly but the rotating parts such as motor rotors, gear sets, and wheel
sets are also accelerated rotationally. It is usual to express this rotational inertia effect
as an increase in tram mass expressed as a fraction of the tare weight of the train.
Thus, tram effective mass My is given as Mgy = AMyye + Mygag Where, 4 is a rotary
allowance, its value varies from 0.05 to 0.15 depending on the number of motored
axles, the gear ratio, and the type of car construction. It is magnified by the gear-ratio

squared (assuming motors are geared to rotate faster than the wheels, which is
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normally the case). If the exact value is unknown, 0.01 is a reasonable assumption
(Chymera and Goodman, 2014) and (Nicholson, 2014).
2.6.2 Acceleration force during motoring
As previously mentioned, during motoring, tractive effort force is
applied to accelerate a tram to the desired cruising speed. There are three scenarios
based on which tram acceleration force can be computed: -
i) speed profile (speed or acceleration at each iteration) is known,
i) speed profile is not known; therefore, it has to be generated by
providing proposed(requested) acceleration value and,
i) tractive effort is known, for example if the aim is to accelerate
with maximum tractive effort.
For these (the above) three scenarios, acceleration force is computed

as expressed in Equation (2.11).

Mg @ (1),  given requested acceleration o

& (i+1)- v(i)o
Face ()= 1 Mg g%tv(l)g given speed profile (2.11)
%)

Rt (1)- (Fcurv (i)+ Fpgr )+ Fyrad (i)), given tractive effort force

Where, F,. is acceleration force (N), my is tram effective mass (kg), a is requested
acceleration (m/s?), v is speed (m/s), Dt is change in time (s) from simulation step
index i to 1+ 1, R is tractive effort force (N), F,,, is curvature resistance force (N),
Firar is frictional drag force (N), Fy,q is gradient force (N), and i is simulation step
index number.
2.6.3 Tractive effort force during cruising

Generally, during cruising the objective is to maintain speed, therefore
acceleration force would be zero (F,, =0). That is, tractive effort force Ry is
expressed as in Equation (2.12) (Mwambeleko, 2015) and (Mwambeleko and

Kulworawanichpong, 2017).
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I:acc = I:trt _( I:curv + I:frdr + I:grad )
Letting F,,. =0 (2.12)

Fri = Fon *Foar + Fgrad

Where, F,. is acceleration force (kN), Fy, is tractive effort force (kN), F,, is curvature

curv
resistance force (kN), Fyq, is frictional drag force, and Fy,q is gradient force (kN).

However, due to route profile (uphill), maximum tractive effort
constraint, and maximum cruising power constraint, constant speed may not be
achieved. That is, Equation (2.12) may not hold.

The Equation (2.12) may also not hold on a downslope such that
Feurv + Firar + Fgrag <0 and a tram is allowed to accelerate, or when tram speed is
greater than cruising speed (V>Vcruise) due to a prior downslope. Consequently,

acceleration force F,,, may come into the scene and alter tram speed from the

intended cruising speed, as depicted in Figure 2.7.

Speed limit
_vm g PR N/ JEHY T

Speed

Scoast Sbrake Distance

Figure 2.7 Acceleration and speed limit during cruising.

It may also be necessary to apply brakes during cruising on a downhill
section with speed limit, or any other section with speed limit less than the cruising
speed. In programming implementation, this can be handled by changing operation
mode (not speed mode) from cruising mode to braking mode whenever brakes are

applied. That is, whenever tractive effort force R is less than zero (R, <0).
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2.6.4 Tram forces during coasting

During coasting tram tractive power is cut off. That is, tractive effort
force is set to zero K, =0. Thus, the tram moves using its own momentum (kinetic
energy) (Mwambeleko, Kulworawanichpong, and Greyson, 2015). Normally, coasting
takes place on a flat or a downhill route section. However, in a simulation, if the “tram
mover” algorithm (simulator) has no knowledge of the route profile ahead, coasting
may also take place on an uphill section.

Acceleration force during coasting is expressed in Equation (2.13). It is
clear from the Equation (2.13) that even if there is no tractive effort, if gradient force

is negative (down slope), a tram may accelerate (positive acceleration force).

Face = Firt — ( Fourv + Firar I:grad )
Offsetting F,, (Fy=0) (2.13)

Faee = _(Fcurv + Frgr + I:grad )

Where, F

ace is curvature

is acceleration force (kN), Ry, is tractive effort force (kN), F,p,
resistance force (kN), Fyq, is frictional drag force, and Fy,q is gradient force (kN).
Though rare, two abnormal scenarios may happen (need to be taken
care of) during coasting, namely, i) acceleration and ii) stalling.
i) Acceleration and speed limitation during coasting: -
Acceleration, and eventually overspeeding may occur due to
high and/or prolonged negative gradient (long section with steep downslope). Tram
maximum speed in this study is set to 70 kph, which is the vehicle maximum speed.

Therefore, during coasting on downhill sections, brakes may be applied to reinforce

speed limit as illustrated in Figure 2.8.
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Figure 2.8 Acceleration and speed limit during coasting.

It might be worth mentioning that, when brakes are applied, the braking
force appears as negative tractive effort —F.

Force balance and tractive effort (braking) force equation during

coasting with brakes applied to limit tram speed is expressed in Equation (2.14).

Face = Firt = ( Foury + Frrar + Fgrad )

Applying brakes to offset F,,, (F, =0) (2.14)
Ftrt = I:curv + I:frdr + I:grad
Where, F,. is acceleration force (kN), F, is tractive effort force (kN), F,, is curvature

resistance force (kN), Fyq, is frictional drag force, and Fy,q is gradient force (kN).
i) Stalling during coasting: -
Stalling may happen due to prolonged coasting on flat or uphill

sections, that is, sections where gradient is greater than or equal to zero (F,., >0).

grad
In this work, whenever tram speed is less than or equal to zero (V<0), away from
stopping station, then the tram is considered to have entered stalling mode, and the
simulation (trip) is aborted (considered invalid). It is essential therefore, during speed
profile generation, to make sure stalling during coasting is avoided. This is done by

choosing acceptable coasting points for every interstation section (coastingPoint(k) ).
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2.6.5 Tram forces during braking
During braking speed mode, brakes are applied such that a tram will
stop smoothly at a stopping station. That is tram speed decreases gradually. Force
equation during tram braking is similar to the force equation during acceleration with
braking force appearing as negative tractive effort. If speed profile is not known, one
technique to calculate braking acceleration is to use critical braking distance as

expressed in Equation (2.15) (Chymera and Goodman, 2014).

-V
a =
28brcr
(2.15)
Face = Mg
Fort = Face + Foury + Frrar I:grad

Where, « is acceleration (m/s?), v is speed (m/s) and, Sprer IS Critical braking distance
(m). That is, from speed v, tram speed has to decrease to zero after covering the
distance Sy, -
2.6.6 Tram power demand
Given tractive effort force and speed, tram power demand is calculated
as a sum of auxiliary power demand P, and tractive power demand R,; which is the
product of tractive effort force and speed as expressed in Equation (2.16) (Chymera

and Goodman, 2014) and (Mwambeleko, Hayasaka and Kulworawanichpong, 2020).
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F.v
trt ’ Ftrt > 0
Thrt
Pdm — Pax + (2.16)
Mirt I:trtV’ |:trt <0 and v> ngin
0 otherwise

Where, P, is tram power demand (kW), P, is tram auxiliary power demand (kW), F,,

is tractive effort force (kN), v is tram speed (m.s™), v, is minimum regenerative

braking speed, and 7, is traction system efficiency, it is a product of traction motor

driver (converter) efficiency 7,, gearbox efficiency 7, and traction motor efficiency

77m' That iS, ntrt - ﬂcﬂgnm .



CHAPTER IlI
TRAM SYSTEM MODEL

3.1 Introduction
This chapter presents tram systems models used in the study. The models
comprise four main components, namely i) supercapacitor bank model, ii) contact line
model, iii) tram movement model and, iv) power dispatch strategy, as presented in
Figure 3.1. It is worth noting that, for a conventional on-board supercapacitor
powered tram system, the contact line is just a charging bar (where a tram stops for

charging), whereas, for the proposed tram system, it is an accelerating contact line

(ACL).

Tram system model

Supercapacitor bank
model

Tram movement
model

Power dispatch strategy

Contact line model

Figure 3.1 Tram system model
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3.2 Capacitor bank model

A capacitor bank is a series-parallel combination of capacitor modules as
explained in chapter Il. Therefore, in this study a capacitor bank (CapBank) class is a
subclass of a capacitor module (CapModule) class. A capacitor bank is modeled as a
voltage source in series with a constant internal resistance as shown in Figure 3.2
(Cheng, Wang, Wei, Lin, and Jia, 2018). It’s open-circuit voltage is a function of its state

of energy as explained in chapter |l

<
o
o
o

Figure 3.2 Capacitor bank circuit model

3.2.1 Capacitor module constructor
The CapModule constructor can take one to three inputs, which are i)
capacitor module data, ii) capacitor module SOE (optional), and iii) a boolean value
“setForSim” (optional), i.e., set the object for simulation. Capacitor module data are
obtained from manufacturer’s datasheet. A Maxwell 125V, 63F supercapacitor module
was used in the study (Maxwell Technologies, 2021).
If capacitor module SOE is given, initial capacitor module voltage v;g‘“a'

is computed using Equation (3.1) (Wang, Guo, Xu, Wu, and Lin, 2019).
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2
V
Pep = [VC?;) j = Vero :Vclf)c \ Peo

cb

initial __
Vcb - Vcbo

Where, 4, Vepo, Ve, and V4" are capacitor bank’s SOE, no-load (open-circuit)
voltage (V), full-charge voltage (V), and initial voltage (V), respectively
If “setForSim” is given as true, storage for power (“powerArray”), current
(“currentArray”), SOE (“soeArray”) and voltage (“voltageArray”) will be initiated.
3.2.2 Charge-discharge method
A capacitor module (CapModule) class has a chargeDischarge method,
which needs one input, power at capacitor bank terminals. Briefly, the method does

the following: -

a) checks if the given power is not beyond maximum power
capability,

b) computes current using instance voltage value,

) checks if the computed current is not beyond maximum current
capability,

d) computes change in stored energy using power, current, and

internal resistance,

e) computes the next SoE, and checks if it ranges from 0 to 1,
inclusively,
f) updates array variables, i.e., powerArray, currentArray, soeArray,

and voltageArray, and
g) updates state variables, i.e., soe and voltage
Key expressions/equations encapsulated in the chargeDischarge
method of the CapModule class are expressed in Equation (3.2) (Wang, Yang, and Li,
2018), (Cheng, Wang, Wei, Lin, and Jia, 2018) and (Wang, Guo, Xu, Wu, and Lin, 2019)
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1()=P@)/V(i-1)

ae=(P()+(1(0)) 1) Atr,,

P (D) = By (i —1)— 28 52)
ch

Vcbo (I) =ch)c\/ﬂcb (I)

Ve (i) =Vepo (i) -1 (i)rcb

Where, | is current (A), P is power (W), V is voltage (V), Ae is change in energy (Watt-
hour), r, is internal resistance (Ohms), At is simulation time step (sec), 7, is a factor
used to convert seconds into hours, Y, is energy storage capacity (Watt-hour), Vg, is
open-circuit voltage, and V, is terminal voltage (V).

The value for simulation time step At was set to 0.5. Through trials, it
was found to suffice. The smaller the value, the more accurate is the model, and the
more computational expensive it is.

3.2.3 Capacitor bank constructor

A capacitor bank object is instantiated with four inputs, i) capacitor

module data, i) number of (capacitor) modules in series nms (N ), iii) number of

parallel strings nps Ny, and iv) simulation data simData, which is a structure. The

DS »
simData contains three fields, i) SOE (i.e., initial SOE), ii) capacitor bank converter
minimum voltage limit, and iii) capacitor bank converter maximum voltage limit.

In the CapBank constructor, the first statement is a call to CapModule
constructor, passing to it capacitor module data, initial SOE, and true (setForSim). Then
values for properties inherited from CapModule class such as capacitance, full charge
voltage, initial voltage, internal resistance, energy storage capacity, and mass are
modified/computed accordingly.

3.2.4 Capacitor bank other methods
Other CapBank class methods include: -
a) updateState, which checks for voltage limits and then calls

chargeDischarge method of the CapModule class. The input to the

method is power at capacitor bank terminals,
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b) getPowerToFullCharge, which computes power to fully charge the
capacitor bank. The input to the method is time. That is, time to
fully charge the capacitor bank, and

c) guiCapBankSimData, which displays capacitor bank and capacitor
module simulation data in a GUI.

For more information on the capacitor bank model see the appendices

section.

3.3  Sizing capacitor bank
A capacitor bank has to meet (be able to deliver) the required energy for a
tram to move from one station (charging point) to the next without violating its

minimum voltage limit constraint VM. As previously mentioned, capacitor bank

min
cb

minimum voltage limit constraint dictates capacitor bank minimum SOE constrain g
Given a capacitor bank with enough (needed) energy storage capacity YCb,
capacitor bank current (power) capability is normally not a threat to supercapacitors
since they have high power density. However, should power demanded from a
capacitor bank exceed what a capacitor bank can deliver, then tram tractive effort is
reduced.
3.3.1 Capacitor bank energy target

A capacitor bank is sized targeting capacitor bank energy target E,, as

expressed in Equation (3.3).

Eeo ()= Eew (i-)+ Tsh Pep (At
(3.3)

Eeptg =1-25max (Eg (i1,)), Vi, k

chtg
Where, E, 4, is energy demanded from a capacitor bank, i is simulation step counter
(index), k is interstation section counter (index), zg, is a constant used to convert
seconds to hours, At is simulation time step (s), P, is power from capacitor bank (kW),
which is obtained from power dispatcher, explained later in the chapter. A factor of
1.25 is added to the equation to account for losses in capacitor bank due to internal

resistance.
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In Equation (3.3), it is important to notice that capacitor bank energy

target E is a function of energy from a capacitor bank at each iteration for all

cbtg
interstation sections and not net energy from a capacitor bank for each interstation
section. This avoids (what could have been wrong) the reduction in capacitor bank
energy target due to regenerative braking.

The capacitor bank energy target E,,, is determined by simulating a

chig
tram movement down to just a level of power dispatcher. That is, down to only a
level of power from contact line P, and power from capacitor bank P, without
calculating currents, voltages, and capacitor bank SOE. Power dispatcher and tram
movement simulator are explained later in this chapter.

3.3.2 Energy target to capacitor bank size

Knowing capacitor bank energy target E procedure to size capacitor

chtg -
bank is as follows: -

i) Start with one array of capacitors connected in series (n, =1)
such that capacitor bank voltage is just above the minimum
voltage limit,

i) Keep increasing number of parallel strings (N =2,3,...) until
capacitor bank size meets energy target,

i) Record number of capacitor modules in series n number of

cms 7

parallel strings n., and total number of capacitor modules

DS

N = ncmsnps

iv)  Reset number of parallel strings to 1-(n, =1),

v)  Add one capacitor module in series,

vi)  While capacitor bank voltage is less than maximum voltage limit,
go to step ii) else go to step vii),

vii)  Take the option with minimum number of capacitor modules.

Capacitor bank sizing algorithm is presented in Table 3.1. It is an

exhaustive search algorithm.
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Table 3.1 Capacitor bank sizing algorithm

Load capacitor module data
Load capacitor bank energy target E

Load system (converter capacitor bank input) maximum voltage Vnﬂg;iﬁonv
Load system (converter capacitor bank input) minimum voltage Vn']?,;fi’onv
H H max H max _ series in_cb
Calculate capacitor bank maximum voltage V™ = min (Vg&-*"*, Vi )
H H min in_cb
Let capacitor bank minimumvoltage V™ =V ",
Calculate minimum number of capacitor modules in series n;.
) V min
min __ HEB b
Ngns = Ceiling \/CfC

cm

Initiate n,,, as minimum n (ncmS = n:,}i;‘)
Calculate capaciotr bank full charge voltage V. =V_°n_
Calculate energy available in capacitor bank E_,

Ecbav = Ecb (chc ) - Ecb (Vcrt?m )

Set iteration counter j to zero ( j =0).Comment : MATLAB indexing starts from 1

whilel V7 +V,» <Vg®and Ey,, <Eg,
Increment |
Set(reset) number of parallel stringsto 1(n,, =1)
Increment number of capacitor modules in series (n ., = Ny, +1)

fc
CalculateV,;’, E,,.,

while2 E,, <Eg,
Increment n
Calculate E
end while2

chav

Calculate number of capacitor modules n,,, (j) =N, (1) n( )

store .o (§),N (1), N (1)
end whilel

Get optimal number of capaciotr modules n3™" = min(n, (j)), Vi

optimal

Getn,, and n, associated with ng
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In this study, nominal system voltage is taken as 750 V DC, and system
(capacitor bank DC-DC converter) voltage window is taken as 100% to 70% of the full
charge voltage. Therefore, minimum capacitor bank SOE is 50%. Thus, the converter
for a cap_Tram may be different from that of a cap ACL Tram.

3.3.3 Capacitor bank mass question/effect

As aforementioned, capacitor bank energy target is obtained by
simulating tram movement down to just power dispatcher. The challenge/question is,
what will be total tram weight (not knowing capacitor bank weight)? Estimating
capacitor bank weight may not be a good idea. If it is overestimated, it may increase
tram tractive energy consumption which in turn may require addition of several
capacitors.

When a capacitor bank is not just one string (which is normally the case),
but several parallel strings, addition to capacitor bank size (due to increased weight) is
not just adding a single capacitor module, but several of them. That is, adding a
capacitor module to every string, or adding a new string of capacitor modules.

To address this challenge (the challenge explained above), the initial
capacitor bank weight is set to zero. That is, initially, tram weight does not include

capacitor bank weight. The process to find capacitor bank energy target E,, becomes

chtg

an iterative process as shown in Figure 3.3 That is, if the capacitor bank energy target

E. results to a capacitor bank size that does not satisfy minimum capacitor bank

chtg

voltage (or state of energy), mass of the obtained(sized) capacitor bank is added to

tram mass, and the process is repeated.
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(Run tramove_Power_Dispatcher)

\ 4
Find capacitor bank energy target Ecpg

\ 4
Size capacitor bank

Test : Simulate Tram movement with capacitor bank
(Run tramove_Test_capBank)

Does capacitor bank violates YES

Add capacitor bank
mass to tram mass

A

minimum SoC (or voltage) limit ?

Figure 3.3 Flowchart of an iterative process to find capacitor bank energy target.

3.4 Contact line model

Contact line supply system comprises a substation (stepdown transformer,

diode rectifier, and unidirectional converter), feeder line, and return rails (running rails

are used as return rails). It is modelled as a constant voltage source in series with a

constant resistance (substation resistance) and varying resistances (contact line

resistance and running rails resistance) as shown in Figure 3.4 (Xiao, Sun, Wang, Zhu,

and Feng, 2018).
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Figure 3.4 Contact line model

A contact line means an ACL for the proposed cap-ACL-Tram system and, a
charging bar for a conventional supercapacitor tram (cap-Tram) system. Since there is
a substation at every stopping station, in case of the cap-ACL-Tram system, tram
distance from a previous stopping station is considered the same to tram distance from
a feeding substation.

3.4.1 Contact line constructor

A contact line class has default properties’ values. Thus, a contact line
constructor can take zero to four inputs which are: - i) contact line data, if it is empty
default values are used, ii) contact line length, iii) contact line clearance, and iv) a
boolean value “setForSim” (optional).

If “setForSim” is given as true, storage for power (“powerArray”), current
(“currentArray”), and voltage (“voltageArray™) will be initiated.

3.4.2 Update state method

One of the methods of the contact line (Line) class is updateState
method, which needs two inputs, power demand and distance from substation
(position where power is demanded). Briefly, the method does the following: -

a)  computes current using instance voltage value,

b)  computes line resistance to the point of contact, and

c)  computes voltage at a point where power is demanded (point of

contact between tram current collector and the line).
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Equations encapsulated in the updateState method are expressed in

Equation (3.4) (Xiao, Sun, Wang, Zhu, and Feng, 2018).

ICI (I) = VCIID%II (1)1)

. . 3.4
Mel (') =Tsp+ TeiSso (') (3.4)

VcI (') = Vsbo - IcI (i)rmcl (')

Where, |, is contact line current (A), R,

1 is contact line power (W) at point of contact

with tram current collector, V, is contact line voltage at point of contact with tram

current collector, V,, is contact line (substation) no-load voltage (V), .

s 1S substation

resistance (Q), I, is contact line resistance per meter (2.m™), and sy, is tram distance
from a feeding substation (m).
For more information on contact line model the read is referred to the

appendices section.

3.5 Contact line length

The length of an ACL for a given interstation section depends on the distance
(from a stopping station) a tram covers to reach desired (cruising) speed, as illustrated
in Figure 3.5 In the study, cruising speed was set to 50 kph, resulting to the ACL length

of 150 m (approximately) of which 6 m is the total clearance, for all sections.
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Accelerating contact line

1/

apocf comecos

Station j Station j+1
A ..

J; s Cruising speed (Veruise)

‘«n

£

°

[¢b]

s

(7]

7 T Distance [m] :

Clearance (lp) Clearance (lp)
Accelerating contact line length (1,,(K))

a)

Speed profile data for Function to calculate I,

section k V=V (K)
= DL e ST vat e

v=0

b)

Figure 3.5 Accelerating contact line length, a) description b) computing function

3.6 Tram movement model

A tram is modeled as a point mass (a typical tram is not very long), and tram
motion is modeled using effect-cause approach. A summary of a general tram move

algorithm is given in Table 3.2.
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Table 3.2 Tram movement algorithm

Tram move algorithm

Load tram simulation data

Load route data

Load capacitor bank simulation data
Load contact line data

Initiate simulation results storage (interstation storage and trip storage)

start for _loop :interstation index = starting index to stopping index
start while _loop : distance to next stop >0
Determine speed mode
Compute tractive effort force F, and acceleration
If F, isoutside of boundary
set F,, to boundary value
recalculate acceleration
end_if
Compute tractive power demand
Dispatch power
Update capacitor bank state (call capacitor bank model)
Update contact line state (call contact line model)
Update tram position
Store interstation results
end while _loop

Enter dwell mode

end for _loop

3.6.1 Tram speed modes
A tram has five speed modes namely i) accelerating speed mode, ii)
cruising speed mode, iii) coasting speed mode, iv) braking speed mode, and v) dwelling
speed mode. For programming purpose, these speed modes have enumerated integer

values ranging from 1 to 5 as shown in Figure 3.6 and expressed in Equation (3.5).
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Veruise

Speed (km/h)

Dista'nce(s)

Figure 3.6 Tram speed modes.

1, V < Vipise (k) and Sy (k) < Sepgst (K)
2' Strs (k) < Sgoast (k)
Vinode = 3, Scoast (K) < Strs (k) < Sprake (k) (3.5)
4, Sprake (K) < Sty (k) < Sgpn (K)
5, Otherwise

Where, Vi 1S Cruising speed (set to 50 kph in this study, VK), K is an integer
representing an interstation section, its value ranges from 1 to ng, —1, where ng, is
total number of stations in a given route, s, is distance travelled from a previous

station, Sy, IS coasting point (a distance after which tram speed mode should change

coas
to coasting), Sy 15 braking point (a distance after which tram speed mode should
change to braking), and s, is an interstation distance (distance between two adjacent
stations).

Tram speed modes as defined in Equation (3.5) and explained in
Chapter Il (2.3 Tram motion), and tram tractive effort curves as shown in Figure 3.7
(reproduced here just for convenience) also shown in Chapter Il (2.3 Tram motion) are

the ones used to generate speed profiles used in the study (see Chapter IV, section

4.2: Route and speed profile details).
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Figure 3.7 Tram tractive effort, braking effort, and running resistance curves.

There is a distinction between tram speed mode and tram operation
mode. For example, brakes may be applied during cruising speed mode or coasting
speed mode (to reinforce speed limit). The application of brakes is tram operation
mode, it does not change tram speed mode from cruising speed mode or coasting
speed mode to braking speed mode. Tram speed modes are exactly as defined in
Equation (3.5).

3.6.2 Speed profile generation

As mentioned in Chapter | (Section 1.7 Scope and limitation of the
study) detailed speed profile generation is out of scope of the study. However, it is
important (for a cap-ACL-Tram system) that, the tram accelerates with high
acceleration when it is on ACL section (power mode ACL) so that it reaches the desired
(cruising) speed within a short (available) ACL. Briefly, speed profile is generated as
follows: -

i) Speed profile generation, acceleration speed mode (v, =1)

mode

In acceleration speed mode V. =1 a tram accelerates using
allowable maximum tractive effort. Therefore, tram acceleration « and consequently
speed v, are determined as expressed in Equation (3.6) (Chymera and Goodman,

2014), (Nicholson, 2014), and Mwambeleko, Kulworawanichpong, and Greyson, 2015).
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Ftptwax’ Vs Vbase
Fiet (1)
tramTractiveEffortFunction(v(i)), otherwise
Fae) = Fn() - (Fcurv(i) + Foar () + Fgrad(i)) (3.6)
ali) = Fﬁ]c:ﬁ(i)
V(i+l) = V(i) + a(iat

Where, Ry, is tractive effort force (N), Fi™ is maximum tractive effort (N), v is speed

(M/s), Ve is base speed (m/s), F,, is acceleration force (N), F,,, is curvature

cc
resistance force (N), Fgq, is frictional drag force (N), Fy,q is gradient force (N), a is
acceleration (m/s?), my is tram effective mass (kg), Dt is change in time (s) from
simulation step index i to 1+ 1, and i is simulation step index number.

As previously mentioned, the allowable maximum tractive effort is a
function of tram speed as shown in Figure 3.7 For more details about Equation (3.6)
refer to Chapter Il (Section 2.6: Tram motion).

i) Speed profile generation, cruising speed mode (V,,4e = 2)

In cruising speed mode (v, = 2), the objective is to balance

mode
tractive effort with the motion opposing forces so as to maintain speed (to set
acceleration force F,, to zero). However, speed may not be maintained for reasons
explained in Chapter Il (Section 2.6: Tram motion). If no constrain is violated, tram
acceleration « and consequently speed v are determined as expressed in Equation

(3.7).

Foc) = 0
R = (Faun® + Frr@) + Fypag(0) .
a) = 0 '

V(i+1) = V() + a(i)at
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Where, F

ace Is curvature

is acceleration force (N), Ry, is tractive effort force (N), , F,,,,
resistance force (N), Fgyq, is frictional drag force (N), Fy,q is gradient force (N), a is
acceleration (m/s?), v is speed (m/s), Dt is change in time (s) from simulation step
index i to i+1,and i is simulation step index number.

If tram tractive effort force Fy, is violated, then acceleration « and speed v

are determined using Equation (3.6). If capacitor bank power P,

b Or current Iy is

violated, the corresponding is fixed to its maximum limit, and a backward process is
done to recalculate (reduce) tractive effort K, .
i) Speed profile generation, coasting speed mode
In coasting speed mode V.4 =3, tractive effort is set to zero,
and tram speed is expected to be decreasing gradually, as explained in Chapter II.

Again, the same Equation (3.6) is used to generate speed profile. Coasting point
S
distance per unit, that is, COaSt(% is a random number between 0.5 and 0.6.
stn(k)

Through several trials the range was found to suffice.
iv) Speed profile generation, braking speed mode
In braking speed mode V.4 =4, critical braking distance is used
to determined braking acceleration (deceleration), and then braking effort is calculated
as expressed in Equation (3.8). If calculated braking effort is greater than allowable
maximum braking effort, the braking effort will be set to maximum, and deceleration

(negative acceleration) will be re-calculated (Chymera and Goodman, 2014)..

. —v2
%) = 350 K~ Sus ()
Face () = (M+ AMyye ) (i)

I:trt (i)= I:acc (i) +(Fcurv(i) + I:frdr (i) + I:grad ('))

V(i+1) = V(i) +a(i)At

Where, a is acceleration (m/s?), v is tram speed (m/s), s, is interstation distance (m),

K is interstation section index number, s, is interstation travelled distance (m) F,.
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is acceleration force (N), m is tram total mass (kg), 4 is a unitless rotary allowance,

Mre IS tram tare mass (kg), Ry, is tractive effort force (N),, is curvature resistance

I:CUI’V
force (N), Fgr is frictional drag force (N), Fy,q is gradient force (N), Dt is change in
time (s) from simulation step index i to i1+ 1, and i is simulation step index number.
For more details about Equation (3.8), the reader is referred to Chapter
Il (Section 2.6: Tram motion)
Since it is not known beforehand (although it could have been set) at

what speed will the tram start braking, braking point distance per unit, that is,
S
brake(V is a random number varying between 0.8 and 0.9. Through several trials
stn(k)

the range was found to suffice.

V) Peek view of a speed profile example

A peek view of a speed profile example is shown in Table 3.3, the
header line starts with a % symbol because the same data is saved in text file (.txt
format), and it is from the text file where the data will be later retrieved, the % symbol
is used for a line comment in MATLAB language, hence it is used so as to ignored the
header line when the file contents are (read) retrieved starting from the very top.

The speed profile was generated using tractive effort curves shown in
Figure 3.7 It is shown in Table 3.3 that the tram accelerates with the maximum
allowable tractive effort, as the tram approaches cruising speed (13.3 m/s (approx. 48
kph)) the maximum allowable tractive effort is about 30.5 kN, see line 39 of Table 3.3.
The value of the tractive effort (at 48 kph) can be roughly confirmed from the tractive
effort curves in Figure 3.7 Interestingly (as aforementioned), in cruising mode, when
speed is maintained at approx. 48 kph, tractive effort needed is just to counterbalance
motion opposing forces, the tractive effort drops dramatically to only about 3.2 kN,

see line 40 to line 44 of Table 3.3
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Table 3.3 A peek view of tram speed profile

1

2 2o time[sec] s [m] v [m's] F_ it [KIV]
2 | 0 0.0 0.0 O OO0
4 | 0.5 0.1 0.5 GO0 _ OO0
5 | 1 L oo GO0 _OHO0D
B | 1.5 1.0 1.4 GO OO0
7 2 1.8 1.8 GO OO
8 | 2.5 2.9 2.3 SO OO0
= 3 4.1 2.8 S0 OO0
10 | 3.5 5.6 3.2 SO0 0000
11 | 4 T3 3.7 GO0 _ OO0
12 | 4.5 9.3 4.1 GO0 _OHO0D
13 | 5 11.5 4.6 GO OO0
14 | 5.5 13 9 5.0 GO OO
15 | &5 16.5 5.5 SO OO0
16 6.5 193 5.9 S0 OO0
17 7 224 6.4 SO0 0000
18 | 7.5 257 6_8 GO0 _ OO0
19 | 3 29.3 7.3 GO0 _OHO0D
20 | 8.5 33.0 7.7 570590
21 | o 37.0 81 53_8906
22 | 9.5 41.2 8.5 51.2143
23 | 10 455 29 4359140
24 | 10.5 500 9.2 46.9088
25 | 11 54 7 9.6 45 1405
26 | 11.5 596 o9 43 56357
27 12 64 6 102 421515
28 | 125 69 8§ 10.5 408724
29 | 13 5.1 10.8 39_ 7083
30 | 13.5 20.6 11.1 350428
31 | 14 86.2 11.3 37.6629
32 | 14 5 i 11.6 367577
33 | 15 o7 8 11 .9 35 9182
34 | 155 1038 121 35,1370
35 | 16 109 9 12 4 34 4076
36 | 16.5 116.1 126 337246
a7 17 HEATA &, 128 327771
38 | 17.5 129.0 13.0 31.5980
39 | 18 1355 13 3 305265
40 | 18.5 142 2 13 3 3 2370
41 | 19 1488 13.3 32370
42 | 19.5 155 4 13.3 32370
43 | 20 162.1 13.3 32370
A4 20.5 168.7 13.3 3 2370

3.6.3 Tram power and energy demand

General tram power flow diagram is shown in
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Figure 3.8Figure 3.8 It consists of two main parts, i) power supply
section which is on-board supercapacitor bank and contact line, and load section
which is tram auxiliary load and tractive load. This illustrates that, when supercapacitor
bank is being charged (for example during dwell time) power to charge the
supercapacitor bank is not considered as tram power demand (Mwambeleko,

Hayasaka and Kulworawanichpong, 2020)

.
: p : Power flow
| o directions
|
I \ P e NN
|
: ! : Ptr :
I Lo I
| ; T |
| o Pax |
I : I I
I = | W Q = I
! Nc | ! L 1 1 !
= = = |
= | 1= = g=
i 1 Ma | /2 |APul i i
| - |
| ) by L y—--——- —  Mr |
|
: \ :
I Pcb : I I
:  § g |
I _ : I 3~ I
: _ 4 : | Auxiliary loads Traction motor !
[
| o |
| Super capacitor bank | | :
______________ i) | A A e R A Y @— e — o
Power supply Power demand (load)

Figure 3.8 Tram general power flow diagram.
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Tram power demand is computed following diagram shown in Figure

3.9, using bottom-up (effect-cause) approach.

Pdm r Pax Ptr r
1 =
= = 1’|C
MNa _ |APU| 3~
I

(@) M

o

Auxiliary loads Traction motor

Figure 3.9 Tram power demand diagram.

Given acceptable tractive effort force F,,, tram tractive power demand
is computed using Equation (3.9) (Mwambeleko, Hayasaka and Kulworawanichpong,

2020) and (Chymera and Goodman, 2014).

P (V) (i) >0
Tt
Py (i) =1 Ryt (V) e Rt (1) < 0 and V(i) > Vi (3.9)
0 otherwise

Where, B, is tram traction power demand (kW), F,, is tractive effort force (kN), v is

tram speed (M/s), V., iS mMinimum regenerative braking speed, and 7,, is traction

gmin

system efficiency, it is a product of traction motor driver (converter) efficiency 7.,

gearbox efficiency 7, and traction motor efficiency #,,. That'is, 7y, = 7.7, -
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Tram total power demand P, is thus a sum of tram auxiliary power
demand P, and traction power demand P, as expressed in Equation (3.10)

(Mwambeleko, Hayasaka and Kulworawanichpong, 2020).

P () =P, +P, (i) (3.10)

Where, P, is total tram power demand (kW), P,, is auxiliary (average) power demand
(kw), B, is tram traction power demand (kW), and i is simulation index number
(counter)

Net energy consumption between consecutive stations Eg, is

computed using Equation (3.11) (Mwambeleko, Hayasaka and Kulworawanichpong,

2020) and (Chymera and Goodman, 2014).

t=Tgy (k)
E,. (k) =1, P, At (3.11)

m
t=0

Where, Eg, is net energy consumption between consecutive stations (kWh), T, is
interstation travel time (s), At is simulation time step, and 7, is a constant used to
convert energy from watt-second to watt-hour.

Total energy consumption on a route section K is a sum of tram’s net
energy consumption between consecutive stations and energy consumption during
dwell time t,, (s). It is computed using Equation (3.12). Dwell time in this study is 30
seconds (Mwambeleko, Hayasaka and Kulworawanichpong, 2020) and (Chymera and

Goodman, 2014).

t=tgy

Egng (K) =Eqn (k) + 7 Z PaAl (3.12)

t=0

Where, E, is a sum of energy consumption between consecutive stations and energy
consumption during dwell (kWh), E, is net energy consumption between consecutive

stations (kwh), and P,, is auxiliary (average) power demand (kW).
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3.7 Power dispatcher

In this study, a contact line is assumed to be fed by a diode rectifier,
unidirectional converter, substation. Thus, energy (such as regenerative braking energy)
cannot be sent back to the substation. Moreover, when a tram is braking (to stop at a
station), it will not be on a section that has a contact line. Therefore, regenerative
energy is stored in the OBESD (the capacitor bank in this case) of the same tram. If
regenerative energy/power is more than what the capacitor bank can take, the extra is
wasted as heat in the braking resistor bank.

Power dispatcher is used to dispatch tram power demand P, to capacitor
bank and contact line, given tram position from supplying substation s, , and

accelerating contact line length on a given section L (k) as shown in Figure 3.10.

¢Lacl(k)

acl

Pcl(i)

— > P SRREUN
Pdm(i) { ﬁ )
\

Pdm
Ssb(i) ’ -
= _"_ ‘ Pcb(i)’
Pch

Figure 3.10 Power dispatcher inputs and outputs

A power dispatcher used in this study operates in three modes, namely i) power
mode dwell (PM-Dwell), i) power mode ACL (PM-ACL) and, iii) power mode

autonomous (PM-Autonomous) as shown in Figure 3.11 and summarized in Table 3.4.
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PM Autonomous
Moving.

Accelerating.

PM-Dweell:
Drawing power from ACL.

Dwelling.
Charging capacitor bank.

Drawing power from OCB.

a) Power modes for a cap-ACL-Tram system

Bl oomlieoes)

PM- Autonomous
Moving.
Drawing power from OCB.

PM-Dwell:
Dwelling.
Charging capacitor bank.

b) Power modes for a cap-Tram system

Figure 3.11 Power dispatcher modes a) cap-ACL-Tram system b) cap-Tram system
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Table 3.4 Power dispatcher modes summary

Power mode Description

A tram is dwelling (stopped at a station, passengers are
PM-Dwell boarding and deboarding). Power from contact line is used to

charge on-board capacitor bank and supply tram auxiliary load.

A tram is leaving its current station (accelerating to the next
PM-ACL station) drawing power from accelerating contact line (ACL).

Capacitor bank is neither charged nor discharged.

A tram does not have access to ACL power, it draws all its
PM-Autonomous
power demand from the on-board capacitor bank.

3.7.1 Power mode dwell
In power mode dwell (PM-Dwell), a tram is dwelling (stopped at a
station, for passengers to deboard and board). Power from contact line is used to

charge on-board capacitor bank and supply tram auxiliary load as shown in Figure 3.12.

Contact line
Pel
r

[ |

| I

: P |
ax

l = 4 !

: MNc :

| =

!  —— :
= = |

i #  Po Ma | / |APU| |

| T | :

| I

! I

! I

| —— |

! I

! | I

I | I

| Capacitor bank Auxiliary loads !

! I

Figure 3.12 Power flow in PM-Dwell
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The capacitor bank is charged at a constant power P,, which is a
function of its state of charge (SoC) when a tram arrives at a station B3, its energy
storage capacity Y, and dwell time t,, . The objective is to avoid unnecessary high
charging current, but rather utilize the entire dwell time to full charge the capacitor

bank (or charge the capacitor bank such that it has enough energy to get to the next
t=tyy

station). That is P, , is such that ZPcht =Yg (1—,33,”)Th5. Power equation during PM-
t=0

Dwell is expressed in Equation (3.13).

~1.257, (1~ B3 )Y,
h: b ) b , :Bcb <1
Po = au
0, Otherwise (3.13)
PcI = & + Pax
Ne

Where, P, is tram auxiliary power demand (kW), P, is power at capacitor bank
terminal (injected power in this case) (kW), P, is power at a point of contact between
tram power collector and contact line (kW), n, is converter efficiency (a converter
linking contact line and capacitor bank in this case), t,,is dwell time (s), B%" is
capacitor bank SoC as the tram arrives at a station (a unitless parameter ranging from
0 to 1), Y, is capacitor bank storage capacity (kWh), and 7, is a constant used to
convert hour to seconds, its value is 3600.

A factor of 1.25 is added in Equation (3.13) to account for energy loss
due to capacitor bank internal resistance, and the negative sign implies energy is
injected into a capacitor bank.

3.7.2 Power mode ACL

Power mode ACL (PM-ACL) is only applicable for a supercapacitor and
ACL hybrid tram (cap-ACL-Tram) system. In PM-ACL a tram is leaving its current station,
it is accelerating going to the next station, drawing power from ACL (a tram is within

ACL section).
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It is not necessary to charge capacitor bank during acceleration, since
supercapacitors can be charged very fast, normally dwell time is more than enough to
fully charge a supercapacitor bank. Therefore, in PM-ACL, capacitor bank is
disconnected, it is neither charged nor discharged for i) simplicity, and ii) not to

overload ACL. Power flow in PM-ACL is shown in Figure 3.13.

Contact line
Pel
N
| |
| |
Pax |
: Ptr r |
| |
| |
| | |
: N =Ny |
| - = c |
! MNa " [|APU 3~ !
| |_ i :
|
|
| @ Mo !
|
: nm.
| |
' :
: Auxiliary loads Traction motor !
|

Figure 3.13 Power flow in PM-ACL (applicable only for a cap-ACL-Tram)

Capacitor bank and ACL power equation for a cap-ACL-Tram during PM2

is expressed in Equation (3.13).

C

P (I)— Pax+ptr(i), Pax"'Ptr(I) >0 (3.14)
0, Otherwise

Where, P, is power at capacitor bank terminal (kW), P, is power at a point of contact
between tram power collector and contact line (kW), P, is tram auxiliary power

demand, and P, is tram tractive power demand (kW).
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Power mode ACL (PM-ACL) corresponds to speed mode 1 (Vo4 =1).
Brakes are never applied in PM-ACL, if speed reaches cruising speed, then speed mode
will change and so will power mode. That is why capacitor bank power is zero
(constant) P, =0.
3.7.3 Power mode autonomous
In power mode autonomous (PM-Autonomous), a tram is moving
powered solely by on-board supercapacitor bank (it has no access to ACL) as shown

in Figure 3.14, power from contact line is zero.

! I
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! Pax Ptr :

= | 7 !
Nc [ |
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: 2 = TIC :
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! — I

I ] i I

i @ Mg |

! I

= | @ Nm !
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Capacitor bank | Auxiliary loads Traction motor |
! I

Figure 3.14 Powers flows in PM-Autonomous.

Capacitor bank and ACL power equation during PM-Autonomous is

expressed in Equation (3.13).

PCl == O
=il Pt Ry()20
i i (3.15)
I:)(:b (I) =
(Py + P ()7, Otherwise

Where, P, is power at a point of contact between tram power collector and contact

line (kw), P

Cl

, IS power at capacitor bank terminal (kW), P, is tram auxiliary power
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demand (kW), B, is tram tractive power demand (kW), and 7, is a general voltage

converter efficiency (a converter linking contact line and capacitor bank)



CHAPTER IV
SIMULATION RESULTS AND DISCUSSION

4.1 Introduction
A tram that is powered solely by supercapacitors is also known as a cap-Tram,

and the proposed tram system (a supercapacitor — ACL hybrid tram) is also known as
cap-ACL-Tram. For both tram systems (cap-Tram system and cap-ACL-Tram system),
performance evaluation was done using simulation. The simulation was implemented
using MATLAB M-files. In this chapter, the following are presented: -

i. data used in tram movement simulation and evaluation (that is, the

tram systems, route, and speed profile),
ii.  simulation results for both tram systems, and
ii.  discussion on-board capacitor bank reduction, effect of gradient, and

significance of the ACLs.

4.2 Route and speed profile

As previously mentioned, the on-board capacitor bank is fully charged at every
stopping station. Thus, total route distance is insignificant, but route interstation
sections are. That is, as long as a tram can travel from one station to the next for all
interstation sections, it can theoretically, complete any route distance. A route can
therefore be abstracted by just a single interstation section that has the highest energy
(power) demand. It can be recalled that, since supercapacitors have high power
density, maximum power demand is normally not a problem given a capacitor bank
that meets energy demand. For this reason, an imaginary route shown in Figure 4.1 is
carefully chosen to be used in the study. The route is 12 km long with nine (9) stopping
stations. As presented in Table 4.1 each interstation section has elevation trajectory

that is of interest for the study.
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Figure 4.1 Tram route used in the study a) route profile, b) gradient.

Table 4.1 Route sections’ elevation trajectory of interest for the study

Section Elevation trajectory

S1-52 Fairly flat

S2-S3 Fairly flat and down slope

S3 -S54 A short uphill, then long downhill

S4 - S6 Rough sections, up and down slopes.

S6 - S7 A long uphill, then short downhill (mirroring section S3 - S4)
S7-S8 A long fairly flat, then uphill (mirroring section S2 - S3)

S8 - S9 Fairly flat (mirroring section S1 - S2)

The source (originality) of the route shown in Figure 4.1 is a non-electrified

Karasuyama line in Japan. It has been modified to fit the purpose of this study (Shiraki,

Tokito, and Yokozutsumi, 2015).

As previously mentioned, total route distance is insignificant, but interstation

distance is. The route shown in Figure 4.1 Figure 4.1 could be represented by only a

single section (S6 — S7, in this case), in a sense, the route’s eight (8) sections represent
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eight (8) routes where each section is the highest energy demand in the respective
route. For the comparison purpose, both trams used similar speed profiles as shown

in Figure 4.2 The speed profiles are generated as explained in chapter |l

60

cap-Tram cap-ACL-Tram
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Figure 4.2 Trams’ speed profile used in the study.

4.3 Results for a cap-Tram

Inputs of the cap-Tram as echoed back by the simulator are shown in Figure

4.3 and Figure 4.4 respectively.



Maxwell_125V63F140Wh_SCM

108 Modules 12 Parallel strings 9 Modules in seiries
Paramenter ‘ Value | Value
o SCM | SCB
Capacitance (F) 63.0 84.0
Rated voltage (V) 125 1125
Capacity (kWh) 0.14 14.77
Max. Continous current (A) 1900 22800
Max. Series voltage (V) 1500 1500
ESR (mohm) 18 13
Weight (kg) 634 68472

Initial values

Parameter Value | Value
7 I SCM | SCB
State of Charge (%) 100 100
Voltage (V) 125 1125
Energy stored (kWh) 0.1367 1477

Figure 4.3 Capacitor bank echoed input for a cap-Tram
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s
!
i

Attribute Value Unit
Maximum speed 70.0 km/h
Passengers (AW4) 206
Weight of passengers 14482 kg
Weight of ESD 6847 kg
Rotary allowance 0.10
Effective mass (AW4) 66759 kg
Drive (Bo'Bo’) 360 kW
Auxiliary power (P_ax) 30.0 kW
Gearbox efficiency 0.93
Traction motor efficiency 0.90
DC/DC converter efficiency 0.90
Motor drive efficiency 0.90
APU efficiency 0.90

Help Close

Force [kN]

Tractive effort curve

68

60
40
20
0
-20
Tractive effort
-40 Resistance force
at zero gradient
60 | Braking effort
0 20 40 60
Speed [km/h]

Figure 4.4 Tram echoed input for a cap-Tram

Simulation results for a cap-Tram are shown in Figure 4.5 through Figure 4.8,

and results summary is presented in Table 4.2. Tractive effort and speed profiles are

shown in Figure 4.5 . Tram power demand , power from contact line (charging bar)

and power from capacitor bank profiles are shown in Figure 4.6. Capacitor bank SOE

, capacitor bank voltage, and capacitor bank current profiles are shown in Figure 4.7.

Distance covered (travelled), net energy consumption, and capacitor bank SOE

simulation results for a cap-Tram are shown in Figure 4.8.
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Figure 4.5 Tractive effort and speed profile results for a cap-Tram
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Figure 4.6 Power demand, power from contact line (charging bar), and power from

capacitor bank results for a cap-Tram.
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Figure 4.7 Capacitor bank SOE, voltage, and current results for a cap-Tram
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Figure 4.8 Distance travelled, net energy consumption, and capacitor bank SOE results

for a cap-Tram.

Table 4.2 Simulation results summary for cap-Tram

trv trv trv dw dw arv d
S Sin Tan  Tand Eqn Egtna Eq Ec Eq Ec Bo BEF

[m] [m] [sec]l[sec] [kWh] [kWh] [kWh] [kWh] [kWh] [kWh] [%] [%]

Section

338 4.02 -3.41 76.9 100
377 445  -38 74.3 100
417 489 42 71.6 100

S1-S52 1058 1058 98 128 288 3.16
52 -53 1482 1482 136 166 3.28  3.55
S3-54 1776 1776 149 179 347 375
S4 -55 1697 1697 157 187 382 4.09
S5-56 1671 1671 151 181 4.37  4.65
S6 -S7 1760 1760 170 200 5.59  5.87
S7-S8 1498 1498 142 172 3.82 4.1

437 512 -44 70.2 100

497 587 -5.08 66.2 100
634 742 -6.36 56.8 100
433 509 -438 70.4 100

ol Neol NN NoN el Nel ol Ne]

S8 -59 1058 1058 98 126 286 3.11 336 397 -339 77.1 100
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4.4  Results for a cap-ACL-Tram
Inputs of the cap-ACL-Tram as echoed back by the simulator are shown in

Figure 4.9 and Figure 4.10 respectively.

Maxwell_125V63F140Wh_SCM

60 Modules 10 Parallel strings 6 Modules in seiries

Paramenter Value | Value
) @ "N/ S5cM SCB
Capacitance (F) 63.0 105.0
Rated voltage (V) 125 750
Capacity (kWh) 0.14 8.20
Max. Continous current (A) 1900 19000
Max. Series voltage (V) 1500 1500
ESR (mohm) 18 11
Weight (kg) 634  3804.0
Initial values
Parameter Value | Value
______ SCM | SCB//|
State of Charge (%5) 100 100
Voltage (V) 125 750
Enerpy stored (kWh) 0.1367 8.20

Figure 4.9 Capacitor bank echoed input for a cap-ACL-Tram
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Tractive effort curve

Attribute Value Unit 60
Maximum speed 70.0 km/h
Passengers (AW4) 206 40
Weight of passengers 14482 kg
Weight of ESD 3804 kg 20
Rotary allowance 0.10 —_
Effective mass (AWA4) 63716 kg i
Drive (Bo'Bo') 360 kw § 0
Auxiliary power (P_ax) 30.0 kW F
Gearbox efficiency 0.93 -20
Traction motor efficiency 0.90 Tractive effort
DC/DC converter efficiency 0.90 40 Resistance force
Motor drive efficiency 0.90 T atzero gradient
APU efficiency 0.90 80 Braking effort

0 20 40 60
Speed [km/h]
Help Close

Figure 4.10 Tram echoed input for a cap-ACL-Tram

Simulation results for a cap-ACL-Tram are shown in Figure 4.11 through Figure
4.14, and results summary is presented in Table 4.3.
Tractive effort and speed profiles are shown in Figure 4.11. Tram power

demand P

>, power from contact line (accelerating contact line) P, and power from

capacitor bank P, profiles are shown in Figure 4.12.

Capacitor bank SOE g, , capacitor bank voltage V,

«» and capacitor bank current

|, profiles are shown'in Figure 4.13. Distance covered (travelled), net energy
consumption, and capacitor bank state of charge g, simulation results for a cap-ACL-

Tram are shown in Figure 4.14.
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Figure 4.11 Tractive effort and speed profile results for a cap-ACL-Tram
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Figure 4.12 Power demand, power from contact line (ACL), and power from capacitor

bank results for a cap-ACL-Tram.
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Figure 4.13 Capacitor bank SOE, voltage, and current results for a cap-ACL-Tram
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Figure 4.14 Distance travelled, net energy consumption, and capacitor bank SOE

results for a cap-ACL-Tram.
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SIN

stn

) S
Section ™"

Tstn Tstnd Estn

trv
Estnd Ecl

trv dw
Ecb Ecl

dw
Ecb

arv
ﬂcb ﬂ:be P

[m] [m] [sec][sec] [kWh] [kWh] [kWh] [kWh] [kWh] [kWh] [%] [%]

S1-S2 1058 1058 98 128 282 3.09 246 057 091 -058 93 100
S2-S53 1482 1482 136 166 323 351 245 099 137 -1 87.9 100
S3-54 1776 1776 149 179 345 373 247 137 1.8 -1.39 83.2 100
S4 - S5 1697 1697 157 187 375 403 244 157 202 -159 80.7 100
S5-56 1671 1671 151 181 428 456 246 213 263 -2.14 74 100
S6 -S7 1760 1760 170 200 546 574 246 346 417 -353 57.6 100
S7-S8 1498 1498 142 172 378 405 244 157 201 -158 80.8 100
S8-S9 1058 1058 98 126 281 3.06 246 056 087 -056 93.2 100
4.5 Discussion

Simulation results summary for both trams (cap-Tram and cap-ACL-Tram) is

presented in Table 4.4. Both trams have equivalent performances with regard to net

energy consumption, trip time and, minimum capacitor bank SOE during travel.

However, the cap-ACL-Tram system promises significant capacitor bank size reduction.

Table 4.4. Trams performance comparison summary

Capacitor bank | Capacitor bank Miotas Eup T
size size [metric tons] |[kWh]{[minutes]
[modules] [kWh]
cap-Tram 108 1477 62.63 32.29| 22.28
cap-ACL-Tram 60 8.2 59.59 31.79| 22.28

4.5.1

Capacitor bank reduction

The cap-ACL-Tram system reduces capacitor bank size by 44.44%. That

is, from 108 supercapacitor modules to 60. This reveals a significant reduction in

capacitor bank cost. Considering a capacitor module (Maxwell 125V, 63F) cost of 5,000
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USD, capacitor bank cost is reduced by 240,000 USD (Mouser Electronics, Inc., 2018)
and (Arrow Electronics, Inc, 2018).

As previously mentioned, conventional cap-Tram system (usually)
needs a charging infrastructure at every stopping station, as it is the case with the
supercapacitor tram in China. Assuming there is a charging infrastructure at every
stopping station as needed by cap-Tram system, then, the proposed cap-ACL-Tram
system does not add cost on traction substations. The only added cost is to extend
the charging feeder. That is, having a short contact line extending from a station.

Having 9 stations (8 interstation sections), the route’s total electrified
distance is 1.2 km. That is, 150 m for each interstation section. Considering
electrification cost of £45,000 (approximately 62,100 USD) per track km, the added
cost (for ACLs) is 74,520 USD. This assumes a single wire trolley type ACL arrangement
(because of low speed) and not the catenary type (DeltaRail Group Limited, 2010).

The capacitor bank cost reduction is 240,000 USD, whereas added cost
for the ACLs is 74,520 USD. This considers only one tram operation on the route. Thus,
with just one tram, the reduced cost is more than three times the added cost. It is
noteworthy that, the reduced cost is proportional to the number of trams on the
route, but the added ACLs cost is approximately fixed. That means, the reduced cost
will double (becoming 480,000 USD) for two trams, and triple (becoming 720,000 USD)
for three trams, and so forth. Whereas the added ACL cost will be fixed at 74,520 USD.
This is very interesting, it shows significant cost reduction, especially with multiple
trams operation on the route.

4.5.2 Effect of gradient

Despite the route having small gradients (2% to -2%), effect of gradient
is evident on sections S3 - S4 (downhill) and S6 - S7 (uphill). These sections’ distances
are almost the same (1.776 km and 1.76 km respectively), but both trams consume
more energy on section S6 - S7 (uphill) than on section S3 - S4 (downhill).

Effect of gradient on power and current demand can also be noticed
on sections S1 - S2, (fairly flat), S2 - S3 (fairly flat and downhill), and S4 — S6 (rough,

ups and downs) as shown in Figure 4.15 (for a cap-ACL-Tram).
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Figure 4.15 Effect of gradient on power and current demand (cap-ACL-Tram)

Even with the small gradients (2% to -2%), gradient effect on power and
current demand is huge as shown in Figure 4.15 above (a cap-ACL-Tram). Therefore,
both tram systems are not recommended on hilly routes. With the proposed tram
system, a hilly route offsets the advantage of the ACL. That is, what was avoided during
acceleration is encountered on uphill.

Supercapacitors have low energy density (unlike other ESDs like
batteries), if they are the sole energy storage devices, they are preferred on routes that
do not require high energy consumption between any two stations. This can be seen
on section S6 — S7 (uphill), see the results summary table.

If a capacitor bank is fully charged during dwell time, then its needed
size is just to move a tram to the next stop. This means, for a given route, an
interstation section with the highest energy consumption (gradients play significant

role) will determine the size of the capacitor bank.
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4.5.3 Significance of ACLs
It is appealing to note that, with the cap-ACL-Tram system, energy from
ACL during interstation travel EY is more than that from capacitor bank g for all
interstation sections except section S6 — S7, the uphill section. This agrees with what
was mentioned in chapter I. That is, attributed to their high inertial and low rolling
friction, trams consume more energy during acceleration, and much less energy
thereafter. This also shows the significance of the ACLs.
4.5.4 Supercapacitors and ACL
Both trams arrive at station S7 with capacitor bank SOE of around half
(50%), the minimum limit. Station S7 comes after an uphill section S6 — S7. Both trams
leave station S7 with capacitor bank fully charged. The ACL delivers 7.42 kWh and 4.17
kWh to the cap-Tram capacitor bank and the cap-ACL-Tram capacitor bank
respectively. This significant amount of recharge within 30 seconds is possible with
supercapacitors since they can be charged quickly (they have high power densities),
unlike batteries. This shows a good match between supercapacitors and ACLs, it also

shows a good utilization of the charging infrastructure.



CHAPTER V
CONCLUSION AND FUTURE WORKS

5.1 Conclusion

On-board storage system in trams is enhanced using Accelerating Contact Lines
(ACLs). An ACL is a short extension of a conventional charging bar (at a tram station)
that supplies accelerating power as the tram leaves a station. Since trams demand
high energy during acceleration, the ACLs are expected to significantly (depending on
interstation distances) reduce the needed capacity (size) of the on-board storage
device. Hence, cost reduction for the on-board storage device, and reduction in tram
effective weight. The latter further reduces tram energy consumption.

One of the scenarios where ACLs prove useful is when a railway route cannot
be fully electrified, for reasons such as i) aesthetic in city centers and historical sites,
i) electrification complexity due to crossings, bridges, and not enough right of way, and
iii) electrification cost on idle routes.

In this study, a supercapacitor tram system, that is, a tram powered solely by
supercapacitors (cap-Tram) and the proposed supercapacitor and accelerating contact
line hybrid tram system (cap-ACL-Tram) are modelled and simulated using MATLAB
(m-files). Simulation results indicate that, comparatively, the cap-ACL-Tram system
reduces the required size of the on-board energy storage device by 449%, tram effective
weight by 4.8%, and tram energy consumption by 1.5%.

The reduction in OBESD is significant, considering the current supercapacitor
cost (@ Maxwell 125V, 63F supercapacitor module costing 5,000 USD). Moreover, such
a reduction considers only one tram case. Doubling the number of trams (operating
on a route) will double the cost reduction in on-board energy storage device while the
cost of ACLs stays the same. Therefore, cost reduction in on-board energy storage

device is proportional to the number of trams, whereas ACLs cost is constant.
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A tram system that already has charging infrastructure installed at every station,
for example, the supercapacitor tram in China, can easily be modified to incorporate
ACLs by extending the charging bar. Considering the tram system used in the study,
with only one tram, the cost reduction in on-board energy storage device outweighs

the ACLs cost.

5.2 Future works
Future works include: -
(i) Use of other energy storage devices such as flywheel.
(if) Hybridization of energy storage devices such as lithium battery and

supercapacitor, where both are fully charged at terminal stations.

(iii) Accelerating contact lines for commuter trains (long distances between
stations).
(iv) Introduction of dummy station(s).

(V) Speed profile optimization for accelerating contact lines tram systems.
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The system simulation ground is setup using two classes, namely, CounterTimer
class and SimulationGround class. The latter contains a constant handle to the object
of the former. Other classes inherit from the SimulationGround class. Therefore, they
share the CounterTimer object. CounterClass is presented in Algorithm A-1 and

SimulationGround class is presented in Algorithm A-2.

Algorithm A-1 Counter and timer class

CounterTimer class MATLAB code

% Written by Joachim J. Mwambeleko
classdef CounterTimer < handle
% Object of this class will be shared
% in order to share time and counter data.
% Use class that has a constant handle to
% this class object e.g. SimulationGround
% to update properties of this class.
properties
dt = 0.5
k =0; % Simulation counter
time = 0;
timeArray = ones(1, 100) * NaN;
countArray = ones(1, 100) * NaN;
end

end
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Algorithm A-2 Simulation ground class

simulationGround class MATLAB code

% Written by Joachim J. Mwambeleko

% To set the ground for simulation
% This class will be inherited by almost all other classes
% MAKE SURE, its constructor can accept zero arguments
classdef SimulationGround < matlab.mixin.SetGet
properties (Constant, Hidden)

g =9.8;

mps2kph = 3.6;

kph2mps = 1/3.6;

h2s = 3600;

s2h = 1/3600;

RISE_ERRORS = true;

ct = CounterTimer; % Constant handle

end

properties(SetAccess = immutable)
DAS; % Used to clear reset arrays of the CounterTimer
% It will be empty’in other subclass. objects

end

methods
function obj = SimulationGround(dt, DAS)
if nargin > 0
mustBeNonempty(dt)
mustBeNumeric(dt)
obj.ct.dt = dft;

end
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simulationGround class MATLAB code

if nargin > 1
mustBelnteger(DAS)
0bj.DAS = DAS;
obj.ct.timeArray = ones(1, DAS) * NaN;
obj.ct.countArray = ones(1, DAS) * NaN,;
end
end

end

methods
function x = initiateStorage(obj)
X = obj.ct.timeArray * NaN,;

end

function up(obj)
% Ups (updates) CounterTimer

% Increment counter,

obj.ctk = obj.ctk + 1;

% Store current time,
obj.ct.countArray(obj.ct.k) = obj.ctk;
obj.ct.timeArray(obj.ct.k) = obj.ct.time;
% Then increment time.

obj.ct.time = obj.ct.time + obj.ct.dt;

end

function clearCT(obj)
%Clears CounterTimer
obj.ctk = 0;

obj.ct.time = 0;
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simulationGround class MATLAB code

obj.ct.timeArray = ones(1, obj.DAS) * NaN;
obj.ct.countArray = ones(1, obj.DAS) * NaN;

end

end

end
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CAPACITOR MODULE AND CAPACITOR BANK MATLAB CODE
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This section presents MATLAB code used to create capacitor bank
object. Capacitor module class is presented in Algorithm B 1, capacitor
module data function is presented in Algorithm B 2, and a function to create
capacitor bank object and display its information is presented in Algorithm B
3. Capacitor bank class is presented in Algorithm B 4. A function to display
capacitor bank data in GUI is presented in Algorithm B 5. The GUI figure is
developed using GUIDE.

Algorithm B-1 Capacitor module class

CapModule class MATLAB code

% Written by Joachim J. Mwambeleko
classdef CapModule < SimulationGround
properties
% Will be inherited and modified in CapBank
name
image
voltageRated
voltageFullCharge
voltageMaxSeries
capacitance
energyFullCharge
currentMax
ESR

mass

soelnitial
voltagelnitial
end
properties (Hidden) % For Simulation

simRemarks
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CapModule class MATLAB code

soe
voltage {mustBeReal}
powerArray
currentArray
soeArray
voltageArray {mustBeReal}
end
methods % Constructor
function obj = CapModule(data, SoE, setForSim)
obj.name = data.name;
obj.image = data.image;
obj.voltageRated = data.voltageRated;
obj.voltageFullCharge = data.voltageFullCharge;
obj.voltageMaxSeries = data.voltageMaxSeries;
obj.currentMax = data.currentMaxContinous;
obj.capacitance = data.capacitance;
obj.ESR = data.ESR;
obj.mass = data.mass;
obj.energyFullCharge = (0.5 * obj.capacitance * ...
obj.voltageFullCharge A 2)*obj.s2h; % [Wh]

% If SoE is given use it to compute voltage (initial)
if nargin > 1 && not(isempty(SoE))
mustBeGreaterThanOrEqual(SoE, 0)
mustBelLessThanOrEqual(SoE, 1)
[obj.soe, obj.soelnitial] = deal(SoE);
[obj.voltage, obj.voltagelnitial] =...
deal(sgrt(obj.soe) * obj.voltageFullCharge);

end
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CapModule class MATLAB code

if nargin > 2 && setForSim == true
[obj.powerArrayi,...
obj.currentArray,...
obj.soeArray,...
obj.voltageArray] = deal(obj.initiateStorage());
end
end
end
methods % APIs
function chargeDischarge(obj, P)

% P : power at cap module terminals

PMAX = 0.12 * obj.voltage 72 / obj.ESR; % per IEC 62391-2

if abs(P) > pMAX
error('Power %.1f [W] beyond max %.1f [W],...
P, pMAX)

end

| = P/obj.voltage;

if abs(l)> obj.currentMax
error('Current %.1f [A] beyond max %.1f [A], ...
|, obj.currentMax)

end
dE_Wh = ((P + 1"2 * 0bj.ESR) * obj.ct.dt)* obj.s2h;

dSoE = dE_Wh/obj.energyFullCharge;
nextSoE = obj.soe - dSoF;

if nextSoE >= 1.01 || nextSoE < 0
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CapModule class MATLAB code

[P, I] = deal(0, 0);

[SoE, V] = deal(obj.soe, obj.voltage); % Retain
else

SoE = nextSoE;

if SoE > 1, Sok = 1; end

Vo = sqrt(SoE) * obj.voltageFullCharge;

V = Vo - | * 0bj.ESR;

end

% NOTE: obj.soe and obj.voltage are instantiated
obj.powerArray(obj.ct.k) = P;
obj.currentArray(obj.ct.k)= [;
obj.soeArray(obj.ct.k) = obj.soe;
obj.voltageArray(obj.ct.k) = obj.voltage;

% Update state variables
obj.soe = SoF;

obj.voltage = V;

end

function plotChargeDischarge(obyj)

ResultsCap(obj).plotChargeDisCharge()

end

end

end




Algorithm B-2 Capacitor module data function
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Capacitor Module Data MATLAB code

% **** CAPACITOR MODULE DATA ****
% Maxwell 125V, 63F

function cap = data_capModule Maxwell 125V 63F()
cap.name = "Maxwell 125V 63F";
cap.manufacturer = "Maxwell Technologies";

cap.image = imread(lmage Supercap Maxwell 125V 63F 380x200.png");

cap.voltageRated = 125;
cap.voltageFullCharge = 125;
cap.voltageMaxSeries = 1500;

cap.capacitance = 63 ; % [Farads]

cap.currentMaxContinous = 1900;

cap.currentMax = 1900;

cap.ESR = 18e-3; % [ohms]
% cap.ESR = 18e; % See effect of ESR

% Physical properties
cap.mass = 63.4;

cap.massRemarks = "Including cooling fan [kg]";

% *** Projected Life ***

cap.cyclelife = le6 ; % [Cycles]

cap.dcLife =10, % [years], Stored at rated voltage
cap.shelfLife = 4; % [years], Stored full discharged
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cap.cost = 5000; % USD

cap.costRemarks = "As of 2021. Source : email”;

cap.reference = ...

"https://maxwell.com/products/ultracapacitors/modules/";

Algorithm B-3 Capacitor bank object create function

createCapBank function MATLAB code

% Written by Joachim J. Mwambeleko

function capBank = createCapBank(ts)
% Creates capacitor bank object and

% calls gui function to display capBank info

% INPUTS

% ts : Tram System (from TramSystem)

% The function can be run without inputs (easy debugging)
if nargin == 0

[nms, nps] = deal(2);
else

[nms, nps] = deal(ts.nms, ts.nps);

end

SoE = 1;

moduleData = data_capModule_Maxwell 125V _63F();
capSimData = struct(...
'SoE', SoE,...

‘converter_voltageMin',500,...
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'converter voltageMax', 1200);

capBank = CapBank(moduleData, nms, nps, capSimData);
moduleObject = CapModule(moduleData, capSimData.SoE);
capBank.guiCapSimData(moduleObject);

Algorithm B-4 Capacitor bank class

CapBank class MATLAB code

% Written by Joachim J. Mwambeleko

classdef CapBank < CapModule
% NOTE: CapModule(superclass) constructor needs
% i) capacitor module data (md)
% i) Initial SOE, (optional) for simuulation purpose, and
% i) setForSim (Optional, boolean)-for simuulation purpose
% If setForSim is true, CapModule will initiate storage for
% variables needed for simulation
properties (SetAccess = immutable)
voltageMinLimit
voltageMaxLimit
numModules {mustBelnteger}
numModulesSeries {mustBelnteger}
numParallelStrings {mustBelnteger}

end
methods % Constructor
function obj = CapBank(md, nms, nps, simData)

%md : module data

% CapModule object set for simulation
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CapBank class MATLAB code

obj@CapModule(md, simData.SoE, true);

obj.numModulesSeries = nms;
obj.numParallelStrings = nps;

obj.numModules = nms * nps;

% Modify values inherited from CapModule

0bj.ESR = obj.ESR * nms / nps;

obj.capacitance = obj.capacitance * nps / nms;
obj.energyFullCharge = obj.energyFullCharge * nms * nps;
obj.mass = obj.mass * obj.numModules;

obj.currentMax = obj.currentMax * nps;
obj.voltageFullCharge = obj.voltageFullCharge * nms;
obj.voltage = sqrt(obj.soe) * obj.voltageFullCharge;

obj.voltagelnitial = obj.voltage;

obj.name = sprintf('%d V capBank from 9%s',...

obj.voltageFullCharge, obj.name);

% Assigh.CapBnk voltage limit properties

obj.voltageMinLimit = simData.converter voltageMin;

obj.voltageMaxLimit = min(...
simData.converter_voltageMax, obj.voltageMaxSeries);

%Check voltage fullcharge Vs voltageMaxLimit

mustBelLessThanOrEqual(obj.voltageFullCharge,...
obj.voltageMaxLimit)

end

end

methods % capBank State Update AP
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function updateState(obj, power)
chargeDischarge(obj, power)
if obj.voltage < obj. voltageMinLimit
error('Voltage [V] below min: %.1f < %.1f ',...
obj.voltage, obj. voltageMinLimit)
end

end

function p = getPowerToFullCharge(obj, time)
% energy needed [Watt-sec] / time [sec]
p=11%(1-objsoe)* ..
obj.energyFullCharge * obj.h2s / time;

end

function varsTable = tableVariables(obj)

varNames = {'Index/, Time_S''SOE', Voltage V...
'Power W', ‘Current A'};

varsTable = table(...
obj.ct.countArray',... % NoTe :
obj.ct.timeArray',... % vars are transposed
obj.soeArray' * 100,...
obj.voltageArray/, ...
obj.powerArray/, ...
obj.currentArray, ...
VariableNames', varNames);

end

function trimArrays(obj)

%NOTE
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% The class has to be a handle class

if length(obj.soeArray) > obj.ct.k
obj.soeArray = obj.soeArray(1 : obj.ct.k);
obj.powerArray = obj.powerArray (1 : obj.ct.k);
obj.currentArray = obj.currentArray (1 : obj.ct.k);
obj.voltageArray = obj.voltageArray (1 : obj.ct.k);

end

if length(obj.ct.timeArray) > obj.ct.k
obj.ct.timeArray = obj.ct.timeArray(1 : obj.ct.k);
obj.ct.countArray = obj.ct.countArray(1 : obj.ct.k);
end

end

function guiCapSimData(obj, Module)
% Module : Module Object
guiCapBankSimData(obj, Module);
end
end

end

Algorithm B-5 Function to display capacitor bank data in GUI

guiCapBankSimData function MATLAB code

function varargout = guiCapBankSimData(varargin)

% Begin initialization code - DO NOT EDIT

gui_Singleton = 1;

gui_State = struct('sui Name/, mfilename, ...
'gui Singleton’, gui_Singleton, ...

'sui OpeningFcn', @guiCapBankSimData OpeningFcn, ...
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'gui OutputFen', @guiCapBankSimData OutputFen, ...
'sui_LayoutFcn', (1, ...
'eui_Callback!, [I);
if nargin && ischar(varargin{1})
gui_State.gui Callback = str2func(varargin{1});

end

if nargout

[varargout{l:nargout}] = gui_mainfcn(gui_State, varargin{:});
else

gui_mainfcn(gui_ State, varargin{:});
end

% End initialization code - DO NOT EDIT

% --- Executes just before guiCapBankSimData is made visible.

function guiCapBankSimData_OpeningFcn(hObject, ~, handles, varargin)
% This function has no output args, see OutputFcn.

% hObject handle to figure

% eventdata reserved - to be defined in a future version of MATLAB
% handles  structure with handles and user data(see GUIDATA)

% varargin - command line arguments to guiCapBankSimData (see VARARGIN)

fontName = Times New Roman’;

fontSize = 10 ;

cb = varargin{1};

cm = varargin{2};
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% set(handles.mainFigure, 'menubar’, 'figure’)

axes(handles.Image)
imshow(cb.image);
title(cb.name,...

'FontName',fontName, 'fontSize', fontSize, 'interpreter’, 'none’)

set(handles.nModules, 'String’,...
[num2str(cb.numModules),” modules (total)]);
set(handles.nPS, 'String, ...
[num2str(cb.numParallelStrings)," parallel strings']);
set(handles.nSeries, 'String),...

[num2str(cb.numModulesSeries),’ modules in seiries'])

%- - - Table 1 Data- - - 7 Rows x 3 Columns
dataTablel = {
'Voltage full charge. [V, ...
sprintf('%.0f, cm.voltageFullCharge), ...
sprintf('%.0f, cb.voltageFullCharge);... % Row 1 End
'Capacitance [FI, ...
sprintf('%.4¢', cm.capacitance),...
sprintf('%.4¢', cb.capacitance);... % Row 2 End
'Energy full charge [kWhT,....
sprintf('%.2f, cm.energyFullCharge/1e3),...
sprintf('%.2f, cb.energyFullCharge/1e3);... % Row 3 End
sprintf(ESR [M\x21261),...
sprintf('%.0f, cm.ESR * 1e3),...
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sprintf('%.0f, cb.ESR * 1e3);... % Row 4 End
'Current max continous [A],...
sprintf('%.0f', cm.currentMax),...
sprintf('%.0f', cb.currentMax);...
'Voltage max series [V], ...
sprintf('%.0f', cm.voltageMaxSeries),...
sprintf('%.0f', cm.voltageMaxSeries);...
'Mass  [kel',...
sprintf('%.0f', cm.mass),...
sprintf('%.0f', cb.mass);...
I

set(handles.Tablel, 'Data’, dataTablel)

if not(isempty(cb.soelnitial))
dataTable2 = {
'State of Charge [%],...
sprintf('%.3¢', cm.soelnitial * 100),...
sprintf('%.3¢g', cb.soelnitial * 100);...
'Voltage [V], ..
sprintf('%.0f', cm.voltagelnitial),...
sprintf('%.0f, cb.voltagelnitial);...
'Energy stored [kWh],...
sprintf('%.2f, cm.soe * cm.energyFullCharge /1e3),...
sprintf('%.2f, cb.soe * cb.energyFullCharge /1e3);...
Iz

else
dataTable2 = {
'State of Charge [%], 'NaN', 'NaN'...
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'Voltage [V], 'NaN', 'NaN’...
'Energy stored [kWh]', 'NaN', 'NaN’;...
I3

end

set(handles.Table2, 'Data’, dataTable2)

% Choose default command line output for guiCapBankSimData

handles.output = hObject;

% Update handles structure

guidata(hObject, handles);

% --- Outputs from this function are returned to the command line.
function varargout = guiCapBankSimData_OutputFcn(~, ~, handles)

varargout{1} = handles.output;
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Contact line MATLAB code is presented in this section. The contact line class
is presented in Algorithm C-1. The class can be easily tested using the test function

presented in Algorithm C-2. Test results are shown in Figure C.1

Algorithm C-1 Contact line class

Line class MATLAB code

% Accelerating Contact Line Class

% Written by Joachim J. Mwambeleko
% Last update : 2021, June, 11

% Use : Thesis

classdef Line < SimulationGround

properties(SetAccess = immutable)
% Contact line default values
name = 'Overhead DC line'
voltageNolLoad = 900;
subR = 30 * le-3; % Substation resistance [Ohms]
lineRPM = 170 * 1e-6; % line resistance per meter [Ohms]
railRPM = 17.2 * 1e-6; % rail RPM [Ohms]
len = 150; % ACL length [m]
clearance = 6;

end

properties(Hidden) % For simulation
voltage % at point of contact to the Tram
voltageArray
powerArray
currentArray

end

methods % Constructor

function obj = Line(data, len, clearance, setForSim)
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if nargin > 0 && not(isempty(data))
obj.name = name;
obj.voltageNolLoad = data.voltageNolLoad;
obj.subR = data.subR,;
obj.lineRPM = data.lineRPM,;
obj.railRPM = data.railRPM;
end
if nargin > 1 && isPositive(len)
%isPositive is in supportFuncs folder
obj.len = len;
end
if nargin > 2 && isPositive(clearance)
obj.clearance = clearance;
end
if nargin > 3 && setForSim == true
obj.voltage = obj.voltageNoLoad;
[obj.powerArray,...
obj.currentArray,...
obj.voltageArray]= ...
deal(obj.initiateStorage());
end
end
end

methods

function updateState(obj, power, dfs)
% power tram power demand [W]
% dfs: tram distance from feeding substation
if dfs > obj.len - obj.clearance

power = 0;
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end

if power < 0
error(['Negative power [KW] 9%.0f : ',...
"The line is unidirectional.’], power/1e3)

end

| = power/obj.voltage;
R = obj.lineRPM * dfs;
V = obj.voltageNoLoad - (I * (R + obj.subR));

% obj.voltage has to be initiated

% obj.voltage is the voltage before(at which)
% power was demanded (numerical approach)
obj.powerArray(obj.ct.k) = power,
obj.currentArray(obj.ct.k) = [;
obj.voltageArray(obj.ct.k) = obj.voltage;

%- What's the voltage change after time dt;
%- Voltage taken as a state variable
obj.voltage =V,

end

function plotLineProfile(obj)
ResultsLine(obj).plotProfile();
end
function varsTable = tableVariables(obj)
varNames = {'Index’, Time|,...
'Power kW', 'Current_A', Voltage V'};
% If DAS > k, don't include the NANs
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varsTable = table(...
row2col(obj.ct.countArray(1 : obj.ct.k)),...
row2col(obj.ct.timeArray(1 : obj.ct.k)),...
row2col(obj.powerArray(1 : obj.ct.k)/1e3),...
row2col(obj.currentArray(1 : obj.ct.k)), ...
row2col(obj.voltageArray(1 : obj.ct.k)), ...
'VariableNames', varNames);

end

function trimArrays(obj)
% If length(initiated array storage) > counter vaule k

% Trim arrays to counter vaule k (remove the NaNs)

%Usefullness
% table and displayTablePortion

% Results: passing data by value

%NOTE: plot needs equal length

if length(obj.soeArray) > obj.ct.k
obj.soeArray = obj.soeArray(1 : obj.ct.k);
obj.powerArray = obj.powerArray (1 : obj.ct.k);
obj.currentArray = obj.currentArray (1 : obj.ct.k);
obj.voltageArray = obj.voltageArray (1 : obj.ct.k);

end

% time and count Arrays might have been trimmed elsewhere
if length(obj.ct.timeArray) > obj.ct.k
obj.ct.timeArray = obj.ct.timeArray(1 : obj.ct.k);
obj.ct.countArray = obj.ct.countArray(1 : obj.ct.k);

end
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end

end

end

9%f

References

[1]: Energy Saving in Public Transport [IEEE Magazine, 2008]
Network:-
Contact line structure : Overhead contact line
Contact line material : Copper
Contact line crossectional areea : 100 mmA2
Overhead line resistance : 170E-3 [Ohm/km] = 170E-6 [Ohm/m]
Rail electric resistance : 17.2E-3 [Ohm/km] = 17.2E-6 [Ohm/km]
Substation internal resistance: 30E-3 Ohm
No load substation voltage: 900 V

9%}
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Line test function(object)teo_Line cp MATLAB code

% Written by Joachim J. Mwambeleko

% ** Add path (RUN 'main’) before running this file

% teo Line cp : Test Object Line at Constant Power

% Basic Test

% The Line class has default values for line properties

clc ; clear variables; close all

dt = 0.5;

DAS = 5000;

sg = SimulationGround(dt, DAS);

sg.clearCT  %clear couterTimer (IMPORTANT)

%Create line Object set for Simulation
len = 150;

clearance = 6;

setForSim = true;

line = Line([], len, clearance, setForSim);

% Test with constant power demand
maxTE = 60e3;

baseSpd = 25/ 3.6;

efc = 0.75;

power = (maxTE * baseSpd) / efc;

for dfs = 0 : len - clearance
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sg.up() %update CounterTimer

% Increasing distance dfs
line.updateState(power, dfs);

end

line.plotLineProfile();
disp('Line variables table(table portion))
displayTablePortion(line.tableVariables())




556

Power [kW]

555

Power
Voltage

Substation no-load voltage : 900 V
Substation resistance : 30 mQ
Line resistance per meter : 170 nQ

640

635

630

Current [A]

625

620

Current
Voltage

20 30 40 50 60 70
Time [sec]

a)
ACL length (each section) : 150 m
Clearance : 6 m

20 30 40 50 60 70
Time [sec]
b)

895

890

885

880

875

870

865

900

895

890

885

880

875

870

865

Voltage [V]

Voltage [V]

Figure C.1 Contact line test results at constant power
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IET Electrical Systems in Transportation
The Institution off

Research Article Engineering and Technology
Enhancing conventional battery and contact =007 w0
line hybrid tram system with accelerating Erton T ey 2030
contact lines wewiotdiog

Joachim J. Mwambeleko', Takamasa Hayasaka?, Thanatchai Kulworawanichpong' =
'School of Electrical Engi g, S University of Technology, Nakhon Ratchasima, Thailand

ZPower Supply Technology Division, Railway Technical Re h Institute, Tokyo, Japan

=1 E-mail: thanatchai@gmail.com

Abstract: Urban passenger mobility challenges can be sustainably eased with electric trains. However, due to the visual impact,
safety and, electrification cost concerns, some routes or section(s) of a route are not electrified. In such cases, battery powered:
trams present a promising altemative. Rail vehicles are heavy but, they have a low coefficient of rolling friction. Consequently,
they draw high power during acceleration as compared to the power demand during cruising. Thus, a high capacity high-voltage
traction battery is required to provide accelerating power. To minimise total electrified distance and traction battery size, a
battery and accelerating-contact line (BACL) hybrid tram system in which a tram accelerates from a station drawing power from
a short contact line and cruises with traction battery is presented. Simulated in MATLAB, the BACL hybrid tram system with 1.8
km total electrified distance has equivalent performance to the conventional battery and contact line hybrid tram system with
12.2 km total electrified distance. Compared to independently battery powered tram, battery size is reduced by 62.5%.
Suggested applications for the BACL tram system are on short, fairly flat, idle lines with few stops.

Nomenclature petroleum fuelled vehicles, clectric vehicles are not only cleaner

- . ) but have much higher energy efficiency and low running cost [6,

B ""umb‘m pack state of charge 7). Electric mass transportation, therefore, significantly reduced

Te tractive eﬂ‘o{-l energy « ion and air pollution per p il . Ad

Py power supplied to the traction system electric train is ulrn.nlly one of the best electric mass

P, power supplied to the auxiliary power unit transportation options, owing to its low rolling friction, high

 Pa power supplicd from the contact line passenger capacity and regencrative braking capability [8, 9, 10].

However, for various reasons, such as electrification cost, the)
unsightliness of overhead lines on areas such as historical sites and
city centres, and clectrification complexity (safety concerns), some||

Pop power supplied from the traction battery pack
Epe net energy consumed

She distance between two successive stations 2 > g = .
" S : S8 R railway routes are either partially electrified or not electrified at all
‘;"“‘ :’:m;‘;::imm::;::‘;:’:;:mm [11, 12]. Electrification cost is particularly true for lightly used
b s

routes on which the density of traffic is insufficient to justify the
high railway electrification fixed costs. Tunnels, bridges, and route
crossings impose complexity and safety concerns when a railway’
route is to be electrified, particularly an old route which was
constructed without electrification consideration [13, 14]. Under
such circumstances, light rail vehicles with on-board energy
storage bring one of the alternatives that some railway op
have been opting for, even during the age of lead acid battery.
Strikingly, Deutsche Bahn (DB) railway operator successfully
operated lead acid battery powered trains class ETA 150 (later 515)]
from 1955 to 1995 [13. 15]. With on-board energy storage,
regencrative braking energy that would otherwise be dissipated as
heat if a line is non-receptive and there is no other tram in vicinity
that demands power, is stored and reused (Fig. 1).

Over the past two decades, battery technology has greatly:
improved with a significant drop in cost; the trend is expected to be
the same in the future [4). Lithium-ion (Li-ion) is currently a
battery technology that features the best characteristics for clectric

Tisa Ty plus dwell time

Tema  cumulative Ty

Epg net energy consumed between two successive stations

Epeg Ej, plus energy consumed during the dwelling

 Ecma  cumulative By

Ecpy energy supplied from contact line during travel between
WO successive stations

Eppre  energy supplied from traction battery pack during travel
between two successive stations

Eaga energy supplied from the contact line during the dwelling

Eppa  cnergy supplied from traction battery pack during the
dwelling

Paar  f when a tram left a previous station

Paivat  f when a tram arrives at a cusrent station

Pacpan  f when a tram leaves the current station

ntroduction traction, particularly, robustness, low life-cycle cost, absence ol
14 = memory effect, and high power and energy densities [16, 17).
Owing to the pe(mleum energy price and security concems, Common Li-ion batteries used in clectric traction include lithium:
growing mobility d d and its d traffic cong; and manganese oxide, lithium nickel manganese cobalt oxide, lithium

air pollution in urban arcas, cfficient and clean urban transportation
systems have drawn the attention of amhonues compnmﬁ, md

nickel cobalt aluminium oxide, lithium iron phosphate and lithium
titanate (LTO) [6]. Among these Li-ion battery chemistries, LTO|

msean:hmllZ.]l Urban transp is g b-ncryhas ged as a leadi didate for fast charging and!
energy ics, its iated air polluti od by applications [18]. Allowmg ullnfast-c!mgmg (as fast as.
petroleum fuelled vehicles is on the rise [4, 5]. 6 min to full charge), LTO battery technology is already broadly in

Mass portation helps in ng traffic congestion and use in electric buses and family cars. In railway sector, LTO battery
energy P per 2 kilo Compared to technology has been reported to be used in Skoda's ForCity Classic’
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(28 T) trams (in Konya, Turkey) and Vossloh's tramlink v4 (in
Santos, Brazil) to link the electrified and non-electrified lines (or
parts of a line) or to be used in case of emergency (e.g. power
outage) [15].

Li-ion battery trains have shown the potential to replace diesel
mmsdvmgshmmdldlemummmenloounmlﬂ 19]. In
Japan, for i (JR East and JR Kyushu)
have recently started rephcmg diesel multiple units (DMUs) which
were used to link non-electrified and electrified lines, with battery
and catenary hybrid trams, As presented in Table 1, more than ten
battery and catenary hybrid light rail vehicles are now in revenue
earning service in Japan. The train sets use battery power on non-
clectrified sections and draw power from catenary on electrified
sections. The traction battery pack is recharged while a train is
under electrified jon and at inal ions [20-23]. With
suchabmaymdcalaluyhyhndm:ys!an n'acnonbanayhls
to meet peak power d d during ion (when a train is
leaving a station) on lectrified as illustrated in Fig. 2a.
‘Thus, a high capacity high-voltage traction battery is ded

batteries. However, route gradient is not considered, the authors
assume that the route is fairly flat and therefore ignore route
gradient. Practically, tram routes have gradients, the gradients
might not be very high but duc to high tram inertial (as tram arc
heavy), even a low gradient has a significant effect on tram power
dem.ndlndenagycmsunpuon Monovernoperformmoe
comparison is given b the and
conventional system. llullsonaexphmcdhwanwcelmung-
contact hne (ACL) fmm each station will be energised. Having a

i converters, and switch gears) at
each station may be costly.

Extending the work presented in [15], this study presents a
battery and accelerating-contact line (BACL) hybrid tram system
where a tram accelerates drawing power from a short contact line
(*ACL"), which can be in the form of a catenary, overhead busbar
or third rail. The tram then cruises drawing power from traction
battery, as shown in Fig. 2b. The proposed BACL hybrid tram
system will have shorter total electrified distance than a typical

g on train weight, the needed battery capacity can be
‘ligniﬁcnmly large.

It is very 1 that, attributable to the low rolling
renmncemdhnghupmly rail transport consumes less energy
per p ger kil than road port. Thus, as LTO batteries
have proven success powering electric buses, it is expected that
they will prove even more success powering trams [13, 14]).
However, unlike buses, rail vehicles are heavy and require high
power to accelerate, but little power to cruise due to low rolling
friction. Consequently, a high capacity high-voltage traction battery
is ded to meet leration (peak) power demand even if the
overall energy consumption does not require such a battery.
Furthermore, adding batteries increases vehicle weight.

To addn:ss the pcak power problem during acceleration,
M and K ichpong [15] p a battery and

mkmmgamryhybndsyswmwherenmmmduﬂesunds
y’'). and cruises with

a short y (¢

conventional battery and contact line (CBCL) hybrid tram system
with equivalent performance. Additionally, with the proposed
BACL system, the clectrified sections extend from a stopping
station (i.c. just a short distance fmm a stopping station is
clectrified), these make the prop Y more con as
far as visual impact and clccmﬁunon cost especially on routes
that are idle and difficulty to electrify (e.g. where two routes cross,
nmulep;ssmgundcrlbtidgeorinlmnmlwnlhmsuﬂiciem
clearance and routes passing in congestod arcas with insufficient
right of way for clectrifi ). N , the proposed BACL
hybndu'amsysxcmnscxpecledtoreduoerequuedbwerysuemd
increase lnm performance (due to reduction in battery weight) as

d to ind dently battery p d (IBP) tram. Suggested
npphcauons are, on shoﬂ lightly used lines with few stops. Such
lines may include non-electrified line linking with a main
electrified line, line from a city centre to a suburban where the tram
is available only during rush hours, and line from the city centre to

Fig. 1 Need for on-board energy storage

Table 1 catena brid trams 15, 22, 23

Manufacturer J-TREC Hitachi Hitachi
family name Accum Hitachi A-train Accum
series EV-E301 BECB19 EV-E801
Formation two'cars per train set two cars per train set two cars per train set
weight, ton 779 721 756
length/width, m 20128 20/2.95 -
passenger capacity 266 264 256
battery capacity, kWh 190 - 360
entered service March 2014 October 2016 March 2017
replaced DMU KiHa 40 series - KiHa 40 series
operator JR East JR Kyushu JR East
number in operation four train sets seven train sets one train set
distance served, km non-electrified  20.4 108 266

IET Electr. Syst. Transp., 2020, Vol. 10 Iss. 1, pp. 105-115
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Fig. 2 Battery and catenary hybrid tram systems
(@) CBCL hybeid tram system,
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Fig. 3 ACLs feeding scheme
a location such as a stadium, where the tram is available only on two, one at cach inal station or station near terminal station; or|
particular days or during a particular time of the day. more than two at appropriate locati Establishing the ber of|
The rest of the paper is organised as follows: ACL feeding traction substations and their locations is out of the scope of this|

scheme is presented v Section 2. Tram and battery models are study.
presented in Section 3, the route used in the study, system design,
and simulation details are presénted in Section 4, simulation results 3 Tram and battery models

are pr d and di d'in Section 5, and finally Section 6 g : $g y
concludes the paper. Modelled as‘a point mass, tram's mechanical driving power (Py,) is|
givea by a product of its tractive effort (7) and velocity (v), where|
2 ACL feeding scheme e (kN) is calculated as in (1), neglecting curve resistance which is
As aforementioned, having g 4 o usually v:_:ty low (ncghg:blc) [24, uf:] In (l|)c.':e first lu;n
or or|
converters and switch gears) at each station to l the ACL 1
sectmnsncoﬂlyllupmposedmmtssmdymnmv{a > and rest account for friction and drag resistance
bstation at cach stoppi and instead, feeding ACL s
senlonsmmgmculﬂcrgmundablelslllusmedmﬁg 3. At the Tg= mﬁd-mgsinﬂ +A4+Bv+CV Ml
end of an ACL ion, power is ferred to the next station (the

bcgmnmg °“h° ACL) wn%m‘m%m where M and m are tram effective and normal masses given as|

e b biith atos v and third rail systems. The " M= Mg (] + A) 4 Mg and m = My + My, respectively, where|
Myare u the vehicle tare mass (tonne), 4 is rotary allowance

S S

of traction substations can be one, at the middle of the route; or

for | leration of the ting parts (motor|

anuis 5!
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rotors, gears, and wheel sets), and my,,4 is the mass of the vehicle
load (tonne). Av/Ar is a change in velocity per change in time (ms
=2), g is the gravitational lerati (9.81 ms™), fis a
slope angle, A, B and C are constants, and v is tram's velocity
(km/h) [14, 24].

Following (1), tram's tractive electric power (Py) and net energy
consumption (E,,) are given by (2) and (3), respectively

TE",(M(I) if TE >0
Py = | Hughalev ifTe<Oandv > 10km/h. 2)
0 otherwise

Table 2 Tram details used in the simulation [13, 26-29]

—
Ena = f (P(1) + Pyin)dt 3)
L

where Tg is the tractive effort (N) as given in (1), #, is the
clectrical-mechanical tractive power conversion efficiency, v is the
velocity (m/s), Iy, is the time at which the tram starts moving
from its current station, ., is the time at which the tram stops at
the next station, P, is the auxiliary power, n,, is the efficiency of
the auxiliary system and d is the change in time (s).

A tram manufactured by Hyundai Rotem Company was used in
this study; its details as used in the simulation are given in Table 2
and in Fig. 4b. State of charge (SoC) of a battery charged or
discharged from time £, to 4 is given by (4) or alternatively by (5),

Attribute Value
maximum desired speed 60 km/h
passenger capacity (52 seats, 152 standees) 204
vehicle effective weight (m) (70.3 kg per person, A=0.1) 62,104 kg
resistance coefficients A 1.125
B 0.0218
[+ 0.00047
gearbox and motor efficiency (ngm) 0.83
converter efficiency (n¢) 08
auxiliary power unit efficiency (1) 0.85
motor drive (VVVF) efficiency (ng) 09
auxiliary power (Pg) 25kVA
drive 8 x45kW

Powerflow
directions

Battery pack
—— —

Power supply

Fig. 4 Battery and contact line hvbrid tram
(@) Block diagram,
(B) Tractive effort, running resistance and, braking effort
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Table 3 Battery module details [30]

Attribute Battery value Battery pack value
nominal voltage 24V 480V
nominal capacity 60 Ah 240 Ah
maximum continuous charge 360 A 1440 A
maximum continuous discharge 360 A 1440 A
maximum pulse-charge (10 s) 600 A 2400 A
maximum pulse-discharge (10 s) 600 A 2400 A
weight 274 kg 2192 kg

where 4 is the SoC at time 7,, #*' is the SoC at time 1, fy is the
battery current (A), Vs the battery terminal vohnge(\’),r\,islbe
battery internal resistance (£2), Cis the battery capaci

seconds), Fiis the battery rated voltage (V) a.nd. dris |he dmgc
in time (s). Battery current (/) is taken as negative during charging
and as positive during discharging

f""-%f '(('-"“)'P' chargng
0= (v oo aicharing

A= g {‘[((Vb*:m)lu}t

A 24V, 60 Ah LTO battery fi d by Altai was used
and it was modelled as a varying voltage source in series with a
varying resistor as in Fig. 5. The battery pack (80 batteries, 40 in
series) details are given in Table 3. Converters, motors, and motor
drives are presented by their respective efficiency parameters as
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given in Table 2. The battery electric multiple unit (BEMU) block

diagram consisting of -a_battery pack, bidirectional DC-DC

converter, variable voltage variable frequency (VVVF) converter,

traction motor, and gear box is shown in Fig. 4. The BEMU is
d to be capableof regenerative braking.

4 Route, system design, and slmulaﬁon details

A 25 km route with nine inter as in Fig. 6 is
used in this study. From station 3 (S3) to station 10 (S10) of the
route is an actual non-electrified line (known as Karasuyama line)
linking with a main (clectrified) line in Japan. Station (S1) and
station (S2) have been added for the purpose of this study.
Travelling from S10 to S1, the direction is called down direction,
while from S1 to S10; the direction is called up direction. Six cases
are considered as explained in Table 4.

For cases 1Up, 1Down, 2Up, and 2Down, when a tram is in the
electrified zone (a zone with contact line), all tram power demands
are drawn from the contact line, lndllsoabanerypu:kis
mhuged. A contact line is assumed to be fed using rectified diode

and therefore it is non-receptive. Thus, regenerative
braking energy is supplied to tram auxiliaries and the remaining is
stored in the battery pack. If the remaining regenerative energy is

109
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Abtitude [m]
8

Fig. 6 Tram route used in the study

Table 4 _Cases considered in the study

Case Tram Direction Remarks
system
1Up BACL up it is assumed that an ACL runs for 200 m from each stopping station and a tram stops at a station with its
1Down down pantograph or collector shoe at the beginning of the ACL. Out of the 200 m, the effective length is 185m, 15m
are left as clearance as shown in Fig. 2b.
2Up CBCL section S6 to S10 of the route is assumed to be electrified
2Down
3Up 18P down the entire route is not electrified. A battery pack is the sole tram power supply and there is no battery charging at
3Down up intermediate stations.
———Veoaty  Tractive affon ——— Volage —— Current
o 1000
<
i =
0
L i
m!
od . -
10 15 20 2% % 35
Time [minutes]
]
e 80C cveeree Enrgy —— Distance
%% i "2
w0 o~ £
400 — 60 i !
ﬁ”ﬁ X g
I
200 ~ » :g
400 <
10 15 20 % 0 »
Time [minutes]
d
Fig. 7 Results for case {Up (BACL hybrid tram system, a tram going up)
(@) Velocity and tractive effort,
(b) Power,
(c) Battery pack current and voltage,
(d) Distance, energy consumed and batiery pack Sol
more than what a battery pack can absorb, then the extra is The tram dwells for 45 s at an intermediate station, and if there
dissipated in braking resistor bank. In lectrified zone (a zone is a battery charging infrastructure (a contact line in this case) at
with no contact linc) all tram power demand is drawn from a the station, the battery pack is recharged. When the tram reaches
traction battery pack. the terminal station, the battery pack is to be recharged to full

Both the contact line and traction battery pack have power charge.
limitations. It is assumed that maximum power that can be drawn
from a contact line is 800 kW. The maximum continuously imulation discuss
charging and discharge C-rate of the battery is 6 C (360 A). In the 5 8 mulhlf!d hon
simulation, however, 5C (300 A) was taken as the battery Simulated using MATLAB, simulation results for case 1Up and
maximum charging and discharge C-rate. Charging is done at 5C case IDown are presented in Figs. 7 and 8, respectively. The
10 80% state of charge (SoC) and then at 3.6 C-rate 10 90% SoC, ~ results arc also summarised in Tables 5 and 6. For casc 2Up and
and then at 2.4 C-rate to 95% SoC, and finally at 1.2 C-rate to full case 2Down, the simulation results are presented in Figs. 9 and 10,
charge. Also, in the simulation battery minimum, SoC is taken as respectively, and summarised in Tables 7 and 8, respectively.
20%. When the battery SoC at the next time step is below 20%, the Simulation results for case 3Up and case 3Down are presented in
tram will stop at the current time step.
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Fig. 8 Results for case 1Down (BACL hybrid tram system, a tram going down)
(@) Veloxity and tractive effort,
(b) Power,
(c) Battery pack current and voltage,
(d) Distance, energy consumed and battery pack SoC
Table 5 Results summary case 1Up
Section Sps, M Sybs. M Tos, S Tosde S Tomd: S Ebs. Ebsds Ecma. Earve Ebptve Eca. Ebpd: Oinitiale Garival: Ogeparts
kWh KWh kWh kWh kWh kWh kWh % % %
S1-+S2 2908 2908 205 235 235 741 7.69 7.69 232 594 181 -138 100 924 938
S$2--S3 2210 2210 165 195 430 547 575 1344 315 3.39 271 =219 938 88.5 90.6
S3-.84 2550 2550 195 225 654 1205 1233 2576 3.07 10.22 42 -3.53 90.6 776 80.7
S4-.S5 4511 4511 351 381 1035 2631 2659 5235 358 2551 449 -379 807 49 523
S5-S6 2557 2557 191 221 1255 377 405 56.4 38 0.81 45 -38 523 50.1 535
S6—-S7 1983 1983 152 182 1437 3.87 415 60,55 38 0.45 45 -3.8 535 524 55.7
S7--S8 3751 3751 271 301 1737 1258 1286 7341 38 1005 448 -3.79 55.7 432 466
S8--S9 2500 2500 187 217 1954 595 623 7964 38 272 448 -3.78 466 429 463
S9-.S10 2500 2500 187 187 2140 595 595 8559 38 272 0 0 46.3 426 426
Table 6 Results summary case 1Down
Section Spg, M Syyps. M Tos, S Theds S Temas S Ebs.  Epsa.  Ecmds  Ecitve Ebpvs  Ecide Ebpd:  Oinitials  Gamivals  Odepart
kWh kWh kWh kWh KkWh kWh kWh % % %
S10--S9 2500 2500 186 216 216 5.94 6.22 6.22 232 42 1.18 _ -0.81 100 948 956
S9-.S8 2500 2500 187 217 433 595 623 1245 274 3.78 1.79 . -1.36 956 909 923
S8--8S7 3751 3751 250 280 713 585 613 1858 314 363 316 -259 923 87.7 90.1
S7—-S6 1983 1983 152 182 895 6.19 647 2504 313 366 325 -267 90.1 856 88.2
S6--+S5 2557 2557 215, 245 1140 1136 1163 3668 361 an 463 -392 88.2 764 79.9
S5-+8S4 4511 4511 301 331 1471 ~105 -0.77 359 363 -383 321 -264 799 83 855
S4-.S3 2550 2550 185 215 1685 (222 249 384 36 -072 325 -267 855 856 88.1
S3-.82 2210 2210 173 203 1888 893 9.21 47 .61 3.7 6.46 356 -296 88.1 791 818
S2—-S1 2908 2908 213 213 2101 7.24 724 5484 359 443 0 0 818 76.1 76.1

Figs. 11 and 12, respectively, and summarised in Tables 9 and 10,
respectively. Results summary for all cases is given in Table 11.

In all cases going up is expensive mainly due to the uphill from
S3 to S5 and S7 to S8. On these sections, the tram consumes a
substantial amount of cnergy and the battery pack SoC drops
considerably. Compared to the up direction, the down direction is
an casy one mainly due to the downhill from S5 to S3 and S8 o0
S§7. On these i the reg ive energy is significant.
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Consequently, the tram consumes less energy on down direction
compared to up direction.

As can be seen in Figs. 7-10, Tables 5-8 andll, the
performance of a BACL tram system is comparable to that of the
CBCL tram system in terms of net energy consumption, travel time
and battery minimum SoC, However, with the BACL tram system,
the total electrified distance is only 1.8 km, while with the CBCL
tram system, the total clectrified distance is 12.18 km. The 1.8 km

m
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= Volocity —— Tractive affort

——— Votage ——— Current

< fAC\

B % * T -

Fig. 10 Results for case 2Down (CBCL hybrid tram systemt. a tram going downh

(@) Vedocity and tractive cffort.

b) Power,

(c) Battery pack current and voltage,

) D fled, net energy and battery pack SoC

total electrified distance (for the BACL tram system) is divided
into short sections extending from a stopping station. This is
convenient as far as visual impact, clectrification complexity, and
safety (such as under bri and at route crossings), and
clectrification cost are concerned. The 12.18 km total clectrified
distance (for the CBCL tram system) covers a mountainous section

12

of the route; this is of advantage particularly when a tram is going
uphill.

For both directions (Up and Down), the IBP tram does not
make it to the terminal station due to low battery. As previously
mentioned, the minimum battery SoC is sct to 20%. Discharging
the battery pack below 20% SoC is not recommended, as it can be
seen from Fig. 5b, battery internal resistance below 20% SoC may
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Table 7 Results case 2U| _
Section Sps. M Stvos: M Tos, S Tosds S Temd: S Ebs. Ebsan  Ecmd:  Earve Evptve Ecde Ebpd:  Oinitiale  Tarrivale  Gdeparts
kWh kWh kWh kWh kWh kWh kWh % % %
S1--82 2908 2908 205 235 235 743 7.7 7.7 8.75 0 0.28 0 100 100 100
S$2.83 2210 2210 164 194 429 548 576 1346 888 0 0.28 0 100 100 100
S3+S4 2550 2550 194 224 653 121 1238 2584 1281 0 028 0 100 100 100
S4-.S5 4511 4511 350 389 1042 2624 2652 5237 2671 0 028 O 100 100 100
S5-+86 2557 2557 192 222 1263 386 414 56.5 0 497 0 028 100 926 923
S6—-S7 1983 1983 153 183 1446 387 415 6065 0 451 0 0.28 923 86.6 86.3
S7--S8 3751 3751 272 302 1748 1257 1285 735 0 14.09 0 028 86.3 69.5 69.2
S8.89 2500 2500 189 219 1967 595 623 7973 0 678 0 028 692 609 60.6
S9-S10 2500 2500 189 189 2156 5985 595 8568 0 6.78 0 0 606 523 523
Table 8 Results summary case 2Down
Section Sps, M Sibs. Ths: S Tosd: S Tema: S Ebs:  Ebsd:  Ecmdr Ectvi Ebptve Edde Ebpa:.  Ginitials  Oarrival,  Odeparts
m kWh kWh kWh KkWh kWh kWh kWh % % %
S10—-S9 2500 2500 188 218 218 5.95 6.23 6.23 1} 6.78 o 0.28 100 913 9
S9-S8 2500 2500 188 218 436 595 622 1245 0 6.77 0 0.28 91 829 826
S8-S7 3751 3751 252 282 718 582 6.1 18.55 0 6.99 0 0.28 826 739 736
S7-S6 1983 1983 155 185 903 6.17 644 2499 0 7.02 0 0.28 736 65 647
S6—-S5 2557 2557 217 247 1150 1133 1161 366 0 1295 0 0.28 64.7 48.2 479
S5.84 4511 4511 301 331 1481 -104 -076 3585 3575 -3679 318 -261 479 807 83.1
S4-.83 2550 2550 184 214 1695 224 252 3836 1469 -11.76 134 -095 83.1 945 955
S3—-+82 2210 2210 170 200 1894 899 927 4763 1416 -402 08 -046 955 995 100
S2-S1 2908 2908 213 213 2107 725 725 5488 838 0 0 0 100 100 100

Time [minutes) thol:l-n-]
o
e DOMANAP ¢ P,) e BAOYIP) i Crtinet WeelP ) N
3 G st ’ o z_
Z 5 > !.
-~ 40
H Y H
% — .
i &
O\ e ol
v x - 0 ;
oznfq\‘onzuac|l 0o 2 4 8 10 12 14 18 18
] [minutes]
y 38 - PR J .)‘ 46 d

Fig. 11 Results for case 3Up (IBP tram system, a tram going up)
(@) Velocity and tractive cffort,

b) Power,

(c) Battery pack current and voltage,

(d) Distance travelled, net energy consumed and battery pack SoC

result in significant heating, which decreases battery life span.
Increasing size not only increases cost but also tram weight,
which will lead to increased energy consumption. In case 3Up, if
the IBP tram was to get to a terminal station with a minimum
battery SoC not less than 20%, then the battery pack size was to be
increased by a factor of 1.6.

With the BACL tram system, the electrified distance increases
with the number of stations, that is why it was previously
mentioned that the BACL tram system is suggested for a lightly
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used route with few stations per kilometre. BACL tram will
perform even better on a fairly flat route unlike the onc used in this
study. A fairly flat section from S| to S3 was added to emphasise
the point, as it can be seen in Figs. 7¢ and 8¢, the power needed for
cruising (not accelerating but maintaining the velocity) on a flat
section is <200 kW while the peak (accelerating) power is about
600 kW. This highlights the advantage of having a short ACL.
Apart from providing accelerating power, the ACL provides an
intermediate charging point during dwell time. This further reduces

13
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the required size of the battery pack. Increasing acceleration will
reduce the length of the ACL. However, maximum acceleration is

e Velocity — Tractive effort
60

g

iw
L

B & 8
Tractive effort [kN]
Battery pack voltage [V]
&

10

15 2
Time [minutes]
c

———Voltage —— Cument

Fig. 12 Results for case 3Down (1BP tram system, a tram going down)
(@) Velocity and tractive effort.

(b) Power,

(c) Battery pack cutrent and voltage,

(d) Distance travelled. net encrgy consumed and battery pack SoC

Table 9 Results summary case 3Up

Section Sps, M Stybs. M Tos. S Tosd, S Temd: 8 Ebs: Evsde  Ecmd:  Ecwn  Evpve Edar Evpd:  Ginitisle Gamivalr  Odeparts

kWh kWh kWh kWh kWh kWh kWh % % %
S1-.82 2908 2908 206 236 236 742 768 769 0 8.52 0 028 100 89.1 88.8
S$2-83 2210 2210 168 198 434 549 577 1346 0 6.82 0 0.28 888 795 79.2
S3--S4 2550 2550 198 228 662 1207 1235 2581 0 13.58 0 0.28 792 61.9 616
S4--S5 4511 4511 355 385 1047 263 2657 5239 0 2933 0 0.28 616 244 241
S5-S6 2557 233 27 27 1074 2865 265 5504 0 294 0 0 241 20 NaN
Table 10 Results summary case 3Down =
Section Sgs, M Styos. M Tos. S Tosd: S Temd. S Ebse Evsa. Ecmae Eonve Eopve Ecier Evpd:  Onital: Gamival  Odeparts

kWh kWh kWh kWh kWh kWh kWh % % %
S10-+S9 2500 2500 188 218 218 5.95 623 6.23 0 6.78 0 0.28 100 913 91
S9--S8 2500 2500 - 188 218 436 595 622 1245 0 6.77 0 0.28 91 829 826
S8-.S87 3751 3751252 282 718 5.82 6.1 18.55 0 6.99 0 028 826 739 736
S7-S6 1983 1983 185 185 903 617 644 2499 0 7.02 0 0.28 7386 65 64.7
S6—-S5 2557 2557 217, 247 1150 1133 1161 36.6 0 12.95 0 0.28 647 482 479
S5-54 4511 4511 304 | 334 1484 -109 -081 3579 0 0.01 0 0.28 479 463 46.1
S4--83 2550 2550 187 217 | 1700 224 251 383 (1] 316 0 0.28 46.1 413 41
S3-.82 2210 2210 183 213 1913 ‘877 905 4736 0 10.23 0 0.28 41 266 263
S2-.81 2908 742 58 58 1971 408 408 5144 ] 455 0 1] 263 20 NaN
Table 11 Results summary, all cases

Case 1Up Case 1Down Case2Up Case 2Down Case 3Up Case 3Down

net energy consumed, kWh 85.59 5484 85.68 54.88 55.04 51.44
final battery pack SoC 426 76.1 523 100 20 20
trip time, min 35.7 35 36.9 35.1 18 33
distance travelled, km 2547 2547 2547 2547 12.41 233
reached the terminal station yes yes yes yes no no
electrified (contact line) distance, km 1.8 18 12.18 12.18 0 0

14

IET Electr. Syst. Transp., 2020, Vol. 10 Iss. 1, pp. 105-115
© The Institution of Engineering and Technology 2019




129

limited by tram's maximum tractive effort. Hence, trams that have
high acceleration ability are much preferred for a BACL tram
system.

While ensuring safety, it is good for a battery driven tram to be
medhmhamymmiuweighlisminimiscdwhileiu
passenger capacity is maximised. With good (light but strong)
materials and good designs, high p ger- ity to vehicle-
wexghlnuocanbencheved.delhdpwruhoelherequned
traction power, cnergy, and ly battery capacity. Owing
!oldvlncememsmhnmrykchnology bmuyperfmhns
been improving while the cost is going down, this keeps increasing
the attractivencss of a battery-driven tram on short and idle routes.

6 Conclusion

The need for efficient and sustainable urban transportation system
cannot be overemphasised. Despite the advantages of an clectric
train, for reasons such as electrification cost, the unsightliness of
ovabudlmuonnmsmchuhmonalsnamdcuymmmd
wplexity (safety ); some railway routes
are either partially electrified or not electrified at all. This is
particularly true for lightly used routes (routes with low-traffic
density). To still benefit from clectric traction on such routes, trains
with on-board energy storage device(s) bring a promising
Allam!ive This study presents a BACL tram system in which a
| from a station drawing power from a short contact
hnc(ACL)lndcmnscswnhbanczypower The main aim is to
reduce (i) total electrified distance which will, in tum, reduce
unsightliness of overhead lines, (ii) clectrification cost especially
on routes that are difficult to electrify and have a low density of
traffic, and (iii) the required size of a traction battery pack.
Reducing battery size not only reduces battery cost but also vehicle
weight and net energy consumption.

From the simulation results, the performance of a BACL tram
system (in terms of net cnergy consumption, travel time, and
minimum battery SoC) with 1.8 km total electrified distance is
comparable to that of a CBCL tram system with 12.18 km total
clectrified distance. Compared to an IBP tram, the BACL tram
system reduced the size of a traction battery pack by 62.5%.

BACL tram system is more attractive if the tram has high
accelerating ability (this will reduce the length of the ACL), high
passenger-capacity to vehicle-weight ratio (this will reduce power
demand and energy consumption per passenger) and if the route is
fairly flat. Suggested applications for the BACL tram system are on
hghlly used lines with few slops per kilometre. Owing to

in battery tech g2y. battery puﬁnm has been
increasing while the cost is deuusmg. this increases the
attractiveness of battery-driven trams on short and lightly used
routes.
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Abstract—An electric train is currently one of the best solutions
to urban passenger mobility challenges. However, diesel powered
trains are still common in low capacity lines on which the density
of traffie is insufficient to justify the high fixed cost of railway
electrification. In such cases, battery driven trams presemnt an
alternative that some railway operators have been opfing for.
Since rail vehicles are heavy, a high capacity, high voltage traction
battery will be required to provide accelerating power. To
minimize the peak power that a traction battery has to supply and
subsequently the required battery size, this paper presents a
battery=-catenary hybrid tram system in which a tram accelerates
from a station under a 200-meter-long catenary and cruises with
traction batterv. The tram was modelled and simulated in
MATLAR. The traction battery peak power was reduced from 300
KW to 100 KW, This means a significant reduction in the required
battery size with just a short catenary. Suggested applications of
such a system are, on shuttle lines with few stops and in countries
or regions where full railway electrification would mean
dominance of diesel trains.

Keywords—electric trains; raifway electrification; battery frams;
battery-catenary ybrid frams

I INTRODUCTION

With the growing traffic congestion and energy security
concerns, the need for efficient and sustainable intracity
transportation system cannot be overstated. Transportation
being among the most energy-consuming industries, there has
been a growing effort lowards linding an afTordable, reliable and
sustainable alternative to petroleum traction systems. As a
reliable, environmental friendly and efficient traffic mode, an
electric train is currently one of the best options that addresses
traffic congestion, energy security and pollution concerns in
urban areas. Thanks 1o its low rolling friction and high passenger
capacity [17, [2], [3], [4].

While electrilied railways benefit from the improved
performance offered by eleciric traction motors and the overall
energy transmission system, diesel traction remains common on
idle routes where the density of traffic movement is insufficient
to justify the high fixed costs of railway electrification [5] [6].
[7]. In such cases, battery driven trains bring an alternative that
some railway operators have been opting for, even during the
age of lead acid traction battery technology. Notably, British
Rail operated a lead acid battery driven train from 1958 to 1962
and Deutsche Bahn (DB), a Germany rail operator, operated lead
acid baitery driven trains class ETA 150 (later 515) from 19335
to 1995 [8], [9]. Battery technology has greatly improved from

978-1-5090-40666-9/17/531.00 ©2017 IEEE

lead acid to nickel-based battery, and from nickel-based to
Lithium-ion (Li-ion) battery. Li-ion is currently a battery
technology with the best performance [8], [10], [11].

Several Li-ion battery driven trams are now in operation,
Japan will serve as a good reference, In Japan, there are so many
clectrified railway lines, but there are a few nonelectrified lines
as well, Japanese railway operators (JR East and JR Kyushu) are
now replacing diesel multiple units which were used to link
electrified and nonelectrified lines, with battery-catenary hybrid
(BCH) trams. Two BCH trams are now in commercial operation
and seven are scheduled to be introduced this year (2017) [12],
[13], [14], [15], [16], [17], [18].

Efforts to promote application of batteries in electric vehicles
has resulted into a wide family of Li-ion battery technology.
Owing to its high power capability, long cirele life and chemical
stability: lithium titanate {L'TO) battery has emerged as a leading
candidate for fast charging and power assist vehicular
applications [19], [20]. [21], |22]. The LTO battery technology
which allows ultrafast-charging, as fast as 6 minutes to full
charge, is already widely in use in electric buses and family
passenger cars [23], [24], [25], [26], [27], [28]. In railway sector,
LTO battery technology has been reported to be used in Skoda's
ForCity Classic (28T) trams {in Konya, Turkey) and Vossloh’s
tramlink v4 (in Santos, Brazil) to link the electrified and
noneleetrified lines{or parts of a line} or to be used in case of
emergency (e.g power outage) [29], [30], [31].

Unlike buses, rail vehicles are heavy and require high power
to accelerate, but little power to cruise due to low rolling friction,
Thus, a high capacity, high voltage traction battery will be
needed 1o meel acceleration (peak) power demand even if the
overall energy consumption does not require such a battery.
Furthermore, adding batieries increases vehicle weight. This
paper therefore, presents a BCH tram system where a tram
accelerates under a short catenary (“acceleration-catenary™), and
cruises with batteries, In this way, electrification cost, battery
cost and tramn performance will be well optimized. Suggested
applications are, on shuttle lines with few stops and in countries
or regions where full railway electrification would mean
dominance of diesel trains,

The rest of the paper is organized as follows: Battery and
catenary hybrid tram model is presented in section I1, simulation
results are presented and discussed in section 111, and finally
section IV concludes the paper.
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II. BATTERY AND CATENARY HYBRID TRAM MODEL

A, Tram Dyvnamics

Modelled as a point mass, tram’s mechanical driving power
(P} is given by a product of its tractive effort (Te) and velocity
(v), where T is caleulated as in (1), neglecting curve resistance
which is usually very low {much lower at low speeds)

Av )
T, = M”E+ Mg (p +sin8) +05p,; Calyvg® (1)

air

M" and M are tram effective and normal masses given as
M = n‘iul\c“ + jv} + Migad and M = Megre + Mg NSPWﬁVd%
where my,, is the vehicle tare mass, 4 is rotary allowance
accounting for angular acceleration of the rotating parts (motor
rotors, gears and wheel sets) and, mi..q is the mass of the vehicle
load,

‘:—': is the change in velocity per change in time, p is the rolling
resistance coefficient and g is the gravitational acceleration
constant (9.81ms?), pgy is air density (1.23 kgm™) €, is
aerodynamic drag coefficient, vy, is air velocity relative to the
tram body, A;is the tram frontal area (m’) and 0 is 2 slope angle
which is normally very small in urban railways and thus sin 8
can be approximated by tan 8 (rise/run) [5], [32].

Following (1), tram’s tractive electric power (P..) and net

energy (Eg) consumption are given by and (2) and (3)
respectively.

Tpu/n ifTg =0
P = [ nTev  if Te <Oandv > 8km/h (2}
0 otherwise
Cstop
Ex = J (P, + Aux)dt 13
Esrart

where Ty is the tractive effort (N) as given in (1) . 5 is the
electrical — mechanical tractive power conversion efficiency, v
is velogity (m/s), Cyor is the time at which the tram starts
moving from ils current siation, iggy is the time at which the
tram stops at the next station, Aux is the auxiliary load (VA),
and di is the change in time (s)

For the purpose of this paper, a Stadler-bidirectional tram
type Variobahn with technical specifications as given in [33],
was chosen. The tram details used in the simulation are given
TABLEL

RiSat, d)
7— VOC(SeC) Yean

Fig. 1. Baitery equivaleni circuil

TABLE I. TRAM DETAILS USEDR N THE SIMULATION [34], [33] . F35], [36]

Attribute Value
Maximum destred specd (vi,) 40 km'h
Passenger cupacity {T.,) 312
Vehicle effective weight (M™) HLERI kg
(60.7 kg per person, A = 111}

Rolling resistance coefficient () 0.006
Aerodynamic drag coefficient {C) 0.6
Fromtal area (A} 77w
Gearbox efficiency 0.93
Motors efficiency 4
DR/ converter (bidirectional ) efficiency 0.9
DA converter (hidirectional) efficiency 0.9
Maotor drive efficiency 091
Auxiliary load {Aux) 15 VA
Dmive

845 kW

B. Traction Battery and other Components

A 24V, 60 Ah LTO battery manufactured by Allairnano was
used and it was modeled as a varving voltage source behind a
varying resistor as in Fig. 1 and Fig. 2. The battery pack (16
batteries, in series) details are given in TABLE 1. Converters,
motors and motor drives are presented by their respective
efficiency parameters as given in TABLE L.

— g Coonsd Velliage )
— Chnge Reemtancaimohen|
— i A |

Wow X N @ N W WM oM W W
Feweunge e of Dharge

Fig. 2, Battery module curves, plotted from curve fitting functions

TABLE IL ALTAIRRANG 24, 60 AH BATTERY MODULE DETAIls (37]

Battery pack

Adtribute Battery value value
" Neminal Voltage 4V 384V
Mominal capacity f j 6l Ah ol Al
Plaxinmum continuous charge 360 A 360 A
Maximum continuons d_iuchargr: I60A 360 A
Maxifium puisl.:-rlznq;(lﬂ sech G A &l A
_ Maximum pulsesdischarge (10 sec) 600 A 600 A
Weight 274 kg 4384 kg

C. Rowute and Speed profile

The BCH tram was simulated assuming a route and speed
profile as shown in Fig. 3. The route actually exists in Dar es
salaam Tanzania, served by a diesel commuter train operated by
Tanzania Railways Limited. As the route is fairly {lat, in the
simulation gradient force was neglected, It is assumed a catenary
system runs for 200 m from each station and a tram stops at a
station such that its pantograph is at the beginning of the
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catenary, Thus, the tram will accelerate drawing power from the
catenary.

L .
L 53 S4 8 =S 58
s 2 i i ] W W
Diistance (k)
40
i 30
i. 0
‘2 i
= 0 1 L
D i 4 11 L] w L7
Distance fum]

Fig. 3. Route and speed profile

I SIMULATION RESULTS AND DISCUSSION

A, Simulation Results

The tram speed and tractive force profiles are shown in Fig,
4. Atan intermediate station the tram dwells Tor 30 seconds, and
the battery pack 15 partially recharged (only during the dwell
time and not during acceleration). When the tram reaches at the
terminal station, the battery pack is recharged to full charge

within 13 minutes. Charging is done at 5 C-rate to 80% slate of

charge (SeC) and then at 2.5 C-rate to 90% SoC, and then at |
Cerate to 95% SoC, and finally at 0.5 C-rate to full charge as
shown in Fig. 6 and Fig, 7.

Tram power demand profile is shown in Fig. 5, and battery-
pack current and voltage profiles are shown in Fig, 6. The battery
pack provides cruising power (which is about one third of the
acceleration power) and auxiliary power when the tram is not
under catenary.,

Battery pack SoC and distance travelled profiles are shown
in Fig. 7, for the purpose of this study, the minimum battery-
pack SoC was limited to 60 %.

Moy 51
1 1 | o By
_ ;L — Tracive Bt 4 o
.l s
Ewf i | - E
;- | | B
L] { i E
] ] L=
il L L 'l ' L L 1 L i
I S e e B R I
Fig. 4. Tram velocity and tractive fosce profiles
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Fig, 5, Tram power demand profile

] 5 ] 3 = = = = ]
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Fig. 6. Tram battery-puck current and voltage profiles

Iaiary all L)

Fig. 7. Dnstance travelled and battery state of charge profiles

B, Discusion

The advantage of having a short acceleration-catenary
system {200 m in this case), such that a tram accelerate from a
station under catenary is clear in Fig. 5, the peak power demand
15 around 300 KW, That peak demand 15 supplied from catenary,
and when the tram starts cruising the power demand drops (o
around 100 kW which is then supplied by a battery pack. Apart
from providing acceleration power, the short catenary provides
a charging point during dwell time, thus the battery pack is
partially recharged at every intermediate station. This further
reduces the required size of the battery pack. Increasing
acceleration will reduce the length of the acceleration-catenary.
However, maximum acceleration is limited by tram’s maximum
tractive effort. Hence, trams that have high acceleration ability
are much preferred in this system.

Changing rate is reduced as the battery gets near full charged
as seen in Fig. 6 and Fig. 7. One of the reason is that, near full
charge, charging resistance increases considerably as shown in
Fig. 2, charging current is therefore reduced to avoid excessive
heating of the cells, Even if a battery cooling system is very
good, high charging current near full charge will lead to high
energy loss. [f journey time is limited, a way around is just to
charge the battery to near full charge, so the battery SoC can be
varying from say 60% to 90%. The same happens during
discharging, where discharging resistance start to increase
cxponentially when the SoC has dropped to 60% (Fig. 2), and
for that reason the minimum SoC in this paper was set to 60%,

IV, CoNCLUSION

The paper presents a battery-catenary hybrid tram system in
which a tram accelerates from a station under a 200-meter-long
catenary and cruises with battery. The battery pack peak power
was reduced from 300 kW to 100 kW which means a significant
reduction in the required bartery size with just a short catenary,
The option is more attractive if a tram has high accelerating
ability. Suggested applications are, on shuttle lines with few
stops and in countries or regions where railway electrification
would mean dominance of diesel trains
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Development of a battery and catenary hybrid light rail vehicle simulator for

vehicle and battery performance analysis: version 01
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Abstract Urban traffic congestion and air pollution from petroleum powered vehicles call for efficient and ecological mobility
system. Trams are currently one of the best options. For reasons such as electrification cost, safety and unsightliness of overhead
lines, some routes are not fully electrified. Such routes can be served by different combinations of traction power delivery systems,
battery and catenary hybrid is a common system. In this paper, a battery and catenary light rail vehicle simulator is developed. With
the simulator, analyzing train and battery performances on a given route is done easily and quickly.

Keywords ; simulator, battery and catenary, light rail vehicle

1. INTRODUCTION

With the growing population, mobility demand, urban traffic
congestion and air pollution from petroleum powered vehicles, the
need for efficient and environmental friendly transportation system
in urban areas cannot be overstated. There has been a growing effort
towards replacing petroleum traction systems with electric systems.
As a reliable, environmental friendly and efficient traffic mode, an
electric train is currently one of the best options that addresses
urban mobility and air pollution challenges. Thanks to its low
rolling friction and high passenger capacity. Having proved
successful, electric light rail vehicles (ELRVs) are have been
adapted in many cities. These vehicles draw power from overhead
catenaries, third rail, underground (via inductive transfer) or
onboard energy storage devices. Various technologies are used for
onboard energy storage, these include batteries, super capacitors,
hydrogen fuel cells and flywheels [11, [2], [3], [4].

For various reasons such as railway electrification cost and
unsightliness of overhead lines in certain areas, some railway routes
are not fully electrified. The former is true for lightly used lines
while the latter is particularly true in historical centers. Safety is
another concern especially when considering electrifying old routes
which were designed with no electrification consideration, Routes
that are not fully electrified can be served by hybrid trains, on non-
electrified sections the trains draw power from onboard storage
devices, and on electrified section the trains draw power from a
power line, power drawn is also used to recharge the onboard
energy storage devices, In recent years, battery technology has
significantly improved with decline in cost. This has stimulated the
production of electric buses and trains [5].

Having high power and energy densities, lithium ion battery is
currently the best battery technology for electric wvehicles.
Common Li-ion batteries used in electric traction include lithium
manganese oxide (LMQO), lithium nickel manganese cobalt oxide
(NMC), lithium nicke] cobalt aluminum oxide (NCA), lithium iron
phosphate (LFP) and lithium titanate (LTO) [6]

Battery and catenary hybrid trams are increasingly becoming
popular in various countries like France, Turkey, Brazil, USA,
China, and Japan [7]. In Japan alone there are more than 50 km
(non-electrified) served by battery and catenary hybrid trams

operated by JR Kyushu and JR East with six battery and catenary
hybrid trams in commercial service (see table). In the city of Najing,
China, 15 battery and catenary trams were introduced in 2014. The
trams serve two lines with a total distance of 17 km, 90% of the
lines is without catenary [8]. With advancement in battery
technology, the future of battery and catenary hybrid trams is
promising.

Table 1. Battery catenary hybrid trams operating commercially in

Japan [9], [10], [11], [12].

[Masufactures J-TREC Hitachi|  Hitachi
|Operstor TR East TR Kyushu|  JR Bast
Family name Accum| Hitachi Adrain|  Accum
Series EV-E30L BECS19|  EV-ES0I
MNumber of cars per train 2 2 2
Weight (ton) 79 721 756
Length / width (m) 0728 20/2.95 -
[Passenger capacity 26 64 2%
|Entered service March2014|  October 2016| March 2017
|Operator IR East IR Kyushu| R East
| Number in operation 4 train sets Itrainset| 1 train set
[umber under construction 0 6 train sets 0
[Distance | Non-electrified M4 10.8 2.6
|Served fkom)|  Electrified 7 13

— data not available

It is of great advantage to railway operators and government
authorities if vehicle and battery performance can be preliminarily
analyzed before a decision is made on which tram (transportation)
system to be introduced on a particular route. Given route, vehicle
and battery characteristics, a simulator can be used to determine|
(estimate) how will the vehicle and battery pack perform. But, these|
simulators are not readily available. In this paper a battery and
catenary hybrid tram simulator is developed. The simulator is not]
only useful to railway operators and government authorities, but]
also to researchers and scholars who want to know how a particular
vehicle with a particular battery back would perform on a particular]
route.
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2. VEHICLE AND BATTERY MODELING

21 VEHICLE A vehicle 1s modelled as a pont mass, its
mechamcal driving power (Pw) 15 given as a product of 1ts tractive
effort (Te) and velocity (v), where T 1s calculated as m (1),
neglecting curve (comenng) resistance which 15 usually very low at
low speeds.

A Ak
Ty = ﬂ3¥+ Mg (u +3 ) +05pasCarvae? (1)

where

M and M are tram effective and normal masses given as
M= mua(l + A) + Mise and M = Mere  + Mieaa respectively,
where M 15 the vehicle tare mass, 4 15 rotary allowance
accounting for angular acceleration of the rotating parts (motor
rotors, gears and wheel sets) and, mxss 15 the mass of the vehicle
load. Aw/At is the change in velocity per change in time, p is the
rolling resistance coefficient and g 1s the gravitanonal acceleration
constant (9.81 ms?), p,, 1s air density (123 kgm™) Ca 15
aerodynamic drag coeffictent, var 15 air velocity relative to the tram
body, As 1s the tram frontal area (m®) and Ah/Al 1s change m
vertical distance (altitude) per change m honzontal distance [13]

Vehicle tractive electnic power (Pw) and net energy consumption
(Eg) are given by (2) and (3) respectively.

Tev/ner ifTg >0
Pe =4 NeTev  if Te <0andv > 10 km/h. ()
0 otherwise
tsrop
Be= [ P+ Pur/racdi )
tseart

where Tp 1s the tractive effort (N) as gaven m (1) , vis vehscle
velocity (m/s), 1> 15 the electnical —mechamcal tractive power
conversion efficiency. 1t 15 a product of VV'VF converter efficiency,
traction motor efficiency, gear box efficiency, DC-DC converter
efficiency. and battery charge or discharge efficiency (from Fig 1).
tzerr 15 the time at which the tram starts moving from its current
Station. I:wp 1s the ime at which the tram stops at the next station.
Py 1s the auxihary power, 7« 15 the efficiency of the auxihary
system, 1t 15 a product of DC-DC converter efficiency, battery
charge or discharge efficiency and awxhary power umt (APU)
efficiency and, dr 1s the change mn tume ()

2.2 BATTERY Dafferent battery types have different

DCyoitage from |

carenary 4?

Fig 1 Rattery and

v hybnd tram block 4

models. but all models used m the simulator have the same mput
and output parameters. The mput parameters are battery state of]|
charge (SoC) and current (C-rate), and the output parameters are
battery termunal voltage and mternal resistance as shown mn Fig 2.

C- rate
Fig 2. Inputs and outputs of a battery model

State of charge of a battery charged or discharged from tume # to|
tr1s gaven by (4), where SoCq 1s the state of charge at time 1, SoCe|
1s the state of charge at ime ¢, 7 1s the battery charge or discharge
efficiency, C 1s C-rate which 1s the ratio of current to battery
capacity (Amps-seconds) and dt 1s change m time (s)

tr
SOC“ + f an(t)dt

&
&

C(t) 2
SoCy — I Tdt if discharging
&

if charging

SoCyy = *)

2.3 SPEED PROFILE Generally, a vehicle’s speed
profile. consist of four operating modes namely: 1) accelerating. 1)
crmsing mode, mi) coasting mode and, 1v) braking mode. In
accelerating mode the vehicle accelerates to the desired maximum
speed, m crwsing mode the vehicle mamtamns its speed
(acceleration 15 zero), tractive effort equals summation of forces
opposing the motion. In coasting mode, tractive power supply 15 cut
off. and the vehicle is left to move with its own kinetic energy. This
15 one of techniques used to munimize energy consumption. In
braking mode, brakes are apphed to stop the vehicle or reduce 1ts
speed. Brakmng system can be regenerative (vehicle kinetic energy
15 converted back to electrical energy and stored or used by other
loads) or non-regenerative (vehicle kinetic energy 15 lost mamly as
heat). Maximum traction force and braking force at a given speed
are dictated by vehicle tractive and braking effort curves. A vehicle
speed profile must mnclude accelerating and braking modes but not
necessanly cruising and coasting modes. [14]. [15]. [16]).

3. THE SIMULATOR

Simulator’s Graphical User Interface (GUI) consists of main
GUI shown m Fig 2. and sub GUIs. The mam GUI 1s divided mnto
five parts which are 1) Vehicle, 11) Battery, u1) Route and, 1v) Speed
profile and, v) Stmulation controls. Sub GUIs appear only when
called/tnggered. Examples of the sub GUIs are those shown mn Fig
4 through Fig. 6.
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Fig 3. Simulator main GUI

With vehilce ‘skoda electnika 10T tram’. and passenger loading
*AW4" selected, and auxilliary power typed in, vehicle details
(displayed after pressing ‘vehicle more data’ push button) are weight 431050404 kg
shown in Fig 4 and vehicle stmulation data (displayed after pressng 184

» | o 'm

power (P_ax) 30 kW
speed 70 km/h
resistance coefficien... 0.0060
drag coefficien..  0.6000
area (Af) 7.7000 m*2
efficiency 0.9300
WM 0.9000
power unity efficie... 0.9000
n
-
\ o
Fig 4. More vehicle data, for a selected vehicle >

Fig. 5. Vehicle simulation data
Simulation data for the selected battery. and specified number of
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battenies m a battery pack, are as shown mn Fig. 6 (after pressing the
‘Battery-pack sumulation data’ push button). The figure also shows

a battery model that will be used i the simulation.

Fig. 6. Battery pack simulation data

Some of user mputs are explamned in Table 2.
Table 2. Some of the user inputs

Item I remarks

Vehicle

Vehicle name A vehicle pame selectad from the menu list
When a vehicle is selected, its image and

an

Passenger load ~Passenger load (added weight)
AWO, fare weight of a vebicle.
AW AWD crew + seated passengers
AW2: AW1 4 standees ot 025 1em? pec standee,
AW3: AW1 + standees at 0.167m? per standee |
Passenger wesght is taken as 70.3 kg
AWA4: AW = standees at 0.125m’ per standee

Auxiliary power Vehicle power demand apart from traction
power E g power for highting, aur conditionsng,
and passenger mformation system

Battery

Battery name Battery name, when a battery name 1s selected its
parameters are loaded.

Number of batteries | Total batteries forming a battery pack

Panallel stnags Number of battery stnings connectad in parallel

Initial state of charge | Battery imitial state of charge (state of charge
before a tram starts moving) m percentage

direction Tram moving direction (a selection), if cutbound
direction was selected, the route figure would be
as shown i Fig 7, signifying the tram wall be
moving from S1 to $10.

Electrified secticns Route electrified section, the mput can be mterms
of station to station (stnlstn), distance froma
station (cistFstn), or from amy ome pomnt
(specified by distance) to another(pomnts)

Speed profile

Vehicle speed profile for|Speed profile can be either selected by a user or
electnfied and  non-|decide by a program. Six selections are available
electnfied sections as shownm Fig 8.

Acc_brake: cruising and coasting are given least
pronty

Acc_coast_brake: crussing 15 given least pnonty
Acc_cnse_brake: accelerating, coasting 1s given
least prionity

Let the program decide: the program chooses a
speed profile based on distance between stations.
Find optimal- the program seeks for the optumal
speed profile.

Speed profile can also be customized for different

Acc_coast_brake
Acc_cruise_coast_brake

Find optimal
Fig. 8. Speed profile options

With the given mnputs, simulation results were as shown m Fig 9.
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4. CONCLUSION
For either electnfication cost, safety or acsthetical reasons some
toutes are not fully electnfied. With advancements m battery

ond:ﬁuumvmes.mbeqwcﬂyudeaﬂylmlm&
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Effect of Partial Charging at Intermediate Stations in Reducing the
Required Battery Pack Capacity for a Battery Powered Tram

Joachim J. Mwambeleko, Uthen Leeton and Thanatchai Kulworawanichpong

Abstract— Despite the fact that electric trains are ideal for
commuter rail service, most often the eost to electrify idle
railway routes is unjustifiable. In an effort to replace diesel
commuter trains serving short and idle routes, with battery
powered trams; this paper evaluates three battery charging
options. If batteries are only to be charged at terminal stations,
the battery powered tram simulated in MATLAB would need a
57.6 KkWh battery pack to travel a distance of 12 km with six
intermediate stations, limiting the minimum state of charge to
40%. A one minute, 5C partial charging at one and two of the
intermediate  station(s), redoced the needed battery pack
capacity by 10% and 0% respectivelv. Having a battery
chemistry with high charging rare capability, multiple small
trams rather than one hig tram, and a good timetable will result
into more reduction of the overall required number of batteries.
Thus, increase the atiractiveness of an intermediate charging
station.

Keywords: diesel commuter train; battery poweved tram; battery
charging options

[ INTRODUCTION

The growing mobility demand, environmental coneems,
energy prices, and traffic congestion in cities; keep
accelerating the need for efficient and sustainable inlracily
transportation systems [ 1, 2]. Having high passenger capacity
and efficiency, low energy cost and emission levels; an electric
train is currently one of the best solutions to urban mobility
challenges [3-5]. Electric trains come with other advantages
such as, low mainienance cost, quite operation, and increased
passenger comfort, However, railway electrification is often
applied to heavily-used routes where the density of traffic
movement is sufficient to justify the high fixed costs [6, 7], It
is Tor this reason that there are still existing non-electrified
railway networks served by diesel commuter trains (DCTs).

In comparison to a traction motor, a diesel engine has very
low efficiency and high maintenance cost, the efficiency of a
DCT is even much lower in a short journey with frequent
stops. The low efficiency of a diesel traction system makes the
cost of its fuel per kWh output, much higher than that of grid
electricity [4, 7, 8].

Keen 1o address the growing concern over fossil fuel
shortage and environmental issues while benefiting from low
operating cost; there have been several atlempts to replace
DCTs with battery electric multiple units (BEMUs). Most
currently, Japanese raillway companies: JR East and JR. West,
have been developing catenary and battery hybrid train
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Kulworawanichpong are with the School of Electrical Engincering, Institue
of Enginesring, Suranaree University of Technology, Nakhon Ratchasima,
Thailand,
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systems since 2011, utilizing lithium-ion (Li-ion) batteries [9-
12]. In November 2015, Bombardier's battery powered tram
was reported to set a range record when it successfully
completed a 41.6 km catenary-free test-run using Li-ion
batteries [13]

Recently, lithium titanate (LTO) battery which uses a
lithium titanate oxide (LisTis02) as a negative electrode
instead of graphite, has emerged as a leading candidate for fast
charging and power assist vehicular applications, thanks to its
power capability, long circle life, low energy cost per cycle
life, and chemical stability [14-16], The battery chemistry has
proven successful powering several electric buses and trains
[16-19]. Taking the advantage of the low rolling resistance
(between a steel wheel and steel rail, with a very small contact
arcal, rail transport consumes less energy per passenger
kilometer than road transport for the same traffic [2], [R]. Thus,
LTO batteries are expected provide longer drive range in trains
than in buses.

Using a 12 km commuter train route in Dar es Salaam,
Tanzania; This papers evaluates three battery charging
options. Option [, batteries are fully charged only at the
terminal stations, option [I, batteries are fully charged at
terminal stations and partially charged at one of the
intermediate stations, and option IT1, batteries are fully charged
at the terminal stations and partially charged at two of the
intermediate stations. The aim of the intermediate charging
being to reduce the battery pack size. In all cases the battery
pack minimum state of charge (SoCu.) is limited to 40%.

The rest ol the paper content have been structured as
follows: The subject of research is described in section 1. A
condensed review on train movement 15 given in section L1
Simulation details and results are presented and discussed in
section [V, and finally, section V concludes the paper.

II. THE SUBJECT OF RESEARCH

To ease travelling within the congested Tanzanian
commercial city of Dares Salam; the government of Tanzania
introduced commuter train services in October 2012, Tanzania
Railways Limited (TRL) operates a diesel commuter train
which serves a 12 km route from Central-station (city center)
to Ubungo-Maziwa as shown in Fig. 1. The train makes three
trips in the morning and evening throughout the week
excluding Sundays and public holidays [20-21]. For
convenient purposes, in this paper the stations are named as
51,82, ..., S8 starting from the city center (Central station)

(emails: Jembioutlonk com, uthen.lestonidepmail.com,

thanatchaiw gmail con)




142

— fronsd

o -

E W M W NN W

[ B B R R A
Distamia |

Fig. 1. TRL commuter train rouie

Unfortunately, attributed by low efficiency of the train
especially in a short journey with frequent stops, high fuel
consumption leading to high operating cost and carbon-
dioxide (CO2) emission has been a challenge. In November
2013, the TRL commuter train was reported to have caused a
loss of approx. USS 334000, operating at a daily loss of
approx. USS 1000 [22]. This paper then, studies different
hattery charging options for BEMUs to replacing DCTs
serving short and idle routes, And hence, reduce fuel cost and
CO; emissions

I, TrANMOVEMENT AND ENERGY CONSUMPTION

A, Train kinematics

Generally, a train’s speed profile consists of four operating
modes which are acceleration, constant speed, coasting and,
braking. Normally a train starts accelerating with a constant
tractive force to a base speed. From the base speed to a desired
speed, tractive power is kepl constant, and tractive force
reduces inversely to speed (il it balances the forces opposing
the motion [4], [23]. The adhesion between the driving wheels
and the rail determines the minimum and maximum tractive
force above which the wheels will start rolling and shpping
respectively.

With tractive force equals to the forces opposing the
motion, the train maintains the attained speed. As a technique
to minimize tractive encrgy consumption, before brakes are
applied. tractive power is cut off and the train is left to coast
with its own momentuin. The train speed starts decreasing on
account of resistance tothe motion. Finally, brakes are applied
and the train is brought to a stop [23-24]. Like the tractive
force, the maximum braking force is determined by the
adhesion between the braking wheels and the rail. Modern
trains use regenerative braking to recapture train’s kinetie
COeTgy.

B. Train dvnamics

Train’s movement calculations are governed by the
Newton's laws of motion, A free body diagram showing the
forces acting upon an uphill moving train is shown in Fig. 2.
The relationship between the forces is as expressed in (1)

Fig. 2. Free body diagram of a train going uphill

5 o n ~ .
Fy = M+ Fop + Faraa + Farag (1)

where Fg is the tractive effort (N), Frg is the rolling resistance
foree (N} Fing is the acrodynamic drag force (N), Fyaa is the
aradient force (N}, % is the acceleration (ms?), and M is the
effective vehicle mass (kg) [2]. The effective vehicle mass M
is given as Myl | + A) + Migeg, Where Mg is the vehicle tare
mass, 4 s rotary allowance (representing the rotary inertial
effect) and, my,q is the vehicle load (passenger or freight
mass) [24].

Aerodvnamic Drag, Fie: A vehicle moving in air faces air
resistance (it has 1o displace air), aerodynamic drag is due to
the friction of the vehicle body moving through air [4]. It is
common o express the aerodynamic resistance force in the
basic form as in (2) [2].

Faug = 0.5paiiCaA Vi 2)

where pue is the air density (kgm®), Ca is an aerodynamic drag
coefficient, Aris the projected vehicle frontal area (m?) and,
Vi is the speed of air relative to the vehicle body (ms™) [26]

Gradient Force, F,,,: Gradient force is the component of
the vehicle weight acting along a slope. Gradients on railways
are usually small such that, taking sin 8 = tan 8 (8 being the
slope angle) is sufficiently accurate, With g representing
aceeleration due to gravity, the gradient force of a train with
effective mass M can be expressed as a function of h/1 where
h is the vertical distance and [ is the horizontal distance moved
to rise h units. From (1), the force is negative when the vehicle
is moving downhill and vice versa, mathematically expressed.

as in (3) [2], [24].

h

Fgrap = £ Mgsin® =+ MgT i3}

Rolling Resistance Force, Fpp: Rolling resistance force is
the force resisting the motion of the rotating parts. At the most
elementary level the rolling resistance of a wehicle is
mathematically expressed, as in (4) [27].

Fap = pMg (4)

where M is vehicle effective mass, g acceleration due to
eravity and, p is the rolling resistance coefficient, Some
literatures combine (2) and (4) into one equation called Davis’
equation as in [28].
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C. Train tractive energy consumption computation

In a computer simulation, the approach to caleulate tractive
energy consumed by a train travelling from one station to the
next 15 as summarized in Fig. 3.

Lisiad Wi paamEn sl
nitialsze Tarsshiss

¥ Ye
Fig. 3. Train tractive energy consumplion, calculation fow chart

IV. SIMULATION, RESULTS AND DISCUSSION

A Simulation details

For the purpose of this paper, a Stadler-bidirectional tram
and Altaimano lithium-titanate batteries were chosen. The
tram in operation drawing power from a catenary system is
shown in Fig. 4 and its technical data are given in TABLEL, its
construction averview can be found in [29].

Fig. 4. Siadler-bidirectional tram, type Variobahn [249].

TABLEL STapLer VarioBAHN TRAM DETAILS [29].
Attribute Value
Maximum speed -_-_ ; 70 knvh
Passenger capacity ELETD wef 4 X RN 312
256 Standing (¥ pemsensm) - _"_
Tram weight JERRO0 ke
Catenary's voltage G0 TA00Y
Drrive Bx 45 kW
length 29,62 m
Dimensions width 2.3m
height 335 m
Giauge 10K prvmy

As the SoC, was limited to 40%, for most of the time the
batteries will operate in a linear (almost flat) zone where the
difference between the battery actual voltage (as the function

of state of charge) and nominal voltage is very small,
Therefore, in this study a battery is simply modelled as an ideal
voltage source (with open circuit voltage equals to the nominal
voltage) in series with the equivalent internal impedance.
Converters, moltors and motor drives are presented by their
respective efficiency parameters, The battery and tram details
used in the simulation are given in TABLE Il and TABLE 1L
respectively. Modelled as a BEMU as shown in Fig. 3, the ram
is simulated in MATLAB, using the 12 km TRL commuter
train route which has a total of eight (8) stations as shown in
Fig. 1. As the route is fairly flat, the gradient force is assumed
tor be negligible.

TABLE I, BATTERY PACK DETAILS [30],

Adiribuie Value
Voltage limit 1927V
Momima| voltge 4V
Mominal capacity i) Ah
Typical discharge energy

(1C rate, 25°C}) |44k
Maximum continuous charge 36l A
Maximurm continuous discharge 36l A
Internal impedance 4 mi2
Weight 2Tdkg

TABLE N1 Tram DETAILS USED IN THE SquLaTIoN [1], [25].[31)

Adtribute Value
Maximum allowable speed (k) a0
Passenger capacity 32
Vehicle effective weight (kg 63102
Rolling resistance coeflicient 00e
Aerodynamic drag coefficient .6
" Frontal area (m’) 7.7
Gearbox effic lency 0493
Motors efficiency 0.9
DCDC converter (hidirectional ) efficiency 041
Maotor drive efficiency 091
T Auiliary load (kW) 20
e welgh correspanding e option 1, @ chesges slighly
with the menber af batreries
Approprial |
DC voliags from a ‘
charging stafion

L SO A
Sy

Fig. 5. BEMLI block diagram

21
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B. Simulation results

Since velocity profile (drive cycle) is the same in all the
three cases considered in this paper, and the change in effective
weilght of the tram due to change in the size of the battery pack
is too small to cause notable changes in the tractive effort. The
tram velocity and tractive effort profiles are shown just once
in Fig. 6. Dwelling for one minute at intermediate stations, the
tram takes approx. 30 minutes travelling from S1 (Central
station) 1o S8 {Ubungo-maziwa). When it reaches at the
terminal station, batteries are recharged to full charge within
10 minutes. At any charging station, battery charging is done
at SC rate if the states of charge (S0C) is below 80% and at 3C
rate otherwise, provided the batlery is not fully charged.
Perhaps 1l is worth mentioning at this point that: i) the drive
cycles used in this study were optimized to minimize energy
consumption, adapted from [5], and i) these simulation resulls
assume that the tram uses regenerative braking. However, as it
can be seen in Fig. 8, the regenerative energy is very little due
to low maximum speed, long coasting and relative flat route
thus, little kinetic energy is available at a point of braking.

Trecien P (01

Fig. 6. Tram velocity and tractive force profiles

Cption 12 With option [, batteries are only charged at the
terminal stations {charging starts immediately alier the tram
has come to a stop) as shown in Fig. 7. The needed battery
pack consists of 40 batteries (20 in series) with equivalent
capacity of 37.6 kWh. The tram power demand, battery current
and voltage profiles are shown in Fig. &, Battery pack SoC,
tram net energy consumption and, distance travelled profiles
are shown in Fig. 9.

o} @ genm
-
Sl wam

Fig, 7. Option I: Charging points installed only a1 the terminal stations

Il

Fig. & Opiien |- Tram power demand, battery pack current and voliage
profiles

Fig. 9. Option I: Distance travelled, net energy consumed and battery SoC
profiles

Oprion {1 With option 11, batteries are fully charged at the
terminal stations and partially charged at one of the
intermediate  stations  (in - both  cases, charging  starts
immediately after the tram has come to a stop) as shown in Fig.
10, The needed batiery pack consisis of 36 batleries {18 in
series) with equivalent capacity of 51.84 kWh. Tram power
demand, battery current and voltage profiles are shown in Fig.
10 . Battery pack SoC, tram net energy consumption and,
distance travelled profiles are shown in Fig. 11.

Lt !

Fig. 10, Option [1; Charging points installed at terminal stations and one of
the intermediate stations

Fig. 11, Option 11 Tram power demand, battery pack current and voliage
profiles
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Fig. 12. Option [I: Distance travelled, net energy consumed and battery SoC
profiles

Option [1: With option 111, batteries are fully charged at
the terminal stations and partially charged at two of the
intermediate stations as shown in Fig. 13, The needed battery
pack consists of 32 batteries (16 in series) with equivalent
capacity of 46,08 kWh, Tram power demand, battery current
and voltage profiles are shown in Fig. 14 . Battery pack SoC,
tram nel energy consumption and, distance travelled profiles
are shown in Fig. 15, A summary of the three options is given
in TABLE IV,
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Fig. 13, Option 11 Charging points installed at terminal stations and one of
the intermediate stations
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Fig. 14. Option 111z Tram power demand, battery pack current and valtage
profiles

=T -
7 -
-
N

Fig. 15, Option 111z Distance travelled, net energy consumed and battery
Sol profiles
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TABLE TV. SuMMmary OF THE THREE OPTIONS

Battery Intermediate- Taral
Summary Batterbes | pack staton CREFEY
needed Capacity hargl Consummed
(KWh) . & (kW)
Option 1 40 576 N/A 34,363
Option 1l | 36 5184 1,(54) 34328
Option 11 | 32 46.08 2.(83 and §5) | 34.283

C. Discussion

With one intermediate charging station, four batieries
(which have an equivalent of 5.76 kWh) could be reduced.
That made a 10% reduction of required battery pack capacity.
With two intermediate charging stations, the required battery
pack capacity was reduced by 20%. Intermediate charging
stations come with extra cost. Depending on the number of
the trains and a battery pack size for each, different systems
will have different battery-pack-reduction to intermediate-
charging-station cost ratios.

With regard to the TRL commuter train service, the
current DCT has a passenger capacity of 1200, Thus, four
BEMUs (as the one used in this study) will be needed to
replace the train. One intermediate charging station will
reduce 16 batteries in total, equivalent to 23.04 k'Wh battery
pack reduction. And, two intermediate charging stations will
reduce 32 batteries in total, equivalent to 46.08 KWh battery
pack reduction. Such a reduction 1s significant; currently, a
lithium titanate battery costs around USS 1000 to USS 1500
per kWh [32]. [33].

Having a battery chemistry with high charging rate
capability, and multiple small trams rather than one big tram
will increase the utilization factor of the imtermediate
charging station{s). Thus, the overall intermediate charging
time will be increased, resulting into more reduction of the
overall required number of batteries. That will further
enhance the attractiveness of an intermediate charging station.
In case of a double track, a good time table that minimizes the
number of trains charging simultancously at a station will help
to reduce the size of the charging infrastructure needed.

V. CONCLUSION AND FUTURE WORK

In an effort to replace DCTs serving short and idle routes
with BEMUs, this paper evaluated three battery charging
options, A commuter train route, currently served by a DCT
in Dar es Salaam Tanzania was used. With option one, where
batteries are only charged at the terminal stations, a 37.6 kWh
battery pack was needed. With option two, where batteries are
fully charged at the terminal stations and partially charged at
one of the intermediate stations, the needed battery pack
capacily was reduced by 10%. And with oplion three, where
batteries are fully charged at the terminal stations and partially
charged at two of the intermediate stations, the needed battery
pack capacity was reduced by 20%. In all the three options the
battery pack minimum state of charge was limited to 409,

To replace the current DCT, four BEMUs (as the one used
in this study) will be needed. Thus, one and two intermediate
charging station{s) will reduce a total of 23.04 kWh and 46.08
kWh battery size respectively. Such a reduction is significant;
currently, a lithium tlanate battery costs around USS 1000 1o
LSS 1500 per kWh.

Having a battery chemistry with high charging rate
capability and. multiple small trams rather than one big tram
will result into more reduction of the overall required number
of batterics. Thus, increase the attractiveness of an
intermediate charging station, In case of a double track, a
good time table that minimizes the number of trains charging
simultancously al a station will help to reduce the size of the
charging infrastructure needed

In the future the authors are expecting to expand this study
by considering the actual cost of installing (design and costing
of) an intermediate charging stations, and analyze their cost
effectiveness for different systems including battery powered
buses.
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