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Abstract

This works begins by providing motivation for additional research and political interest in the use of
passenger railway systems as a method of ‘green’ transportation. Additional motivation for the adoption
of energy saving methods within new and existing railway systems is also provided. This motivation
stems from the relatively small carbon dioxide emissions per passenger kilometer and large quantity of
electrical energy used in association with passenger railway systems. In specific cases, both theoretical
analyses and experimental implementations of energy storage in railway systems have shown a
reduction in electrical energy use and/or vehicle performance gains. Current railway energy storage
systems (ESS) commonly make use of battery or electric double layer capacitor (EDLC) cells. A review of
select energy storage technologies and their application in railway systems is provided. For example, the
developing Qatar Education City People Mover System makes use of energy dense batteries and power
dense EDLCs to provide the range and power needed to operate without a conventional railway power

source between stations, formally called catenary free operation.

As an alternative to combining two distinct energy storage technologies, this work looks at
experimentally characterizing the performance of commercially available lithium ion capacitors (LiCs); a
relatively new energy storage cell that combines characteristics of batteries and EDLCs into one cell. The
custom cell testing apparatus and lab safety systems used by this work, and others, is discussed. A
series of five tests were performed on two EDLC cells and five LiC cells to evaluate their characteristics
under various electrical load conditions at multiple temperatures. The general conclusion is that, in
comparison to the EDLC cells tested, the LiC cells tested offer a superior energy density however, their
power capabilities are relatively limited, especially in cold environments, due to larger equivalent series

resistance values.



The second topic explored in this work is the development of a MATLAB based DC powered passenger
vehicle railway simulation tool. The simulation tool is connected to the experimental analysis of EDLC
and LiC cells by comparing the volume and mass of an energy storage system needed for catenary free
(no conventional DC power supply) operation between train stations using either energy storage
technology. A backward facing modelling approach is used to quantify the drive cycle electrical power
demands as a function of multiple vehicle parameters and driving parameters (eg. acceleration rate,

travel distance and time).

Additional modelling methods are provided as a resource to further develop the simulation tool to
include multiple vehicles and their interactions with the DC power supply. Completion of the multi-

vehicle simulation tool with energy storage systems remains a task for future work.
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1. Introduction

1.1.  Background and Motivation

A joint publication by the International Railway Association (UIC) and the Community of
European Railway and Infrastructure Companies (CER) states that “[r]ail is the most emissions-
efficient major mode of transport” [1, p. 3]. Similarily, a report from the European Rail Research
Advisory Council says that “Rail transport is recognised as the most environmentally friendly
form of mass transport” [2, p. 11]. For comparison, [3, p. 5] lists the carbon dioxide emissions for
rail, road and air passenger transportation to be 28.39 gCO,/pkm, 101.61 gCO,/pkm and 244.09
gCO,/pkm, respectively, where ‘pkm’ represents the distance, measure in kilometers, travelled
by each passenger. The 2016 Railway Handbook published by the International Energy Agency
(IEA) and IUC suggest that the total carbon dioxide emissions from passenger rail service has
decreased by 60% between 1975 and 2013 [4, p. 18]. With the worldwide increase in railway
electrification (163% increase between 1975 and 2013 [4, p. 18]) and increase in renewable
energy powering railway systems (7.6% to 20% from 1990 to 2013 in EU28 [4, p. 28]), the author
predicts that passenger rail transportation carbon dioxide emissions per passenger kilometer are
likely to decrease in the future. However, the electrical power to operate electrified rail systems

is considerable.

According to the International Association of Public Transport, properly called the Union
Internationale des Transports Publics or UITP, the energy consumed for urban rail passenger
transportation within Europe in 2013 was 0.12 kWh/pkm, which is “7x less than the average car
in [an] urban context” [5, p. 2]. Even with a reduced energy demand per passenger kilometer,
compared to many modes of transportation, “[t]he total urban rail energy consumption [within
Europe, 2013] is ~11.000 GWh per year, which is comparable to the residential energy
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consumption of the Brussels region (approximately 1 million people)” [5, p. 2]. As another
example, the Toronto Transit Commission (TTC) estimates that a six car Toronto Rocket subway
train replaces the necessity for approximately 980 passenger cars during a typical morning rush
hour [6]. In 2016, the TTC reported an annual “passenger trip” count of approximately 538
million, with approximately 47% of transportation trips by bus and 41% by subway trains [6].
When averaging data from [7], [8] and [9], the TTC's average annual electricity consumption is
approximately 441.7 million kWh, of which approximately 75-77% (~335.7 million kWh) of the
energy is used for traction applications (not specified what percentage is for streetcar and
subway services) [7] [8] [10]. In 2010 Toronto Hydro-Electric Systems Limited (THESL), the
electricity distribution company for the City of Toronto, reported an annual distribution of “24.7
terawatt-hours of electricity representing approximately 19 percent of the electricity consumed
in the province of Ontario” [11]. Using these values, it is estimated that the TTC's electrical
traction energy consumption could represent approximately 1.4% of Toronto’s annual electricity
consumption and approximately 0.26% of Ontario’s electricity consumption. Although this is a
rather small percentage, with an annual electricity cost of approximately $40 million [8], it is
estimated that the TTC annual traction electricity expense is approximately $30.4 million (CAD).
A large ridership and electrical energy consumption can also be seen in other transportation
systems. For example, the Southeastern Pennsylvania Transportation Authority (SEPTA) reported
a 2016 annual combined ridership of approximately 100 million trips on the Norristown High
Speed Line (NHSL), Market-Frankford Subway-Elevated Line (MFSE) and Broad Street Subway
(BSS) [12, p. 3]. The total energy consumed by these three services in 2016 amounted to

approximately 143 million kWh [12, p. 6].
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Considering the high ridership counts and relatively low carbon dioxide emissions from
passenger railway transportation, the author suggests additional research and political emphasis
on the implementation of energy efficient electrified passenger railway systems powered by
renewable energy. Unfortunately, the cost to develop passenger railway systems, including non-
electrically powered systems, can be a barrier to adoption. For example, the 23.3 km [13] Union-
Pearson Express (UPX) train in Toronto, which entered service in June 2015 [13], cost $456
million CAD to build and started with one way fares of $27.50 CAD [14]. The proposed 350 km
high speed electrified passenger rail system between Windsor, ON and Toronto, ON is estimated
to cost $21 billion CAD ($60 million CAD per kilometer). The recent 8.6 km [15] subway
extension on the TTC subway system, which adds 6 subway stations, cost approximately $3.2
billion CAD [16]. These local examples show that the cost to implement new passenger railway
systems, including surface rail (UPX), high speed rail (Windsor-Toronto) and subways is
considerable. Although new passenger railway systems may be infeasible, the author believes
that there may be a potential to reduce the electrical energy consumption from existing
electrified rail systems and further reduce the environmental impact and electricity cost for

passenger rail transportation.

The 2012 SEPTA Energy Action Plan identified eighteen initiatives aimed at reducing the entire
SEPTA system CO, emissions by approximately 12% and subsequently save roughly $2.2 million
USD annually (2011 pricing) due to energy use reductions [17, pp. 2-3]. The electricity initiatives
from Table 14 of [17, pp. 23-26] include improvements in the utilization of regenerative braking
energy (projects 2A-1 and 2B-1 — combined savings of approximately 15,285,889 kWh and $1.36
million USD per year, evaluated at $0.089/kWh) and using wayside energy storage (projects 2B-

2, 2C-1 — combined savings of approximately 18,091,787 kWh and $1.6 million USD per year)
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[17]. With approximately 40 metro networks and 180 light rail and tram networks in Europe [5,
p. 2] the author believes that implementing energy saving devices or methods within existing
passenger rail systems may be an alternative approach to reducing passenger rail energy
consumption and carbon dioxide emissions rather than building new expensive rail systems.
Additionally, if a linear relationship between energy reduction and cost savings is assumed, in
the case of the TTC (see above) an electrical energy savings of even 1% may result in savings of
$400,000 CAD annually (based on 1% of $40 million CAD). Aging infrastructure and rollingstock
may present a considerable opportunity for energy savings, especially if there is an increase in

ridership.

When evaluating energy consumption reducing measures in passenger railway systems it is
important to look at the entire railway system and several variables. For example, [18] provides
an excellent review of energy consumption related to vehicle motion as well as energy saving
methods in railway systems. Figure 5 from [18] classifies twenty-one energy saving methods for
urban rail systems based on the technology type and implementation area; being either the
whole rail system, infrastructure or rollingstock (the train vehicles). Notable examples include
timetable optimization (whole system), wayside energy storage (infrastructure), drive cycle

modifications, and lighting improvements on rolling stock.

When looking at systems with regenerative braking capabilities, such as the TTC, which, in 2008
had 94% of subway trains and 100% of street cars with regenerative braking capabilities [7, p.
17], one future direction is to look at making that regenerated power available for other loads
such as auxiliary systems, other nearby rail vehicles or station infrastructure loads. Typically, the

use of regenerative braking energy by other vehicles is dependent on the power demands and
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proximity of other nearby vehicles, commonly called network receptivity. The movement of
electrical energy from the braking train to the DC railway power supply can result in an increase
in the line voltage due to the voltage supply resistance. To prevent electrical component
damage, the supply voltage, which is typically 600V, 750V, 1500V or 3000V DC, must be within
the voltage limits (approximately 20% more than the nominal voltage) outlined in various
standards such as EN 50163 [19, p. 33] [20] and IEC 60850 [21, p. 3]. For example, Section 9 of
[22], which documents parameters for the interworking of a 750V DC 3™ rail system, says that
“Regeneration voltage shall not exceed 900V at the collector shoe” [22]. Low network receptivity
and rising DC transmission voltages results in the need for dissipating regenerative braking
energy into braking resistors [18, p. 513]. The network receptivity can be increased by
introducing grid tied inverters that regenerate energy to the high voltage three phase grid
supply, commonly called reversible substations. However, the regeneration of energy to the
utility supply may not be an attractive energy saving option due to losses when transmitting
power to the grid tied inverters and electrical utility policies that either restrict bi-directional
power flow to the grid or offer minimal monetary value for regenerated electricity [23]. The
main alternative to bi-directional grid power flow is to consider energy storage systems either on
the rollingstock, formally called on-board ESS, or beside the tracks, formally called way-side
energy storage. The energy storage may be achieved using various methods such as mechanical
flywheels [24] [25], batteries [26] [27] [28], capacitors [29] [30] [31] [32] [33], or a combination
of technologies [34]. However, there are compelling arguments regarding the financial benefits
of reversible substations and energy storage systems when considering system lifetime,
operating costs and capital costs. For example, Gelman, author of an article titled Energy Storage
That May Be Too Good to be True, says that “The energy savings achieved by adding ESSs to

diode rectifier substations provide a payback time of well over 30 years” [35]. Although this
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article raises a concern regarding cost, we can look to energy storage examples from large
businesses as a source of motivation and a confirmation of the energy saving influence provided

by the experimental systems.

With the potential of reducing electricity consumption, providing line voltage support, load
shifting, catenary free operation (no 3™ rail or over head DC supply), increasing back up energy
storage and income from frequency regulation, multiple transit authorities and research groups,
such as those in [7] [17] [23] [36] and [37] are exploring the use of energy storage systems. One
of the most interesting upcoming projects is the Qatar Education City People Mover System
which uses a catenary free track between stations with onboard hybrid energy storage systems
(batteries and capacitors) that are charged at rail stations/stops [38] [39]. We can also look to
large manufacturers and the results from railway energy storage pilot projects for motivation to
study this topic. When discussing a rail-based hybrid energy storage system in Portugal, Siemens
suggests that “The recovery and storage of braking energy results in 20% less energy
consumption” [39, p. 21]. Bombardier suggests that the energy released from its capacitor based
EnerGstor wayside energy storage system can “reduce the network energy
consumption/demand by up to 20 per cent” [40, p. 2]. ABB’s “ENVILINE ESS is a wayside energy
storage system that stores and recycles this surplus energy, helping reduce the energy
consumption up to 30 percent*” [41]. Similarly, Toshiba’s traction energy storage system (TESS)
used in the Suesyoshi Substation field test showed that “daily traction energy consumption was
reduced to 575kWh/day (-17%) during weekday and 883kWh/day (-32%) during weekend...”
operation [42]. It is important to note that the energy and monetary savings from academic

literature and large manufacturers often state performance gains “up to” a certain value. As
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noted by the asterisk above in the quote discussing ABB’s ENVILINE ESS system, “The level of

savings will depend on the operating conditions of the train system” [41].

Considering the wide range of passenger railway systems, it is important to identify railway
configurations that would likely benefit the most from energy storage systems. From a high-level
perspective, energy storage systems may be most beneficial for rail systems with frequent
acceleration and braking cycles of multiple heavy vehicles that are powered by a relatively lossy
transmission line system along a track with varying altitude [43]. In an excellent review paper by
Gonzdlez-Gil et al., the authors state that “Typical values for infra-structure energy losses [,
which includes substation and distribution losses,] can be as high as 22%, 18%, 10% and 6% for
600V, 750V, 1500 V and 3000 V-DC networks, respectively” [18]. Therefore, the author predicts
that SNCF’s Atlantic high speed TGV passenger trains powered by a 2 x 25kV 50 Hz
autotransformer supply [44] is less ideal for energy storage systems compared to the TTC's
subway system which has a weekday headway of a few minutes [45] and is powered by 600V DC
via the third rail [46]. Considering the large number of variables that impact the railway vehicle
system, including drive cycle characteristics and tractive supply power flow, the author suggests
that each railway system be analyzed individually to estimate the energy and monetary saving

benefits of adding energy storage systems.

Although the previous discussion has focused largely on energy savings by using energy storage
devices, the key ESS application studied in this work is for catenary free operation, similar to the
Qatar Education City People Mover System. Catenary free operation is an attractive solution for
developing city centres that want to eliminate the use of over-head wires while providing safe

public rail transit in dense urban areas. On-board ESSs can be used as the only power source to
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the vehicle as well as provide energy saving benefits, such as those described previously, when

operated with the DC power supply system (further analysis beyond this work is necessary).

In another excellent review paper (2013) by Gonzalez-Gil et al. [23], the authors show multiple
tables that review the energy storage devices, study type (theoretical vs experimental) and main
results for on-board and stationary ESS systems for urban rail transportation. These tables,
which review publications and commercial products, show that stationary and onboard rail
energy storage systems primarily make use of electric double layer capacitors as the energy
storage technology. However, Figure 6 of [47] shows seventeen battery-based energy storage
systems for railway applications in Japan. The authors of [47] note that the energy storage
systems provide several functions such as voltage line support, emergency power backup and
energy saving. Select Japanese battery-based energy storage systems are discussed in more
detail in [48]. Section 10.3 of [49] discusses four German electric accumulator coaches that made
use of on-board lead acid batteries stored beneath the locomotive hood (vehicle ETA 177) and
under the cars (vehicles ETA 176 and ETA 150). Some of these vehicles entered service in 1908
[49]. The ETA 150 train was equipped with a 400 kWh battery that offered a 250 km range [49].
The 1928 Class E 8 locomotive commissioned by DRG featured a 417 kWh lead acid battery pack
[49]. It is interesting to see how the implementation of energy storage in railway systems began

with on-board lead acid battery packs and has transitioned to mainly EDLC-based systems.

When looking at large manufacturers, we can see both battery and capacitor-based energy
storage systems for railway applications. For example, Kawasaki has installed multiple battery
based energy storage systems each exceeding 200 kWh [50] and Bombardier developed a

battery powered tram using lithium ion battery packs from AKASOL [51] that completed a 41.6
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km trip without a conventional DC power supply [52]. On the other hand, Bombardier also offers
their EnerGstor technology that makes uses of capacitor energy storage for wayside rail
applications [40]. These examples, and many others, show that battery energy storage is
primarily used for situations that need large amounts of energy, such as catenary free driving,
and capacitors are primarily used for more power demanding applications such as regenerative
braking energy recovery. However, as mentioned earlier, Siemen’s is using the combination of
energy dense batteries and power dense electric double layer capacitors to form a hybrid energy
storage system (HESS) for the Qatar Education City People Mover System which features a
catenary free track between stations [38] [39]. A more detailed discussion on HESS technology is

provided in Section 2.4.

Lithium ion capacitors (LiCs) are an emerging energy storage technology that combine
characteristics of electric double layer capacitors and lithium ion batteries to form an
asymmetric hybrid cell. Lithium ion capacitors may be an alternative energy storage device for
specific railway applications that require a longer driving range than EDLC cells can provide or
more power than a battery pack of a given size can offer. The relatively limited academic
research investigating the performance of LiCs for energy storage in tractive applications,
specifically railway systems, is primarily documented in publications by Flavio Ciccarelli. Further
investigation into understanding the performance differences between EDLC cells and LiC cells

will assist in evaluating their use in railway applications.

In summary, this section provided motivation to further study the use of passenger rail
transportation; primarily due to the relatively low carbon diode emissions and opportunities to

further reduce electrical energy consumption for existing electrified rail systems. A brief
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overview of energy saving methods in passenger rail was provided and emphasis was placed on
the use of on-board energy storage systems for catenary free operation. A discussion on
different energy storage technologies, such as capacitors, batteries and a hybrid combination of
them, was provide with emphasis on railway energy consumption or catenary free operation. A
short discussion on a relatively new energy storage technology, lithium ion capacitors, was
provides to briefly highlight how their capacitor-battery hybrid characteristics may be
advantageous for tractive applications. The need for additional performance comparison
between EDLC and LiC cells was identified. Academic study and industry examples of energy
storage technology in railway applications have shown a considerable range of performance
benefits, primarily dependant on the railway system configuration and operating parameters (ie,
supply voltage and drive cycle characteristics). The author suggests further investigation into the
parameters that make railway energy storage systems a good solution to help reduce total

energy use in rail networks.

1.2. Contributions

This thesis discusses the tools developed and results obtained in studying two main topics:
a) An experimental performance comparison of electric double layer capacitors and
lithium-ion capacitors for energy storage applications, and
b) The development of a railway simulation tool used to compare the mass and volume of
an EDLC and LiC based on-board ESS used for catenary free operation from one station
to another
These two topics are related by introducing experimental cell characterization results from a)
into the railway simulation tool of b). The author’s key contributions are outlined below:
e Documentation of design considerations for developing a custom cell testing device and

future improvements for other students to build upon.
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Documentation of the processes and safety systems established to enable unattended
and automated capacitor cell testing in a university-based energy storage lab
Development of a systematic experimental capacitor cell testing procedure
accompanied by a MATLAB based automated data analysis tool.

High level specification comparison of two EDLCs and five lithium ion capacitors. The
capacitors studied in this work were obtained from four manufactures. This cell
selection broadens experimental work from literature by testing cells from more than
one manufacturer.

Identification of endothermic charging for LiC cells (for the specified test currents used)
Identification and comparison of how the equivalent series resistance of EDLC and LiC
cells changes with state of charge, temperature and testing current.

Identification of a current dependant equivalent series resistance for LiC cells in cold
temperatures.

Documentation of an approach to model a railway drive cycle, drive cycle power
demand and DC power transmission system using a circuit simplification and modified
node analysis.

The parameters needed to model a passenger railway system were more difficult to
obtain than originally expected. A collection of publicly available modelling parameters
was established.

Analysis on how the rail vehicle mass and acceleration impact the peak power
demanded and maximum electrical energy required for driving between two stations
Comparison between the mass and volume of the cells for a LiC and EDLC based on-
board ESS used to power a specific catenary free drive cycle. Eight test cases are

explored.
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1.3.  Thesis Outline

This thesis is organized into eight chapters. The first chapter provided motivation for the study of
energy saving methods and catenary free operation in passenger railway systems and lithium ion
capacitors as an alternative energy storage technology. Chapter 2 provides an overview and
comparison of battery, EDLC and lithium ion capacitor energy storage devices with a focus on
their performance differences. In Chapter 3, DC railway power distribution is discussed in more
detail and a literature review of railway energy storage work is provided. Chapter 4 describes the
work performed to develop the custom cell testing device and related lab safety equipment used
to characterize the EDLC and lithium ion capacitors tested in Chapter 5. Chapter 5 compares the
performance of two EDLCs and five lithium ion capacitors based on five different time domain
characterization tests. Chapter 6 outlines the modelling methods used to represent railway
vehicle drive cycles, power demands and associated DC power flow (future work). Chapter 7
provides a collection of railway modelling parameters from literature that are used as the
starting point for a sensitivity analysis to evaluate on-board ESS sizing for catenary free
operation. Chapter 7 relates back to the experimental work from Chapter 5 by making use of the
experimental cell characterization results in the ESS sizing exercise. A conclusion is presented in

Chapter 8 and references follow.
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2. Capacitor and Battery Energy Storage: Overview,
Current Status, and Future Trends

2.1.  Overview of Conventional Capacitor Energy Storage
Methods

In general, capacitors derive their energy storage capability from the electrostatic interactions
between two electrodes and an insulating/dielectric medium or electrolyte that separates them.
A dielectric medium is an electrically non-conductive material that polarizes when in the
presence of an electric field. This results in the movement of positive and negative charges from
their usual position to develop a localization of positive and negative charges. An electrolyte is a
gel or liquid that can be decomposed into oppositely charged ions called cations (positively
charged) and anions (negatively charged). Both dielectric and electrolyte materials/liquids are
useful in capacitors due to their interactions with the presence of negative and positive charges
on the electrodes. A collection of positive charges on the positive electrode results in the
attraction of negative charges from the dielectric or electrolyte. The collection of positive and
negative charges on the respective electrodes is developed by the presence of the electromotive
force from an applied voltage source (charging). On the other hand, the repulsive nature of
similar charges on a material (eg. negative charges on negative electrode) and attractive forces
between opposite charges (eg. ionized electrolyte) results in an electromotive force (voltage
sustained while charged) that wants to depolarize (discharge) the capacitor. Variations in
electrodes, insulating/dielectric materials or electrolytes and cell geometry result in the
development of various capacitor technologies and performance characteristics. Generally
speaking, a capacitor’s capacitance, C, can be represented by Equation 1 where A is the
electrode active area, € is the dielectric constant, and d is the distance between the parallel

electrode plates.
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Ag
C = r [Farad or coulomb /volt]

Equation 1: Capacitance determined by the electrode active area, dielectric constant and distance between electrode
plates.

Non-polar electrostatic capacitors, such as ceramic and film capacitors, typically use two
oppositely charged parallel metallic current collectors separated by a solid dielectric medium to
store energy in an electric field. Ceramic and film electrostatic capacitors are typically rated in
picofarads or microfarads and up to tens of kilovolts per cell. Polar electrolytic capacitors, such
as aluminum and tantalum capacitors, use the formation of a metal oxide on the metallic anode
as the dielectric to develop an electric field with the solid or liquid electrolyte cathode.
Aluminum electrolytic capacitors are typically rated in microfarads and up to several hundred
volts per cell. Although electrostatic and electrolytic capacitors are used extensively, their
relatively low energy density (0.024 Wh/kg and 0.019 Wh/kg, respectively [53, p. 10]) is

unfavourable for vehicle energy storage systems.

Pseudocapacitors are symmetrical electrochemical capacitors [53, p. 30] that use special
electrodes, such as ruthenium dioxide or conductive polymers [53, pp. 337,341] [54, p. 1] to
store energy electrostatically and electrochemically/faradaically through electrosorption,
intercalation or fast surface redox reactions [55, pp. 45-46] [54, p. 642]. Despite the use of
faradaic energy storage methods, which typically produce a relatively constant electrode
potential (flat open circuit voltage (OCV) vs. state of charge (SOC) relationship),
pseudocapacitors are characterized by a relatively constant differential capacitance (dg/dV =
constant) that creates a near linear OCV vs. SOC relationship [54, p. 641], similar to an EDLC.
Although the use of faradaic energy storage increases energy density compared to EDLC cells,
the cycle life is typically less than EDLC cells but remains greater than battery cells [53, p. 337]

[55, p. 46]. The wide-spread use of pseudocapacitors has been limited by high manufacturing
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costs and/or low cycle life [53, p. 340]. A more detailed discussion on pseudocapacitors and a

comparison to EDLCs can be found in Table 2 of [54] and Table 1 of [56].

Electric double layer capacitors are symmetrical polar capacitors that make use of highly porous
electrodes, such as activated carbon, and a liquid electrolyte to develop a high surface area
Helmholtz double layer at both electrode/electrolyte interfaces. The electrolyte is polarized to
develop two electrostatic energy storage interfaces within one cell without ion exchange. The
electrolyte polarization and development of two capacitor interfaces within an EDLC cell is
shown in Figure 2 on pg. 48. Partially due to the lack of chemical reactions, EDLC cells have a
high charge-discharge cycle life, often rated at one million cycles, with minimal cell degradation.
The combination of porous electrodes with a significant surface area (in the range of 1000 m?/g)
[55, p. 45] and a liquid electrolyte that fills the porous electrode structure results in a very high
area/distance ratio with a magnitude of 102 [53, p. 24] and capacitance values measured in
Farads. However, the EDLC cell terminal voltage is limited by the decomposition voltage of the
liquid electrolyte and is typically limited to a few volts, therefore requiring multiple cells in series

for high voltage applications [53, p. 20].

2.2.  QOverview of Lithium lon Battery Energy Storage
Batteries are electrochemical energy storage devices that make use of oxidization (losing

electrons) and reduction (gain of electrons) reactions that facilitate the movement of electrons.
From an electrochemistry perspective, the anode is defined as the location where oxidation
occurs and the cathode is the location where reduction occurs. Therefore, depending on if a
battery cell is being charged (electrolytic cell — converting electrical energy into chemical energy)

or discharged (galvanic cell — converting chemical energy into electrical energy) the battery
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positive and negative electrodes can both act at the cathode and anode [57, p. 245]. However, it
is common practice in rechargeable battery work to use only galvanic cell notation (equivalent to
discharging the battery) and therefore call the negative terminal the anode and the positive

terminal the cathode.

The authors of [58] show an example of the chemical reactions that occur at the positive and
negative electrode for a rechargeable LiCoO; lithium ion battery. During discharge, the positively
charged lithium atoms intercalated (inserted between the layers of a crystal lattice) in the
graphite layers of the negative terminal are removed (deintercalated) and move into the
electrolyte as a lithium ion while leaving an electron in the graphite. At the positive electrode,
the lithium ions combine with electrons delivered though the external circuit, to form lithium
atoms that are deposited into the metal oxide host [58] (see Figure 2 on pg. 48). Due to the
shuffling of lithium ions between the positive and negative electrodes, the electrolyte primarily
acts as an ionic conductor and is therefore not consumed during charge/discharge cycles [58].
Unlike a lead-acid battery, which involves reactions between the electrodes and electrolyte,
lithium ion batteries are not dependant on electrolyte reactants and therefore the quantity of
electrolyte can be relatively low while still enabling ionic conductivity [58]. The limited quantity

of electrolyte reduces the cell mass compared to lead-acid batteries.

The terminal voltage of a battery is dependant on the sum of reduction potentials related to the
half cell reactions at each electrode. Half cell reduction tables, such as shown in [59], show that
lithium has the most negative reduction potential (voltage). For comparison, [57, p. 251] shows
the half cell reactions for a LiCoO; cell to have a resulting cell voltage of 3.7V while [57, p. 247]

shows the half cell reactions of a lead acid battery to have a resulting voltage of 2.04V. The
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increased terminal voltage and reduced mass (low electrolyte quantity) of lithium ion batteries

(LiBs) make their energy density superior to many other battery types.

Although the increased negative potential related to lithium is beneficial for increasing the cell
terminal voltage, lithium can be problematic when exposed to water (strong reducing agent).
This concern introduces the need for a nonaqueous electrolyte that then introduces
flammability concerns [58]. Additional safety concerns extend from the potential formation of
dendrites/whiskers (sharp metallic growths) that may pierce through the separator and cause a
short circuit within the cell. For example, over charging or quickly charging the lithium ion
battery may result in lithium metal plating onto the anode rather than fully integrating into the
anode though intercalation [60] [61]. On the other hand, over discharging the cell can cause the
copper current collector on the anode to dissolve into electrolyte [60]. Upon recharging, the
copper can reform in undesirable shapes and locations that may present a short circuit concern

[60]. A more detailed explanation of battery energy storage fundamentals can be found in [57].

2.3.  Performance Comparison of EDLC and LiB Cells
A very general and high-level comparison of EDLC and LiB cells is provided in Table 1. The values

in Table 1 should only be considered rough guidelines as cell specifications can change drastically
depending on the cell, even for cells within the same energy storage device category. The key
take-away from Table 1 is that EDLC cells typically have a larger power density, larger cycle life
and smaller energy density compared to lithium ion batteries. Of the energy storage devices
shown in Table 1, EDLC cells would most likely be a good energy storage device for high power
and low energy applications while LiB cells would most likely be best for lower power and high

energy applications.

40



M.A.Sc Thesis — M. Wootton McMaster University — Electrical Engineering

Energy Storage | Energy Energy Power Power Cycle life

Device Density Density Density Density [cycles]
[Wh/kg] [Wh/L] [W/kg] [W/L]

Electric Double | 2.5-15 10-30 500-5000 100,000 10,000-

Layer Capacitor 100,000

(EDLC)

Lithium-ion 100-265 250-730 250-340 100-210 400-1,200

Battery (LiB)

Lead Acid- 30-50 50-80 75-300 10-400 100-2,000

Battery

Table 1: Comparison of EDLC, LiB and lead acid battery technology. Adapted from Table 7.3 of [57].

As shown by Equation 2, the key components that dictate the output power capability of a cell
are the cell’s terminal voltage and equivalent series resistance (ESR). The equivalent series
resistance is a simplified term that represents the decrease or increase in cell terminal voltage
while under load compared to a no-load condition for a given state of charge. Simple battery and
capacitor modelling methods use the equivalent series resistance term to represent cell
characteristics such as the resistance of terminal posts/tabs, the resistance of current collectors,
the ionic resistance of electrolyte and simplified electrode kinetics, if applicable.
Paischarge = Vterminat * laischarge
Paischarge = (Vocv — Resr * laischarge) * laischarge
Paischarge = (Vocv * laischarge) — (Resr * 1ischarge)
Paischarge = Nominal Power — Losses

Equation 2: Discharge power from a battery or capacitor energy storage system

However, due to electrode kinetics, thermal concerns and other factors, the discharge current of
a cell is not limitless. The cell terminal voltage (including when under load) and current must
remain within the datasheet specified values. Therefore, the maximum discharge current can be

defined using Equation 3, provided cell thermal limits are respected.
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VOCV - Vmin

Idischarge = max( rldischarge, datasheet)

RESR
Equation 3: Discharge power from a battery or capacitor energy storage system

Equation 2 and Equation 3 show that it is ideal to have a low equivalent series resistance to not
only minimize losses but also prolong cell discharge time under high current loads (minimizes
voltage drop that would result in hitting the minimum cell voltage early) and increase the
maximum discharge current. A similar representation of Equation 2 and Equation 3 can be made

for charging current and charging power capability.

The open circuit voltage and equivalent series resistance of a cell are not constant and may
change as a function of several parameters, such as state of charge, temperature, current
magnitude, current direction (charging or discharging) and cell age. Therefore, in order to fully
define the power capability of a cell, assuming thermal limits are respected, it is necessary to
understand how these parameters influence the open circuit voltage and equivalent series
resistance. As a general trend, the equivalent series resistance of EDLC cells does not typically

change with temperature, while the ESR of lithium ion batteries does.

2.4. Hybrid Energy Storage Systems

Conventional energy storage systems for tractive applications consist of one energy storage
technology. However, as shown by Section 2.3, there are considerable power and energy density
differences between EDLC and LiBs. Combining EDLC and LiBs to form a hybrid energy storage
system (HESS) gives the opportunity to take advantage of the characteristics of both energy
storage devices. A HESS may offer the following performance gains:

e Reduction of battery pack current spikes [62], resulting in decreased battery pack heat

generation, battery degradation [63] and risk of battery thermal runaway
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e Increase energy storage system and vehicle efficiency, therefore increasing driving range
[64]

e Reduce the amplitude and frequency of battery micro cycles due to dynamic driving
conditions, therefore increasing battery pack lifespan [65], and

e Increase the capability to capture regenerative braking energy due to the ultra-

capacitor’s favorable power capability, therefore increasing vehicle efficiency

An experimental study conducted at Xi’an Jiaotong University showed a driving range increase of
42.1% when using an ultra-capacitor and lead acid battery HESS when compared to a system
utilizing exclusively lead acid batteries [64]. When using a lithium ion battery pack rather than a
lead acid pack, as in [64], more modest improvements in range are expected as compared to a
battery only system, in the range of 1-5% at 25°C or as high as 50% at low temperatures where
the battery cannot accept regenerative braking energy [66]. The hybrid energy storage system
and optimal power flow control strategy modelled in [67] show a driving range increase of
approximately 25% and total energy storage system loss reduction of approximately 40% when

compared to the battery only energy storage system using the US06 drive cycle.

The combination of two energy storage devices can be completed using several methods, such

as the four HESS topologies shown in Figure 1. An additional eight HESS topologies are available

in [68].
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Figure 1: Select hybrid energy storage system topologies including a) passive, b) fully active, c) semi active (battery on
DC link) and d) semi active (capacitor on DC link).

The relatively simple passive HESS configuration shown in Figure 1 a) does not contain any

power electronic converters and therefore eliminates the need for a potentially expensive

hardware component. Both the battery and capacitor pack are available to provide current to

the load and therefore the current split is determined by the storage device characteristics

without any influence from the user. This simplicity eliminates the need to develop a power flow

control strategy and therefore simplifies the implementation. However, the direct coupling

requires the battery and capacitor packs to have a similar voltage which will prevent fully

discharging the energy available in the lower voltage range of the capacitor pack.

The fully active HESS topology shown in Figure 1 b) makes use of two DC/DC converters, one for

each energy source, connected in parallel to the DC link. This configuration allows for a
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mismatch between the voltages on the individual energy storage systems and provides the most
control for selecting what energy source provides power when. However, two DC/DC converters

introduces additional cost and controls complexity.

The semi active HESS topology shown in Figure 1 c) has the battery pack connected across the
DC link and the capacitor pack is located ‘behind’ the DC/DC converter. This topology allows for
the capacitor pack to operate at a different voltage range than the battery pack and be
completely discharged because it no longer has to sustain the DC link voltage. The DC/DC

converter must handle the full power and current rating intended for the capacitor pack.

The semi active HESS topology shown in Figure 1 d) has the capacitor pack connected across the
DC link and the battery back is located ‘behind’ the DC/DC converter. Depending on the power
split control strategy used to control the DC/DC converter, the DC link voltage may vary
considerably due to the small amount of energy storage in the capacitor pack. However, the
DC/DC converter is rated for the battery pack power level and therefore should be less

expensive than a converter that transfers power from a capacitor pack.

Although there are performance gains from combining energy source it is important to look at
the whole system, including cost, volume and weight. For example, academic literature, such as
[67], often present performance gains by comparing a battery only energy storage system to a
HESS that has a capacitor pack added to the original battery pack. However, the additional cost,
weight and volume needed for the capacitor pack and DC/DC converter, if applicable, may
outweigh the performance benefits. For example, the DC/DC converter used in [67] cost 42.4%

of the total HESS budget while the battery pack was 28.6% and the lithium ion capacitor pack
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was 19.7%. The capacitor pack occupied almost 1.5 times the volume of the battery pack while
only holding approximately 4.1% of the HESS energy content. An argument could be made that
doubling the existing battery pack would be less expensive than the HESS while providing
approximately twice the driving range and a 120kW peak power rating instead of 180kW. The
power rating could be increased by using less energy dense battery cells (more space available in
vehicle with capacitor pack removed) that would allow for the additional output power while
still eliminating the DC/DC converter expense and increasing the driving range beyond what the

HESS can offer.

As shown by the vehicle in [67], there are several considerations to make in identifying situations
where a hybrid energy storage system would be beneficial. Just because a vehicle has high
power requirements does not mean that it needs a capacitor ESS or HESS. For example, the Tesla
Model S P100D, which has two electric motors for a combined max output of approximately 500
kW, makes use of a battery only energy storage system. This is possible because the large cell
count results in a reasonable power demand from each cell. However, in applications that
require more power but do not have a large energy storage reservoir, such as hybrid vehicles,
the need for battery cells with increased power capability becomes a priority. A similar case may
be true for a railway vehicle that needs to travel a relatively short distance, maybe 1km,

between stations where the 3™ rail power does not exist.

Rather than developing two separate energy storage systems and coupling then to form a HESS,

there is an alternative to look at relatively new energy storage cells that combine characteristics

of batteries and capacitors.
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2.5.  Lithium lon Capacitors

As shown in Equation 4 the energy stored within a capacitor increases linearly with capacitance
and squared with voltage. With the goal of increasing energy density and power density, it is
ideal to increase the terminal voltage while maintaining a low equivalent series resistance. This
can be partially achieved by combining an electrostatic electrode (similar to an EDLC) with an
electrochemical electrode (similar to a battery) to develop an asymmetrical hybrid capacitor (see
Figure 2). The introduction of an electrochemical anode (negative terminal) that enables lithium-
ion intercalation and is pre-doped with lithium-ions lowers the anode potential [69], therefore
increasing the cell terminal voltage [70, p. 282] to produce a lithium-ion capacitor. The pre-
lithiation process increases the minimum cell terminal voltage [70, p. 282], in the approximate
range of 2.2V-3.2V, compared to the minimum cell voltage of OV for EDLC cells. Although the
electrochemical anode limits cell discharge to a non-zero minimum voltage, it can be shown that
80% of an EDLC cell’s stored energy corresponds to the upper 55.3% of the voltage range and
therefore the lower voltage range contains little useful energy. The increase in cell terminal
voltage is advantageous as the high currents needed to extract higher power levels from a low
voltage energy storage system can be a source for considerable losses and heat generation. As
shown by the charge and discharge cycle of a LiCin [70, p. 282], the Li/graphite anode potential
is relatively constant (between 0.07V and 0.2V) while the activated carbon cathode potential
cycled between 3.2V and 4.2V, all compared to a Li/Li* reference electrode. Therefore, the cell
terminal voltage of the LiC under test in [70, p. 282] was shown to primarily follow the linear
voltage dependency on state of charge exemplified by the active carbon cathode and perform
similarly to the linear discharge curve of EDLCs. A similar result was obtained in [71, p. 2503]
such that the anode potential is relatively consistent compared to the cathode potential across a

-40°C to +60°C range.
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Energy = 0.5CV,452 — 0.5CV,°

Equation 4: Energy stored in a capacitor
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Figure 2: Simplification of a combined electrostatic positive electrode and electrochemical negative electrode to form a
lithium ion capacitor. Figure based on [72].
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2.6. Literature Review of Lithium lon Capacitor Studies
Table 2 provides an overview of six research papers that discuss modelling and cell

characterization of lithium-ion capacitors. Any accidental misrepresentation of the following

publications is not intended.
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Reference, | Cell(s) Tested Title,

Publication Some contributions and comment on the work

Year

[73] 2200F laminated LiC A Novel Current Dependent Lithium lon Capacitor Model: Analysis and Experimental Driving Cycle Test

2017 2300F prismatic LiC Validation

Manufacturer name omitted | Development of a LiC model that makes use of four parameters — C, R and one RC branch. All four

parameters are a function of current (not cell voltage) and the main capacitance is a function of
voltage. Unclear what testing temperature is used. Model parameters obtained from multiple charge
and discharge cycles of different current magnitudes. Very close match between simulated and
experimentally determined cell voltage for both cells when exposed to NEDC and SC03 drive cycles.

[74] CLQ1100S1A laminated LiC Modeling and Parameter Identification of Lithium-lon Capacitor Modules

2014 CLQ2200S2A laminated LiC
Goal to estimate the parameters, with cell voltage dependency, for a LiC model using frequency-

Manufactured by JSR Micro based testing (galvanostatic electrochemical impedance spectroscopy - GEIS) in the 10 mHz to 1 kHz

range. Individual cell testing performed in a 30°C thermal chamber with dc polarization voltages of
2.2 to0 3.8V (5 voltage breakpoints). The cell model with experimental parameters is compared to cell
experimental performance using select multi current pulses. Additional experimental testing using
charge and discharge cycles of 36 series connected CLQ1100S1A LiC cells at room temperature was
performed. A considerable difference between the experimental pack voltage and simulated pack
voltage was observed. This difference is attributed to cell balancing.

[75] CLQ1100S1A laminated LiC A lithium-ion capacitor model working on a wide temperature range

2018

Manufactured by JSR Micro

Extension of modelling work in [74] to include testing at multiple temperatures. Use of GEIS testing to
characterize five cell modelling parameters, including their dependency on cell voltage and
temperature within the range of 0°C to 60 °C. Comparison of cell voltage model using GEIS obtained
parameters to experimental voltages obtained form current pulse testing. Identification of current
dependant cell impedance characteristics at 0°C initiated additional GEIS testing at -10°C and -20°C.
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[76]
2015

Prismatic 3300F LiC cell

Manufactured by JM Energy
(affiliated with JSR micro)

Lithium-ion capacitor — Characterization and development of new electrical model

Identification of a change in cell useful capacity as a function of discharge current and ambient
temperature. Identification of 8 cell model parameters expressed as a function cell voltage and
testing temperature between -10°C and 60 °C using frequency-based testing methods. Identification
of model parameters as a function of SOC and current for a 2" and 3™ order cell model using HPPC
time domain testing. Classification of the Nyquist plots obtained from frequency domain testing to
suggest a cell model structure that represents chemical reactions within the cell. Quantified current
dependant charge transfer ohmic resistance as a function of charge and discharge current at -10°C, 0
°Cand 10°C.

[77]
2015

1100F LiC cell

Manufactured by JM Energy

Development of an Electrical Model for Lithium-lon Ultracapacitors

Use of AC and DC current test methods to develop a LiC model. Identification of differential
capacitance as a function of the open circuit voltage. Testing performed in a controlled environment
in the range of -15°C to 65°C. Coulombic efficiency of approximately 99% for tests with 10A up to 60A
currents in -15°C to 65°C. Cell energy efficiency changes with testing current and temperature — lower
efficiency at high current and low temperature. Comparison of simulated and experimental terminal
voltage for a LiC pack with 120 series connected cells tested using DC current pulses.

[78]
2010

2700F EDLC
Manufactured by Maxwell

2200F laminated LiC
Manufacturer name omitted

Comparison of Supercapacitor and Lithium-lon Capacitor Technologies for Power Electronics
Applications

Comparison between one ELDC and one LiC based on published specification, DC response analysis
and frequency response analysis. Tests performed on three cells of each cell type and average values
were used to minimize measurement differences due to manufacturing tolerances. Larger ESR for LiC
cells than EDLC cells when obtained from step current change to initiate constant current discharge
cycles. States that the inductive impedance of the cell cannot be obtained from the voltage drop
determined using DC current pulses. Therefore, AC impedance testing is used obtain a true equivalent
series resistance based on where the Nyquist plot crosses the real axis. The AC ESR was 37% and 15%
lower that the DC pulse ESR for the EDLC and LiC cells, respectively — indicates that inductance of
EDLC may be larger than in LiC.

Table 2: Review of select research contributions from six Li-ion capacitor focused papers

A discussion regarding how the experimental work in this thesis expands upon the work in literature is available in Section 5.1.
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3. DC Railway Electrification with Energy Storage:
Overview, Current Status, and Future Trends

The purpose of this chapter is to:

e Provide the reader with a very brief overview of railway system terminology and
operation

e Identify different vehicle operating condition and how they influence power flow within
the DC power delivery system

e |dentify sources of power loss

e |dentify reasons to use energy storage systems or reversible substations

e Provide reference to literature that supports the use of energy storage systems or

reversible substations

3.1. High Level Railway System Architecture and Power Flow
Figure 3 a) shows a high-level interpretation of a DC powered passenger railway system.
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Figure 3: High level representation of a railway system with two trains. A) Both trains propelling. B) One train braking
and one train propelling. C) Both trains braking. This figure is based on the work presented in a webinar from Pablo
Arboleya [79].

The vehicle, or train, is typically of the electric multiple unit (EMU) type and therefore includes
multiple train cars each outfitted with electric propulsion devices. Electric multiple unit type
vehicles do not have one locomotive that pulls/pushes the remaining cars as done by many

freight trains. The DC supply system is powered by multiple DC power supplies in parallel that
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are distributed along the tracks. The DC power supplies typically use 6 pulse or 12 pulse diode
rectifiers, depending on the desired voltage ripple and operation requirements for connecting to
the high voltage AC three phase supply. Switched rectification systems are also in use but appear
to be less common than diode-based rectifiers. The vehicle’s connection to the DC voltage
supply positive terminal typically makes use of either a 3™ rail system or a over head contact
wire supported by the catenary. A 3" rail system introduces a third rail, similar to the running
rail, that is located beside or between the running rails. A contact or pick up shoe that extends
from the vehicle makes contact with the positive terminal and provides power to the vehicle.
The second approach is a catenary system in which an over head cable runs along the tracks and
contact is made with the vehicle via the pantograph. The two running rails serve two functions,
firstly to provide a surface for travelling and directing vehicle motion, and secondly, to act as a
DC current return system to the negative terminal of the DC supplies. The running rails are not
used as the positive and negative supply terminals due to the need to insulate the wheels and
bearings. Additionally, the wooden sleepers used to hold the running rails are not sufficient
insulators where as the 3™ rail is mechanically supported using insulating materials. The
proximity of the 3" rail and running rails introduces a considerable safety concern for
passengers. You will typically see the 3 rail covered to minimize contact surface area or missing
in locations that passengers may be, such as passenger track crossings in rural train stations. The
author highly suggests reading “Overview of Electric Railway Systems and the Calculation of
Train Performance” by M. Chymera and C.J. Goodman [80] for additional information.

The railway system can be modelled as moving loads connected in parallel to the DC
transmission system. The resistance of the running rail and 3™ rail, which are commonly
expressed in the units of mQ/km, can introduce a considerable voltage drop between the

nominal no load DC supply voltage and the voltage available to the train. The position of the
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train relative to the substations and other vehicles influences the resistance of the transmission
system. The high power demanded by the vehicles introduces a considerable amount of current
travelling through the DC transmission system, especially if the DC voltage is low (eg. 600V), and
therefore introduces losses within the transmission system. To give an idea of reasonable values,
details from a webinar offered by Pablo Arboleya [79] are provided. For example, Case 1 from
[79], which is very similar to Figure 3 a), has two trains that consume 650 kW and 350 kW,
respectively. The first train is powered by two DC substations that have an underload voltage of
622V and 590V, however, the voltage at the train is only 550 V. The positive voltage supply
connection has a resistance of 51 mQ/km and the return rails are rated at 14 mQ/km. With 2 km
from substation one, the resistance between the vehicle and substation one is 130 mQ. With a
current draw of approximately 558A (307 kW / 550 V = 558 A) and resistance of 130 mQ, the
voltage available to the train is only 550V (622 V — 558 A*130 mQ = 550 V). The transmission of
power from substation one to the train results in an approximate power loss of 40 kW (558
A*(622 V-550 V) = 40 kW or (558 A)?* 130 mQ = 40 kW). The power loss within the DC
distribution system is highly dependant on the vehicle power demand and the resistance of the

3" rail and running rails.

Figure 3 shows three train operation conditions for a simple two vehicle and three substation
railway system. Figure 3 a) shows two trains that are in propulsion mode that are both
consuming power from the DC supply system. In this case, the voltage at both trains is lower
than the under load supply voltage from the substations. Figure 3 b) shows a case in which one
train is braking (regenerating power back to the DC supply system) and the other train is
consuming power. The voltage of the supply system at the braking train increases beyond the

substation output voltage and therefore the substation no longer supplies power (unidirectional
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diode bridge), as noted by the X. The regenerative braking power from the first train is
transmitted to the second train and a voltage drop across the transmission system is shown. The
movement of power from one train to the other train is dependant on the power required by
other vehicles and their proximity. Figure 3 c) shows a case where both trains are braking and
attempting to push power into the DC supply system. The supply voltage increases beyond the
output voltage of the unidirectional subway stations and the vehicles cannot inject current into a
system that does not have any load. Therefore, depending on the voltage of the supply system,
resistor banks are used to dissipate the excess regenerative braking power. In this case, the
regenerative braking power is wasted energy and the total system efficiency decreases.
Additionally, the heat produced by the braking resistors may be transmitted to the open air or
partially confined spaces on a subway system. The increase in temperature inside subway
systems introduces additional power requirements for ventilation and air conditioning systems

that moderate the station temperature.

In cases where regenerative braking cannot be used or used efficiently (far transmission that
results in high transmission losses), an alternative solution is to capture the braking energy into
on-board energy storage systems, way side energy storage systems or transmit power back to
the AC supply using inverters to form a bidirectional substation when combined with the
rectifier. On-board energy storage systems travel with the train and therefore the losses of
transmitting power to another location are minimized. Wayside energy storage systems, which
are commonly located in places where regenerative braking occurs, such as stations, reduce the
need for retrofitting each vehicle. Bi-directional substations enable moving energy from the DC
supply system to the AC supply. However, the possibility for bi-directional power flow to the AC

supply may be determined by the local electrical utility supplier.
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3.2. Why Use Energy Storage Systems?
The following discussion aims to outline performance gains from using energy storage in railway

systems with reference to academic and industrial work.

3.2.1. Supply Voltage Support

As the need for public transportation increases there is a general trend to operate larger vehicles
with existing infrastructure. Larger and/or more vehicles in operation increases the power
demanded from existing infrastructure that may not be sized for future growth. As noted in [81],
larger railway vehicles, such as jumbo trams, may decrease the supply voltage available to other
nearby vehicles to the extent that the minimum operation voltage is hit. In this case the other
vehicle(s) cannot operate due to the minimum voltage protection systems. In [48] the authors
discuss the use of wayside energy storage (“battery posts”) to support the electrical system in
Japanese railway systems in the early 1900’s. In [81] the authors use a railway system model to
determine the weight, size and location of EDLC based wayside energy storage systems that act
to increase the voltage of the supply system. The addition of 9.6 kWh of EDLC energy storage
distributed in three locations reduced the voltage drop to be 32% of the original voltage drop at

the desired location within the simulated network.

3.2.2. Capture Regenerative Braking Energy and Peak Shaving

Onboard and wayside energy storage systems can be used to capture excess regenerative
braking energy that would otherwise be dissipated into resistors. The simulation tool of [82]
showed the greatest energy savings in low traffic situations with a maximum energy saving of
approximately 36% for both onboard and wayside energy storage systems when compared to
systems without energy storage [82]. Another example comes from [83] in which the energy
used by the prototype rail vehicle was reduced by up to 30% over the approximate two-year trial

period. The captured regenerative braking energy can be used during the next acceleration
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phase to reduce the peak power consumed by the vehicle and therefore reduce the system peak
power and peak losses. Figure 2 from [83] shows that the peak power demanded from the
supply line during acceleration is reduced from approximately 100kW to 60kW by using the 860
Wh EDLC based on-board energy storage system. Figure 3 from [83] shows that the supply line
current and voltage drop was reduced by approximately 50% when compared to operation
without the energy storage system. Besides a reduction in energy consumption, peak shaving

may result in financial savings by also reducing electricity demand charges [84] [85].

3.2.3. Catenary Free Operation and Emergency Backup Power
Rather than using an energy storage system as a secondary energy source or sink, the ESS can be

used as the primary power supply when the DC supply is unavailable. For example, in locations
where it is unsafe or aesthetically unpleasant to have the 3™ rail or over head catenary cables,
an onboard energy storage system or alternative power delivery method would be necessary.
The on-board energy storage system may be sized for traversing a small track portion, from one
station to another, up 41.6 km for example [52]. Chapter 7 discusses the sizing of an on-board
ESS for catenary free operation in more detail. Other catenary free power delivery methods exist
besides energy storage systems. For example, the innovative APS (Alimentation Par le Sol)
system developed for the Bordeaux tramway makes use of an underground ‘3™ rail’ power
supply that is only activated when the tram is travelling over the segmented rails [86]. However,
an energy storage system also offers a source of emergency power in the event of an
infrastructure fault or power outage and can be used for energy saving applications when
connected to the DC supply. In the event of a power failure the ESS may be used to further
propel the vehicle to a safe location. This is important for tracks located in tunnels where an

energized 3™ rail may exist [87] or for elevated tracks where there is a height safety concern.
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3.3.  Lithium-lon Capacitors in Railway Energy Storage Systems
The relatively limited academic research investigating the performance of LiCs for energy
storage in tractive applications, specifically railway systems, is primarily documented in
publications by Flavio Ciccarelli. In [88] Ciccarelli at al. discuss a LiC based wayside ESS that uses
a power flow control strategy based on the braking vehicle’s kinetic energy. Additional wayside

LiC ESS control strategies by Ciccarelli et al. are presented in [89] and [90].
Although several authors have contributed to the research topic of energy storage systems for
railway applications, the author identifies the work of Dr. Pietro Tricoli (Birmingham, UK), Dr.

Ricardo Barrero (Belgium) and Dr. Flavio Ciccarelli (Naples, Italy) to be prominent.

The work presented in Chapter 7 focuses on the use of on-board Li-ion and electric double layer

capacitor-based energy storage systems for catenary free operation.

59



M.A.Sc Thesis — M. Wootton McMaster University — Electrical Engineering

4, Development of Testing Facilities to Compare EDLC
and LiC Cells for Energy Storage Systems

The energy storage lab located at the McMaster Automotive Resource Centre received
considerable attention and updates over the past two years; largely motivated by the author, Dr.
Kollmeyer, other students studying ESS systems, and industry projects. The key testing hardware
available in the energy storage lab is listed in Table 3 and is shown in Figure 4 to Figure 8. At the
start of this work the Digaton multi cell tester (MCT) device was not available and therefore the
custom McMaster Automotive Resource Centre cell cycler test stand, as shown in Figure 8, was
developed to enable most of this experimental work in Chapter 5. The custom MARC cell cycler
was a collaborative effort between the author, Dr. Kollmeyer, and Cam Fisher to further develop
the custom cell tester work originally done by Dr. Habibi’s student Ali Delbari. The author was
primarily responsible for hardware work while Dr. Kollmeyer was responsible for the custom
LabView cell testing software. Mr. Fisher provided access to funding and helped define system
safety requirements. In addition to the hardware in Table 3, the lab was equipped with a gas
sensing shut down system and CO; fire suppression system that were installed by an external
company. The installation of these extra safety systems was necessary to enable unattended and
automated cell testing. Considering the necessity to modify testing profiles, re-run test
sequences, and adjust thermal chamber temperatures it is estimated that the custom MARC cell
cycler was operated for over 1,100 hours for this work. Due to the large testing time, this
research would be incomplete if the lab safety systems that enabled unattended and automated
testing were not available. Due to the author’s dependency on lab updates, the custom MARC
cell cycler and other lab work that the author contributed to will be discussed in the following
sections. The author’s key contributions come from the hardware work associated with

developing the custom cell testing device (eg. control and data acquisition box, sensor interface
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box, device under test connection cables), communication with the Envirotronics SH16 thermal
chamber, lab procedures (eg. equipment use, cell fixture and testing profile approval form), and

designing / assembling a lab shut down system that connects the fire suppression system, gas

sensing system and all testing equipment.

Device Equipment Name Description
ID #
1 D&YV Electronics Battery pack cycler
BST240 2 x 400A, 500V, 120 kW testing channels
Independent, series, or parallel channel configuration
2 Digatron Multiple 8 x 75A, 0-5V testing channels
Cell Tester (MCT) Independent or parallel channel configuration (up to 600A)
3 Custom MARC Cell 1 x+/- 125A, +/- 6V testing channel
Cycler Custom developed — enables more advanced and user configured
testing methods such as electrochemical impedance spectroscopy
(EIS), multiple temperature measurement points, multiple current
Sensors...
4 Thermotron SE- Interior volume 2945L (104 ft3)
3000 Thermal Temperature range: -70°C to 180°C
Chamber Controlled by device #1
5 Envirotronics ET8-2- | Interior volume 227L (8 ft3)
1.5 Thermal Temperature range: -63°C to 177°C
Chamber Controlled by device #2
6 Envirotronics SH16 Interior volume 453L (16 ft3)
Thermal Chamber Temperature range: -30°C to 177°C
Controlled by device #3
Table 3: Key testing hardware available in the energy storage lab at the McMaster Automotive Resource Centre
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Figure 4: D&V Electronics BST240 battery pack testing equipment located in the mezzanine above the energy storage
lab.

Digatron MCT

Custom MARC cell
cycler (not visible)

Envirotronics ET8-2-
1.5 thermal

Envirotronics SH16 chamber

thermal chamber

Figure 5: Inside the energy storage lab testing room — right side.
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Figure 7: Control room outside the energy storage lab testing room.

4.1.1. Custom MARC Cell Cycler

The custom MARC cell cycler testing system is shown in Figure 8 and is discussed in the following

subsections.
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Figure 8: Custom MARC cell cycler test stand and Envirotronics SH16 thermal chamber

4.1.1.1. Cell Cycling Power Supply
The cell under test is charged and discharged using a bi-directional 1 kW Kepco BOP 6-125 MG

power supply that can provide +/- 125A in the +/- 6V range. The cell testing current is limited to

+/- 125A because the testing device is only a single channel. Additional Kepco BOP 6-125 MG
power supplies could be added in future work to increase the current capability, however there
is no need as the multichannel Digatron MCT can be used up to a maximum of 600A. Constant
current constant voltage (CCCV) charging is achieved using the power supply’s current supply
mode of operation only, and therefore the voltage supply mode of operation is not used for cell

testing. However, with software modifications, the voltage supply mode may be enabled to form

a low voltage high current DC voltage supply for testing other electrical components.

National Instruments (NI) data acquisition (DAQ) modules within the control and data

acquisition control box send the Kepco power supply an analog voltage signal that corresponds

64



M.A.Sc Thesis — M. Wootton McMaster University — Electrical Engineering

to a commanded current value (+ or -). Although the cell testing software is limited to enter a
protection mode of operation based on the software controller settings, the power supply has
its own software limits for current and voltage that act as a second level of protection. Although
it sounds ideal to limit the output voltage of the power supply to be equal with the cell
maximum voltage, this created an issue. When the output voltage was limited to the maximum
cell voltage, the voltage difference between the power supply output and cell under test was not
great enough to charge the cells at 125A. To prevent the charging/discharging current from
tapering off near the maximum and minimum cell voltage, respectively, the voltage limits on the

power supply were set beyond the cell voltage limits, as shown in Figure 9.
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Figure 9: Kepco power supply protection limits shown on the power supply LCD screen

4.1.1.2. Power Cables and Remote Sensing
The device under test (DUT), normally a battery or capacitor cell, is connected to the output

terminals of the Kepco power supply using two cable sets; one for power to charge/discharge
the cells and one for remote voltage sensing. The 2 AWG power cables extend from the Kepco
power supply output terminals into the control and data acquisition box where the positive

cable is switched using an automotive grade contactor (see Figure 14). The power cables then

extend into the Envirotronics SH16 thermal chamber and are terminated with an SB 120
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Anderson connector, as shown in Figure 10, that mates with another SB 120 connector on the

DUT.

The power supply remote voltage sense cable extends from the DUT to the control and data
acquisition box where the positive cable is switched using a small automotive grade contactor.
The switched remote sense voltage cables terminate at the remote voltage sense leads on the
back of the Kepco power supply. The power cable and remote sense cable contactors are
switched together based on software commands. However, when the remote voltage sense lead
contactor is open the power supply is unable to self regulate the output voltage due to the lack
of a feedback reference. This issue was solved by bridging a resistor between the local voltage

output terminal to the remote voltage sense input terminal.

Rubber covers for SB 120 connectors to
be used when connector is not mated

Voltage sense lead
from power supply
connector. Not a

SB 120 connector
terminated on
cables connected

recommended to the power
voltage . supply output
measurement point

Power suppl

pRly Figure 10: Custom cell cycler power cables and remote voltage sense cable

remote voltage

sense cable with two SB 120 connector attached to power

conductors cables extending from the DUT

4.1.1.3. Control and Data Acquisition Box
The control and data acquisition box, shown in Figure 11 to Figure 15, provides six key functions:

1. Send commands from the NI DAQ system, specifically NI module 9264, to control the
Kepco power supply
2. House the NI DAQ modules that are used for data acquisition and provide a means

of connecting re-usable sensor cables to the measurement modules, specifically NI
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modules 9205 (temperature measurement) and 9239 (voltage and current
measurement). See Figure 14.
3. House switching devices such as the DUT power cable contactor, voltage sense
contactor, watchdog relay and 8-channel relay module. See Figure 14.
4. House the LEM current sensor, current sensor load resistor and voltage divider
perforated circuit board used for temperature measurements.
5. Power distribution for the NI DAQ, switching devices and measurement devices. See
Figure 14.
6. Provide feedback to the user regarding the status of switching devices and power
supply functionality using status LEDs. See Figure 12.
Figure 11 to Figure 15 include several notes that assist in explaining the control and data
acquisition box functionality and internal components. Table 4 describes the hardware, and
associated measurement error, used to measure/calculate the cell surface temperature, thermal

chamber ambient temperature, testing current and cell terminal voltage.

Measurement Type Measurement Device and Associated Error
(Measurement Range)
Cell Terminal Voltage NI 9239 module
(OV to 4.1V) Gain error of +/- 0.3% (Max exposure 4.1V)
Offset error of +/- 0.11% (range of 10.52V)
Voltage measurement error +/- 0.024V

Cycling Current LEM IT 200-S Ultrastab current sensor
(-125A to 125A) Output error of 83.1 ppm (200mA output range)
Secondary current output error +/- 0.017 mA
61.55 Q bleed resistor
Error associated with measuring 61.55 Q resistor: +/- 0.034 Q
TCR +/- 300ppm/°C (62 Q rating, assume +/- 10 °C)
Resistance error +/-0.22 Q
Bleed resistor voltage measurement with Ni 9239
Gain error of +/- 0.3% (Max exposure 7.72V)
Offset error of +/- 0.11%
Voltage measurement error +/-0.035V
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Temperature Murata 10K NTC thermistor (P/N NXFT15XH103FA2B100)
(-15°C to 45°C) Connected to GND
Resistance tolerance +/- 1%
B value tolerance +/- 1%
10KQ 1% resistor for voltage divider
Connected to 5V supply with reference voltage measurement
AC/DC power supply, 5V output (P/N PMT-D1V100W1AA)
Output voltage tolerance 1%
5V reference measured with Ni 9239
Voltage measurement with NI 9205 module
Residual gain error of 135 ppm
Residual offset error of 20 ppm (range of +/- 5V)
Table 4: Voltage, current and temperature measurement hardware for custom MARC cell cycler

Custom LabView
cell testing
S software. Main
: interface screen

Control box
“Hold to Start”
button. Press

for minimum of Control and data

1 second acquisition box
during start up
procedure
Kepco power 5 Control box
supply indicator LED
lights
. Control box
Power supply s S el b master
master power \ = B e ’ RUN/OFF
switch v E5 }' ‘ switch

Figure 11: Custom MARC cell cycler power supply, computer monitor and control/data acquisition box
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Figure 12: Control and data acquisition box indicator LEDs.
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Figure 13: Back of the control and data acquisition box (top). Back of the Kepco power supply (bottom)

Power supply remote voltage sense leads. The positive cable is switched via the small control box
contactor. The positive sense lead on the power supply has a resistor added to the local sense lead so
that the output voltage can be regulated when the contactor is open.
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The control box has an E-stop system made up of switches in series, as shown by Figure 15. The
indicator LEDs on the front of the control box are connected to voltage tap points along the
series set of switches to show where the circuit has opened. The first switch is a relay contact
located in the lab’s gas sense/e-stop shut down system box that is mounted on the lab wall. The
second switch is a set of two normally closed thermal switches that are mounted on the device
under test and open at a temperature of 75 degrees C. The third switch is the red master switch
located on the front of the control box (see Figure 12). The last switch is one of the relay
contacts on the 8-channel relay board (see Figure 14). The relay board needs a 5V supply and
then uses digital inputs (GND = energize a relay, 5V = do not energize a relay) to control opto-
isolators that switch the coil of individual relays using the 5V board input supply for the coils.
This 5V board supply is taken from the “software e-stop” relay contacts. Before testing begins,
the relay board is not powered because the “software e-stop” relay is not energized and
therefore none of the other relays, including the power supply enable and main contactor relays,
are energized either. Even if a digital input from the DAQ is commanding the software e-stop
relay to be energized, it won’t be because the relay board is lacking a 5V supply for driving relay
coils. To overcome this, the green momentary “Hold to Start” button is connected across the
“software e-stop” relay contacts. Pushing the momentary N/O switch will provide 5V to the relay
board 5V input and then the DAQ’s control pin will command the “software e-stop” relay to
close via the opto-isolator. The “software e-stop” relay is wired to be a latching relay and will
remain energized until the coil 5V power supply is removed. This latching wiring method was
used so that the tester cannot be started remotely without the need to push the momentary
start button. This encourages the user to check over the testing hardware while in the energy
storage testing room before starting tests remotely. Provided the software e-stop relay control

pin stays low (GND) then the user can pause and restart the testing remotely. There is no need
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to press the momentary start button when the software goes into protection mode because the
“software e-stop relay” control pin is not controlled by the software protection state — it is only
controlled by the user clicking a software button. This allows the user to shut down the power
supply output and open the main contactor from home if he/she feels the need. In this event, if
anyone else tried to remote login to the computer and start a test, it will not work because the
momentary “Hold to Start” button must be pressed, therefore forcing someone to visit the lab
and presumably check for any issues. The lab gas sense system shutdown relay shown in Figure
15 is non-latching and therefore the latching nature of the custom MARC cell cycler e-stop
system ensures that the cell cycler will not restart without momentary input from someone in

the lab space.
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Figure 15: Simplified e-stop schematic for the control and data acquisition box

4.1.1.4. Sensor Interface Box
The sensor interface box, shown in Figure 16, acts as a sensor cable breakout box and extension

to the back end of the control and data acquisition box. The sensor interface box provides a
convenient location for shorter sensor cables to connect to the cell testing device rather than
running multiple long cables through the thermal chamber and to the back of the control and
data acquisition box. The sensor interface box provides connectors for ten thermistors, three
voltage measurement points, and two E-stop thermal switches (see Figure 15).

4.1.1.5. Desktop Computer and LabView Software
As noted in Figure 8, the custom MARC cell cycler computer is located at the bottom of the

mobile equipment rack. Custom LabView based cell testing software that was developed by Dr.
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Kollmeyer runs on the desktop computer and communicates to the NI DAQ hardware located in
the control and data acquisition box using a USB cable. An example of the software interface is
shown in Figure 11 and the NI hardware is shown in Figure 14. The feature rich software offers a
variety of functions such as:

e Constant current (CC) charge and CC discharge commands

e Constant voltage charge command

e Current waveform command - used for making drive cycle current profiles

e Impedance spectroscopy commands

e Autocycler - automatically executes a sequence of testing commands and counts cell

cycles
e Data logging to specified Excel worksheets at specified data logging rates (up to 10 Hz).
e Cell voltage, testing current and multiple temperature measurements

4.1.1.6. Thermal Chamber
The Envirotronics SH16 thermal chamber was used for all testing performed with the custom cell

cycler. Figure 16 shows inside the thermal chamber prepared with the DUT connected to the
power cables and sensor interface box. Figure 16 also shows part of the lab gas sensing system
and CO;fire suppression system which are discussed in Section 4.1.2. Figure 17 shows the
thermal chamber foam insert modifications performed by other ESS students. In the event of a
cell explosion, it is intended that the foam inserts will be blown out the top of the chamber,
rather than breaking the thermal chamber door latch and blowing the door open. The rubber
flaps that cover holes in the foam (approximately 4-inch diameter) are intended to act as a
pressure release when the CO; fire suppression system discharges into the thermal chamber.
The rubber flap is intended to close, as shown in Figure 17, when the pressure wave equalizes.
The rubber flap is the preferred CO; pressure release method rather than blowing out the foam

inserts because it is desirable to contain the cold carbon diode in the thermal chamber to assist
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in cooling the DUT and prolong the release of CO; into the lab testing room. Due to the rather
small opening available to pass cables through the thermal chamber side wall, the author
modified the thermal chamber to add a second, and much larger, cable passage port as shown in

Figure 18.
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Gas sensors ottom of left temperature sensor system discharge nozzle

Circulator fans
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Figure 16: Inside the Envirotronics SH16 thermal chamber
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Figure 18: Additional cable passage port added at the back-left corner of the Envirotronics SH16 thermal chamber

Due to very limited LCD screen functionality, the Envirotronics SH16 thermal chamber was
originally hard to control using keypad inputs. An update was made so that the custom cell
cycler desktop computer communicates with the thermal chamber via ASCIl commands using a
USB to serial converter and RealTerm software (see Figure 19). Due to the limited frequency that

the thermal chamber temperature setpoint and circulator fan settings were changed, the ASCII
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commands are not linked to the LabView cell testing software. Although the RealTerm remote
commands provided most functionality needed to operate the thermal chamber, the remote key
pad and was used to access programmable logic controller (PLC) memory bits for diagnostic
purposes. The memory bits helped identify pressure switch issues that prevented the thermal

chamber from operating a couple times.
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Figure 19: Example interface from RealTerm software showing a command to read the Envirotronics SH16 thermal
chamber present temperature value.

The desktop computer interfaces with a computer webcam mounted inside the thermal
chamber using a USB connection. The image quality was reduced to enable high data rate
communication with the NI DAQ hardware. Although one would not expect any movement
inside the thermal chamber, the webcam was useful to remotely detect the presence of ice that
would accumulate on the internal heat exchanger (see Figure 20). The presence of ice would
restrict the thermal chamber from maintaining temperatures below 0°C and would therefore

require a manual thermal cycle to melt the ice.
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Figure 20: Photo taken using the interior thermal chamber webcam that shows ice forming on the heat exchanger.

4.1.2. Lab Safety Systems

The development of the custom MARC cell cycler enabled cell testing a few months before the
Digatron cell testing equipment was commissioned. However, additional safety measures were
necessary before unattended testing could begin. The following list outlines the multitude of
safety systems developed and their operation sequence as a line of defence to minimize damage
from a device under test catching fire:
1. Testing approval form and fixture review
2. Cell / pack cycler software and hardware limits on voltage, temperature and current
3. All testing performed in thermal chambers equipped with gas sensing hardware and
pressure release ports
4. Activation of lab shut down system that turns off all cell/pack testing equipment and
thermal chambers
5. Automated CO; fire suppression system plumbed into all three thermal chambers
The author integrated a master lab emergency stop (e-stop) button and select hardware from
items 3 and 5 to develop an automated lab shut down system. The following subsections
documents some of the work completed to enable unattended testing and therefore enable the

experimental work of this study.
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4.1.2.1. Testing Approval Form and Fixture Review
Along with Dr. Kollmeyer and other ESS students, the author initiated the development of a

testing approval and cell fixture review process. This process requires students to review the
safe operating area limits for the DUT, such as voltage and current limits, and document the
software safety limits used on the testing hardware. This paperwork outlines the anticipated
testing duration, equipment in use, device under test, and emergency contact information for
the equipment user. The lab manager signs off on the paperwork once satisfied with the
cell/pack testing methods, safety settings and cell testing fixture design. By affixing the testing
approval form to the lab testing room door (see Figure 7), the lab manger and other students are
made aware of any testing underway.

4.1.2.2. Gas Sensing System and Automated CO; Fire Suppression System
Tyco Integrated Fire and Security installed a thermal chamber gas sensing system and

automated CO; fire suppression system. Each thermal chamber was fit with two Oldham iTrans2
gas sensors to detect CO; (sensor with P/N 7703-6321) and combustible gasses such as CH; and
H> (sensor with P/N 7702-2606). Figure 16 shows two gas sensors installed in the Envirotronics
SH16 thermal chamber. The gas sensing system is intended to detect battery cell/pack off
gassing before the DUT catches fire. In combination with the lab shut down system, the gas
sensors may prevent further cell testing that provokes a cell/pack fire. If the gas sensors and
equipment shut down are unsuccessful in eliminating the fire hazard, the fire suppression
system can be triggered automatically using temperature sensors in the thermal chambers (see
Figure 16), manually using the manual pull station shown in Figure 23 or manually by pulling the
firing plunger in Figure 21. The fire suppression system control panel is integrated with the

building fire alarm system.
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Hard pipe that routes
the CO: to all three
CO: fire suppression thermal chambers
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activate the fire
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Pressurized CO: fire
suppressant bottle

Figure 21: CO, pressurized fire suppression system located in the energy storage lab testing room

4.1.2.3. Lab Shut Down System
The author was responsible for designing and implementing a system that shuts down the

equipment listed in Table 3 under any of the following three conditions:
1) The lab CO; fire suppression system is activated (activates the building fire alarm)
e Latching condition until fire alarm panel is reset
2) The gas sensing system is activated due to the presence of an undesirable gas
e Non-latching system
3) A master lab wide emergency stop button is pushed.
e E-stop button reset by twisting the button plunger
This requirement was achieved by developing the shutdown relay control box shown in Figure

22 and the lab master e-stop button shown in Figure 23.
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The energy storage lab shutdown relay control box primarily consists of four double pole double
throw (DPDT) relays with normally open contacts wired in series. These contacts control the
power delivered to the 24V switched power terminal strip (yellow terminal blocks in Figure 22)
that provides coil power to a shut down relay installed in each testing device listed in Table 3.
Due to space constraints, the custom cell cycler shut down relay is installed inside the shutdown
relay control box. The coils of the four series connected relays are independently controlled by
the lab master E-stop button (see Figure 23), CO; fire suppression system alarm panel, relays
within the gas sensors that signify a sensor fault and finally, relay contacts within the gas sensors

to signify that a concerning gas was detected.

The non-latching relays from the gas sensors were initially of concern as the lab equipment
could re-start after the concerning gas dissipated and the gas sensors retuned to a normal
operating state. This issue was corrected by implementing a latching system that uses the relays
from the gas sensors to add a parallel load of resistors that increases the load on the 24V supply
and therefore blows fuse Z (see Figure 22). Fuse Z is in series with the gas sensor alarm relay,
therefore causing the switched 24V bus to de-energize and remain de-energized until fuse Z is

replaced by someone in the lab space that would presumably investigate the concern.

The lab master emergency stop button shown in Figure 23 is installed next to the lab’s CO,fire
suppression system trigger point located in the lab control room shown in Figure 7. The second
set of contacts on the four series connected main lab shut down system relays are used to
indicate the status of each relay via the LED lights on the E-stop button box (Figure 23). A red
LED indicates the relay is not energized and therefore the corresponding safety system, such as

the gas sensor fault relays, indicates a condition to shut down the lab equipment. A sequence of
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five green LEDs indicates that the lab safety systems do not detect an unsafe condition and the
lab equipment should be in a “ready” state. If neither light per row on the e-stop button box is
illuminated, this indicates either a wiring concern, a loss of power or a faulty LED light. These
status LEDs are located on the e-stop box relay so that students can see what issue is present

before entering the lab testing room.
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Figure 22: Energy storage lab shutdown relay control box

Terminal block for
connecting blue
cables that run to
the e-stop box and
power the e-stop
box LEDs

Fuse Z — this fuse
should blow if any
of the three gas
sensor systems
trigger a low gas
alarm

Current limiting
resistors for E-
stop box LEDs

E-stop button
connection —
continues the e-

. stop relay coil

power through the
e-stop button

Panel mount LEDs
to show if 24V
power supply is
present and if fuse
Zis not blown (LED
= green)

Mechanical switch
to shut off 24V

| input (after fuse 0)

to the rest of the
panel.

24V supply
ground bus bar —
all black terminal
blocks connected
via red jumper.

Custom cycler shut down relay
that switches the custom
cycler’s 5V E-stop line.



M.A.Sc Thesis — M. Wootton McMaster University — Electrical Engineering

e
'

{
OF FIRE - LIFT & 7
N CASE OF FiRE ALARM&OV {

Hi\L (42 "HLH“M

PUSH

(") Gas Sensor Fault Relay.
as Sense Low Alarm Relay

This E-stop should disable” custom cycler

digatron cycler. pack tester, all three]
thermal chambers, large chamber

12V pack supply]

Figure 23: Energy storage lab emergency stop button and CO; fire suppression system pull station
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5. Experimental Performance Comparison of EDLC and
LiC Cells for Energy Storage Applications

5.1. Chapter Overview and Research Contributions
This chapter presents the experimental methods, select raw data, and analysis of over 881 hours

of experimental testing used to characterize and compare the performance of two electric
double layer capacitors, four asymmetric Li-ion capacitors and one unique symmetric/parallel Li-
ion capacitor (| | LiC) for energy storage applications. The study of seven cells, including five
lithium-ion capacitors from four different manufacturers, extends the work of [74], [75], [76]
and [91] which study lithium-ion capacitor(s) from one well known manufacturer. Section 5.2
extends the high-level supercapacitor performance comparison in [92] by showing datasheet
and experimentally determined cell specifications that are used to develop a volumetric and
gravimetric Ragone plot. Unfortunately, the information available from publicly available EDLC,
LiC and LiB cell data sheets is rather limited. For example, most manufacturers will provide only
one equivalent series resistance value. Often, it is unknown if the published value is an average
of the experimental results from multiple testing conditions or one selected condition. As shown
by this work, the equivalent series resistance of a LiC cell changes with state of charge (minor
change), current direction and testing temperature. Therefore, additional experimental work is
necessary to extend one’s knowledge of the cell behaviour under testing conditions that are not
discussed on the datasheet. Additionally, some of the datasheets acquired for the LiC cells in this
work did not show a charge and discharge terminal voltage vs capacitor or state of charge
relationship. Although limited datasheet values and several assumptions can be used to model a
cell, the author’s experimental work extensively builds upon datasheet values to show how cell

behaviour changes under multiple conditions.
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The custom cell testing fixtures and related hardware are discussed in Section 5.3. Section 5.4
outlines the five time-domain experimental methods used to electrically and partially thermally
characterize the capacitor cells. Section 5.5 examines the cell charge/discharge cycling energy
loss and temperature rise to estimate the cell internal resistance and case-to-ambient thermal
resistance. Section 5.6 discusses the cell charge/discharge voltage vs. SOC profiles and
associated hysteresis at various temperatures. To build upon the work in [76] and [91], Section
5.6.3 documents the impact of temperature and current on both discharge and charge capacity
(measured in Ah) as well as useful energy stored/discharged (measured in Wh) in both EDLC and
lithium-ion capacitors. Section 5.7 extends the work in [91] by showing how the cells’ charge and
discharge equivalent series resistance changes across 5% SOC breakpoints. This information is
also presented as an average cell ESR and normalized average cell ESR. Section 5.7.5 addresses
the need for a multi-temperature current dependant ESR model, as described in [75], by
evaluating the internal resistance with time domain based HPPC testing using three different
current rates for both charging and discharging pulses at 5% SOC increments. Cell performance
during the US06 and UDDS drive cycles at 25°C and 0°C are compared in Section 5.8.
Additionally, Section 5.8 presents a simple cell model and select cell characterization data
validation using the drive cycle data at 25°C. Section 5.9 shows the change in cell terminal
voltage and approximate self discharge current over a nearly eight-day self discharge test.
Research results and discussion are documented within each section while Section 5.10 provides

a chapter conclusion.

The author’s contributions to the experimental work in this chapter include, but are not limited
to, the following:

e Selecting and acquiring the cells to test
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e Development of seven cell testing fixtures

e Selecting the five experimental tests performed and all conditions / parameters
associated with the testing (eg. thermal chamber temperatures, current
amplitudes...)

e Developing the cell testing profiles loaded onto the custom cell cycler

o Development of a drive cycle power profile for test #4 using a vehicle modeling and
power profile tool develop by Dr. Kollmeyer

e QOperating the testing equipment and running the tests both locally and remotely

e Correcting most issues experienced with the testing equipment

Developing a MATLAB based data analysis and plotting tool

5.2.  Device Under Test — Cell Selection, Specifications and

Sources of Experimental Error
The majority of commercially available EDLC cells with capacitance 22000 F are limited to an

upper voltage of 2.7V to 2.85V. EDLC Cell A was chosen because of it’s relatively high maximum
voltage of 3V. EDLC Cell B was chosen as a “standard” 2.7V EDLC benchmark and has the same
cylindrical form factor as Cell A. LiC Cell C was selected because of the unique prismatic form
that offers a better packing factor compared to cylindrical cells. LiC Cell D was chosen because it
has the same cylindrical form factor as cell A and B but greater than six times the energy density
when measured in Wh/kg. LiC Cell E was chosen due to it’s high energy density while LiC Cell F
was selected for it’s relatively high cycle life compared to the other LiC cells. Finally, | |LiC Cell G
was selected due to it’s relatively high gravimetric power density and unique symmetric/parallel
capacitor design. The author focused on testing a larger quantity of LiC cells than EDLC cells due
to the considerable amount of EDLC testing work publicly available in sources such as [92], [93],
and [94]. The capacitors were selected and purchased at the authors discretion without an

incentive from the manufacturers / suppliers.
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The author did not test any battery cells for a few reasons. The author originally though that the
LiC cells would behave more closely to EDLC cells and therefore a comparison to EDLC cells was
of more interest. This assumption was based on the linear LiC cell discharge curve (terminal
voltage vs capacity), the cell naming method and small datasheet capacity values. Additionally,
the time required to experimentally characterize LiB cells can be considerably longer than EDLC
and LiC cells. This increase in time comes from the increased capacity that requires additional
time to fully charge and discharge. For example, compare the testing time row in Table 5 for Cell
D and Cell F. As discussed in Section 5.7.1, the use of coulomb counting to change the cell state
of charge, which would be necessary for LiB testing, can extend the testing time considerably if
testing protection limits are hit. The ability to test LiC and EDLC cells faster than LiB cells allowed
the author to test more cells than normally studied in academic literature. The experimental
study of seven cells is a large quantity of work considering that a majority of experimental cell
comparison literature tests one or two cells. The time invested into establishing the lab facilities,
acquiring the cells and running tests was considerable. The time between acquiring the first cell
and the end of cell testing was approximately 9 months (Sept. 2017 to May 2018). Although it
would be ideal to also test LiB cells, the time necessary was beyond the scope of this work. An
alternative would be to test less LiC cells and introduce a LiB cells, however, the author
preferred to publish more data on various LiC cells to provide a larger representation of LiC

technology than what is publicly available to date.

Table 5 contains a combination of cell specifications obtained from datasheets and experimental
testing. The cell volumetric and gravimetric energy density are determined by dividing the
average measured energy by the measured volume or mass, respectively. The power density

values are calculated using Equation 5 and Equation 6. Although the experimental ESR results
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obtained in Section 5.7 are considerably larger than the datasheet values for select cells, the
author does not think a single power density number can accurately represent the power
capability of the cell. For example, although EDLC Cells A and B have the smallest ESR values, the
cell output power capability is relatively low near the OV minimum cell voltage. This output
power is considerably different from values determined using the maximum cell voltage. To
accurately represent the power density of the cell for a given temperature, a plot of maximum
output power as a function of cell temperature, ESR and SOC would be necessary. This level of
detail is not helpful in comparing cells via a Ragone plot and is therefore beyond the scope of
this work. Figure 24 compares the cells’ energy and power density using two Ragone plots, one
for volumetric densities and one for gravimetric densities, using a combination of datasheet and
measured values. Figure 24 also includes one data point on each Ragone plot that corresponds
to A123’s AMP20M1HD-A lithium ion pouch cell, noted as Cell H. The data for Cell H was
obtained from the manufacturer datasheet [95].

0.12 * V2,
ESRpatasheet * Volume

Power Density [Wh/L] =

Equation 5: Cell volumetric power density calculated using the datasheet ESR
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0.12 % V2,
ESRDatasheet * Mass

Power Density [Wh/kg] =

Equation 6: Cell gravimetric power density calculated using the datasheet ESR

Cell ID A B C D E F G
Cell Type EDLC EDLC LiC LiC LiC LiC [|LiC
Format Cyl. Cyl. Prismatic | Cyl. Pouch Pouch Pouch
Test Fixture Compression No No No No No Yes Yes
Capacitance [F] 3,000? 3,000 3,300 28,000 14,000 1,100? 3,467°
Max Cell Voltage [V] 3! 2.7} 3.8! 4.05! 4.05* 3.8¢ 2.71
Min Cell Voltage [V] 0? 0? 2.2¢ 2.8! 2.8¢ 2.2¢ 1.35¢
Capacity [Ah] 2.5% 2.25* 1.47° 9.72* 4.86° 0.49°% 1.3
Measured Capacity [Ah]” 2.32138 2.180%8 1.4653 10.7743 5.6073 0.4883 1.668
(Charge / Discharge) 2.29138 2.12938 1.4613 10.7253 5.6253 0.4833 1.528
Energy [Wh] 3.75% 3.04% 4.40% 33.30% 16.65% 1.47% 3.15%
Measured Energy [Wh] 7 3.7938 3.2138 4.443 37.593 19.583 1.483 3.733
(Charge / Discharge) 3.64 38 3.0338 4.40° 37.123 19.453 1.453 3.273
Datasheet ESR [mQ] 0.27* 0.23! 1! 0.35? 0.8 <5t 1!
Experimental DC ESR [mQ]" 0.33 0.20 1.19 1.04 2.42 4.66 6.00
Mass [kg] 0.52! 0.5033 0.3483 0.830! 0.3213 0.1023 0.0873
Volume [L] © 0.391° 0.392° 0.217° 0.394°5 0.142° 0.055° 0.046°
Max Operation Temp. [°C] 65 65! 70! 55! 55! 651 551
Min Operation Temp. [°C]** | -401 -40* -30! -251 -251 -30! -40*
Cycle Life [cycles] 1m? 1Mm? Unknown | 50 k! (1 M!for | >50 k* >100k* | 10k*
2.8V -3.8V)
Testing Time [h] 60.07 49.40 52.53 362.72 177.74 41.57 137.25
Energy density [Wh/kg] 7.145° 6.20°° 12.70%° 45.00%° 60.79°>° 14.36%° | 40.23°°
Energy density [Wh/L] 9.50%° 7.96>° 20.37°° 94.815° 137.435° 26.64%° 76.09°°
Power density [kW/kg] 7.696 7.56° 4.98° 6.78° 7.66° 3.406 10.06°
Power density [kW/L] 10.23° 9.70° 7.99¢ 14.27° 17.33° 6.30° 19.02°

Table 5: Select datasheet values and experimental results used to compare cell specifications.

! Datasheet or manufacturer provided

2 Assumed value

3 Measured value

4 Calculated from datasheet/assumed values

5 Calculated from measured values

6 Calculated from datasheet/assumed and measured values

7 Top value - 2A constant current (CC) charge, bottom value - 2A CC discharge, 25°C
8 Use minimum voltage of 0.05V, not OV

" Data replicated from Figure 8 a) — average discharge ESR determined at 25 °C using 25A discharge current pulses with 3 second

relaxation time

9 Calculated using average of measured energy values

10 Volume measured for active cell area only, excludes terminals
11 Some manufacturers advise against charging the cells below 0°C
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Figure 24: Volumetric (left) and gravimetric (right) Ragone plots using data from Table 5. Power density values are
from cell datasheets while energy density values are calculated from the measured cell mass/volume and measured
energy content. The Cell IDs are located next to the corresponding data point. The data for Cell H, which is a lithium ion
battery, was obtained from [95].

Although the purpose of this chapter is to compare the performance trends between EDLC and
LiC cells, the results shown only apply to the specific cells tested and may not be representative
of all EDLC nor LiC cells. Due to the extensive amount of time necessary for testing, only one
sample of each cell was tested and therefore the results may not represent average
specifications. This chapter is not intended to reflect upon the work of the cell manufacturers /
suppliers and therefore the cells are described using unique identifiers “A” though “G”, as shown
in Table 5. As shown in Table 5 there are some discrepancies between datasheet listed values
and those obtained from the experimental work explained in this chapter. These discrepancies
may be the result of:

e Inconsistent cell testing methods between the manufacturer and the experimental
work presented. For example, the manufacturer may determine the cell equivalent
series resistance using an AC current sine wave rather than DC current pulses; which
can significantly change the ESR value. Using [96] as an example, Cell SCA0500 has a
rated DC ESR of 0.40mQ while the rated 100 Hz AC 10ms ESR is 0.29mQ. The author

attempted to mitigate the concern regarding different testing methods as a source
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of data comparison by testing all the cells using the same, or very similar, testing
profiles.

e The electrical connection between the bus bars and cells with tab terminals may
introduce a source of resistance that is measured as a cell resistance. The author
attempted to mitigate this issue by using the manufacturer provided cell testing
fixture for Cell G and by securing two bus bars to each cell tab using bolted
connections for Cells E and F. Due to packaging and short circuit issues when
compressing a cell, the author made multiple bolted tab connections on Cell E and
Cell F using plastic bolts and metal hardware. The experimental and datasheet ESR
values for Cell E in Table 5 are very different, however, the experimental and
datasheet ESR values for Cell F are close. The datasheet and experimental ESR values
are close for Cells A, B and C which all have threaded connections. However, Cell D,
which also has a threaded connection, shows a large discrepancy between the
datasheet and experimental ESR value in Table 5. These cell connection methods
and related comparisons to datasheet values show that the author’s cell testing
fixtures may have an influence on the results. However, these results may also show
that the manufacturer datasheets are claiming performance values under ideal
conditions. One of the LiC cell manufacturers provided the author with incorrect
datasheet specifications and therefore there is a concern regarding the validity of
certain datasheet values.

e Tolerances in cell specifications, such as the capacitance, may result in a difference
between nominal datasheet values and experimental values. For example, the
measured capacity for Cell A is less than the value calculated from the nominal

datasheet capacitance and voltage limits. On the other hand, the measured capacity
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for Cell D was larger than the value calculated from the nominal datasheet

capacitance and voltage limits.

The following conclusions are made using data available in Table 5 and Figure 24.

The measured charge and discharge capacity (Ah) of all cells aligns well with the
theoretical values, falling within -7.2% (Cell A) and +28% (Cell G).

For all cells, the measured discharge capacity (Ah) is a fraction of the measured charge
capacity (Ah) within a range of 87.7% (Cell G) to 99.3% (Cell E). With the exception of
Cell G, the other cells have an energy (Wh) cycle efficiency greater than 94% under the
2A constant current charge/discharge testing performed.

Both EDLC cells are rated for 1 million cycles while the largest LiC cycle life is >100k
cycles. However, the datasheet for Cell D lists 1 million cycles when operated at a limited
maximum cell voltage of 3.8V. Generally speaking, the LiC cells have a significantly lower
rated cycle life.

Figure 24 shows that the LiC cells all have a volumetric and gravimetric energy density
larger than the EDLCs. However, neither cell type is strictly more power dense when
calculated using manufacturer provided ESR values.

Li-ion capacitor Cell E and Cell G appear to have the best combination of power density
and energy density (points E and G are furthest from the origins in Figure 24) when
calculated with datasheet ESR values. This result would change if the power densities
were calculated using measured ESR values as the measured ESR values for Cell E and G

(see Table 5) are multiple times larger than the datasheet values.
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5.3.  Cell Testing Fixture Design

The author assembled a custom testing fixture for each cell that provides a power connection for
cycling, a terminal voltage measurement connection and multiple thermistor extension cable
connections. All cells and cell testing equipment in the energy storage lab use Anderson SB 120
connectors for the power cable and mini Anderson connectors for voltage sensing. This standard
lab practice allows for cells to quickly and easily be transferred between the custom cell cycler
and Digatron MCT. Considering that the cells are always energized, with the exception of EDLC
cells discharged to zero volts, all of the testing fixtures feature two fuses; one on the positive
power cable and one on the positive terminal voltage sensing cable. A variety of Littelfuse MEGA
fuses and fuse holders were used for the power cable fuse due to the variety of current ratings
available and ease of use. The cell voltage measurement cables are connected to the cell
terminals directly or using a Kelvin connection where possible. This voltage measurement
method is used to reduce any voltage change that results from the voltage drop across the
power cable and power cable fuse during high current testing. The voltage sensing fuse may
introduce a considerable resistance to the voltage measurement cable, however, the voltage
drop across the fuse is negligible due to the NI 9293 module input impedance of 1 MQ. The
terminal voltage measurement fuse is primarily used to protect the voltage sense wires from an
external short circuit within the control and data acquisition box or during storage. Note that
rubber covers are to be used on the SB 120 power connector and mini Anderson voltage sense

connector when not in use.

As noted in Table 5, Cell F and Cell G require a compression force applied to the larger pouch
surfaces. The author made a custom compression fixture for Cell F and made modifications to a

manufacturer developed cell compression text fixture for Cell G. The manufacturer developed
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testing fixture required modifications to decrease the risk of unintentionally short circuiting the

cell and to develop better electrical contact with the cell tabs.

To ensure the cell surface temperature sensors would not move during thermal cycles, the
thermistors were attached to the cells using Kapton tape. The compression text fixture on Cell F
was designed so that the temperature sensors remain in contact with the cell surface without
being compressed and pushed into the cell surface. However, the manufacturer developed
compression fixture for Cell G was difficult to modify in an equivalent way and therefore the
thermistors were mounted closer to the cell tabs and not on the cell surface. For this reason, the
thermal cycling data in Section 5.5.3. does not include Cell G. Thermal cycling data for Cell F is
included in Section 5.5.3, however the author encourages the reader to consider the
inconsistent thermal packaging from the compression fixture that may influence the cell’s

temperature rise.

For illustrative purposes, Figure 25 shows the seven cell testing fixtures with any cell

identification covered with blue boxes.
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Figure 25: Cell testing fixtures with cell identification covered by blue boxes.
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5.4. Overview of Testing Profile Creation, Data Logging and
Analysis Workflow

The custom cell cycler offers an autocycler function that automatically executes a series of
battery/capacitor testing commands from a text file and logs user selected data to Excel
worksheets. To ensure the use of consistent testing and data logging methods, the author
developed a universal Excel file that automatically updates the autocycler profile based on cell
specifications, naming conventions and the desired thermal chamber temperature. The
autocycler profile includes operations to sequentially complete tests 1) thru 3) from Table 6.
With the exception of very few noted cases, all seven cells were exposed to very similar testing
conditions as defined by the autocycler commands. In examining the capacitor cell datasheets
from multiple manufacturers, it became very evident that the method used to characterize the
cells varied. The author’s testing was based on commonly-used time domain testing methods
such as continuous charge/discharge cycling, constant current capacity tests [97], hybrid pulse
power characterization [97], self discharge tests [97] and drive cycle model validations, but
made use of custom testing durations, configurations and current amplitudes to fit the cell
limitations and testing time constraints. For example, rather than charging and discharging cells
based on C-rates, the author used fixed current values. Due to the large range in cell capacity,
from approximately 0.5Ah to 10Ah, and testing equipment limit of 125A, there would be a
limited amount of higher current testing performed on small capacity cells if consistent C-rates
were used. For example, with a capacity of 10Ah, the maximum C-rate would be 12.5C, which is
rather small for high power capacitor applications. The equivalent 12.5 C-rate for a 0.5Ah cell
would correspond to 6.25A max. With a range of 0-6.25A, the cell is not exposed to a large
enough current range to compare how current impacts the cell characteristics. Additionally, by
only testing the cell to 6.25A, the maximum testing capabilities would not be used, and the data

would be rather unhelpful. On the other hand, the 0.5Ah cell could be the base value for a
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maximum C-rate of 250C using 125A testing equipment. Assuming the cells are tested at five C-
rates at equal intervals (50C, 100C, 150C, 200C, 250C), the 10Ah cell would have a minimum test

current of 500A which is beyond the equipment and cell performance limitations.

Test ID & Name Test Description / Process

Testing Temperature(s) | Testing Current(s) 2 Data log frequency
1) Constant loss Charge the cell using a constant current until the maximum voltage minus 50 mV is hit. After a
thermal cycling one second pause, discharge the cell to the minimum voltage plus 50 mV using a constant

current. Repeat for approximately 3.5 hours. The charging and discharging current are chosen
to give approximately 2.15W of IR losses for the EDLC cells and approximately 1W of I2R losses
for the LiC cells based on the datasheet listed internal resistance (R).

25 [°C] Unique to each cell | 0.5 [Hz]

2) Constant Starting with a fully discharged cell, use a constant current to charge the cell until the

current capacity maximum voltage is hit. Then do a CCCV charge to bring the cell to 100% state of charge (SOC).
Use constant current to discharge the cell until the minimum voltage is hit. Discharge the cell
to 0% SOC and then repeat this cycle for each test current.

-10, 0, 10, 25, 35 [°C] | +/-(2,25,50,75,100,120) [A] | 5 [Hz]
3) Hybrid pulse Charge the cell to a SOC breakpoint (eg. 5%), perform a 2.5 or 1.5 second discharge/charge
power current pulse and allow the cell to relax. Continue this process, charging the cell in increments
characterization of 5% SOC. Fully discharge the cell and repeat with a charging pulse of the same magnitude.
(HPPC) Repeat the charging and discharging HPPC sweep for all three current magnitudes.

-10, 0, 10, 25, 35 [°C] | +/- (10, 25, 50) [A] | 10 [Hz]

4) Self discharge Connect the cell to a single ended voltage measurement port on a NI 9205 module (input
resistance of >10 GQ || 100 pF) and log the cell voltage for approximately 8 days.

Room temperature | No supply/load current | 1/60 [Hz]
5) Drive cycle Connect each cell to a unique cell testing channel on the Digatron MCT. Fully charge the cells
validation using a CCCV profile and then start a power demand based US06 drive cycle profile. Upon

completion fully charge the cell and perform a power demand based UDDS drive cycle profile.
When the cell is incapable of meeting the power demand, the cycling current is minimized.

0, 25 [°C] | US06, UDDS drive cycle 10 [Hz]

Table 6: Overview of the five time-domain tests performed on each capacitor cell

12 Positive current values correspond to discharging and negative current values correspond to charging

The Excel based autocycler commands were designed to save select testing data to specific
worksheets within the same Excel file. For example, the testing data to obtain the cell capacity
using a constant current 2A charge and 10A charge are saved on separate Excel worksheets. This
method was used to ensure the cell specifications, autocycler commands and data were all
contained within one file. Additionally, separating specific test data into consistent worksheets
eliminated the need to filter through hours of useless data and made the comparison of data

from different tests much easier. A new Excel file is created for every testing temperature for
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each cell, therefore resulting in a total of 35 Excel files (seven cells tested at five temperatures)

with 141 worksheets each.

Rather than analyzing the 35 Excel files (1.4 Gb of data) manually, the data was imported into
Matlab and assigned variable names based on the structured and consistent data saving method
discussed earlier. The majority of the cell testing involved repeating very similar multi-day long
testing profiles at multiple temperatures for each cell. This repetitive nature lends itself nicely to
scripted data analysis that can simply be expanded to include new data as it becomes available.
Scripted data analysis allowed for easy detection of missing or inconsistent data. Additionally,
the scripted analysis provided a much faster method to compare data from different cells that

was originally stored in different Excel files.

5.5. Test 1—Constant Loss Thermal Cycling

The purpose of Test 1 is to evaluate the energy loss and temperature rise from repeated
constant current charge and discharge cycles that persist for approximately 3.5 hours. An
approximate power loss is determined from the average energy loss over the cycling time. An
approximate equivalent series resistance is estimated from the approximate power loss and
known testing current. The cell’s equivalent series resistance will also be evaluated in Section 5.7
using a hybrid pulse power characterization method. The same cell cycling data used to estimate
the energy loss can be used to evaluate the cell temperature rise and an approximate case-to-
ambient thermal resistance. The following subsections will describe the testing method, provide
analysis of the test results and end with a conclusion to compare the EDLC, LiC and | | LiC cell

technologies based on Test 1.

5.5.1. Test 1 Method

The cell is connected to the custom cycler and left inside the thermal chamber for several hours.

This thermal saturation period is intended to make the capacitor cell reach the same
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temperature as the testing environment. Unlike Tests 2 thru 4, this test is only performed at a
desired temperature of 25°C. However, Cell B is also tested under supervision at room
temperature with the thermal chamber foam inserts removed. This additional testing condition
is used to show how the thermal chamber temperature-controlled environment with turbulent

airflow impacts the cell temperature rise.

The testing begins by fully discharging the cell and performing an amp hour counter reset to
0Ah. The cell is charged at a constant current that would result in an IR loss equivalent to 2.15W
for EDLC cells and approximately 1W for LiC based cells based on the datasheet listed internal
resistance (R). The constant current is terminated to OA when the cell voltage reaches the
maximum cell voltage minus 50mV. After a commanded 1 or 2 second pause the cell is then
discharged using a constant current selected to match the charging current 1R losses until the
cell voltage reaches the minimum cell voltage plus 50mV. The 50mV buffer was introduced to

prevent the cells from violating cell voltage limits set in the cell testing software.

The charge and discharge cycles, which are separated by one second testing pauses, are
repeated for approximately 3.5 hours. The number of charge/discharge cycles that occur within
3.5 hours is dependant on the testing current and cell capacity. Therefore, the number for
charge/discharge cycles was determined beforehand and the Excel based autocycler profile was
manually changed. The cell was left to rest with zero testing current for 2.5 hours after the

approximate 3.5 hours of cycling is complete.

5.5.2. Test 1 Analysis — Energy Loss
Figure 26 and Figure 27 show the energy cycled through the capacitors during the repeated

charge and discharge cycles. Note that Test 1 is repeated twice for Cell B to evaluate the thermal
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chamber’s impact on the cell energy loss and temperature rise in comparison to testingin a

room without active thermal control active. Therefore, Figure 26 contains two plots for Cell B.
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Figure 26: Energy loss from repeated charge and discharge cycles — Cells A and B
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Recall that the cell starts fully discharged and therefore, the first energy change corresponds to a
charge cycle which is noted by the negative energy value. As listed in the footnotes of Table 6, a
positive current corresponds to discharging the DUT and a negative current corresponds to
charging the DUT. Using Subplot C from Figure 27 as an example, we can see that Cell E
experienced thirteen charge and discharge cycles that started and ended in the discharged state.
As shown by the orange trend lines on all subplots in Figure 26 and Figure 27, the amount of
energy discharged is less than the energy charged and therefore we see a general trend of
energy loss (negative slope) over repeated charge/discharge cycles. This trend indicates a cyclic
energy efficiency of less than 100% and therefore an opportunity to identify the power loss as a
variable for comparison. The power loss associated with this test, Py, is represented by the
rate of energy loss and is determined from the slope of the orange line. Using Equation 7, an
equivalent series resistance associated with Test 1 is determined and recorded in Table 7.

Pcycling [W]

R ] =
ESR, Testl[ ] I?y{:ling' RMS[A]

Equation 7: Test 1 ESR calculated from cell cycling energy loss

Cell ID A B B No T.C3 C D E F G
EDLC EDLC EDLC LiC LiC LiC LiC | |LiC

Number of cycles 63 75 75 38 10 13 50 N/A
Cycling Energy Slope [Wh/s] -1.07E-3 | -8.58E-4 | -8.39E-4 -4.90E-4 | -9.97E-4 | -1.06E-3 | -3.32E-4 | N/A
Cycling Energy Slope [W] -3.87 -3.09 -3.02 -1.76 -3.59 -3.83 -1.19 N/A
Intercept [Wh] -1.30 -1.11 -1.13 -1.89 -15.64 -8.48 -0.59 N/A
Irms cycling [A]14 87.24 94.06 94.11 31.49 53.80 35.30 13.65 N/A
Commanded Cycling Current 90 97 97 32 54 35.5 14 N/A
Datasheet ESR [mOhm] 0.27 0.23 0.23 1 0.35 0.8 5 1

Resr, Testr IMOhm]* 0.51 0.35 0.34 1.78 1.24 3.07 6.41 N/A
Theoretical Loss!® [W] 2.05 2.03 2.04 0.99 1.01 1.00 0.93 N/A

Table 7: Calculated energy loss and equivalent series resistance from Test 1.

13 Test on Cell B repeated without the thermal chamber (T.C) operating to maintain the ambient temperature. Starting ambient
temperature ~ 23.5°C, ending ambient temperature ~ 28°C

14 RMS cycling current from time zero until end of cycling (approx. 3.5 hours), does not include zero current from the 2.5-hour cell
cool down phase

15 ESR calculated using the change in energy over time during continuous cycling. Uses Equation 7.

16 Theoretical loss = Irms cycling * Irms cycing * Datasheet ESR
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Recall from Section 5.4 that the cells were cycled using a current value that would result in
approximately 2.15W of I°R losses for EDLC cells and approximately 1W of I°R losses for LiC cells.
Table 7 show that the theoretical loss values calculated using the RMS cycling current and
datasheet listed ESR closely match the desired 1W for LiC cells but are approximately 0.1W less
than desired for the EDLC cells. The discrepancy for EDLC cells extends from the difference
between the commanded cycling current and RMS cycling current. The cycling profile for EDLC
Cell A used a commanded 2 second pause between the transition from charging to discharging
and vice versa while all other cells used a commanded 1 second pause. It should be noted that
although the data for Test 1 was logged at 0.5 Hz (one sample every two seconds), Cell A has a
near zero current value for three sample points (6 seconds) and the other cells have a near zero
current value for two sample points (4 seconds). The additional near zero current sample point is
a result of the power supply transitioning from the desired testing current to zero amps while in

a “Constant Current” command. This result is shown in Table 8 and Table 9 as an example.

Time [s] | Command Cell Testing
Voltage Current
(vl [A]

174 | Constant Current | 0.245209 | 90.00004
176 | Constant Current | 0.169335 | 90.00119
178 | Constant Current 0.09343 | 89.99842
180 | Constant Current | 0.068855 -0.8652
182 | Standby 0.072267 0
184 | Standby 0.074342 0
186 | Constant Current | 0.145592 | -93.3157
188 | Constant Current 0.22628 | -89.7248
190 | Constant Current | 0.306062 | -89.6011
192 | Constant Current | 0.385065 | -89.6712
Table 8: Select data from Test 1 for Cell A
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Time [s] Command Cell Testing
Voltage Current [A]
(vl

310 | Constant Current | 0.214418 96.999118
312 | Constant Current | 0.136686 96.999108
314 | Constant Current | 0.059022 96.998888
316 | Constant Current 0.06024 -0.292485
318 | Standby 0.062642 0
320 | Constant Current | 0.118551 | -96.446569
322 | Constant Current | 0.201176 | -97.030718
324 | Constant Current | 0.282879 | -97.039925
326 | Constant Current | 0.363739 | -97.032034
Table 9: Select data from Test 1 for Cell B

The RMS cycling current is determined by taking the RMS value of all current values during the
approximate 3.5 hour cycling period and not the relaxation period. Considering that the number
of cycles were xecuted in integer values the actual cycling time for each cell varies slightly.
Therefore, the time used to calculate the RMS current and energy loss slope is modified for each
cell. However, the author believes that the discrepancy between the RMS cycling current and
commanded current is largest for cells with high cycle counts due to the introduction of
additional near zero amp data log points. For example, the cycling period for Cell A occupied
5805 samples (11610 seconds) with approximately 327 samples (654 seconds) within the range
of -2A to +2A. In the case of Cell A, the near non zero amp samples represent approximately
5.6% of sample points and therefore the RMS current value is shown to be considerably less,
approximately 3%, than the commanded current value. In the case of Cell C, the near non-zero
amp samples within the range of -2A to +2A represent approximately 2.9% of all samples and
the RMS current value is shown to be similar, within 1.6%, of the commanded value. Although
the discrepancy between the desired current command and RMS testing current exists, the
author continued to use this method to analyze the energy loss and Risr rese1 fOr the following

reasons:
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e The theoretical loss values from Table 7 are within a maximum error of approximately
7% compared to the respective desired loss values of 2.15W and 1 W.

e The energy loss slope and RMS current are calculated over the entire cycling period and
therefore the energy loss slope and RMS current both consider the near zero current
data entries.

e Test 1is an atypical method to determine a cell’s DC ESR and therefore a considerable
difference between the datasheet and experimentally determined values may exist.

o The purpose of this chapter is to provide a high-level comparison between the EDLC and
LiC based cell performance. Considering that all of the cells are compared using a very
similar testing profile in Test 1, the author believes a comparison between the cells using
this data is reasonable. Therefore, the Rggg rest1 Values in Table 7 should be compared

between cells but not to the datasheet values.

5.5.3. Test 1 Analysis — Temperature Rise
Figure 28 and Figure 29 show the cycling current in orange, the thermal chamber temperature in

solid blue and multiple cell surface temperature measurements in blue patterns. These plots
show the cell temperature rises to a near steady state range via a repeating temperature rise
and fall profile that aligns with the changes in current direction (charge vs. discharge) and
resembles plots in [98]. Subplots A and B of Figure 28 show the cell surface cooling during a
relaxation period when the cycling current is 0A. However, Subplot C, which displays data for
testing Cell B without the thermal chamber maintaining the ambient temperature, hits the
programmed maximum cell temperature limit and therefore data recording is stopped during
the relaxation period. The temperature change from the start of charge/discharge cycling and
the average cell surface temperature when the relaxation begins is recorded in Table 10 as AT

[°C]. This temperature change is used in Table 10 to determine a case to ambient thermal
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resistance, Rc4[°C/W], based on the datasheet ESR and Rgsg, rese1[2]. The results are

recorded in Table 10.
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Equation 8: Cell case to ambient thermal resistance determined using the change in temperature, ESR and cycling

Real°C /W] =

McMaster University — Electrical Engineering

AT [°C]

12

cycling, RMS

[A] x ESR[]

current
Cell ID A B BNoT.C® | C D E F G
EDLC EDLC EDLC LiC LiC LiC LiC | |LiC

IRms cycling [A]™ 87.24 94.06 94.11 31.49 53.80 35.30 13.65 N/A
Rgsr, Test1 [MOhm]™ 0.51 0.35 0.34 1.78 1.24 3.07 6.41 N/A
Datasheet ESR [MOhm] 0.27 0.23 0.23 1 0.35 0.8 5 1

AT [°C]Y 6.57 5.99 18.9% 1.9 4.1 2.8 1.5 N/A
Rca, Resr Test [°C/W]'8 1.69 1.93 6.28 1.08 1.14 0.73 1.26 N/A
Rca, patasheet esr [°C/W]* 3.20 2.94 9.28 1.92 4.05 2.81 1.61 N/A
ATemp During Discharge?® | Decrease | Decrease | Decrease Increase Increase Increase Increase N/A
ATemp During Charge® Increase Increase Increase Decrease | Decrease | Decrease | Decrease | N/A

Table 10: Temperature rise, ESR and calculated case to ambient thermal resistance results

15 ESR calculated using the change in energy over time during continuous cycling. Uses Equation 7.

7 Temperature change from start of cycling test to the average temperature of the highest reading thermistor at the end of cycling.
18 Thermal resistance from case to ambient calculated using calculated ESR from cycling energy loss (row with note 15)

19 Thermal resistance from case to ambient calculated using ESR from datasheet

20 During a positive cycling current (discharging) the cell temperature will increase or decrease until the current becomes negative
(charging)

21 Due to programmed temperature limits, this test was stopped and the cell does not reach a steady state temperature.

5.5.4. Test 1 Conclusions

The following conclusions are made using data available in Table 7, Table 10 and Figure 26 thru
Figure 29.

e Asshown by Cell B in Figure 28 Subplots B and C, the temperature change from cycling is
highly dependant on the thermal chamber turbulent air acting as a forced air-cooling
system. The cell temperature increased approximately 5.99°C with the thermal chamber
in operation at a setpoint of 25 °C. However, without the thermal chamber in operation,
the cell temperature increased by 18.9°C at which point the testing ended due to hitting
the cell maximum testing temperature programmed in the custom tester. Figure 28
Subplot C shows an increase in the thermal chamber temperature while Subplot B does

not. This shows that the thermal chamber is removing heat from the cell while in
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operation because the thermal chamber temperature does not rise while the cell expels
heat losses.

e However, the cycling energy slope for Cell B in Figure 26 Subplot C (thermal chamber
circulation fans off) is 97.7% the result in Subplot A (thermal chamber circulation fans
on). This result suggests that the energy loss in cell cycling has very little dependency on
the cooling system, assuming the ESR is not highly temperature dependant, and
therefore Rgsp rest1 Calculations are less affected by active cooling than Rea
calculations.

® Rpsr Test1 Values are consistently larger than the datasheet ESR, in the range of 128.2%
to 383.8%, therefore suggesting further investigation into quantifying the ESR using
other testing methods.

e Cell E has the lowest Rca, resr Test1 Which may be the result of a large pouch cell surface
area without a compression fixture. Otherwise, there is no clear trend to compare the
thermal case to ambient resistance for the cells.

e The LiC cells experienced a surface temperature decrease while charging and a surface
temperature increase while discharging. This result aligns with the endothermic charging
results obtained in [99].

e The EDLC cells experienced a surface temperature increase while charging and a surface
temperature decrease while discharging, which aligns with the exothermic charging and
endothermic discharging results obtained in [98].

e The difference between the LiC cells charging endothermically and the EDLC cells
charging exothermically may be the result of the different desired I°R losses. Both cells
may exhibit endothermic (temp. decrease) charging at low currents but the EDLC losses

(2.15W) may exceed the endothermic effects. Additional analysis with different cycling
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currents is needed to determine if the EDLC cells charge exothermically and LiC cells
charge endothermically at all charging currents.
5.6. Test 2 — Constant Current Capacity and Energy
The purpose of test 2 is to evaluate how the useful charge and discharge capacity of each cell
changes with the testing current and temperature. In Test 2 each capacitor cell was charged and
discharged using a variety of constant current tests, in the range of 2A to 120A, while subjected
to multiple operating temperatures in the range of -10°C to 35°C. A 2A charge and discharge
profile were used to identify the cell’s low current terminal voltage vs state of charge
characteristics. The results below discuss how the useful capacity and energy that can be stored

or discharged from the cells changes with temperature.

5.6.1. Test 2 Method

Test 2 was performed after the completion of the 2.5 hour resting period from Test 1. However,
if the testing temperature was not set at 25°C then the testing procedure began at Test 2 with a
several hour-long thermal saturation period to change the capacitor temperature. The cell was
discharged to the minimum testing voltage using several low current discharge phases until the
cell reaches a discharged state using a 0.25 A discharge current. The capacity counter was reset
to OAh and the cell was considered to be at 0% SOC. The cell was then charged using a constant
current that is dependent on the testing conditions. This charging process continued until the
cell terminal voltage reaches the maximum cell voltage as listed in Table 5. The capacity,
measured in Ah, and energy, measured in Wh, used to charge the cell is noted as the useful
charging capacity/energy for the given test current and testing temperature. Considering the
voltage increase above the cell’s open circuit voltage during charging, the cell may have not
reached a complete charge during the constant current charging phase. For this reason, the cell
was charged using a CCCV charging profile until the maximum cell voltage is achieved and the

charging current reduced below a cut-off condition of 100mA or less. Upon completion of the
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full charge and an additional 15 second pause, the capacity counter was reset to OAh and a
constant current discharge is initiated. The constant current discharge terminated when the cell
hit the minimum testing voltage from Table 5. Considering that the cell was nearly fully
discharged, the next charge and discharge cycle began with a cell discharge process to reset the
cell at 0% SOC. This process was repeated using constant current charge and discharge currents
of 2A, 25A, 50A, 75A, 100A and 120A, where allowed by the cell testing limits. Upon the
completion of all constant current charge and discharge cycles, the autocycler proceeded to

perform Test 3.

5.6.2. Test 2 Analysis — 2A Charge and Discharge Voltage Profile
The open circuit voltage (OCV) vs state of charge (SOC) profile for battery cells is typically

derived using a relatively small constant current in the approximate range of 1/20 C to 1/25 C.
This corresponds to a full charge and discharge cycle that requires approximately 40 to 50 hours
to complete. Considering the large quantity of cells characterized in this work the time required
to complete five 50-hour charge and discharge cycles per cell was unrealistic. As an alternative,
the author used a 2A charge and discharge current to examine the cell voltage vs state of charge
characteristics. While this method is not representative of a typical open circuit voltage vs SOC
that use 1/25 C rates, the 2A test provided insight into the cell voltage characteristics regarding

linearity and hysteresis.

The 25°C 2A charge and discharge voltage profiles vs capacity for all seven cells are shown in
Figure 30. The legend in Figure 30 show the charging/discharging C-rate using the capacity
measured from each charge/discharge test that is equivalent to a test current of 2A. As shown
in Figure 30 and Table 5, Cell G has a charging capacity (1.668 Ah) that is considerably larger than
the discharging capacity (1.528 Ah). Therefore, the charging C-rate is smaller (1.2C) than the

discharging C-rate (1.31C).
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As an extension to Figure 30, the data in Figure 31 and Figure 32 shows the 25°C 2A charge and

discharge terminal voltage vs state of charge relationships, respectively. The capacity data from

Figure 30 is normalized by the respective measured charged and discharged capacity to present

the data as a function of state of charge instead of capacity. It should be noted that the

normalizing capacities used for each cell in Figure 31 and Figure 32 are not necessarily equal.

Therefore, Cell G shows a voltage profile to 100% SOC in both plots even though the normalizing

capacities are unequal.
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Figure 30: Cell terminal voltage vs capacity measured using a 2A constant current charge and discharge profile at 25°C
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Figure 31: Cell terminal voltage vs state of charge measured using a 2A constant current charge profile and normalized
by the measured charging capacity at 25°C
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Figure 32: Cell terminal voltage vs state of charge measured using a 2A constant current discharge profile and
normalized by the measured discharging capacity at 25°C

Figure 30 to Figure 32 show the 2A charge and/or discharge profile for all seven cells when
tested at 25°C. Figure 33 shows the 2A charge and discharge terminal voltage vs capacity profile
for each cell when tested at -10°C, 0°C, 10°C, 25°C, and 35°C. The charging profiles are noted by
dashed lines on the left-side plots while the discharging profiles are noted by solid lines on the

right-side plots. Although unconventional, the subplots in Figure 33 include titles that contain
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the equivalent C-rate used for charging / discharging. Table 11 compares the 2A measured

charge and discharge capacity of each cell at 10°C and 35°C.
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Figure 33: Charge and discharge terminal voltage vs capacity characteristics for each cell tested at -10°C, 0°C, 10°C,
25°C, and 35°C.

Discharge / Charge capacity | A B C D E F G

[Ah] EDLC EDLC LiC LiC LiC LiC | |Lic

@ Neg 10°C [Ah] 2.269/-2.268 | 2.102/-2.100 | 1.425/-1.440 | 9.753/-9.741 4.880/-4.783 | 0.446/-0.458 1.154 /-1.053

@ 35°C [Ah] 2.292/-2.284 | 2.119/-2.113 | 1.461/-1.467 | 10.696/ - 5.702/-5.767 | 0.486/-0.3022 | 1.581/-1.720
10.731

Ah @ Neg 10°C 99.0/99.3 99.2/99.4 97.5/98.2 91.2/90.8 85.6/82.9 91.6 /152.7% 73.0/61.2

R

Table 11: Comparison of the 2A discharge (left number) and charge (right number) measured capacity at -10°C and

35°C.

22The charge capacity of 0.302 Ah at @ 35°C is inconsistent with other results and therefore should not be used for comparison

5.6.3.

Useful Capacity and Energy Measurement

Section 5.6.2 focused on displaying the 2A charge/discharge voltage profile and their

Test 2 Analysis — Multi-Temperature and Multi-Constant Current

dependency, or lack of, on temperature. This section further analyzes the multi-current and

variable temperature capacity and energy measurements from Test 2 by displaying the total

useful capacity and energy measured vs. the cycling current. The test results are displayed in

Figure 34. Left-side plots show the cell’s normalized charge/discharge capacity [%, base unit of

Ah] while the right-side plots show the normalized charge/discharge energy [%, base unit of

Wh]. Similar to Figure 33, the subplots in Figure 34 contain titles that identify the cell and

normalizing capacity/energy. Due to current and charging temperature limits some plots contain

less testing data. Table 12 provides a comparison of the normalized usable capacity and energy

for each cell under two specific testing cases.
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Figure 34: Measured useful capacity and energy from constant current charge and discharge profiles as a function of
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Test Normalized A B C D E F G
Condition Measurement | EDLC EDLC LiC LiC LiC LiC | |LiC
100A, 0°C, | Capacity [%] 96.7 97.0 57.4 79.4 66.4 39.2 N/A
Discharge  ["Energy [%] 94.5 96.0 52.1 75.3 59.1 33.7 N/A
50A, 10°C Capacity [%] 97.7 97.8 90.6 86.6 76.7 66.4 51.8
Charge Energy [%] 100 100 93.0 89.6 81.2 71.0 60.9

Table 12: Two specific test conditions with the measured capacity and energy normalized by the cell’s 25°C 2A constant

current discharge capacity/energy. The normalized values are obtained from data in Figure 34.

5.6.4. Test 2 Conclusions

The following conclusions are made using information from Section 5.6.2.

Figure 30 shows that EDLC Cells A and B have a linear 2A charge and discharge profile
with little to no hysteresis. LiC Cells C, D, E and F have a near linear 2A charge and
discharge profile with a small amount of hysteresis. However, | |LiC Cell G has a very
non-linear 2A charge and discharge voltage profile with a unique “knee” in the discharge
profile near 85% depth of discharge and considerable hysteresis near the minimum cell
voltage.

Table 11 shows that the 2A charge/discharge capacity (Ah) for EDLC Cells A and B barely
changed with temperature (minimum 99%) while LiC Cells C, D, E and F experienced
minor capacity change (between 82.9% and 98.2% retained). However, | |LiC Cell G
experienced a large capacity change from -10°C to 35°C (between 62.2% and 73%
retained). Figure 33 Subplots M and N shows a considerable change in Cell G’s terminal
voltage curve as a function of temperature for both the charge and discharge cycles.
Figure 33 Subplots M and N further highlight the unique discharge “knee” and
considerable hysteresis near the minimum cell voltage. The discharge voltage “knee”
appears to decrease in size as the temperature is reduced. Cell G’s charge/discharge
profile temperature dependency may require additional testing to evaluate if the cell
voltage changes while submitted to thermal cycles during storage (no intentional
capacity change). Additionally, this temperature dependency may introduce the need for

an advanced temperature dependent open circuit vs. SOC model for Cell G.
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The following conclusions are made from information in Section 5.6.3.

5.7.

For all seven cells the charging energy is typically larger in magnitude than the discharge
energy at a given temperature and cycling current. This indicates a cyclic energy
efficiency of less than 100% for all cells.

In Figure 34 EDLC Cells A and B, show a worst-case normalized capacity and energy all
greater than 92% (Subplot B). In general, the worst-case normalized capacity and energy
for Subplots E thru N, which correspond to LiC Cells C thru F and | | LiC Cell G, show a
significantly lower normalized capacity and energy; in the approximate range of 5% to
65%.

The two specific test cases in Table 12 show that the EDLC cells have the largest
normalized capacity and energy (least affected by high current testing at low
temperatures), followed by the LiC cells and then the | | LiC cell which is the lowest.
Comparatively speaking, the useful energy stored for the EDLC cells is minimally affected
by temperature, while the LiC cells and | | LiC are considerably affected by temperature.
This trend will be further explored in Section 5.7.4 by analysing the cell’s internal

resistance as a function of temperature.

Test 3 — Hybrid Pulse Power Characterization (HPPC)

This section makes use of a modified version of the hybrid pulse power characterization testing

method described in [97] to identify the cell’s equivalent series resistance as a function of state

of charge, temperature and pulse current magnitude. Rather than identifying a single equivalent

series resistance value using an energy loss model, as done in Section 5.5, Test 3 aims to expose

each cell to a large variety of feasible operating conditions to explore how the ESR changes with

state of charge, temperature and testing current. The large quantity of ESR data points are

averaged to produce a representative ESR for specific conditions.
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5.7.1. Test 3 Method

The custom cycler testing commands are programmed as part of the Excel based autocycler
profile discussed in Section 5.4 and were executed upon the completion of Test 2. If applicable,
Tests 1, 2, and 3 were executed sequentially all at one testing temperature. Upon completion of
Test 3 the thermal chamber temperature was changed to the next testing temperature and the

set of tests performed on the custom MARC cell cycler were repeated.

Hybrid power pulse characterization, commonly called HPPC, consists of a series of short charge
and discharge current pulses performed under different operating conditions to create an
opportunity for a change in the cell behaviour. For example, the short pulses may be executed at
increments of 10% SOC to see how the cell behaves in response to charging and discharging
pulses depending on the state of charge. The main purpose of HPPC testing is to use the change
in cell voltage during the current pulse, which should cause a negligible change in SOC, to
determine the cell’s equivalent series resistance (ESR) under the operating conditions studied.
The ESR is typically calculated using an equation similar to Equation 9, however the way in which

AV and Al are defined can vary by the study.

ESR Ql=ab <AV>
nppcl{l] = abs Al

Equation 9: Simple formulation to calculate the HPPC ESR

Figure 35 shows the change in cell terminal voltage for Cells A thru F from a 50A discharge pulse
when charged to 45% and operating in a controlled 25°C environment. The data from Cell F (pink
lines) in Figure 35 will be used to explain a variety of methods to determine the ESR based on
how AV and Al are defined. Note that the left side vertical axis shows the change in cell voltage
rather than the actual cell voltage. Considering the variety in terminal voltages among the cells
that represent 45% SOC, the left side vertical axis was modified to better show how the cell

voltage changes from a common SOC reference. The cell terminal voltage is noted with “+”
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“,n

marks while the discharging current is identified by “x” marks and corresponds to the right side
vertical axis. In this work, the time before the current pulse starts is referred to as the pre-pulse
relaxation time. The pre-pulse relaxation time is necessary to ensure that the cell voltage has
stabilized and is representative of the desired SOC operating condition. During the current pulse,
from approximately -1.5 to 0 seconds, the cell voltage decreases. This decrease is noted by the
combination of AV, and AV,. AV; typically represents the initial voltage change due to current
collector resistance, electrolyte conductivity and separator resistance. Considering the very
small time step during the AV, phase, the current discharging the cell has a negligible impact on
the SOC and therefore the open circuit voltage. It is therefore assumed that the change in cell
voltage noted by AV, may represent the cell’s equivalent series resistance for that operating
point. However, depending on the energy storage device, especially batteries with additional
chemical reactions, the time duration used to define AV; becomes more difficult to select as the
cell voltage changes in a more continuous and curved manner rather than the sharp change
shown in Figure 35. For this reason, the AV; value is not used to represent AV from Equation 9 in
this work. The next logical approach would be to look at the combined voltage change from

AV, + AV;,. Recall that the HPPC pulse currents should stimulate the cell to cause a voltage
change while minimizing the change in SOC during the charging/discharging pulse. For example,
a 50A discharge pulse with a duration of 2.5 seconds would discharge the cell by approximately
0.0347 Ah. While this capacity change is relatively small, it represents approximately 7% the
capacity of Cell F, which has the smallest capacity (approximately 0.5Ah) of all the cells tested.
This can be shown in Figure 35 such that the largest change in cell voltage during the AV, phase
occurs on the pink line that represents Cell F. It should be noted that the voltage change profile
during the AV, phase is rather non-linear. This non-linearity may be the result of electrode

kinetics within the lithium doped anode. As a contrast, the voltage profile for the equivalent AV,
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phase on EDLC Cell A and B, which are represented by the red and orange lines, respectively, are
very linear. The author expected the linear profile for both EDLC cells due to the lack of
electrochemical reactions within the cell that would eliminate the development of cell over
potentials from electrode kinetics. When examining batteries, the non-linear behaviour that may
result from electrode kinetics is commonly modelled as a parallel resistor and capacitor to form
an RC pair in a second order equivalent circuit battery model. However, due to the desire for a
simple equivalent series capacitor model that allows for easy cell comparison, this work does not
explore second order equivalent circuit modelling. For this reason, the voltage change in AV, is
not of interest for modelling purposes. The remaining option, and the option used in this work, is
to represent AV using AV;. The starting voltage for the AV; voltage range is easily defined as the
cell voltage when the pulse current is commanded to OA. The ending voltage that defines AV; is
more difficult to identify. During the post-pulse relaxation period the cell voltage may change,
and in the case of a discharge pulse, increase over time. When testing battery cells with complex
chemical reactions it may be desirable to define the ending voltage at a post relaxation period of
several minutes to an hour. However, the capacitors studied in this work showed very little
voltage change beyond three seconds into the post-relaxation period. Additionally, a shorter
post-pulse relaxation period is advantageous for HPPC testing on multiple cells at several
operating conditions due to the time saved in not waiting for a very minimal no-load cell voltage
change. The ESR calculation method used in this work was further refined to Equation 10. Both
voltage and current values in Equation 10 are extracted from a total of two data log times; first
from time 0, the last sample point where the commanded pulse current is at the desired value,

and than again three seconds later. See Figure 35 for clarification.
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Figure 35: Example HPPC pulse response for Cells A thru F using a 50A discharge pulse at 45% SOC at 25°C.
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Equation 10: Refined formulation to calculate the HPPC ESR

The author selected to perform HPPC charge and discharge pulses at increments of 5% SOC

rather than 10% increments as commonly seen in literature. However, recall that a 50A pulse

with duration of 2.5 seconds would charge Cell G by approximately 7%, which is larger than the

5% SOC increments. Therefore, as shown in Figure 35, the current pulse duration for all HPPC

testing on Cell F was limited to 1.5 second current pulses rather than the 2.5 second pulses that

are used on Cells A thru E. It should be noted that voltage and current values used in Equation

10 are not collected at exact 5% SOC increments due to charging/discharging that occurs during

the current pulse. Therefore, the 5% SOC breakpoints are used as approximate values and a

minor degree of modelling uncertainty is introduced. Equation 11 provides an example of

Equation 10 using data available from Cell F in Figure 35.
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= 4.7 [mQ]

AV) ~ ((—0.3284) - (—0.09136)) _ 0.23704

ESRyppc[Q] = abs (E 50.34-0 50.34

Equation 11: Refined formulation to calculate the HPPC ESR

The typical method used to change the cell state of charge in preparation for HPPC current
pulses involves performing a CC charge or discharge until a specified capacity is
charged/discharged based on coulomb counting. This approach aims to create HPPC testing
points at equal SOC breakpoints. However, the capacity charged or discharged from a HPPC
pulse can introduce an offset and therefore make the SOC breakpoint spacing uneven. One
approach to over come this issue is to perform a charge pulse followed by a reasonable post-
pulse relaxation period and then perform a very similar discharge current pulse and relaxation
period. By performing an equal charge and discharge pulse near the same SOC breakpoint, it is
intended that the net SOC change is nearly zero and therefore moving between SOC breakpoints
based on coulomb counting is rather successful. However, the coulomb counting approach to
establishing SOC breakpoints can present additional concerns, specifically when using the
custom cell cycler. For example, performing a 50A discharge pulse at 10% SOC in a cold
environment often results in an ESR voltage drop that extends below the minimum cell voltage.
In this case the custom cycler enters protection mode and must be reset. The main concern is
that the coulomb or amp hour counter is reset to zero when entering protection mode.
Therefore, performing a manual reset to test at the next SOC breakpoint requires the cell to be
fully discharged from the previous SOC breakpoint, reset the Ah counter and then proceed to
charge the cell to the desired SOC breakpoint. Depending on the cell and testing conditions, this
time consuming full discharge and partial recharge process may need to be repeated several
times before reasonable ESR data can be obtained without hitting voltage protection limits. To
mitigate this issue, the author defined the SOC breakpoints by performing CCCV charging to

selected cell terminal voltages. Recall from Section 5.6.2 that the 2A charge and discharge
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terminal voltage vs capacity relationship was very linear, unlike the open circuit voltage vs
capacity relationship for batteries. The author divided the voltage range of Cells A thru F into
voltage breakpoints that represent 5% SOC breakpoints. Even through the cells would still hit
protection limits, the need to fully discharge and recharge the cells was eliminated as the testing
profile could be continued using the next testing command to perform a CCCV charge to the
next voltage breakpoint. Due to the non-linearity of the 2A terminal voltage vs capacity profile of
Cell G, as shown in Figure 33 Sublot M and N, Cell G was tested using capacity breakpoints based
on coulomb counting rather than cell voltage. This modification resulted in the development of a

new autocycle testing profile specifically for Cell G.

In general, the HPPC testing profile consisted of multiple “passes”. During one pass the cell
would be fully discharged and then charged using a CCCV profile to the lowest desired voltage
breakpoint. Due to the inability to perform discharge HPPC pulses at 0% SOC, the discharge
pulses started at the voltage corresponding to 5% SOC. Once the desired voltage was achieved
the custom tester would perform a 10A discharge pulse for 2.5 seconds (1.5 seconds for Cell F).
The tester would enter a paused state with zero output current and the cell would be allowed to
rest for 120 seconds. This formed the post-pulse relaxation phase. The cell would then be
charged to the next desired cell voltage and a similar discharge pulse was performed. This
process would repeat until the cell reached the maximum cell voltage and the final discharge
pulse and post-pulse relaxation were complete. This concludes the completion of one HPPC
“pass”. The HPPC pass would be repeated by discharging to the minimum cell voltage and
starting over. However, the next pass would use charging pulses of equal magnitude from

voltage breakpoints that correspond to 0% SOC up to 95% SOC. These two HPPC “passes”, one
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charging and one discharging, were repeated three times using pulse currents of 10A, 25A and

50A for a total of 120 HPPC current pulses for each cell at all five testing temperatures.

5.7.2. Test 3 Analysis — 25°C and Negative 10°C Charge and Discharge ESR

vs SOC
Figure 36 presents the ESR data collected from 25A charge and discharge HPPC current pulses in

a controlled 25°C and negative 10°C environment. Note that due to the custom cell tester’s
inability to perform CCCV profiles below 0.6V, Figure 36 excludes ESR data for Cells A and B

below approximately 20% SOC.
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Figure 36: Charging and discharging ESR vs SOC for all seven cells tested at 25°C (Subplot A) and negative 10°C
(Subplot B) determined using 25A charge and discharge pulses with a 3 second post-pulse relaxation period and 5%
SOC breakpoints.

5.7.3. Test 3 Analysis — Multi-Temperature Charge and Discharge ESR vs

SOC
In Figure 37, each subplot presents the charge and discharge ESR values (25A HPPC current

pulses, 3 second post-pulse relaxation period) at five testing temperatures for one cell. It is

important to note that the vertical axis is not consistent among the subplots. For example,
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Subplot A shows a relatively small range from 0.3 mQ to 0.48 mQ while Subplot F shows a
relatively large range from 0 mQ to 18 mQ. Note that due the custom cell testers inability to

perform CCCV profiles below 0.6V, Figure 37 excludes ESR data for Cells A and B below

approximately 20% SOC.
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Figure 37: Charge and discharge ESR of each cell determined at five testing temperatures with 25A current pulses and
a 3 second post-pulse relaxation period.

5.7.4. Test 3 Analysis — Average and Normalized ESR Change vs Testing

Temperature
Figure 38 Subplot A presents the average charge and discharge ESR at each testing temperature

for all cells. The average charge and discharge resistance are calculated using all of the ESR data
points available using a 25A pulse current where the cell has not hit protection limits. For

example, the average ESR value for a cell that hit protection limits with charging pulses near the
upper SOC range will have less data points to form the average value than a cell that did not hit
protection limits. Figure 38 Subplot B shows the average ESR values from Subplot A normalized

by the average ESR from testing at 25°C. In comparison to Subplot A, Subplot B provides a
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normalized comparison metric to evaluate how the average ESR changes with temperature.

Note that Subplot B shows a normalized ESR of 100% for all cells when tested at 25°C.

Normalized ESR [%)]

Figure 38: Average (Subplot A) and normalized (Subplot B) ESR as a function of the testing temperature. Data collected
using 25A charge and discharge HPPC current pulses with a 3 second post-pulse relaxation time.

5.7.5.

combination with lithium-based batteries can increase the energy storage system power

capabilities in cold temperatures as a whole. Compared to EDLC cells, the increased energy
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Test 3 Analysis — Current Dependent ESR

As discussed in [100] and [101], the use of a temperature insensitive energy storage device in
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density of LiCs is attractive for hybrid energy storage applications and pure capacitor-based
energy storage systems. However, the performance of each energy storage device in cold
temperatures must be analysed. Although Sections 5.7.3 and 5.7.4 have addressed EDLC, LiC and
| | LiC cell performance changes from -10°C to 35°C, the ESR data presented was collected using
25A charge and discharge HPPC current pulses. However, as discussed in [100], [102], and [103],
the cell’s internal resistance, and/or over potential of lithium based batteries may be a function
of the current, especially in cold temperatures. This characteristic is similar to the
electrochemical Butler-Volmer effect. Considering the presence of lithium in LiC and | | LiC cells,

the ESR’s dependency on current will be addressed and compared to EDLC cell performance.

Figure 39, shows HPPC ESR data for all cells determined from 10A, 25A and 50A charge and

discharge pulses at 25°C and -10°C.

136



M.A.Sc Thesis — M. Wootton

Cell A

Cell B

McMaster University — Electrical Engineering

ESR [mOhm]
o o o o o
w w w w W
~ o > N @

o
W
@

0.32

0.31

25°C, Charge Pulses

—%— 10A Charge Pulse
—&—25A Charge Pulse

——— 50A Charge Pulse

0.3

0.23

0.22

°
o

ESR [mOhm]
o
n

0.19

20 40 60
State of Charge [%]

10A Charge Pulse
25A Charge Pulse
50A Charge Pulse

80

100

20 40 60
State of Charge [%]

80

100

0.215

0.205

o
S

ESR [mOhm]
o 2
s &

0.185

0.18

0.175
0

25°C, Discharge Pulses

—#— 10A Discharge Pulse
—&— 25A Discharge Pulse
—— 50A Discharge Pulse

State of Charge [%]

10A Discharge Pulse
25A Discharge Pulse
50A Discharge Pulse

20 40 60 80
State of Charge [%]

100

0.5

0.45

0.4

ESR [mOhm]

ESR [mOhm]
© © o © o o o o
n n n nN n n nN n
n w S (6] o ~ [e5] O

o
o
=

-10°C, Charge Pulses

—¥— 10A Charge Pulse
—<&— 25A Charge Pulse
—— 50A Charge Pulse

20 40 60
State of Charge [%]

10A Charge Pulse
25A Charge Pulse
50A Charge Pulse

80

100

20 40 60
State of Charge [%)]

80

100

0.48

ESR [mOhm]
o o o

> » @ ©

E & & »

o
&)
S

0.3

o o
o N
[} ®

ESR [mOhm]
o
N

0.22

-10°C, Discharge Pulses

—%— 10A Discharge Pulse
—&o—25A Discharge Pulse
—— 50A Discharge Pulse

20 40 60 80 100
State of Charge [%]

10A Discharge Pulse
25A Discharge Pulse
50A Discharge Pulse

0.2

20 40 60 80 100
State of Charge [%)]

137




M.A.Sc Thesis — M. Wootton

McMaster University — Electrical Engineering

25°C, Charge Pulses
1.28
—%— 10A Charge Pulse
1.26 —&— 25A Charge Pulse
—— 50A Charge Pulse
1.24
€
5122
3 E
O o 1.2
- [}
] i
o 1.18
1.16
1.14
0 20 40 60 80
State of Charge [%]
1.7
£ —%— 10A Charge Pulse
1.6¢ —&— 25A Charge Pulse
15 \ ——— 50A Charge Pulse
e § 1.4
Ko
S| Es
&
m 12
1.1
1
0.9
0 20 40 60 80
State of Charge [%]

1.26

1.24

1.22

1.18

ESR [mOhm]

1.16

1.14

25°C, Discharge Pulses

-10°C, Charge Pulses

—%— 10A Discharge Pulse

—Q— 25A Discharge Pulse
—— 50A Discharge Pulse

1.12

ESR [mOhm]

40 60
State of Charge [%]

20 80

—¥— 10A Discharge Pulse
—&— 25A Discharge Pulse

——— 50A Discharge Pulse

60

20 40 80

State of Charge [%]

7.5
—%— 10A Charge Pulse
7 —&— 25A Charge Pulse
5 —— 50A Charge Pulse
6.5,
€
5 6
E
@ 55
]
w
5
4.5
4
100 0 20 40 60 80 100
State of Charge [%]
26
24 —%— 10A Charge Pulse
—&— 25A Charge Pulse
22 —— 50A Charge Pulse
= 20
<
O 18
E
o 16
(%]
g
12
: %
4 8
100 0 20 40 60 80 100

State of Charge [%]

ESR [mOhm]
o o
[¢)] w ) &,

>
3

-10°C, Discharge Pulses

—%— 10A Discharge Pulse

—9— 25A Discharge Pulse
—— 50A Discharge Pulse

ESR [mOhm]
— — n nN n
(] [ee] o N S

N

i/

20 40 60 80 100

State of Charge [%]

—%— 10A Discharge Pulse

—&— 25A Discharge Pulse
——— 50A Discharge Pulse

20 40 60 80 100

State of Charge [%]

138




M.A.Sc Thesis — M. Wootton

Cell E

Cell F

McMaster University — Electrical Engineering

ESR [mOhm]

ESR [mOhm]

25°C, Charge Pulses

—%— 10A Charge Pulse
—&o— 25A Charge Pulse
——— 50A Charge Pulse

4.8]

»
o

>
~

»
N

20 40 60

State of Charge [%]

80

—¥— 10A Charge Pulse
—&—25A Charge Pulse
—— 50A Charge Pulse

20 40 60

State of Charge [%]

80 100

ESR [mOhm]

ESR [mOhm]

n
©

n
=)

N
~

221

25°C, Discharge Pulses

—%— 10A Discharge Pulse
—<— 25A Discharge Pulse
——— 50A Discharge Pulse

b
o

20 40 60

State of Charge [%]

80

—¥— 10A Discharge Pulse
—&o— 25A Discharge Pulse
—— 50A Discharge Pulse

20 40 60

State of Charge [%]

80

100

-10°C, Charge Pulses

40
3
35
— 30
1S —%— 10A Charge Pulse
S —&o— 25A Charge Pulse
E 25 —— 50A Charge Pulse
[any
(@]
H 20
15 M
10
0 20 40 60 80

State of Charge [%]

Data not available due to
charging temperature

limitations

100

ESR [mOhm]
-t n N w w B
[, o (6] o (3] o

o

ESR [mOhm]
a2 4 e
~ [ee] © o -

o

-10°C, Discharge Pulses

—%— 10A Discharge Pulse
—&O—25A Discharge Pulse
——— 50A Discharge Pulse

%

jian IR SN

o

20 40 60

State of Charge [%]

80 100

—%— 10A Discharge Pulse
—&—25A Discharge Pulse
——— 50A Discharge Pulse

20 40 60 80 100

State of Charge [%)]

139




M.A.Sc Thesis — M. Wootton McMaster University — Electrical Engineering

25°C, Charge Pulses I 25°C, Discharge Pulses I -10°C, Charge Pulses I -10°C, Discharge Pulses
8.5 101 20 20
8 —¥— 10A Charge Pulse —¥— 10A Discharge Pulse
—&— 25A Charge Pulse 9t —<— 25A Discharge Pulse 18 18
7.5 ——— 50A Charge Pulse ——— 50A Discharge Pulse F
— — 8r — 16 — 16
€ € € € —%— 10A Discharge Pulse
£ e £ £
w (@] @] (@] (@) —<&— 25A Discharge Pulse
— £ E 7 E 14 E 14 —%— 50A Discharge Pulse
o} i o o o
O %) 7] 7] %)
w et 22 Ho2
—¥— 10A Charge Pulse
L —&o— 25A Charge Pulse
5 10 10
\‘—""“""‘*x —%— 50A Charge Pulse
4 4 8 8
0 20 40 60 80 100 0 20 40 60 80 100 0 20 40 60 80 100 0 20 40 60 80 100
State of Charge [%] State of Charge [%] State of Charge [%] State of Charge [%]

Figure 39: ESR vs SOC determined using 10A, 25A and 50A charge and discharge pulses at 25°C and -10°C.
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5.7.6. Test 3 Conclusions
The following conclusions are made using data available in Section 5.7.2 and Figure 36.

e Both subplots in Figure 36 show that EDLC Cells A and B have the lowest ESR. The EDLC
and LiC cells have a near linear ESR vs. SOC relationship, while Cell G (| |LiC) has a unique
ESR vs. SOC relationship. Additionally, Figure 36 shows that Cells C-G (LiCs and | | LiC) all

have a considerably larger ESR when tested at -10°C compared to 25°C.

The following conclusions were made using data available in Section 5.7.3 and Figure 37.

e Figure 37 further shows that the ESR of EDLC Cells A and B are barely affected by
temperature (e.g. Cell A plot vertical axis between 0.3 to 0.48 mOhms) while the LiC cells
are significantly impacted by temperature (e.g. Cell E plot vertical axis between 0
mOhms and 25 mOhms).

e The EDLC and LiC cells have ESR charging and discharging characteristics that are
relatively similar for a given cell. The ESR vs. SOC trends for Cells A-F are relatively
consistent with a near vertical shift in response to temperature change. However, | |LiC
Cell G features a vertical, horizontal and minor curve shape change in the ESR plot in
response to temperature change. For example, the plot for Cell G in Figure 37 has a
maximum charge ESR (~14.84 mOhms) at 40% SOC when at -10°C and maximum charge

ESR (~9.08 mOhms) at 75% SOC when at 10°C.

The following conclusions were made using data available in Section 5.7.4 and Figure 38.

e Figure 38 shows that the average ESR for EDLC Cells A and B does not increase
significantly at -10°C. Of all the lithium-ion capacitors, | | LiC Cell G featured the lowest

increase in average ESR at -10°C of ~227%.

The following conclusions were made using data available in Section 5.7.5 and Figure 39.
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The EDLC and LiC cells show a charging and discharging ESR with very little dependency
on current when tested at 25°C. The | | LiC Cell G ESR shows a small current dependency
at low SOC at 25°C with charging pulses, but the current dependency is reduced for
discharging pulses.

e EDLCCells A and B show a relatively insignificant ESR current dependency for charging
and discharging pulses at -10°C. Note that the y-axis for each subplot in Figure 39 is
unique.

e LiCCellsC, D, E and F show a considerable ESR current dependency for charging and
discharging pulses at -10°C. The ESR is largest for the 10A pulses and smallest for the 50A
pulses. Using Cell C as an example, at -10°C the 10A charging 10% SOC ESR is ~7.35
mOhms and the 50A charging 10% SOC ESR is ~6.25 mOhmes.

e | |LiC Cell G shows a large ESR current dependency for charging and discharging pulses at
-10°C. The ESR is largest for the 10A pulses and smallest for the 50A pulses. For example,
at -10°C the 10A discharging 60% SOC ESR is ~16.76 mOhms and the 50A discharging
60% SOC ESR is ~8.83 mOhms (nearly half the 10A ESR).

e The author advises against modelling current dependant ESR or overpotentials for EDLC
cells due to the increase in modelling complexity. The author encourages the use of a
current dependant ESR for LiC cells when operating in cold temperatures. Considerations
should be made for a current dependant ESR for | | LiC cells, especially in cold
temperatures. However, the | |LiC sample size was very small and the need for a
detailed current dependant model may not be necessary for other cells.

5.8. Test 4 — Drive Cycle Model Validation
The purpose of Test 4 was twofold: to compare cell performance from drive cycle testing in 0°C

and 25°C environments as well as validate select cell characterization data obtained from Test 2
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and 3. Rather than performing rather simple constant current charge/discharge cycles or current
pulses, the cells were exposed to a scaled version of the power profile that corresponds to a Fiat
500e driving the US06 and UDDS drive cycles in both 0°C and 25°C environments. The cells were
modelled using the characterization data from Tests 2/3 and the error between the models is

discussed as a source of model validation.

5.8.1. Test 4 Method

As shown in Figure 40, Cells A thru F were mounted on a rack inside the Thermotron SE-3000
thermal chamber and connected to individual testing channels from the Digatron multiple cell
tester. The cells and identifying labels are covered with blue boxes to maintain anonymity. The
original SB 120 power connectors and mini Anderson voltage sense connectors were compatible
with the Digatron tester and therefore they were re-used for this test. However, the Digatron
tester does not interface with the thermistors used on the custom cycler and therefore the

author assembled multiple compatible temperature sensors.
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Figure 40: Cells A thru F mounted inside the Thermotron SE-3000 thermal chamber for simultaneous testing with the
Digatron multiple cell tester.

Using a tool developed by Dr. Kollmeyer, the power profile used to test each cell was
determined by scaling the power required for a Fiat 500e vehicle to drive both the US06 and
UDDS drive cycles. The Fiat 500e vehicle was modelled using Davis equation coefficients (see
Section 6.4 for more detail) available from the American Environmental Protection Agency [104].
The vehicle power profile was scaled to ensure that the maximum cell testing current would not
exceed the Digatron’s 75A per channel limit. The scaled UDDS and USQ6 drive cycles consume
more energy than the cells can hold and therefore the desired drive cycle power requirements
are not met. The Digatron testing equipment adheres to the cell voltage limits and reduces the
actual charging / discharging current during infeasible conditions. For this reason, the cells with
small energy content often show relatively uneventful drive cycle data because the cells are

discharged for most of the test duration.
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5.8.2. Test 4 Results —25°C and 0°C Drive Cycles

Figure 41 to Figure 45 show the measured drive cycle testing power (upper subplots), current
(lower subplots) and cell terminal voltage (middle subplots) for Cells A to D and F at 25°C and
0°C. Drive cycle data is not available for Cells E and G. Figure 41 and Figure 42, which
correspond to EDLC Cells A and B, appear to only show data collected at 0°C (blue lines).
However, as shown in Section 5.7.2 and 5.8.2, temperature has little to no impact on the EDLC
cell performance and therefore the data for 0°C and 25°C testing are very similar and overlap in
the plots. A discrepancy between the cell terminal voltage in 0°C and 25°C is first evident in the
terminal voltage subplot for LiC Cell Cin Figure 43. Note that the y-axis ranges are not equal in

Figure 41 to Figure 45.
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Figure 41: Cell A - UDDS and US06 measured drive cycle power, current and cell voltage at 25°C and 0°C
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Figure 42: Cell B - UDDS and US06 measured drive cycle power, current and cell voltage at 25°C and 0°C
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Figure 43: Cell C - UDDS and US06 measured drive cycle power, current and cell voltage at 25°C and 0°C
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Figure 44: Cell D - UDDS and US06 measured drive cycle power, current and cell voltage at 25°C and 0°C
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Figure 45: Cell F - UDDS and US06 measured drive cycle power, current and cell voltage at 25°C and 0°C
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5.8.3. Cell Modelling Method

The capacitor cells were modelled using the circuit model shown in Figure 46. The circuit model
makes use of a capacity / state of charge dependant ideal voltage source based on the 25°C 2A
constant current charge voltage profile from Section 5.6.2. The cell impedance is modelled by a
current direction and state of charge dependant resistor. The cell model examines the current
direction (charging or discharging) and extracts the equivalent series resistance from either a
charging or discharging ESR look up table filled with data from Test 3 using 25A current pulses at
25°C (see Figure 37). Where ESR data is unavailable due to cell voltage limits or hardware
limitations, typically near the minimum and maximum state of charge, the ESR from the next
available SOC breakpoint was used. For example, due to limitations of the custom cell testing
device the EDLC cells did not undergo HPPC testing below 0.6V, which represents approximately
0% to 20% SOC. Therefore, the ESR values that correspond to this SOC range were approximated
by the ESR value obtained at the next available breakpoint; commonly 25% SOC. In the range
where ESR data is available, interpolation was used between the 5% SOC breakpoints. This
modelling effect is expressed in Figure 46 as the charge and discharge resistances connected to
ideal diodes. The ideal diodes represent the selection of resistance based on current direction

without any additional voltage increase/decrease.

R_Discharge (SOC)

Ideal diodes Yt

~ +

R_Charge (SOC) Terminal
V_OCV (S0C) voltage

Figure 46: Equivalent circuit model used to simulate capacitor cell behaviour
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The model accepts an array of current values and cell parameters. The cell model can be
modified to accept a power input; however, this additional work is not necessary to validate
select experimentally determined cell characteristics and is therefore beyond the scope of work
for this chapter. Similarly, the model parameters could be updated to be a function of testing

temperature, including a current dependent ESR, but is beyond the scope of this work.

5.8.4. Test 4 and Modelling Analysis — Drive Cycle Comparison

Figure 47 to Figure 51 show the measured cell terminal voltage, measured testing current and
simulated cell terminal voltage for Cells A thru D and F at 25°C for the UDDS and US06 drive
cycles. The simulated terminal voltage is determined using the measured testing current as the
input. Note that the vertical axis range is not consistent on Figure 47 to Figure 51. Table 13
guantifies the RMS error between the measured and modelled cell terminal voltage for Figure

47 to Figure 51 using Equation 12.

RMS Error = RMS(Vterminal, measured ~— Vterminal, simulated )

Equation 12: Determining the RMC error between the measured drive cycle terminal voltage and modelled/simulated
voltage
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Figure 47: Cell A— measured and modelled terminal voltage for the UDDS and USO6 drive cycles at 25°C
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Figure 48: Cell B— measured and modelled terminal voltage for the UDDS and US06 drive cycles at 25°C
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Figure 49: Cell C — measured and modelled terminal voltage for the UDDS and USO6 drive cycles at 25°C
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Figure 50: Cell D — measured and modelled terminal voltage for the UDDS and US06 drive cycles at 25°C
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Figure 51: Cell F— measured and modelled terminal voltage for the UDDS and US06 drive cycles at 25°C
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Drive Cycle Temp [°C] | A B C D E F G
EDLC EDLC LiC LiC LiC LiC | |LiC

uDDS 25 0.0515 0.0564% | 0.0204 0.0079 N/A 0.0293 N/A

Uso6 25 0.0494 0.0488% | 0.0258 0.0227 N/A 0.0473 N/A

Table 13: RMS of cell terminal voltage modelling error for UDDS and US06 drive cycle at 25°C

20pen circuit voltage modelled using 2A charge cycle from 35°C testing, not 25°C testing

5.8.5. Test 4 Conclusions
The following conclusions are made using data available from Figure 41 to Figure 51 and Table

13.

e The RMS value of the difference between the cell terminal voltage measured from drive
cycle tests at 25°C and 0°C should not be used as a comparison metric to measure how
much the cell performance is limited by cold temperature. This conclusion is made
because the testing power levels, and therefore the testing current, are not necessarily
equal for both temperatures due to cell voltage limitations that are hit sooner into the
drive cycle in the 0°C environment.

e An alternative method to compare the cell drive cycle performance at 25°C and 0°C
would be to look at the power cycle for both tests and visually evaluate any
performance limiting that exists in cold temperatures. It is very important to recall that
the testing current is limited to 75A and therefore the voltage increase/decrease due to
the cell ESR can be considerably small. Larger testing currents would make the power
difference between both testing temperatures more evident as the increase in ESR at
cold temperatures would result in a larger terminal voltage change and therefore
increase the need for additional testing current to achieve the desired power level.

e The 25°C and 0°C measured drive cycle data in Figure 41 to Figure 45 show very little cell
performance difference for EDLC Cells A and B. However, LiC Cell C (Figure 43) and

especially LiC Cell D (Figure 44) show considerable power limiting at 0°C compared to the

158



M.A.Sc Thesis — M. Wootton McMaster University — Electrical Engineering

25°C data. Recall from Figure 38 that LiC Cell D showed the average 0°C ESR to be
approximately 700% the average ESR at 25°C. This ESR increase is shown in Figure 44 by
the additional terminal voltage variations presented by the 0°C test results.

e Theresults in Table 13 show that the capacitor cell model and experimentally
determined cell characterization data from 25°C tests match the US06 and UDDS drive
cycle data rather well with a maximum RMS terminal voltage error of 0.0564 V. The
author considers this RMS error to be small and therefore justifies that the 25°C cell

characterization data is useful for future cell modelling projects.

5.9. Test5—Self Discharge

The purpose of Test 5 was to quantify an approximate cell self discharge for each cell. This
information is useful as it provides the energy storage system designer with a starting point to
estimate how the ESS cells discharge without any load over an extended period. For example, it
may be useful to know that an ESS discharges 20% of it’s energy over one month without any
load connected so that someone relying on an ESS in storage can estimate the useful energy
content in the future. A self discharge test was performed my measuring the terminal voltage of
each cell stored at room temperature over approximately 8 days. While this period is relatively

short, the results reveal a considerable self discharge performance difference between the cells.

5.9.1. Test4 Method

Cells A thru F were mounted inside the Thermotron SE-3000 thermal chamber and connected to
individual channels on the Digatron cell tester, as shown in Figure 40. The cells were fully
charged simultaneously in a 25°C environment. The original intention was to perform the self
discharge testing from all cells at 100% SOC. However, due to the necessity to redo select drive
cycle testing, the lack of availability for six Digatron testing channels simultaneously, and the
author’s absence, the self discharge was completed with the cells starting at different states of

charge. The cells remained connected to the storage rack shown in Figure 40 and the Digatron
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power cables were removed. Instead, cell terminal voltage extension cables were connected and
routed to a NI 9205 module with input resistance of >10 GQ | | 100 pF. The cells were left at

room temperature for approximately eight days while cell terminal voltage data was collected.

5.9.2. Test 4 Analysis

Figure 52 shows the change in cell terminal voltage for Cell A thru D and Cell F during the
approximate 8 day self discharge test. Cell E is not included in this test due to issues experienced
during the self discharge test. Cell G is not included in the test because the cell was unavailable
due to additional time needed to complete Test 3 with a modified autocycler testing profile.
Note that the vertical axis in Figure 52 shows the change in cell voltage relative to the voltage at
the start of the self discharge test. The self discharge trends shown in Figure 52 are represented
by five linear fit relationships and the key linear trend information is listed in Table 14. The
approximate capacity change values in Table 14 were obtained by matching the starting and

ending voltage from the self discharge tests to the 25°C 2A discharge profiles in Figure 30.
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Figure 52: Change in cell voltage during an approximate 8-day self discharge test performed at room temperature
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A B C D E F G
EDLC EDLC LiC LiC LiC LiC | |LiC
Starting Voltage [V] 1.780069 | 1.59764 2.797601 | 3.05397 N/A 3.223916 | N/A
Ending Voltage [V] 1.717774 | 1.558425 | 2.789436 | 3.044893 | N/A 3.222360 | N/A
Voltage Change [AV] 0.062295 | 0.039215 | 8.165e-3 | 9.077e-3 | N/A 1.556e-3 N/A
Linear Fit - Slope [V / Days] | -0.00795 | -0.00503 | -0.00105 | -0.00117 | N/A -0.00019 N/A
Slope R? 0.997 0.998 0.938 0.941 N/A 0.641 N/A
Y Intercept [AV] -0.0022 -0.0010 -7.152e-05 | 0.0002 N/A 5.655e-06 | N/A
Approx. Capacity Change 50.22 32.89 7.00 67.11 N/A | 0.44 N/A
[AmAh] %4
Approx. Capacity Change 2.19 1.54 0.48 0.63 N/A | 0.09 N/A
[% SOC]*
Approx. Self Discharge 6.442 4.219 0.898 8.609 N/A 0.057 N/A
[mAh/day]
Approx. Self Discharge 0.268 0.176 0.037 0.359 N/A | 0.002 N/A
Current [mA]

Table 14: Self discharge test results obtained over approximately 7.8 days of voltage measurements.

24 Compared to measured discharge capacity from Table 5

5.9.3. Test 4 Conclusions
The following conclusions are made using data available in Figure 52 and Table 14.
e EDLCCells A and B experienced the largest cell voltage decrease and approximate
change in SOC.
e LiCCells C and F have the smallest approximate self discharge current. However, LiC Cell
D showed the largest approximate self discharge current (mA) while having a relatively
small voltage change. Recall that Cell D has the largest capacity and therefore a small
voltage change corresponds to a large capacity change (2" largest capacity change was
from EDLC Cell A).
5.10. Conclusion to Compare EDLC and LiC Cell Performance
This chapter presented select analysis of over 881 hours of performance testing for two EDLC
cells, four LiC cells and one | | LiC cell. Section 5.2 provided a cell specification comparison and
Ragone plots, both containing datasheet and experimentally derived data. This section

concluded that the | | LiC and LiC cells exceeded the volumetric and gravimetric energy density of

the EDLC cells, however, there was no superior power density trend between the LiC and EDLC
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cells. Section 5.3 explained the custom cell testing fixtures developed for the capacitor cells.
Section 5.4 provided an overview of the cell testing methods and data analysis workflow. Section
5.5 discussed Test 1 which examined constant loss thermal cycling and the impact on cell energy
loss and temperature rise. This section concluded that the ambient temperature considerably
impacts the calculated thermal case to ambient resistant (Rca). However, estimating the ESR
using energy loss values for constant cycling showed very little dependence on the ambient
temperature. During charging the LiC cells decreased in temperature while the EDLC cells
increased for the given testing conditions. Section 5.6 discussed Test 2 which analysed the 2A
constant current charge and discharge voltage vs. SOC profile for all cells. The EDLC and LiC cells
had a near linear charge and discharge profile with very little hysteresis. However, | |LiC Cell G
demonstrated a very non-linear 2A constant current voltage profile with considerable hysteresis.
The 2A constant current voltage profile for the EDLC and LiC cells showed very little dependency
on cell temperature while the | | LiC cell’s unique 2A constant current voltage profile changed
considerably with temperature. Section 5.6.3 evaluated the usable constant current
charge/discharge capacity and energy of each cell for a variety of currents and temperatures. It
was concluded that all cells had a larger charging energy than discharging energy which indicates
a cyclic energy efficiency of <100%. In comparison to test results at 25°C, the EDLC cells
experienced the smallest performance change in usable charge/discharge energy and capacity
when used in cold temperatures; followed by the LiC cells and then the | | LiC cell, which showed
the largest performance change. This result was explored further in Section 5.7.2 which analyzed
the cells’ ESR dependency on SOC and temperature. These results concluded that the EDLC cells
had the lowest average ESR which was relatively consistent across the SOC range with very little
dependency on temperature. The | |LiC and LiC cells showed a considerable ESR increase when

tested in cold temperatures. The | | LiC ESR vs. SOC profile was uniquely non-linear and changed
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shape based on the cell temperature. Section 5.7.5 analyzed the ESR dependency on current to
evaluate if a Butler-Volmer type of relationship existed. The ESR for EDLC cells showed very little
dependency on the charge/discharge current magnitude. However, LiC Cells C thru F showed
considerable ESR dependency on the testing current, especially at cold temperatures and | | LiC
Cell G demonstrated the largest ESR current dependency. In general, the lithium based capacitor
cells demonstrated a larger ESR at low test current pulses. Section 5.8 presented modified US06
and UDDS drive cycle testing results at 0°C and 25°C as well as cell modelling results compared
to drive cycle tests at only 25°C. Similar to Section 5.6.3 and 5.7, the experimental drive cycle
work in Section 5.8 confirmed that the EDLC cells have little performance degradation in cold
temperatures while the lithium based capacitors do show a performance difference. The
minimal RMS error between the 25°C measured and modelled cell terminal voltage confirmed
that select cell characterization data can be used to model certain cells with reasonable
accuracy. Section 5.9 evaluated the cell self discharge of six cells over approximately 8 days. This
section concluded that although the EDLC cells experienced the largest cell voltage change and

approximate change in SOC, LiC Cell D showed the largest approximate self discharge current.

In general, the | |LiC and LiC cells showed a considerable increase in energy density compared to
the EDLC cells. However, the lithium-based capacitors exhibit a relatively large ESR (lower power
output capability) that shows considerable dependency on temperature. Depending on the
application, lithium-based capacitors may be an alternative to EDLC cells in volume and mass
restricted applications that operate at room temperature or slightly warmer. Considering these
temperature dependencies and the limited cycle life compared to EDLC cells, additional
consideration should be made to explore the use of high power battery chemistries, such as

lithium titanite, for higher power applications.
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6. Towards the Development of a DC Metro Railway
System Modelling Tool

6.1. Modelling Approach

The railway vehicle model presented in this chapter makes use of a backward-facing modelling
approach such that the power flow is calculated “backwards” from the drive cycle velocity
profile through to the energy supply. In a backward-facing modeling approach the velocity
profile is used as an input to a vehicle model that then determines the power required to meet
the desired velocity profile. The power demand is used as the input to the torque producing
device; whether it be the internal combustion engine, electric motor or any combination.
Efficiency maps are typically used to determine the power required from the energy source
(gasoline fuel system, electrical energy storage and/or the electrical supply system) to power the
torque producing device. Backward-facing models generally assume that the vehicle can provide
the power required for the drive cycle and therefore act as a useful resource for component
sizing. However, if the vehicle components are undersized in terms of power performance then a
backwards-facing model will typically not limit the vehicle performance and may provide a false
sense of performance. The inability to meet a drive cycle based on backward-facing models is
evident when the supplied components are not specified to produce the required power levels
as determined from the backward-facing model. A general layout for a backward-facing model is

shown in Figure 53.

The main alternative to backward-facing modelling methods is to use forward-facing modelling.
This modeling method is generally based on the vehicle trying to achieve the desired drive cycle
using a driver model and performance limitations of powertrain components. The drive model

typically uses one or more controllers to request propulsion or braking torque to the wheels in
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vehicle will provide insufficient power levels and the actual drive cycle will not closely match the

desired drive cycle. The forward-facing modelling approach is typically more useful to determine

vehicle performance once powertrain components are selected. Additionally, it is typically less

difficult to develop vehicle control strategies and perform hardware in the loop (HIL) testing

using the forward-facing modelling method. However, considering the limited availability of

powertrain component modelling resources for DC powered metro systems, the forward-facing

method would be rather difficult to implement. Similarly, considering that the focus of this work

is to look at the net vehicle power and energy consumption, the need for vehicle controls

development and HIL testing is non-existent. A general model layout for a forward-facing model

is shown in Figure 53. Additional comparison between forward-facing, backward-facing, and

backward/forward combined modelling methods can be found in [105] [106] and [107].
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Figure 53: Simplified vehicle model workflow using the backward-facing (top) and forward-facing (bottom) methods
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The backward-facing modelling workflow used to develop the railway simulation tool is broken
down into the blocks shown in Figure 54. The red blocks represent a collection of data that could
be used as input parameters to the vehicle simulation tool. The green blocks primarily represent
kinematic and mechanical power calculations while the yellow blocks primarily represent

electrical calculations.

1) Track Configuration
-Station locations
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and grade

5) Generate

for each Train
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| and Position Profile |

2) Train Information
-Vehicle mass, length, max
speed, acceleration rates. .

6] Railway Vehicle
Propulsion
Resistance Model

3) Journey Information
-Service headway and

timetable

4) Rider Data
-Passenger count (mass)

Figure 54: Modelling workflow used to develop the railway simulation tool
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The following subsections will explore the relationships used to model the inner workings of

most blocks within Figure 54. Select input data from blocks 1) thru 4), 6) and 8) will be discussed

as a collection of parameters in Chapter 7. Chapter 7 makes use of blocks 1 thru 9 to compare

the mass and volume of cells for a LiC and EDLC based ESS for a catenary free station to station

drive cycle for one vehicle. As a guide for future work, additional discussion on proposed

modelling methods for a multi vehicle railway simulation tool, including blocks 10) and 11) is

included in this chapter.

6.2.

Block 5 - Drive Cycle Development

A shown in Figure 53, the first input to the backward-facing modelling method is the velocity vs

time drive cycle. Standardized velocity drive cycles, such as US06, UDDS, and HWFET, are

commonly used for automotive modelling. However, these standardized drive cycles are not

representative of railway velocity vs time profiles and therefore a modular metro drive cycle
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creation function was developed in this work. This section describes the modelling methods

used to generate the output from block 5) in Figure 54.

6.2.1. Station-To-Station Drive Cycle Generation
The drive cycle for one subway train consists of several smaller drive cycles between the subway

stations. Therefore, the first step in developing the subway train drive cycle is to develop the
miniature drive cycle between each subway station. The development of mini station-to-station
drive cycles must consider the following:
e Not all stations have an equal travel distance between them
e The subway train must drive the exact distance between the subway stations without
overshooting or undershooting the station platforms
e The subway train has a maximum acceleration and braking rate
e The subway train has a maximum travelling speed that may be limited by the
rollingstock or track configuration
As shown by Figure 5 in [33, p. 670], which displays the DC supply line power and speed for an
MVV Verkehr AG prototype light rail vehicle, the velocity profile for passenger rail can have a
trapezoidal shape consisting of an acceleration phase, constant speed phase and braking phase.
The velocity profile for passenger trains, including metro/subway trains, may be more
complicated than shown in [33, p. 670] by introducing coasting phases and/or or speed limited
regions used to navigate specific track sections. However, due to simplicity, the velocity profile
between stations will be defined using the simplified trapezoidal velocity vs time relationship

shown in Figure 55.
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Figure 55: Simplified metro train station-to-station velocity profile

In knowing the desired train acceleration, braking acceleration, travel distance and travel time,
the station-to-station velocity profile can be defined using the following relationships in
Equation 14 to Equation 22.

Xeraver = V * T

Equation 13: Distance travelled when moving at a constant velocity (v) for duration of (t)
1 2
Xtravel = Vot + E at

Equation 14: Distance travelled, (xtaver), When accelerating at a constant rate (a) from a starting velocity (v,) for a
duration of (t)

With reference to Figure 55, Equation 13 and Equation 14, the train’s total distance travelled can
be represented as the sum of the distances travelled during the acceleration, constant speed
and braking times. The distances travelled can be represented by the sum of the areas A thru C
under the velocity profile.

Xstation—to—station = Aa T Ap + Ac

Equation 15: Distance travelled between stations, (Xstation-to-station), represented as the sum of areas A, B and C
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1

1
Xstation—to—station — (2 vtraveltacceleration) + (vtraveltconstant speed) + (E vtraveltbraking)

Equation 16: Distance travelled between stations, (Xstation-to-station), represented as the sum of areas A, B and C using
kinematic representations

The acceleration and braking times can be represented by the related acceleration rates and the
train travel speed.

Vtravel = Vo +at Vtravel = apropulsiontacceleration Vtravel = abraking tbraking

Vtravel Vtravel

tacceleration = thraking =

Apropulsion Apraking

Equation 17: Relate the acceleration time (tacceteration) and braking time (tsraking) to the respective acceleration values
and train travel speed (Viravel)

Equation 16 can be updated using the relationships in Equation 17 to form Equation 18.

_ 1 Vtravel 1 Vtravel
Xstation—to—station — E Vtravel + (vtraveltconstant speed) + E Vtravel
propulsion braking

2 2
_ Vtravel Vtravel
Xstation—to—-station — 2%a + (vtraveltconstant speed) + 2x%a
propulsion braking

Equation 18: Relate the acceleration time (tacceleration) and braking time (tpraking) to the respective acceleration values
and train travel speed (Viravel)

The total travel time between stations can be represented as the sum of the acceleration,

constant speed travel and braking times.

teonstant speed teotat — tacceleration — tbraking

Vtravel Vtravel

tconstant speed = Crotal —
apropulsion abraking

Equation 19: Relate the acceleration time (tacceleration) and braking time (tpraking) to the respective acceleration values
and train travel speed (Viravel)

Equation 18 can now be updated with Equation 19 to eliminate the constant speed travel time

variable.
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2 2
_ Vtravel Vtravel Vtravel Vtravel
Xstation—to—station — 2 % + vtravel(ttotal - - ) + 2 %
apropulsion apropulsion abraking abraking

2 2 2 2
_ Vtravel Vtravel Vtravel Vtravel
Xstation—to—station — + teotaVeravel — - +
2 2
* apropulsion apropulsion abraking * abraking
2 2
_ VUtravel Vtravel
Xstation—to—station — | — 2 % + tiotatViraver T | — 2 %
apropulsion abraking

Equation 20: Distance between stations (Xstation-to-station) represented in terms of the constant travel speed (Viravel), total
travel time (tioral), acceleration rate (Qpropuision) and braking rate (Qpraking)-

Equation 20 is a quadratic equation that can be modified to find the quadratic roots.

2 2

0= Vtravel Vtravel

-\ 2 % + teotatVeraver T | — 2 % — Xstation—to—station
apropulsion abraking

) 1 1 1
0= Vtravel - E * + + Viraveittotal — Xstation—to-station
apropulsion abraking
1 1 1
0= Vtravel - E * + + Vtraveittotal — Xstation—to-station
apropulsion abraking
0=(x**a) +(x*b)—c
1 1 1
X = Vtravel a= -3 * (a - + - ) b= trotal C = —Xstation-to-station
propulsion abraklng
—b +Vb? — 4ac
1Y = Xx=—-
travel 2a

Equation 21: Formulation of the quadratic equation coefficients (a, b, and c) used to determine the travel velocity
(Vtravel)

The quadratic roots that come of Equation 21 provide significant insight into the viability of the
drive cycle for the given propulsion and braking acceleration rates, travel time and distance
between the stations. One or more complex roots indicate that the drive cycle is not possible
with the given drive cycle parameters. Two real roots indicate that the drive cycle is possible.
However, the larger constant speed travel time root typically corresponds to a negative constant
speed driving time, which is not practical, and therefore the minimum driving speed should be

used.
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if roots[a b c] == real
Viraver = Min(rootsla b c])
else

Veravel = iMmpractical
Equation 22: Constant speed travel time determined from the maximum real

The mini station-to-station drive cycle can now be fully defined using the given total travel time
(ttotar), travel distance (Xstqtion—to—station), Propulsion acceleration (ayopuision) and braking
acceleration (@prqking)- The travel velocity (Viyrqper), Which is determined using Equation 21 and
Equation 22, can be used to determine the accelerating time (t,cceteration) @and braking time
(tbraking) using Equation 17. The final drive cycle parameter, the constant speed travel time
(tconstant speea), €an be determined using Equation 19. Figure 56 shows an example mini
station-to-station drive cycle that was produced using the MakeMiniDriveCycle MATLAB

function (shown below) that makes use of Equation 13 to Equation 22.

function [DriveProfile, DCKeySpecs, FailFlag] =
MakeMiniDriveCycle (Distance, Time, TimeStep, MaxAllowedVelocity,
PosAccel, NegAccel)

-
o

E g 500

: =]

® 400

[0) —
3 E
] 300 ‘g
< Velocity [m/s] 2
g - 'Acceleration[m/sz] 200 %
- Distance [m] [a)
E Sl R0
> - =

.6 R 1 1 1 O

S 50 60 70 80

>

Time [s]

Figure 56: Example mini station-to-station drive cycle for a subway train with station spacing of 500m, travel time of
80s, acceleration of 0.6m/s? and braking acceleration of 1.2 m/s?

6.2.2. One Way and Round-Trip Drive Cycle Generation — Proposed

The catenary free ESS sizing exercise in Chapter 7 relies on a station-to-station drive cycle for

one vehicle. The details within this subsection are provided as an aid for future work.
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It is proposed that the railway simulation tool record the location of each train relative to the
first station at a location of Om. The trip travelling from the starting station to the end station is
referred to as the forward trip. Similarly, travelling from the end station to the starting station is
called the return trip. The combination of an initial rest at the starting station followed by the
forward trip, a turn around delay, and the return trip form one “round-trip” (see Figure 57).

Return trip

AA

Train 2 a distance of x meters from reference

. N-Epu

Start station | Start Middle Middle 4 Middle End End
turning point | Station Station Forward Station Reverse Station Station station
& rolling stock trtlp tr;nn trip train T1 turning
storage #1 #2 racks #3 tracks #4 #5 point
refeor;nncg/r Train 1 a distance of x meters from reference - dig::ce
Forward trip ”

Figure 57: Simulated railway system track configuration, naming conventions and train locations relative to starting
station

The forward trip drive cycle is developed by concatenating a series of mini station-to-station
drive cycles separated by station stop times. Considering that the subway stations are not
equally spaced apart, and the time required to travel between them may vary, the MATLAB
function MakeLargeDriveCycle, shown below, calls the MakeMiniDriveCycle several
times with unique inputs. The time delay between mini station-to-station drive cycles is
determined according to the StopTimes input variable that represents the time needed to
unload and reload passengers at the start of the trip between stations. Figure 58 shows an
example of a forward trip drive cycle developed using the MakeLargeDriveCycle function

with three subway stations.

function [LargeDriveProfile, LargeDCKeySpecs, LargeDCFailFlag] =
MakeLargeDriveCycle (StationLocations, TravelTimes, StopTimes, TimeStep,
MaxAllowedVelocity, PosAccel, NegAccel)
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Example Forward Trip Drive Cycle
StationLocations = [0 1000 2000 2500] meters
TravelTimes = [120, 120, 80] seconds
StopTimes = [10, 20, 20, 10] seconds
0.6m/s2acceleration
1 .2m/szbraking
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E
2
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® 0f v==p e e - -
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Figure 58: Example forward trip drive cycle. The trip parameters are listed in the plot title.

The round-trip drive cycle is developed using the MakeFullDC function shown below. The
MakeFullDC function calls the MakeLargeDriveCycle function twice; once for the forward
trip and once for the return trip. The return trip is determined separately from the forward trip
using the original station locations, travel times and stop times but rearranged in a different
order. The return trip cannot simply be represented as the forward trip driven in reverse as the
propulsion and braking accelerations would be incorrectly switched and not represent the
vehicle’s driving behaviour. The time required to turn the train around between the forward and
return trips, noted by UTurnTime, is inserted between the two trips. It is assumed that the
train is travelling at a very slow speed during the track change and therefore the power required
during this time will not be modelled. Figure 59 shows an example return trip developed using
the MakeFullDC function. Note that the positive acceleration values are smaller in magnitude

compared to the braking, regardless of the travelling direction.

function [MetroDC, MetroDCFwd, MetroDCRev] =
MakeFullDC (StationLocations, TravelTimes, StopTimes, TimeStep,
UTurnTime, DelayTime, MaxAllowedVelocity, PosAccel, NegAccel)
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Figure 59: Example forward, return and round-trip drive cycle for a railway system with ten stations.

6.2.3.

Multi Vehicle Drive Cycle - Proposed

The catenary free ESS sizing exercise in Chapter 7 only relies on a station-to-station drive cycle

for one vehicle. The details within this subsection are provided as an aid for future work.

Considering that the DC supply micro-grid provides power to multiple rail vehicles

simultaneously, it is necessary to model the power, and therefore the drive cycle, required by all

vehicles in operation. A multi vehicle drive cycle is developed using the

MakeMultiTrainFullDC function (shown below) that calls the MakeFull1DC function for

each vehicle. The number of trains required to provide transit service for the duration
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ApproxRunningTime is determined based on the return trip time and headway. The headway
defines the time between trains arriving at a desired station. The vehicles are delayed at the
starting station in integer intervals of the headway time. In repeating the same round-trip drive
cycle for each vehicle, a new vehicle will arrive at the stops within the headway period after the
previous vehicle departed. The effect of placing vehicles into service with delays that are integer
multiples of the headway results in a very repetitive trip schedule, as shown in Figure 60 and
Figure 61.

function [MetroDC, NumTrips, NumTrains, ActualRunningTime,
CollissionData] = MakeMultiTrainFullDC (ApproxRunningTime, Headway,
StationLocations, TravelTimes, StopTimes, TimeStep, UTurnTime,
MaxAllowedVelocity, PosAccel, NegAccel, TrainLength)
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Figure 60: Return trip drive cycle for a multi vehicle railway system. The first three and final vehicle trip are shown in
succession with the same drive profile repeated but with a start delay equal to an integer multiple of the headway

time.

Figure 61 provides an alternative representation of the drive cycle data in Figure 60 by showing

the vehicle locations for all trips during the service time.
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Figure 61: Example of a multi train schedule showing the location of all trains in service. This schedule corresponds to
the drive cycles shown in Figure 60.

Each line in Figure 61 represents a different round trip required to provide transit service for the
specified duration. The horizontal lines in each trip represent the vehicles stopping to change
passengers or change travel directions. Although there may be ‘X’ number of trips necessary to
meet the transit requirements, the number of trains may be less than or equal to ‘X’. For
example, in Figure 61 round trip #1 returns to the starting station (distance of 0 meters) at
approximately 1182 seconds. Round trip #11 starts at approximately 1203 seconds. The 21
second difference between these trips may be sufficient to move the vehicle from the return

tracks to the forward tracks.

The circled area on Figure 61 highlights a concern regarding a collision between vehicles. The
MakeMultiTrainFullDC function makes use of the input variable TrainLength to
determine if the vehicles travelling round-trip #1 and #2 remain a minimum distance apart equal
to the train length. If not, then the simulation tool will identify when and where the collision

would occur, with respect to the reference starting station. If the proposed multi vehicle drive

177



M.A.Sc Thesis — M. Wootton McMaster University — Electrical Engineering

cycle is infeasible due to a collision, then the MakeMultiTrainFullDC function inputs should
be modified. For the case shown in Figure 61, the collision concern could be reduced by
minimizing the stop time at station #4 or by increasing the headway time which introduces a

larger time delay between the trips.

In summary, the MakeMultiTrainFullDC function provides the multi vehicle drive cycle
information needed as the output of block 5) and input to block 7) from Figure 54. Section 6.3

explores how the power profile for each trip is developed using the drive cycle data as an input.

6.3. Block 7 - Power Profile Development
This section primarily describes the kinematic and mechanical power equations used to

determine the power required by a vehicle to achieve the desired trip velocity profile. With
reference to Figure 54, this section explains the inner workings of block 7) which provides the
position dependant power levels needed by block 9). The major forces acting on a simplified

railway vehicle are summarized by Figure 62, Equation 23 and Equation 24.

Controlled Forces Uncontrolled Forces
Braking Fb) _ <«—» Translational inertial resistance (Fy)
Propulsion (F «—> Rotational inertial resistance (F;)
<«—> Grade resistance (F)
— Curving resistance (F.)
— Rolling Resistance (F,,)
-Journal and track resistance

-Flanging resistance
-Aerodynamic resistance

‘

~ Direction of motlon

Figure 62: Simplification of the forces acting on a railway vehicle.
Ptrain,mech = Fp * Vtrain
Equation 23: Mechanical power required to move the railway vehicle
E,=Fy+F;+F;+F+F,

Equation 24: Sum of forces acting on the railway vehicle as shown in Figure 62.

178



M.A.Sc Thesis — M. Wootton McMaster University — Electrical Engineering
6.3.1. Propulsion Resistance / Drag Power

The difficulty to decouple, quantify and model the individual rolling resistance forces (F.) acting
on a railway vehicle (shown in Figure 62) introduces the need for experimentally derived
relationships. In Rochard and Schmid’s review of train resistance measurement and calculation
methods [108], the authors state that “all railway undertakings base their calculations of train
resistance to motion on run-down tests for given types of rolling stock” [108, p. 191]. Run-down
testing, or commonly called coast-down testing, typically involves driving a vehicle to a desired
speed and then allowing it to naturally slow down on a level straight surface without the drive
system enabled. The vehicle velocity vs time profile is differentiated to obtain an acceleration vs
time profile. The vehicle’s equivalent mass, velocity profile and acceleration profile are
multiplied to obtain a coast down drag power vs velocity relationship. The cost down drag power
vs velocity relationship typically follows a 3™ order polynomial relationship. The third order
nature of the drag power vs velocity function aligns well with the cubic representation for the air

drag power shown in Equation 25.

Pair resistance — Fair resistance * Vvenhicle

_ 2 _ 3
Pair resistance — EpAvvehicle Cd * Upehicle = EpACdvvehicleCd

Equation 25: General representation of the power required to overcome air resistance

In automotive and railway applications the coast down power vs velocity profile represents
several drag forces that are not necessarily related to velocity squared. Therefore, the drag
power vs velocity profile is fit using a 3" order polynomial with three unique cost down
coefficients A, B and C as shown in Equation 26. The coast down force representation in
Equation 26 is commonly referred to as the Davis equation. The power required to over come
the forces from the Davis equation, and therefore drive at a constant speed on a level surface,

can be represented by Equation 27. A detailed explanation and example of experimentally
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determined coast down coefficients for an electric passenger truck are described by Dr.
Kollmeyer in Section 3.2 of [109].
Farag = A + BUyenicie + Cvsehicle (Davis equation)

Equation 26: General 3™ order polynomial representation of a vehicle’s coast down drag forces as a function of velocity
— 2 3
Pdrag - Avvehicle + vaehicle + vaehicle

Equation 27: General 3™ order polynomial representation of a vehicle’s coast down power as a function of velocity

The Davis equation approach to modelling the mechanical power required to propel a railway
vehicle is used in the railway simulation tool. Due to several difficulties in obtaining experimental
coast down results, including instrumentation costs, lack of readily available railway vehicles,

and considerable time, the coast down coefficients A, B and C were obtained from literature.

For railway applications, the A coefficient, which can be measured in Newtons [N], is typically
used to collectively represent mass dependent resistive forces such as bearing/journal resistance
and track resistance. As the weight of the train cars pushes the wheels against the track, the rail

III

may experience deflection and create a small “uphill” resistive force of up to 1.5 lb/ton [110, p.

71].

The B coefficient, which can be measured in [N/(m/s)], is typically used to represent speed
dependent forces such as flanging resistance. Railway wheels have a unique conical shape with a
larger inner diameter that is complemented by an inner flange. Depending on the slack between
the track gauge and wheel flange separation, the train’s trajectory follows a lateral path, almost
“bouncing” from rail to rail in a motion commonly called hunting [110, p. 73]. The flanging
resistance that results from hunting typically increases with speed [110, p. 73]. In addition to the
B coefficient, the flange contributes to a separate term; the flanging curve resistance (F.) which

can be modeled in many ways [49, p. 39]. Two simple formulations for the flanging curve
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resistance are shown in Equation 28 where F¢; is in [N/tonne of wagon mass], F. is in [kN/t], R is
the curve radius in [m] and k is dimensionless and varies from 500 to 1200 (800 average)
depending on the vehicle [108, p. 188]. The railway simulation tool developed in this work
assumes the rail vehicles are travelling straight and therefore the flanging curve resistance is

omitted.

_ 6116

Fy = —=[111, p. 143]

Fez = 0.01 =[108, p. 188]

Equation 28: Two representations for the force resulting from the curve resistance.

The C coefficient, which can be measured in [N/(m/s)?], represents resistance forces that vary
with the velocity squared; such as air resistance. In subway applications the air pressure wave
from travelling in tunnels should be considered [49, p. 38] [80, p. 9] [112, pp. 11-15]. As shown in
[113, p. 6] and [114, p. 35] the C variable used to represent travelling in a tunnel is
approximately two to three times the C value used for surface (not in a tunnel) trips. The railway
simulation tool presented in this work makes use of the input variable C which can be modified
to represent surface or tunnel driving conditions. However, a more advanced simulation tool
could make use of a varying C coefficient that is determined based on the proportion of the rail

vehicle that is travelling above ground and in tunnels.

6.3.2. Grade Power - Proposed

Considering the extended vehicle length, the gradient resistance (F;) and gravitational potential
energy of each independent car should be modelled each time step as the train moves over
geographic features [111, p. 144]. Figure 63 demonstrates how the independent inertial masses
of each train car can contribute to or reduce the power required to drive over an elevation
change. The author suggests using a quasi-dynamic longitudinal vehicle model that represents

the train cars as multiple independent inertial loads/cars connected by longitudinally rigid
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couplers [115, p. 344]. This modelling methods simplifies car-to-car coupler interactions and
therefore assumes that all train cars move at the same velocity. Therefore, the power required
to travel on a grade can be represented by the sum of power required to traverse a grade for
each train car, as shown in Equation 29. Equation 29 requires the car mass, passenger mass and
location dependant track grade (@) for each train car. The gravitational constant g and vehicle

speed remain constant for all train cars.

Numcars
Pg, vehicle = § Megr ¥ g * Slﬂ(@) * VUyehicle
1

Equation 29: Power required for a train to travel over a grade represented by the sum of power required by individual
train cars

-----h 7 g

EnEmE

T it

ra ¥y -----h

Figure 63: Multi car rail vehicle travelling over a change in elevation. Cars that require additional power for an
elevation gain are notes in red while cars that assist in moving the train forward are in green.

The railway simulation tool developed in this work simplifies the proposed grade power
simulation method discussed above by lumping the train and passenger mass into one location
independent mass. The previous discussion was provided as a guide for future improvements to

the simulation tool.

6.3.3. Acceleration Power in the Translational Frame
The power required to accelerate the rollingstock and passenger mass in the linear fame can be

represented by Equation 30. Although the rollingstock mass is nearly constant over the vehicle
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lifetime, the passenger mass can change between stations. The simplified railway simulation tool
in this work assumes the passenger mass remains constant in attempt to simplify the modelling.
Paccet = Fti * Vyenicle

Paccel = (mrolling stock + mpassengers) * Qyenicle * Vyenhicle
Equation 30: Power to accelerate rollingstock and passenger mass in the translational frame

The power required to accelerate a vehicle should also consider the force and power associated
with accelerating the wheels, axles and other rotating parts — noted as F. and Py, respectively.

Rather than modelling the power needed to accelerate rotational components independently, a
simpler modelling approach can be used by transferring an equivalent mass to the translational

frame.

As derived in [66], the equivalent translational mass for a rotating component can be
determined using Equation 31. The rotational inertia of the component studied is noted by
Jcomponent. The gear ratio may be determined using the product of a transmission gear ratio and
the differential ratio.

Gear ratiO)2

mrot,equiu = ]component (
Twheel

Equation 31: Equivalent mass of a rotating component transferred to the translational frame

Subway trains often have six cars with approximately eight heavy wheels each. Therefore, the
rotational inertia of each wheel when transferred to the translational frame may add a
considerable effective mass. For example, Table 1 from [116, p. 378] lists specifications for a
full-size bogie wheelset from a BR Mk4 passenger coach (not a subway vehicle). The wheelset is
listed to have a diameter of 0.914m and rotational inertia of 174 kg m?, which represents an
equivalent translational mass of approximately 833 kg as noted in Equation 32. With a total of

four wheelsets per coach the total additional translational equivalent mass is approximately
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3332 kg or about 3.3 metric tonnes. The equivalent translational mass for the four wheelsets
contributes approximately an additional mass 8.25% of the coach mass (approximately 40 metric

tonnes [117]).

2

Myot,equiv = 174 kg m? ( ) = 833kg

0.457m
Equation 32: Equivalent translational mass for a BR Mk4 passenger coach wheelset

The rail simulation tool developed in this work models the additional translational mass that
represents rotating components by modifying Equation 30 to include an equivalent mass term as
shown in Equation 33.

Paccel = (mrolling stock + mpassengers + mrot,equiv) * Qyehicle * Vyenhicle

Equation 33: Power required to accelerate a train including considerations for the equivalent mass from rotating
components

6.3.4. Auxiliary Load and Total Train Power Requirements
The last power consuming aspect of the train model comes from auxiliary loads such as power

outlets for passengers, climate control systems and lighting. The total power required to operate
the train is modelled using Equation 34 where up is the net drivetrain efficiency that considers
losses within the motor drives, electric motors, and mechanical systems such as gear boxes.

Pirqin represents the total power required from the electrical supply to operate the train.
Ptrain = .uDT(Pdrag + Pgrade + Paccel) + Paux
— 2 3 .
Ptrain = UpT ((Avuehicle + vaehicle + vaehicle) + (mcarg * Slﬂ(@) * Uvehicle)

+ (mrolling stock + mpassengers + mrot,equiu) * Ayehicle * Uvehicle)) + Paux

Equation 34: Model to represent the power required to operate a vehicle including considerations for drag, the grade,
acceleration of translational and rotational parts and finally, auxiliary loads.
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6.4. Block 10 - Modelling the DC Network with Modified Node

Analysis — Proposed
The catenary free ESS sizing exercise in Chapter 7 does not depend on the vehicle’s interaction

with the DC power supply. However, the following discussion is provided as an aid for future

work.

The next step in developing a multi vehicle train simulation tool is to explore how the individual
trains consume power from the DC network and how this power flow influences the supply
voltage along the 3™ rail. Figure 64 shows an example of a simple railway system with three DC

substations and three trains.

- NODE5 -
VVWA VWA

DC Substation 2
DC Substation 3

“ Train 1 “ Train 2 G) Train 3

(NoDEo) NODE11
- VV— VA VWA VWA

R R R R

Figure 64: Circuit representation of a DC powered railway system

6.4.1. DC Substation Modelling

The DC electrical distribution system is powered by multiple DC power sources, formally called
substations, that are spaced along the tracks. Common DC supply voltages include 750V, 1500V
and 3000V [118]. The DC supply voltages can be produced using a three-phase step-down
transformer followed by a multi-pulse rectifier. Although the simplest, the use of a three-phase
diode bridge to create a six pulse rectifier results in considerable DC voltage ripple and
significant 5" and 7" harmonics of AC line current that may interfere with railway signalling

components [118]. However, a more complex diode rectifier system that uses a phase shifting
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transformer and multiple series connected three phase diode bridges can reduce the DC ripple
while eliminating select AC supply harmonics and improve the overall power factor [119]. As
discussed in [120], “[t]he most common rectifier configuration [...] is the parallel 12-pulse, which
features low harmonic distor[t]ion of AC line current and DC voltage, together with acceptable
structure complexity and cost. The rectifiers are normally equipped with diodes and voltage
regulation is not performed”. Considering the trend to minimize DC voltage ripple, the DC
substations are modelled, in part, by an ideal voltage source without any voltage ripple. Due to
the lack of voltage regulation, the output voltage of the rectifier can vary based on the DC
current. Figure 1 of [120] shows an example of the output DC voltage vs DC current for a 5400
kW, 3600V, 1500A rated 12-pulse diode rectifier from the Italian State Railways. The slope of the
near linear voltage vs current relationship is dependant on the substation transformer’s
commutation reactance [120]. This near linear relationship may be expressed as an equivalent
series resistance for DC circuit modelling simplification. Therefore, similar to the work in [121]
[122] and [123], the substations are modelled as ideal voltage sources with an equivalent
resistance. However, due to the reactive impedance of the transformer the voltage drop across
the transformer’s modelled equivalent series resistance does not result entirely in real power
loss. In attempt to determine the real power losses in the substation, the substation could be
modelled using a more complex model, such as Equation 38 in [122]. However, it is rather
difficult to differentiate between the voltage drop from reactive components and real power
loss when looking at experimental results. Therefore, this work proposes to model the
substations as lossless voltage sources as shown in Figure 65. The substation’s unidirectional
current flow is modelled using an ideal diode. However, when using nodal analysis to solve for
the DC network power flow, the non-linearity of an ideal diode is not trivial to model. Therefore,

it is suggested to change the series resistance to be nearly infinite when nodal analysis
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determines the DC substation to be a load (ie. not providing power). This method of changing
the resistance requires the nodal analysis calculation to be repeated as the power originally
injected into the DC substation must be diverted elsewhere. Although the current through the
nearly infinite resistor is non-zero, this modelling method error is considered negligible.

Ideal
voltage
source

Series Ideal
resistor diode

VWA >
|
Reactance Unidirectional

voltage power flow
drop

No load
voltage

Lossless substation
output voltage +

Figure 65: Lossless substation model with an ideal voltage source and equivalent series resistance

6.4.2. 3" Rail Power Supply Modelling and Circuit Simplifications -

Proposed
Subway systems generally use a 3™ rail power delivery system. The use of a 3™ rail is

advantageous for subway systems that have restricted space allowance for over head cables.
The positive DC voltage supply from the traction substations are typically connected to a 3™ rail,
commonly called the conductor rail, that runs beside or between the two train tracks/rails that
the wheels roll on, formally called running rails. The 3 rail does not need to support the weight
of the rollingstock and therefore can be made of a less strong but more conductive material
compared to the running rails. For example, a stainless-steel rail/track may be covered in an
aluminum cap to decrease the rail resistance [124] . For example, [125] lists the resistance of
150 lbs steel conductor rail to be 0.0117 mQ/km while 6000A ALSS (aluminium/stainless steel)

conductor rail is 0.00463 mQ/km.

The running rail(s) complete the tractive power supply circuit by acting as the return path

connecting to the substation negative terminal. As noted in Section A.10 of [22], the return
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circuit may consist of only one running rail and therefore have a higher resistance than systems
with two conducting running rails. The segmented running rails are electrically connected

together using bonding wires to ensure a continuous current return path.

Due to the proximity, within a reasonable walking step, between the running rails (negative
terminal) and 3™ rail (positive terminal), 3 rail systems often cover the positive conductor and
provide power to the rolling stock on the bottom of the rail. The rollingstock typically make
sliding contact with the 3™ rail using a contact or pick-up shoe. Where the rails may pose a safety
hazard, such as at a road crossing or passenger crossing, the 3™ rail is discontinued. The rolling
stock may obtain electrical power from contact shoes on other cars that are still connected to
the 3" rail at a different location. However, for 3™ rail gaps that exceed the length of the
rollingstock the vehicle must propel itself across the gap or risk getting stuck. Similarly, a loss of
power can occur when travelling at higher speeds as the contact shoe(s) may loose physical

contact with the 3™ rail due to rollingstock movement.

The railway simulation tool proposed in this work assumes that the 3™ rail and running rails are
continuous. Therefore, the electrical model of the DC transmission system will not have any
discontinuities. Additionally, it is assumed that the vehicle will contact the 3™ rail and running
rail(s) at only at the leading car. This simplifies modelling as each train can be presented by only

one connection to the DC supply.

The transmission system in Figure 64 can be simplified by combining the resistance of the 3™ rail
and return rails into one resistor value. It is assumed that the length of 3™ rail and return rails

are equivalent and therefore a net transmission line resistance per unit length can be assigned.
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Rather than evaluating the voltage change across the 3™ rail and return rails independently, the
return rail is modelled to be at OV and the combined voltage drop occurs on the positive lead.
The net supply voltage supplied to the vehicle remains the same in both modelling methods.
However, the simplification of a single transmission line resistance per unit length value
drastically reduces the number of nodes within the circuit. Figure 66 shows an example of a
simple railway DC transmission system with two substations and two trains (modelled as
resistors). The top circuit represents both the 3™ rail (positive) and return rails (negative) using
an equivalent resistance. The lower circuit represents the 3™ rail and return rails as one common
resistor. The key objective of Figure 66 is to show that the voltage across the train loads, which
are resistors in this case, are equal for both transmission line modelling methods. For example,

the voltage across R8 and R16 is the same at approximately 4.23V.
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Figure 66: Example DC circuit showing the similarity in vehicle supply voltage using two transmission line modelling
methods
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6.4.3. Block 9 -Train Electrical Power Consumption Modelling — Proposed
The catenary free ESS sizing exercise in Chapter 7 does not depend on the vehicle’s interaction

with the DC power supply. However, the following discussion is provided as an aid for future

work.

The power required by each vehicle can be calculated each time step using Equation 34 from
Section 6.3. Ideally, each vehicle would be modelled as a power source/load. However, the
recursive nature required to determine the current required from the variable voltage power
supply is beyond the scope of this work. The author explored modelling each vehicle as a voltage
controlled current source where the current source/load could be determined by a gain ratio
relating the desired power and the 3™ rail supply voltage at the vehicles’ current location. The
voltage reference and current values are related using the conductance term Gn, in Equation 35.
However, as shown in Equation 35, the conductance term G, and power are not equivalently
nor inversely related through voltage and current. Therefore, as shown in Figure 64, each vehicle
is modelled using an independent current source/load rather than a voltage controlled current
source. The current value at each timestep is determined using the present time desired power

value and the supply voltage from the previous time step.

I= GpV
G = 1V
P=1v

Equation 35: Relating current and voltage through conductance for a voltage controlled current source

6.4.4. Admittance Matrix Stamps — Proposed

The catenary free ESS sizing exercise in Chapter 7 does not depend on the vehicle’s interaction
with the DC power supply. However, the following discussion is provided as an aid for future

work.
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The DC rail network power flow can be determined using modified node analysis (MNA). As
discussed in [126] and [127], MNA involves the construction of two matrices that contain the
linear equations used to describe a circuit using Kirchhoff’s current and voltage laws. The general
matrix formulation for MNA can be shown as Ax = z. When working with linear loads and
independent sources, the matrix A generally contains known conductance values (inverse of
resistance) and binary values that represent the node numbers for voltage and current sources.
Generally speaking, matrix x is a column vector that contains unknown values such as node
voltage (top values in column) and the current through voltage sources (lower values) [126]. The
z matrix is a column vector that contains known values related to the current through current

sources and the supply voltage from voltage sources [126].

Rather than developing and solving linear circuit equations manually, an algorithm can be used
to form matrices A, x and z and also solve for the unknown quantities in the matrix x [126].
Matrices A and z are formed using what are called element ‘stamps’ where the contributions to
A and/or z are dependant on the nodes surrounding the circuit element, the element type and
it’s value. The first step in developing the matrices using matrix stamps is to define the node
numbers in the circuit. When working with linear components and independent sources, Matrix
A is of size (n+m)*(n+m) where n is the number of nodes and m is the number of independent
voltage sources [126]. It is beneficial to reduce the number of nodes to make the matrix smaller
and therefore reduce memory demands and computation time. Recall from Figure 66 that
simplifying the railway DC power delivery system to use one equivalent per unit resistance for
the 3™ rail and return rail(s) combined reduced the number of nodes in the relatively small

circuit. The first node, Node 0, is generally used to mark the ground point of OV and the
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remaining nodes are numbered in any increasing order. The element stamp method is applied to
all circuit elements; resistors, current sources, and voltage sources. The stamps from all
elements are combined to form the complete A, x and z matrices. Table 3 of [128] provides an
excellent overview of circuit element stamps for various components and their respective
equations. The element stamps for resistors, current sources and voltage sources used in this
work are shown in Figure 68. Matrix element stamps exist for other components such as
switching components [129], capacitors [130], diodes [131], op amps [132] and dependant
sources such as voltage controlled current sources and current controlled voltage sources.

The author’s MNA function, shown below, is used to identify the unknown node voltages and
voltage supply currents based on the NetList input variable. The NetList matrix contains a
row for each component and identifies the component type, connection node numbers and
component value. The netlist provided below represents the example circuit shown in Figure 67.
The netlist is annotated to identify the data within each column as well as the circuit element
that each row represents. The node voltages and voltage source current values shown on Figure
67 were determined using the author’s MNA function and the results align with values from

another circuit simulation tool.

function [NodeVoltages,VoltageSupplyCurrents] = MNA (NetList)

>

s Component Types:
1 = Voltage supply
2 = Current supply

o0 o

o\

% 3 = Resistor

Row structure = [Component Type, From(-) Node, To(+) Node,

ComponentValue]

NetList = [ 1 0 1 600;... => V1
1 0 2 600;... => V2
1 0 3 600;... -> V3
2 4 0 300;... -> I4
2 5 0 300;... > I1
2 6 0 250;... => 1I2
2 7 0 500;... => I3
3180.1;... -=>R1
329¢0.1;... > R2
3310 0.1;... -> R3
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3480.1; -> R4
3850.1; -> R5
356 0.1; -> R6
369 0.1; -> R7
3970.1;... -> RS8
3710 0.1]; -> R9

Figure 67: Example DC railway circuit with node voltages and voltage source current values determined using MNA
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Figure 68: Element stamps and associated notation for voltage sources, current sources and resistors in three configurations relative to ground (node 0). Unknown values are
recorded in parentheses
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6.4.5. Development of NETLIST Input - Proposed
The final part required to fulfill block 10 from Figure 54 is to develop the NETLIST input variable

based on the location of each railway vehicle and the associated power requirements. It is
proposed that a standardized node numbering method be applied to simplify the process of
saving and manipulating MNA function output variables. The position of each railway vehicle
should be used to determine the resistance between adjacent nodes, which may be other
vehicles or substations. The current required by each substation may be modelled based on the
present power demanded by each vehicle and the supply voltage at the vehicle from the
previous time step. The current value can be determined using the power-based modelling
method described in Section 7.4. The completion of a function that develops the NETLIST
variable at each time step and connects the vehicles to the DC supply remains a task for future
work. However, the completion of drive cycle modeling and vehicle power modelling is sufficient

for ESS sizing exercises for catenary free operation, as discussed in Chapter 7.
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7. Evaluation of Vehicle Power Requirements and On-
board Energy Storage for Catenary Free Operation

7.1.  Chapter Overview

The purpose of this chapter is to perform a sizing exercise for an on-board energy storage
system used to propel a rail vehicle from one station to another without the 3" rail or catenary
supply. The experimental data and cell model from Chapter 5 are used to model the rail vehicle
energy storage system. Due to the lack of information available from capacitor datasheets (ie.
only one ESR value at one temperature and one current), the experimental work of Chapter 5
provides additional information to model the cell outside of the specific test case presented by
the datasheet. The comparison of the railway vehicle onboard energy storage system cell mass
and cell volume for a LiC and EDLC based system will be presented. This comparison is achieved
by:
e Creating a collection of railway vehicle and system modelling parameters based on
literature. These values serve as a guideline to define typical model parameters
e Using one set of modelling parameters to evaluate the power required for a train to
travel from one station to another. The drive cycle parameters and vehicle efficiency
parameters will be modified to perform a parameter sensitivity analysis. For example,
depending on efficiency values, the vehicle may consume less power by accelerating
quickly and then travelling at a low speed rather than accelerating slowly and travelling
at a higher speed to achieve the same travel distance and time.
e Expanding the cell modelling method from Section 5.8.3 to use a power command as the
input variable rather than a current value. A cell model is scaled to represent a capacitor

pack of series and parallel connected cells that will meet the power and energy demands
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for the drive cycle. Pack current and voltage limitations will be respected. It is assumed
that the ESS system remains within the operating thermal limits.

e A comparison of the LiC ESS system operation at 35°C and -10°C will be presented

7.2.  Collection of Modelling Parameters
Table 15 shows a collection of railway system simulation parameters collected from over ten

publications. The values are categorized into vehicle related and DC network related parameters.
Table 16 provides a collection of Davis equation parameters that are used to represent the
vehicle’s resistance to motion (see Equation 26 and Equation 27). Although a complete set of
model parameters is not available, the purpose of Table 15 and Table 16 is to provide insight
into reasonable values that may be used to develop a full set of modelling parameters. In
addition to these tables, Table 2.4 from [49, p. 41] indicates an approximate equivalent
translational mass for rotation components of various rail vehicle types as a ratio to the vehicle
weight. For example, 8-12% of the vehicle mass for electric coaches and 15-30% for electric
locomotives [49, p. 41]. Although considerable attention was made to replicate the published
parameters, the author encourages readers to confirm values with the original publications

before using this information for other work.
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o | Reference [133] [135] [82] [136] [137] [138] [81] [113] [139] | [140] [141] [122] [120]
s 9 [134]
% 2 Select author? Barrero Tricoli Barrero Ciccarelli Ciccarelli Tricoli Barrero | Tricoli Barrero
o & Tricoli
Type Bombardier | Ansaldo Metro Metro Metro
Flexity tram | Breda
T3000 Sirio tram
Weight (unloaded) [Tons] 38.6 4x30.4=1216 60 114.8 154 186
Weight (loaded) [Tons] 56.1 58 4*45.1=180.4 46 500 277.8
Motor power [kW] 4*105 = 2*106 8* Nom. 264 = 2112 800 prop. 4*250 = Max 9800 4* 275 Max 12*250
420 kW 212 kW 8* peak. 420 = 3,360 400 braking 1,000 =1,100 1700 =3,000
v Auxiliary power [kW] 300 120
% Max speed [km/h] 70 80 72 80 85 115 80
% Acceleration (propulsion) [m/s?] 1 1.33 0.7 1.2 0.7 1 1 1.2
E Acceleration (braking) [m/s?] 1 1.7 0.8 1.1 1 1.1 1.1
o Rolling resistance coefficient 0.006 0.005
% Aerodynamic drag coefficient 0.6 0.6
> A [N] 1.2 N/ kN 26 2541
B [N/(m/s)] 1.6x103 77.616
N/(kN*km/h) 26
C[N/(m/s)?] 15*%10* 14.5696
N/(kN*km/h)? 26
Gearbox or mechanical efficiency [%] 93 98 98 93 93 98
Motor efficiency [%)] 90 86 %7 91 90 8677
Motor drive efficiency [%] 91 90 95 91
ESS DC/DC converter efficiency [%] 91 95 91
Overhead line or 3™ rail resistance 170 125 24.6 156 27.6 62 =27.7 21 24.6 27.6
[MmQ/km] (contact (contact 3 rail
wire) wire)
I Return rail(s) resistance 17.2 17.2 16 =4.4 15 17.2
% [mQ/km] (parallel
IS rails)
E Substation internal resistance [mQ] 30 100 13 20 10 13 20 22.5 13 10 24 28 12.7
; to
o
% 2185.8
Z | substation power 1150 kVA 3500 kVA | 5400 kW 3500
[kVA or kW] kVA
Distance between substations [km] 1.5 1 1
Substation no load voltage [V] 700 750 876 750 1500 3000 1500 1590 | 876 1500

2 Title as Dr. removed to occupy less cell area

Table 15: Railway system simulation parameters gathered from literature. Some values are an alternative representation (change of units) of the original values published

26 Force per kN of vehicle weight
27 Combined motor and inverter efficiency
28 Approximate values determined from slope of experimental rectifier voltage vs current plot
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0.558 [N/(km/h)] %

0.0332 [N/(km/h)]

mass

Vebhicle Type A B C Translational Mass Additional details
London 2900 [N] 1.9 [kg/h] 0.61 [kg/km] Empty train: 156 [tonnes] Acceleration: 1.2
Underground [m/s?]
subway above 6.84 [N/(m/s)] 2° 7.9056 [N/(m/s)?] 22 Rotational equivalent
ground [114] mass 13.5 [tonnes] (8.6%) | Train has 16
1.9 [N/(km/h)] 20 0.61 [N/(km/h)?2] 2° motors with 17.4
Passengers: 60 [tonnes] kN (not power)
for a total of 278
Total translational mass: kN force.
229.5 [tonnes]
London 2900 [N] 8.7 [kg/h] 2.3 [kg/km] Same as above Same as above
Underground
subway in 31.32 [N/(m/s)] 2 29.808 [N/(m/s)?] 2°
small tunnel®®
[114]
8.7 [N/(km/h)] 2 2.3 [N/(km/h)2] 22
“Tramway” 1,552 [N] 40.320 [N/(m/s)] 8.025 [N/(m/s)?] 52,480 [kg]
[142]
11.2 [N/(km/h)] 2° 0.619 [N/(km/h)?] 22
“Suburban 3,182 [N] 118.940 [N/(m/s)] 11.700 [N/(m/s)3] 293,700 [kg]
train” [142]
33 [N/(km/h)] 0.9028 [N/(km/h)?] 2
“High-Speed 2,500 [N] 118.800 [N/(m/s)] 6.610 [N/(m/s)?] 416,000 [kg]
train” [142]
33 [N/(km/h)] 0.5100 [N/(km/h)?] 2°
2017 28.4 |bf 0.2018 Ibf/mph 0.01948 Ibf/mph? 1616 [kg] — does not
Chevrolet Bolt include rotational inertia
EV30[104] 126.33 [N] 2 | 2.01 [N/(m/s)]® 0.43 [N/(m/s)?2] 2 equivalent translational

Table 16: Collection of Davis equation coefficients from literature used to represent the vehicle’s resistance to motion.

28 45% of London Underground system is in tunnels [143]
29 Alternative units from original publication
30 provided for comparison with a passenger electric vehicle

7.3.

Parameter Sensitivity

The railway vehicle and drive cycle studied in the remainder of this chapter make use of the

Station-to-Station Drive Cycle Power Demands and

modelling parameters in Table 17. These parameters are primarily based on the values for the

London Underground train operating above ground from [114], which are repeated in Table 16.
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Parameter Value Notes

Distance 1000 [m]

Travel time 100 [s]

Time step 0.1 [s]

Davis equation coefficient A 2900 [N] Surface travelling, no tunnel
Davis equation coefficient B 6.84 [N/(m/s)] Surface travelling, no tunnel

Davis equation coefficient C

7.9056 [N/(m/s)?]

Surface travelling, no tunnel

Translational mass

229.5 [tonnes]

156 [tonnes] -> Vehicle
13.5 [tonnes] -> Rot. Equiv.
60 [tonnes] -> Passengers

Grade 0%

Auxiliary power load 50 kW

Wind velocity 0m/s

Mechanical <-> electrical 80% Included mechanical drive

efficiency

system, electric motors,
motor drives and ESS DC/DC
converter

Table 17: Modelling values used for a station-to-station catenary free ESS sizing exercise

Figure 69 shows the driving resistance power for a 2017 Chevrolet Bolt EV and London

Underground subway (operating above ground) calculated using Equation 27 and A, B, C

coefficients from Table 16. Figure 69 shows that the train requires considerably more power

than the passenger electric vehicle to overcome driving resistance, especially as speed increases.
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Figure 69: Driving resistance power for 2017 Chevrolet Bolt EV and London Underground subway (operating above
ground) calculated using Equation 27 and A, B, C coefficients from Table 16
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The railway vehicle is quite heavy compared to conventional electric cars and therefore requires
additional power, especially during acceleration. For comparison, the 229.5 tonne railway
vehicle (including rotational equivalent mass) is approximately 142 times the mass of a 2017
Chevrolet Bolt EV (1616 kg — excludes rotating components, 60 kWh, peak power 150 kW) [144].
To accelerate at 0.4 m/s? at 20 km/h (= 5.55 m/s), the Bolt EV would require approximately 3.57
kW while the train would require approximately 510 kW (approx. 142x). The auxiliary loads for a
railway and passenger vehicle are considerably different as well. For example, the Chevy Bolt EV
auxiliary power draw is approximately 0.5 to 1 kW (climate control off) while the train auxiliary

power may be >100 kW (based on Table 15)

The total electrical energy required to power the railway vehicle from one station to another is
dependant on the driving profile and other modelling parameters. The electrical power
requirements are determined using an efficiency number that represents all losses from the
wheel power to the electrical power (see Equation 36). This includes mechanical losses within
gear boxes, losses within the electric motors, losses within the motor drives and losses within
the power electronics that interface between the onboard energy storage system and the DC

link.

Pmech

PElec -
Nvenicle

Equation 36: Relating mechanical power to electrical power

Recall from Section 6.3.1 and Figure 55 that the railway vehicle drive cycle is modelled using a
trapezoidal shape. Table 17 defines a travel distance of 1000 m and travel time of 100 s. These
requirements can be met using multiple drive cycles that vary in the acceleration rates and
travel speed. For this exercise it is assumed that the railway vehicle accelerates and brakes at the

same rate without any power or rail adhesion concerns. It is also assumed that the traction
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motors can provide the propulsion and braking power required without the use of mechanical
brakes. A parameter sensitivity analysis was performed to see how the vehicle mass, efficiency,
travel time and acceleration rate impacts both the maximum electrical power demand (occurs at
transition from accelerating to travel speed) and maximum electrical energy consumption
(occurs at transition from travel speed to braking). Figure 70 shows the parameter sensitivity
analysis results. These values provide key benchmarks for the peak power and energy required

from the onboard energy storage system.
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Figure 70: Maximum electrical power and electrical energy required to complete a 1 km drive using railway vehicle parameters from Table 17. Parameter sensitivity performed by
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The following conclusions are made from the parameter sensitivity analysis in Figure 70:

Increasing the travel time and decreasing the vehicle mass decreases both the maximum
power and energy requirements — this is expected

For the drive cycles with a travel time of 150 seconds, the maximum power required
increases nearly linearly with acceleration. Although the maximum electrical energy
decreases nearly linearly with acceleration, the acceleration has a relatively small impact
on the max energy required (ie. small slope). For drive cycles with a 150 second travel
time it may be favourable to use a small acceleration rate to take advantage of the
smaller peak power requirement while only requiring a small increase in total energy
consumption. For example, with a 150 second travel time, mass factor of 0.7 (70% the
full train mass) and efficiency of 80 % (green lines), a +/-0.4 m/s? drive cycle requires a
peak of approx. 705.4 kW and approx. 4.985 kWh. However, for the same conditions,
accelerating at +/- 0.9 m/s? requires approx. 1361 kW and 4.984 kWh. Considering that
the energy requirements are nearly the same (this does not consider losses within the
ESS), it is beneficial to accelerate slowly to decrease the peak electrical power and ESS
losses.

The peak electrical power and energy requirements change non-linearly with
acceleration for the drive cycles with a 100 second travel time. For both the 100% and
70% vehicle mass plots in Figure 70, the minimum peak power required occurs with an
acceleration of approximately 0.45 m/s2. However, the minimum energy required occurs
at the maximum acceleration of 0.9 m/s%. This presents a trade off between minimizing

the peak power requirement and minimizing the energy storage requirement.

The non-linear results presented in Figure 70 with a drive time of 100 seconds and full vehicle

mass are presented below. A series of drive cycle profiles, energy storage requirements and
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power requirements at 80% vehicle efficiency for a variety of acceleration rates are shown in

Figure 71.
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Figure 71 shows that as the acceleration rate increases the amount of time at the travel speed
increases. For example, at 0.4 m/s? the vehicle does not reach a travel speed and transitions
from accelerating to braking. However, at 0.9 m/s?, the vehicle spends most of the time at the

travelling speed.

7.4.  Power Based Cell and Pack Modelling with Operating Limits

The cell model from Section 5.8.3 is insufficient for an ESS sizing exercise and needs to be
improved to accept a power command instead of a current command. The improved modelling
method makes use of Equation 2 (quadratic equation) to solve for the discharge current needed
to achieve the desired power level. The current value is then passed into the model from Section
5.8.3 to determine the cell terminal voltage. The capacitor cell models are scaled to represent
capacitor packs with cells in series and parallel. It is assumed that the cells within a pack have

the same performance and remain balanced.

It is assumed that a high-power bi-directional DC/DC converter is available to connect the on-
board energy storage system to the railway vehicle DC bus. A simplified vehicle power delivery
configuration is shown in Figure 72 and is similar to Figure 3 of [145] and Figure 2 of [146]. The
DC/DC converter serves as a method to charge the on-board energy storage system as well as
boost the ESS output voltage to match the requirements of the traction inverter. Further
literature review is necessary to validate whether a DC/DC converter of the power magnitude
needed in this chapter (approx. 2 MW) is commercially available and financially viable.
Additionally, further investigation is required to determine a reasonable and practical voltage
boost ratio that will primarily influence the minimum allowed pack voltage for an EDLC based
on-board ESS. The use of an ESS with a higher minimum terminal voltage than EDLC cells may be

useful for a direct connection to the traction inverter, provided a connection to the DC power
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distribution system is eliminated. A direct parallel connection between the energy storage
system and DC distribution system could result in a very large and catastrophic current flow into
the ESS if the voltage between both systems do not match. The ESS could be charged from the

DC power distribution system using a lower power DC/DC converter.

DC Power Distribution System Connection

\

On-board
Energy DC/DC
Storage Converter
System [r—

Traction Inverter Traction Inverter

Electric
Moy = @c Motor

Figure 72: Vehicle power delivery architecture with an on-board energy storage system

7.5. On-board ESS Sizing for EDLC and LiC Pack

The purpose of this section is to compare the minimum number of cells, mass and volume of an

energy storage system required to fulfill the drive cycle requirements of Table 17. Eight
individual cases are simulated (see Table 18) with variations between the acceleration rate,
operation temperature and cell type. When using the full vehicle mass (mass factor = 1) we can
see that there is a trade off between the maximum power required from the ESS and the total
energy required. This is shown in Figure 70. Therefore, the two accelerations studied are 0.45
m/s?, which has the lowest peak power requirement, and 0.7 m/s%. Recall from Section 5.7.4 that
the ESR for EDLC cells was relatively unaffected by temperature while the ESR for LiC cells was
significantly affected. Therefore, the eight test cases look at cells operating at 25°C and 0°C. For
this analysis, it is assumed that the cell temperature remains constant. Although this is not the

most reasonable assumption considering the large currents through the ESS, modelling the
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temperature rise within the cell is beyond the scope of this work. Additionally, the ESR of each
cell is modelled using a current direction dependant resistance but not a current magnitude
dependant resistance. This introduces modelling inaccuracy at low temperature for LiC cells due
to the current dependant ESR trend evaluated in Section 5.7.5. Section 5.7.5 showed that the
ESR for LiC cells in cold temperatures decreased as the test current increased. Considering that
the test currents per cell in the railway simulation are much larger than 50A additional work is
necessary to evaluate how the current dependant ESR changes with currents greater than 50A.
EDLC A and LiC Cell D were chosen for the eight test cases. These cells have the same cylindrical
form factor and could replace each other inside of an ESS made for cylindrical cells. Therefore, a
comparison between the volume of the cells and mass of the cells would provide a good relative
comparison for an ESS that includes all pack level hardware such as bus bars, an enclosure, and
energy management system. For example, if the volume of EDLC cells required was 50% more
than LiC cells, then it is assumed that the EDLC ESS volume would be 50% more than the LiC ESS
volume. However, this does not consider differences in equipment sizing for thermal
management, which is beyond the scope of this work. The last two columns in Table 18 show the
mass, in [kg], and volume, in [L], of the energy storage cells required to meet the drive cycle
requirements. The modelling methods within this work provide a high-level modelling approach
and are not overly detailed. The additional mass of adding an on-board ESS (approx. 2 tonnes for
the cells) is considered negligible compared to the vehicle mass (approx. 230 tonnes). Although
the ESS mass only includes the cells at this point, the author assumes that the power required to
accelerate the additional ESS mass is negligible compared to the train. A more correct modelling
method would be iterative and revaluate the train power demands with the additional ESS mass

added. Additionally, the on-board ESS may occupy space that the passengers occupy (accounted
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to be 60 tonnes) and therefore reduce the passenger mass. Additional analysis on the influence

of the additional ESS mass is beyond the scope of this work.

The energy storage systems presented in Table 18 were designed to meet the power and energy
requirements for the rail vehicle to move from one station to another. The number of cells in
series was selected to have a maximum voltage equal to, or approximately equal to, the nominal
DC supply voltage for the London Underground, which is 630V. From there, the number of
parallel cells was modified to identify the minimum number of cells that would satisfy the drive
cycle power and energy requirements without hitting a cell voltage limit nor current limit.
Although the minimum number of parallel cells was often a non-integer value, the next largest
integer value was used. For cases 1, 3, 5 and 7 in Table 18, which use EDLC cell A, the minimum
number of parallel cells was determined by the presence of a complex valued (not a real
number) current. Recall that the current value is determined from a quadratic equation that
used the cell ESR, OCV and desired power level. The complex current value consistently occurred
as the EDLC ESS was reaching the minimum cell voltage. At this point, it is unclear if the complex
current solution is a result of the modelling methods or if an ESS with less cells in parallel than

presented in Table 18 is feasible.

Recall from the footnotes of Table 5 that some, but not all, manufacturers of the LiCs studied in
this work suggest using a minimal charging current below 0°C. Therefore, it is assumed that Cell
D can charge at the rated maximum current of 280A. It is unknown how charging at this current
will impact the life of the cell. An alternative approach would be to assume the LiC cell cannot be
charged at or below 0°C, therefore making the LiC based ESS for cases 4 and 8 in Table 18

infeasible.
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Case Accel. Peak Max Cell Temp. Num Num Num Current limits, Volt Limits (cell, | Avg Discharging Num Cell Cell
Num [m/s?] Elec Elec [eC] Series Parallel Cells assuming pack) Discharge Energy (2A) Parallel Mass Volume
Pwr. Energy thermal and V] ESR 33 (cell [Wh], Cell (cell, (cell,
[kw] [kwWh] voltage limits (cell, pack) | pack [kWh]) Reason Pack) pack)
respected [mQ] [kel [L]
(cell, pack)
[A]
1 A 25 15 3150 (+/-2,200) 0.33, 3.64 Wh, Complex 0.520, | 0.391
EDLC 210 (+/- 33,000) (0,3) 4.62 11.466 kWh current 1638 1232
2 © A 0 16 3360 (+/-2,200) (0, 630) 0.35, 3.63 Wh, Complex 0.520, | 0.391
©w : 2 EDLC (+/- 35,200) 4.59 12.197 kWh current 1747 1314
3 = § ! D ’5 1 2184 (+/-280) 1.04, 37.12 Wh, C.ur.rent 0.830, | 0.394
LiC 156 (+/- 3,920) (2.8 4.05) 11.59 81.070 kWh limit 1813 860.5
4 D 0 33 5148 (+/-280) 3t (436.8,631.8) | 7.33, 35.40 Wh, Min volt 0.830, | 0.394
LiC (+/-9240)31 34.65 182.24 kWh limit 4273 2028
5 A 25 12 2520 (+/-2,200) 0.33 3.64 Wh, Complex 0.520, | 0.391
EDLC 210 (+/- 26,400) (0,3) 5.76 9.173 kWh current 1310 985
6 - A 0 12 2520 (+/-2,200) (0, 630) 0.35, 3.63 Wh, Complex 0.520, | 0.391
~ N o EDLC (+/- 26,400) 6.13 9.147 kWh current | 1310 | 985
7 © E 00 D 25 16 2 2496 (+/- 280) 1.04, 37.12 Wh, (;urrent 0.830, | 0.394
LiC 156 (+/- 4480) (2.8 4.05) 10.14 92.651 kWh limit 2072 983.4
3 D 0 4022 6240 (+/- 280)31 (436.8, 631.8) 7.33 35.40 Wh, Min volt 0.830, | 0.394
LiC (+/-11,200)31 28.59 220.90 kWh limit 5179 2459

Table 18: Eight catenary free station-to station drive cycles simulated with an EDLC or LiC based on-board ESS in 25°C and 0°C conditions

31 Unknown impact on life time when charging with high current in cold temperatures.
32 Cannot start at 100% SOC due to hitting upper voltage limit during braking phase. Larger charging resistance than discharging resistance
33 Determined using 25 A current pulses
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Figure 73 shows the ESS current, terminal voltage, power and energy throughput for case 1
(EDLC A) and case 3 (LiC D). These cases are shown graphically as they are one of two
comparisons that show a desirable characteristic (minimize mass or volume) for the LiC pack.
The LiC cells in case 3 are about 111% the weight and about 70% the volume of the EDLC cells in
case 1. The other favourable LiC comparison exists between case 5 and 7. The cells for case 5
and 7 have a very similar volume but the LiC ESS weights approximately 158% the EDLC ESS

mass.
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Although a comparison of case 1 and case 3 show a favourable LiC ESS due to a cell volume
reduction, the increased mass and other considerations may make the EDLC pack more
favourable. For example, the relatively small variation in cell performance for EDLCs in cold
temperatures is favourable considering that rail vehicles are operated year around. However,
recall that the modelling for cases 4 and 8, which are at 0°C, does not consider the current
dependant ESR or self heating of the LiC cells and therefore the results in Table 18 may not be

representative of a real-world scenario.

Additionally, as noted by the arrows in Figure 73, the LiC cells are operating near the maximum
discharge current while the ELDC cells operate at a max pack current of 9135A, which is far from
the 33,000A pack limit (based on cell limits only, does not consider park hardware limitations).
Although not discussed in this work, the author predicts that operating near the maximum LiC

cell current may further reduce the relatively limited cycle life of the LiC cells.

The LiC ESS in case 3 requires 2184 cells while the EDLC ESS in case 1 requires 3150 cells. The
authors expense to acquire one LiC Cell D was approximately 316% the cost of one EDLC Cell A.
Although this price difference may not be accurate when purchased in large quantities, a simple
comparison with this pricing shows that the LiC cells for case 3 would cost about 219% the cost

of EDLC cells for case 1.

The drive cycle in cases 1 and 3 requires approximately 11.29 kWh of electrical energy. The EDLC

ESS provides approximately 11.47 kWh (102% the needed amount) while the LiC ESS provides

approximately 81.07 kWh (718% the needed amount). The number of EDLC cells in parallel is
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primarily defined by energy storage content while the number of LiC cells in parallel is primarily

defined by the cell current limits.

As shown in Figure 73, the terminal voltage of the EDLC pack decreases significantly. The large
voltage change in the EDLC pack results in large currents that may be impractical for a DC/DC
converter. The LiC ESS may be favourable from a power electronics perspective due to the lower
current and boost ratio required. However, if the drive cycle were modified to reduce the peak
power and increasing the driving range, a LiC based on-board ESS may be favourable compared
to an EDLC on-board ESS. A detailed analysis of each drive cycle is necessary to make a

comparison between the favourable use of each energy storage technology studied in this work.
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8. Conclusions

8.1.  Summary and Conclusions
This work looked at two key topics:

a) Experimental performance characterization of two EDLC and five LiC cells using five time
domain testing methods.
b) Modelling an EDLC and LiC based ESS used to power a metro railway vehicle from one
station to another in catenary free operation
Discussion on the development of a custom cell cycling device and related energy storage lab
safety systems was presented. The workflow and testing methods used to characterize the cells
was discussed in detail. Select experimental results were presented and the following
conclusions were made. Generally speaking, LiC cells offer a superior energy density compared
to EDLC cells, but at the expense of a reduced cycle life, reduced operating current and
increased equivalent series resistance. The EDLC performance was nearly unaffected by
temperature change in the -10°C to 35°C range. However, the performance of LiC cells changed
significantly, for the worse, in cold operating conditions. The need for a current dependant

equivalent series resistance for LiC cells was identified.

The modelling methods and a collection of reasonable modelling parameters were presented for
the development of a railway vehicle velocity and power profile development tool. The tool was
used to analyze how drive cycle parameters, such as vehicle acceleration, impact the peak power
demand and energy requirements. These values were used for an on-board energy storage
system sizing exercise that compares the mass and volume of a LiC (using Cell D) and EDLC (using
Cell A) based ESS for a given drive cycle. Of the eight test cases modelled, the LiC ESS was only
beneficial on one application due to a reduced cell volume but the cell mass remained larger
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than the EDLC ESS. Additional discussion regarding the influence of temperature, cycle life, cost,
and operating conditions suggest that the EDLC energy storage system is a better solution for all
test cases presented, assuming that a suitable DC/DC converter is available, and the converter
cost is neglected. However, the use of LiC technology may be beneficial for catenary free
operating conditions where the peak power is reduced, and the desired vehicle range is
increased. Additionally, the use of an LiC ESS that maintains a higher terminal voltage during
discharge compared to an EDLC ESS may be beneficial due to the reduced current and reduced
boost ratio needed when developing/selecting a DC/DC converter. The author cannot provide a
specific conclusion on whether LiC or EDLC cells are a better technology for on-board railway
energy storage systems for catenary free operation. Both cells offer benefits and drawbacks and

it is suggested that each specific application be studied before selecting a cell technology.

Additional railway vehicle modelling methods were presented for future development of a multi-
vehicle railway simulation tool that can be used to analyze the impact of on-board and wayside
energy storage systems when interacting with a DC power supply. The full implementation of

the simulation tool remains a task for future work.

8.2.  Future Work

The authors suggest the following topics of study for future work. Some of these topics build
upon the experimental LiC and EDLC testing results to further develop an understanding of cell
performance under conditions not explored in this work. As noted throughout Chapter 6, several
modelling methods were proposed to further develop the railway simulation tool to model
multiple vehicles and their interaction with the DC supply system. There is extensive work that

can be studied with a more complex simulation tool. Suggested future work includes:
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e Additional experimental testing to determine the maximum current that the LiCs can be
charged at and still exhibit endothermic characteristics (cooling while charging). It is
assumed that the endothermic charging characteristics will eventually be overcome by
I’R losses that result in cell heating. This is of interest as the LiCs may be a good
candidate for fast charging applications that require minimal thermal management.

e Additional experimental testing with HPPC pulses in cold conditions with current pulse
amplitudes greater than 50A to evaluate if the ESR for LiCs continues to decrease as the
current increases beyond 50A. This modelling improvement may show that a smaller LiC
ESS is necessary for the catenary free operation cases in Chapter 7 because the pack
would be less limited by the voltage change due to a large internal resistance.

e Asdiscussed in Chapter 7, the LiC pack in certain modelling cases must operate near the
maximum rated discharge current. It is unknown how the high currents will impact the
already limited cycle life of LiCs. Therefore, experimental work that quantifies the impact
of high current charging and discharging on LiC cycle life is of interest.

e Additional modifications to a station-to-station drive cycle may result in situations where
a LiC ESS is beneficial compared to an EDLC ESS. Additional exploration into modifying
the drive cycle to identify opportunities for LiC technology is of interest.

e Further development of the railway simulation tool to model multiple vehicles and their
interactions with the DC power supply. A tool of this capability can be used to identify
how the headway, vehicle acceleration and other drive cycle characteristics impact the
vehicle power requirements. A multi-vehicle tool will show how power is transferred
from a braking vehicle to other vehicles. Situations that result in the use of resistive

braking can be identified as opportunities for energy storage system use.
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Using a multi-vehicle railway simulation tool to evaluate the optimal location(s) and size
of a wayside energy storage system, or multiple ESSs, for the purpose of reducing
voltage droop in the DC supply and/or recovering regenerative braking energy. There is
a wide variety of control strategies that can be explored to determine how the wayside
ESS interacts with the DC supply. For example, a 3™ rail voltage-based control strategy or
vehicle speed controller are some methods to explore. Although a large majority of the
discussion in this work focuses on capturing braking energy, the ESS is also useful for
peak power shaving to reduce the power required from the DC supply system during
acceleration.

Using a multi-vehicle railway simulation tool to evaluate the impact of on-board ESS size
and control strategies on net energy savings. For example, future work could assess the
use of small ESSs on multiple trains or larger ESSs on fewer trains. Additional work can
be done to evaluate how the DC/DC converter connecting the on-board ESS should be
controlled. For example, there is minimal benefit to maintain a high ESS SOC before
braking so that the braking resistors must be used. Therefore, it is suggested to find an
optimal operating condition to use the on-board ESS for peak shaving while discharging
the ESS enough to fully capture excess regenerative braking energy.

Using a multi-vehicle railway simulation tool to evaluate the energy savings and
performance gains when using on-board ESSs or wayside ESS with the same financial
limits. A detailed cost analysis would be necessary to determine the expense for
retrofitting existing rollingstock and adding wayside energy storage stations.

Using a multi-vehicle railway simulation tool to evaluate the use of reversible

substations and energy storage systems to compare the capital cost, revenue
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generation, total operating costs and return on investment to determine what energy

saving technology is more financially viable.
The future work possible in studying energy storage systems for railway applications is vast.
However, the majority of research work is primarily done with simulation tools. If possible, the
author highly suggests experimental work in partnership with a passenger rail system operator
and rollingstock engineering corporation to evaluate simulated work and make the results
public. The author assumes that experimental work of this scale is not only expensive but also
difficult to complete due to the desire for minimal service interruptions on busy public transit

systems.
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