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ABSTRACT

Vehicle-to-Grid (V2G) describes an energy storage concept in which the built-in
battery packs of parked electric vehicles (EVs) are aggregated and connected to
bi-directional chargers to provide various services to the electric power grid (such
as frequency regulation or load balancing). Applications of this type of energy
storage can vary widely in scale and purpose. This project explores a novel
application for V2G in which the aggregated storage potential of parked EVs is
used to support nearby electric rail infrastructure. Connected battery packs can
be discharged, thereby providing traction power to accelerating electric trains, or
charged to accept power from the regenerative braking of arriving trains. The
latter is of particular value for low voltage, direct current (DC) rail systems which
typically do not support regeneration into the grid.

This novel concept is referred to as Road-to-Rail Energy Exchange (R2REE). It
represents a large-scale energy storage application in which power demands can
change rapidly by several megawatts, thus requiring fast and dynamic aggrega-
tor control, capable of managing hundreds of connected EVs. This is achieved
by separating aggregator control into several smaller, independently operational
tasks and by exploiting the predictable and repetitive power demand patterns of
timetabled rail traffic. A novel modular high-level aggregator control structure is
presented that addresses these challenges of R2REE through dynamic, real-time
aggregator operation along with suitable communications and data management
strategies.

Furthermore, a novel method of event-based V2G scheduling is proposed that
is applicable in deterministic systems where the network provides or receives
electricity in reoccurring and predictable patterns or 'events’. Within the scope
of this project, an event represents either the arrival of an electric train at a
station (a train of known type provides power from regenerative braking to be
dissipated over EV population) or a train’s departure (where power is drawn from
parked EVs to support train acceleration).



4 Abstract

The proposed scheduling method consists of three algorithm layers, differentiating
between predictive scheduling for in-event periods, smart charging for out-of-event
periods and reactive scheduling for ongoing adjustments in real-time to account
for uncertainty.

Making use of this purpose-built aggregator control strategy, communications
scheme and scheduling method the R2REE concept is explored, based on a real
750 V DC-powered third-rail train line in Merseyside, England and a simulated
EV population. Each simulation presented covers a full day of real-time V2G
network operation with rail power demands based on an actual train schedule.
The size of the connected EV population, the maximum charging/discharging
rates per EV and the overall power made available through a shared power grid
connection vary between simulations.

This project further explores a method of accounting for charging preferences of
EV owners in the scheduling process. This is achieved using a scoring system to
assess the potential of each EV to be either charged or discharged prior to the
scheduling process, thus reducing the negative impact of additional complexity
on the responsiveness of the system. This novel scoring system allows the user
of an EV to select between four different ‘charging modes’ to determine if and
how the EV can participate in the V2G operation. User inputs are made via
a touchscreen user interface developed for a hardware prototype of an on-board
EV communication system which is fully compatible with the V2G aggregator
control presented.
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1. INTRODUCTION

Vehicle-to-Grid for Road-to-Rail Energy Exchange:

Using aggregated electric vehicles to provide large-scale energy
storage support for electric rail systems

1.1 Project Overview

Global efforts in combating climate change and pollution through the reduction
of fossil fuel usage have led to increased transport electrification in recent years

— this affects personal transportation through the uptake in [Electric Vehicles|

as well as mass transportation through, among others, increased railway
electrification. In both areas, upgrades to the underlying electric power supply
infrastructure are inevitable to meet increased electricity demands.

This challenge on the demand side of our electricity systems is accompanied by
significant changes on the supply side which undergoes a shift towards renew-
able electricity generation. Thus, increased electricity consumption from electro-
mobility coincides with increased intermittency in the electricity supply. Miti-
gating issues surrounding electricity supply intermittency typically involves the
usage of energy storage technologies.

[Vehicle-to-Grid (V2G)|is an energy storage concept in which the battery packs
of parked EVs are aggregated and charged or discharged to provide a variety of

grid services. Power flows in a V2G network are managed through an aggrega-
tor that arbitrates between the needs of EVs and the electric power grid. This
project is concerned with a novel large scale V2G application in which the energy
storage potential of aggregated EV batteries is used to support nearby electri-
fied rail infrastructure - a concept referred to as|Road-to-Rail Engergy Exchange]
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[R2REE]

As with any V2G application, aggregator control is the key challenge in this
project — many of the concepts presented are applicable, not only to the titu-
lar R2REE concept but to any large-scale V2G applications (with potentially
thousands of EVs on the same network). EV management, communication and
scheduling, although often underappreciated in current literature, are major chal-
lenges in a large scale V2G application. Yet, many energy storage applications
require quick and dynamic network responses to changing power demands. In
R2REE, power demands from the rail system may change by megawatts within
just a few seconds.

Car park subset 1
EV datam—
EV dat
Predictive aa
Scheduling EV data
Module
Schedule
EV data SQL Datab
Schedule=——| atabase
Smart Charge Schedule | Charger
Si\l;e?‘ulllng £V data hareer Schedule Instructions 0
EELLS ms"ucfions Implementation
Module Charger
Instructions

Figure 1.1: Modular aggregator control structure for Road-to-Rail Energy Exchange
using multiple scheduling modules.

This project presents the benefits of separating aggregator control algorithms in
a V2G network into several modules accessing a mutual database. A novel mod-
ular aggregator control structure, as shown in is proposed to improve
system responsiveness and versatility. This involves splitting up the fundamen-
tal tasks of V2G aggregator control — data collection, scheduling and schedule
implementation — into separate processes (here referred to as first-order modular-
isation) and integrate these processes with a suitable communications and data
management system.

The modular control structure further allows for each task to be shared between
multiple processes (referred to as second-order modularisation) — a characteristic
that is particularly valuable for scheduling within R2REE (the process by which
charging/discharging decisions for individual EVs are taken).
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A novel method for multi-layered event-based scheduling uses multiple scheduling
processes - or layers - to combine predictive scheduling (in which changing power
demands are anticipated in advance and planned for) with a reactive scheduling
approach (in which a V2G network reacts to changes as they occur). The predic-
tive portion of this method exploits reoccurring and predictable power demand
patterns, defined as events.

An example of such events are the traction power demands of accelerating electric
trains - thus the usefulness of this approach for R2ZREE. This scheduling strat-
egy is shown to be compatible with the proposed modular high-level aggregator
control structure. It consists of three algorithm layers, differentiating between
predictive scheduling for in-event periods (while an event is ongoing, e.g. during
train departures), smart charging for non-event periods (i.e. when no rail traffic
occurs) and reactive scheduling to account for uncertainty (e.g. an unexpected
brake manoeuvre of the train invalidates the predicted power demand).

5,000
Bi-directional EV

chargers 4,000

Power grid (substation) 3,000
' Train
Grid power supply 2000

1,000

: \ l \
Vehicle-to-Grid -1,000
Aggregator arrival
i -2,000
Regen braking Traction power |
| -3,000
H Q Q
S ! S S S S S S S
| S Iy

:I:I:H: H:H: H time in minutes
i ——Rail system power demand ——Grid power supply
I

Electric Rail System

(a) (b)

v

Power in kW

00:00
05:00
10:00
15:00
20:00
25:00
40:00
45:00
50:00
55:00
60:00

Figure 1.2: (a) V2G for support of local electric rail systems, system overview and
power flows: EV population acts as buffer between the grid connection and
the fluctuating rail system power demands; (b) Rail system power demand
over one hour: traction power drawn for train acceleration - positive/red,
power supplied from regenerative braking - negative/blue.

While using the aggregator control strategy introduced above to oversee a simu-
lated EV population, the R2REE concept is explored. This novel V2G application
(see is proposed to reduce local peak power demand stresses on the
power grid arising from electrified rail traffic and to enable brake energy recovery.
An existing low-voltage (750 V) [Direct Current (DC)| powered third-rail system
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(traction power is supplied through a third rail along the tracks) in Merseyside,
England serves as a case study.

The operation of a V2G network is simulated in real-time for a 24-hour period
of V2G supported rail traffic from the view of a single train station with nearby
V2G enabled car park. Three main factors determining the performance of such
a V2G system were identified and examined: the EV population size, the EV
charging rates and the power made available to the whole system through the
shared power grid connection.

The simulations found that EV populations between 50 and 100 EVs can be
sufficient to fully absorb power from, and thereby enable, brake energy recovery
on the rail system. However, this is highly conditional on the EV connection
times and charging rates (an EV population capable of fully absorbing an electric
train’s regenerated brake energy in the morning may no longer be capable of
doing so in the afternoon).
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Figure 1.3: EV user interface screen capture: the user may choose between four dif-
ferent charging modes; here, the user has set a date and time by which a
target |State of Charge (SOC)|of 80 % should be reached.

The last major topic covered in this thesis adds more depth to the scheduling
process by granting the owners of EVs a degree of control over V2G scheduling.
‘Range anxiety’ is believed to be a major factor holding back the EV market as
many drivers consider range limitations as a major disadvantage of EVs over more
traditional vehicles with an internal combustion engine. Enabling V2G has the
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potential to worsen this perception as connected EVs may actually lose charge
over short periods. A method is proposed that allows owners to state charging
preferences via an EV on-board user interface as shown in

The inclusion of user charging preferences adds constraints on the scheduling
process and increases computational complexity. Taking these preferences into
account and weighing them against the often conflicting needs of the power grid
without negatively affecting system responsiveness is a challenge to be overcome.
The impact of added complexity on the execution time of the scheduling process
is addressed by resolving user inputs prior to the actual scheduling.

The ability of each EV to either charge or discharge is being assigned a weighting
factor while taking into account user inputs and the current state of the battery
pack. This weighting system, along with the options available to EV owners
will be presented. This computationally efficient method of capturing charging
preference is suitable for other V2G applications than just R2ZREE.

1.2 Project Novelty and Publications

Work on this project has led to a number of novel contributions and publications
as listed in [Table 1.1} including the thesis location of the description and evidence

in support of each claim of novelty.
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Novel Contribution

Location in Thesis

Associated Publica-

tion

Formulation of a novel
modular V2G aggrega-
tor control strategy sep-
arating data collection,
sched-

ule implementation into

scheduling and

distinct processes based
around a single mutual
database.

Chapter [3} Vehicle-to-
Grid Aggregator control,
in particular sections 3.1}
Modular high-level ag-
gregator control struc-
ture, [3.2} Data collection
and [3.3} Schedule imple-

mentation

“Modular strategy for
aggregator control and
data exchange in large
Vehicle-to-Grid
applications”,
grd
Conference in

scale
(V2G)
Energy Procedia:
Annual
Energy Storage and Its
Applications [1]

Novel method of event-
V2G
scheduling suitable for

based predictive
dynamic aggregator
control in large scale car
park-based V2G appli-
cations with reoccurring
power demand profiles.

Chapter |3}  Vehicle-to-
Grid Aggregator control,

in particular
on V2G Scheduling

" Multi-layer event-
based  Vehicle-to-Grid
(V2G) scheduling with
short
capability within a mod-

term  predictive

ular aggregator control
structure”, IEEE Trans-
actions

on  Vehicular

Technology [2]

Method of accounting

for  charging  prefer-
ences expressed by EV
the

mentioned

owners/users  in
previously
event-based  predictive
V2G scheduling.

Chapter section 3.5}

EV communication sys-
tem prototype; Chapter
B EV owner control over

V2G Scheduling

"Integration of electric

vehicle wuser charging
preferences into Vehicle-
to-Grid aggregator con-
trols”, Energy Reports:
4% Annual Conference
in  Energy Storage and

Its Applications [3]

Novel application of V2G
as line-side energy store
for electrically powered
rail transport systems -
Road-to-Rail Energy Ex-
change (R2REE).

Chapter 4 Road-to-Rail
Energy Exchange

”Vehicle-to-Grid  (V2G)
as line-side energy stor-
age for support of DC-
powered electric railway
systems” | Journal of Rail
Transport Planning and
Management (submitted
on 11.09.2020 and wun-
der review, manuscript

number: JRTPM-D-20-

00029)

Table 1.1: Project novelty and associated publications




2. LITERATURE REVIEW

2.1 Emergence of electro-mobility and the need for energy storage

The transportation sector is responsible for much of the global energy consump-

tion - within member countries of the [[nternational Energy Agency (IEA)| which

includes all of North America, most of Europe, Australia, New Zeeland, Japan
and South Korea, transport accounts for about 36 % of all energy consumption
as of 2017 [4]. Most of this energy consumption (about 21 % of the total can be
attributed to passenger cars and about 10 % through road-bound freight trans-
port. It is therefore unsurprising that global ambitions to reduce the dependence
on fossil fuels are largely aimed towards transportation.

Fossil fuel savings in transport may be achieved through 1) improved efficiency

of vehicles using [[nternal Combustion Engine (ICE)| 2) shifting individual trans-

portation to mass transportation (i.e. public transport instead of private pas-
senger vehicles), 3) the usage of cleaner alternative fuels (i.e. biofuels, hydrogen,
etc.) and 4) — most relevant on the topic of V2G — transport electrification [5].
The electrification of transport further aids decarbonisation efforts [6] - in partic-
ular when renewables have a high penetration in the electricity generation [7], it
can help improve air quality (especially in urban environments) [§] and increase
energy security [9].

Electro-mobility is, therefore, being pursued worldwide — thus far with noticeable
success in Asia [5][9], Europe [§][10] and North America [6][7] but with first steps
also undertaken in Latin America [I1] and parts of Africa [12]. Governments
around the globe are pushing policies aimed at increasing EV uptake (although
against consistent calls for further financing and political support [10]).

One noteworthy international initiative is the so-called ‘EV30@30’ campaign. The
stated objective is to reach a 30 % share of EVs in vehicle sales by 2030 in all
participating countries (Canada, China, Finland, France, India, Japan, Mexico,
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the Netherlands, Norway and Sweden) [I3]. The campaign does not specify how
this is achieved in each country and includes no strict commitments or penalties
for failure to achieve the objective. It is, however, a clear statement of intent
against which success can be measured and that can inform government policy
on transport electrification. The UK joined the EV30@30 initiative in 2018 [14]
and as recent as March 2020 has extended subsidies to support the uptake of EVs

[15].

The global pursuit of increased electro-mobility along with improvements in bat-
tery technology have led to significant increases in the number of EVs in recent
years (see . According to the International Energy Agency, the global
EV fleet grew by 2 million in 2018 alone, exceeding 5.1 million (these numbers
include [Plug-in Hybrid Electric Vehicles (PHEVs)| [16]. About half of this growth
can be attributed to EV sales in China and about a fifth each for the European
market and the US. As of 2018, the countries with the highest market shares
of EV sales were Norway with 46 % (thus easily achieving its EV30@30 target
already), Iceland with 17 % and Sweden with 8 % [16].

Electric car deployment in selected countries, 2013-2018
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Figure 2.1: Global EV rolling stock (including PHEVS) according to the International
Energy Agency, figure taken from [17]
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While the IEA has not yet released its final analysis for the 2019 calendar year,
global EV sales (again including PHEVS) are estimated to have reached about
2.26 million units according to ‘EV volumes’, a website dedicated to tracking the
development of global EV markets [I8] (by contrast, total global car sales are
estimated to about 75 million units in 2019 [19]). If correct, this number would
suggest a year-on-year growth in EV sales of around 10 % which indicates a
significant slowdown compared to previous years (see . This slowdown
seems to stem predominantly from stagnation on the Chinese and US EV markets
in 2019 [18].

Longterm forecasts predict that the trend of rising EV sales is set to continue.
Looking yet again at the IEA, it predicts the share of EVs in global passenger car
stock to rise from 0.6 % in 2018 to 14.5 % in 2030 (see [Figure 2.2)). This forecast
assumes adherence to the IEA |Sustainable Development Scenario (SDS)| which

describes pathways for all energy-related sectors to achieve global climate change
goals - in particular, the Paris climate change agreement [20]. Unlike most other
sectors, the IEA judges the uptake of EVs as ’on track” with the SDS [21] (as of
2018).

Electric car market share in the Sustainable Development Scenario, 2000-2030
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Figure 2.2: Global EV sales (including PHEVS) and forecast according to the Interna-
tional Energy Agency, figure taken from [22]

This forecast seems to align with expectations in the automotive industry as ev-
idenced by heavy investments in EV technology in recent years. With industry
‘heavy-weights’ such as Ford [23], Toyota [23], Jaguar Land Rover [24], Volkswa-
gen [23][25], BMW [26], Nissan [23] and Porsche [27] all committed to shifting
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their vehicle portfolio away from [[CE] vehicles towards EVs. The drive towards
electro-mobility even sparks seemingly unlikely alliances between supposed rivals
as evidenced by the recent announcement of a collaboration between Jaguar Land
Rover and BMW to develop EV technologies [24] (arguably as both companies
lag behind the Japanese competition with regards to EVs).

It should be noted that at the time of writing it is not clear how the relatively new
and unusual circumstances of the COVID-19 pandemic will affect the uptake of
EVs in 2020 and beyond. Given the general downturn in global economic activity,
factory closures, low demand and supply-line issues (such as lithium supplies [2§])
for at least the first half of 2020 it is plausible, if not likely, that year-on-year
growth of the global EV fleet will be well below the projections or even negative.
Should this be the case, it remains to be seen if this will be a one-off event or
lead to a lasting trend reversal of growing EV numbers.

However, the pandemic’s economic impact similarly affects the production and
sales of traditional’ ICE vehicles due to factory closures and lower demands [29).
Thus, it is plausible that the growth of EV sales relative to ICE vehicles will
continue at pace. Assuming no significant changes in policy regarding transport
electrification or the reversal of investments in relevant industries, the author
remains optimistic that the shift towards electric vehicles will continue regardless.
In either case, the working assumption for the remainder of this thesis is a greater
abundance of EVs on our roads in the not too distant future.

Of course, ongoing transport electrification is not limited to road vehicles but can
equally be observed in rail transportation. Rail transport accounts for about 4 %
of the total energy consumption within IEA member states [4]; significantly less
than road transport (about 31 %). Differences in the degree of rail electrification
between countries are stark. In China about three-quarters of Chinese rail is
electrified [30] while only about 1 % of tracks in the USA are electrified [31]. Many
European countries and the [European Union (EU)|itself push for more electric
rail systems to reduce carbon emission and battle air pollution [32][33]. The UK

in particular aims to completely replace diesel locomotives by 2040 [32][34].

Railway electrification typically implies having electrically driven trains powered
by either overhead transmission lines or third-rail (see and fourth-rail
systems. Thus, it not only includes replacing the locomotives but also building
the infrastructure to continuously power electric rail vehicles. However, there are
some proposals for trains with on-board battery energy storage [35] to reduce the
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dependence on power infrastructure along the track.

Apart from the need for additional infrastructure, transport electrification also
poses challenges to the existing power grid. While generally regarded as a positive
development, an ever-increasing number of EVs and PHEVSs risks overwhelming
local distribution networks [36]. Shifting individual transportation away from
fossil fuel combustion increases the electricity demand for EV battery charging
and creates power demand peaks if charging is not managed effectively. The
risk of overloading substations is particularly severe when peak demand from EV
charging coincides with the megawatt level power demands of electric rail vehicles
[31].

It should also be noted that transport electrification is not the only considerable
transformation of our electricity systems but is accompanied by shifts towards
renewable electricity generation. As such, increased electricity consumption from
electro-mobility happens to coincide with increased intermittency in the electric-
ity supply. To mitigate issues with supply intermittency, energy storage tech-
nologies are generally accepted as absolute necessity [3§].

Another route to avoid overwhelming the grid is demand-side management. With
regards to EVs, this implies the avoidance of uncontrolled ‘dumb charging’. In-
stead, charging can be controlled by limiting charging rates and/or delaying
charging to off-peak periods. This approach of ‘smart charging’ has been widely
explored over the years and is already commonly used [39][40][41].

Smart charging generally treats EVs as a burden to the power grid which has to
be constrained. However, an increase in EV rolling stock also leads to a larger
number and higher total capacity of EV batteries ‘on the road’. Considering
that most vehicles are parked for most of their lifetime (about 95 % [42]) a lot
of potentially useful battery capacity may be sitting idle. Making use of this
capacity could turn EVs from a burdensome load into useful energy storage for
the grid — which is the core idea of the V2G concept.

2.2 Vehicle-to-Grid distributed energy storage

V2G is an energy storage concept that uses the aggregated batteries within parked
EVs as an energy store for the power grid [43]. It treats the EVs’ battery packs as
distributed grid-based battery energy storage. Power flows are managed by the
so-called aggregator, which arbitrates between the needs of EVs and the grid. The
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aggregator decides when and at what rate individual EV battery packs are being
charged or discharged in a process usually referred to as scheduling [44].

V2G is a multidisciplinary field of research concerned with the power grid, com-
munication networks, transportation systems and urban infrastructure [45]. Ex-
act definitions of what constitutes V2G vary but in general, the concept requires
the control of energy flow between the power grid and grid-connected EVs. One
major difference between definitions of V2G is whether energy flows can be uni-
directional [46][47] (i.e. controlled charging of EVs) or have to be strictly bidi-
rectional (controlled charging and discharging of EVs).

The description of unidirectional V2G (even referred to as V1G [47]) has only a
few examples in literature and seems to be outdated terminology. It is however
quite prominent on the English Wikipedia page on ’'Vehicle-to-Grid’ (and has
been for years). The latter may be of little to no relevance to researchers in the
field but is a main source of information for the general public.

Unidirectional V2G would certainly be easier to implement than the bidirectional
counterpart but the potential to provide grid services is obviously limited to
EV batteries receiving power from the grid (at periods of low power demand)
or simply not charging (when the power demand on the grid is high). While
unidirectional V2G can be advantageous to the power grid and has some potential
for monetisation for vehicle owners [46] it arguably falls under the umbrella of
'smart charging’. Thus, the definition used for V2G in this work strictly implies
bidirectional power transfers between EVs and the power grid, which appears to
be in line with the vast majority of literature in the field [48][49][50] [43][51].

Another piece of V2G related terminology to be clarified is the (slightly more com-
mon) distinction between V2G and |Grid-to-Vehicle (G2V)l Some authors in the
field make a distinction between V2G and G2V to denote the direction of power

flow with the same system being either in V2G mode when EVs are discharged
or G2V moded when EVs are charged [52][53][54] [55]. While this distinction can
be a useful shorthand in certain discussions, it will not be employed in this work
to avoid confusion wherever the term V2G is used.

The essential element at the centre of any V2G network is the so-called aggregator.
The aggregator groups several EVs together and acts as the intermediary between

EVs and the power grid (more precisely the locally operating Distribution System|

[Operator (DSO)|or, assuming the V2G network is large enough the
ISystem Operator (TSO)|[56]). For a number of EVs (typically parked on the same




36 2. Literature Review

car park) charging and discharging would be managed through the aggregator in
accordance with the DSO or TSO [57].

Definitions for aggregator vary in the literature depending on context and it is
not always clear if the term refers to the power infrastructure grouping the EVs
together, the control logic making charging/discharging decisions or the economic
entity trading electricity/grid services. However, these definitions are not mutu-
ally exclusive and an aggregator may roughly be described as anything needed to
manage power flows and arbitrate between the needs of EVs and the grid. Thus,
all three definitions may apply where relevant.

Another aspect in which V2G literature appears to be split is the inclusion of
PHEVs. There is no inherent reason why PHEVs could not be used in a V2G
application — however, their battery packs typically have much lower capacities
and charging rates than 'pure’ (i.e. non-hybrid) EVs. Thus the potential value
of PHEVs for any grid services is significantly lower — usually, but not always,
excluding PHEVs from consideration.

Within this work, PHEVs are not included in any analysis (any simulations in
and are based on "pure’ EVs, see . However,
any of the findings regarding aggregator control presented in could be
equally applied to a V2G network with a population of connected PHEVs. Some
of the references used throughout this thesis may have included PHEVs in their
analysis/models — this will be pointed out only where relevant for context.

2.2.1 V2G Applications

V2G has been proposed for various applications in literature. A V2G network acts
as a distributed grid-based battery energy store offering a high power density and
high energy density but with additional complications such as a varying capacity
and potential limitations on the minimum SOC of the EV batteries. A V2G
network could serve many different purposes and perform various grid services:

e Act as (pseudo) spinning reserve [53]: Spinning reserve describes extra gen-
erating capacity available and already connected to the grid (i.e. generators
already running, but not at full power). V2G could serve the same purpose
although it is not generating electrical power but releases energy stored
already (hence 'pseudo’).
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e Improve load factors and balance loads through peak shaving or valley filling
[52]: A reduction in peak power demand may decrease the need for power
utilities, thus reducing costs (even if the total electricity consumption is
unchanged).

e Provide backup power in cases of power outages [52][58]: The V2G network
could potentially power single buildings or whole communities during short
outages (or just core-infrastructure over longer periods).

e Buffer the intermittency of renewable energy sources [52]: This could allow
the integration of more renewables in the power grid and reduce the need
for gas turbine power plants (as demand response), ultimately reducing
emissions (as long as battery degradation is not excessive [59]).

e Provide frequency regulation [52][60][61]: Closing gaps between power gen-
eration and demand help to maintain the grid frequency at 50 Hz (in most
parts of the world) or 60 Hz (in North America and parts of Asia) [62].

e While doing any or all of the above, generating revenue (multiple potential

revenue streams to be discussed in [section 2.3)).

The above examples are all rather common grid services that are widely discussed
in the literature — not just with regards to V2G but also energy storage in general.
Most publications on V2G assume one or more of the above applications (thus,
these applications will re-emerge throughout the rest of this review). There are,
however, several examples of highly specialised ‘niche’ applications for V2G. One
of which - R2REE — as the topic of this thesis will be discussed in detail in

and throughout later chapters.

In other examples, V2G has been proposed to help to make small islands energy
self-sufficient [63] or as a tool for triad avoidance [64][65] for large-scale electricity
consumers. The latter application is very UK specific as 'triads’ (three half-hour
periods of the highest power demand in a year [66]) are used by National Grid to
determine the charges for industrial and commercial power consumers. Shifting
the electricity consumption away from such a triad period (time of occurrence
unknown beforehand) can significantly lower electricity costs for a large business
— even if the total electricity consumption has not changed (leading some to
criticise the whole concept of triad-based billing [67]).
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Some proposed applications employ the general idea behind V2G on a smaller
scale. [Vehicle-to-Building (V2B)| and [Vehicle-to-Home (V2H)| are energy storage
concepts in which EVs are connected to the electrical grid of individual buildings

[68]. Just as in V2G, EVs are charged and discharged (supplying electricity to
the building) with regard to the building’s energy demand. V2B and V2H are
usually not concerned with grid services but are aimed to change a building’s
power demand profile to reduce electricity costs or make more efficient use of
local renewable energy sources (for example solar panels on the roof of the same
building). Further, the EVs can potentially power the building during power
outages [58]. As these concepts may reduce a building’s electricity consumption
at times of peak demand, they may also be indirectly beneficial to the power grid
if widely implemented.

V2H is being developed by Nissan for example, using a smart home-based bidirec-
tional charging station connecting a single Nissan Leaf to a typical family house
[69]. An interesting example of V2B is the 'EV-elocity’ demonstrator project
which aimed at using 100 EVs to support the power demands of an airport [70].
Unfortunately, at the time of writing the project progress is unclear as its funding
body currently lists the project’s status as ’on-hold’. However, the idea of using
the V2G concept at an airport has also been mentioned with reference to London
Heathrow in an article hailing potential environmental benefits while admitting
that economic benefits are 'uncertain’ [71].

For the airport, this concept supposedly offers increased energy security and end

the reliance on diesel generators to keep [Information Technology (IT)| systems,

lighting etc. running during outages. Interestingly, the same article implies that
7 Airports, train stations or workplace car parks could really support the transition
to a low-carbon electricity network” — one of the very few mentions of V2G in the
context of rail systems although without any further detail on the topic.

Several ongoing V2G projects are focused on commercial EV fleets. The project
titled 'Integrated Energy Systems for Commercial Vehicles’ [72] is a feasibility
study for using V2G in commercial fleets. As the project abstract points out,
commercial vehicles are particularly well-suited for V2G as they congregate at
depots, follow duty cycles scheduled in advance, typically possess larger battery
packs than passenger vehicles and are owned by businesses able to assess the
trade-offs of V2G revenue and costs associated with reduced battery life [72].
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Another ongoing project titled 'Bus2Grid’ investigates using V2G with 30 electric
buses at London bus depots [73]. While the project description does not give any
details on the buses used, it seems likely that this refers to Transport for London’s
fleet of BYD ADL Enviro200EV (single deck) and BYD ADL Enviro400EV (dou-
ble deck) busses [74] [75]. These buses have purely electric drivetrains with 330
kWh battery packs and dual plug 2x40kW |Alternating Current (AC)| charging
[76][77].

2.2.2 User Acceptance of V2G

Unlike with commercial fleets, when relying on privately owned EVs V2G faces
the issue of encouraging user participation [78]. While owners/managers of com-
mercial fleets may be expected to objectively decide for or against V2G participa-
tion purely on economic merits, EV-owning consumers may take issue with other
rather subjective factors. For example, the loss of control over the EV charging
process or the struggle to accept an increased rate of battery degradation from
V2G participation.

Social factors, however, are sparsely covered in V2G literature. Sovacool et al.
found that the topics of social acceptance, consumer behaviour or consumer in-
formation were represented in less than 3 % of V2G literature — despite the social
acceptance of V2G technologies being paramount for a successful rollout of V2G
[79]. The social acceptance and perception are also important for electro-mobility
itself as the electrification of individual transportation is widely considered to be
hampered by ‘range anxiety’- the perceived inferiority of EVs to traditional ICE
vehicles in terms of driving range [80][81]. A survey from 2012 of drivers in the
US found that range limitations were named as ‘biggest concern’ regarding EV
adoption by 33 % of participants followed by cost with 27 % [82][79].

Although this survey is somewhat dated, this description of public perception
is in line with personal experiences of discussing electro-mobility with members
of the public — even as both, range and cost of EVs has improved significantly
over recent years. In many cases, EVs are already cheaper to own and maintain
than ICE vehicles over 5 years of ownership [83] (as low maintenance cost and
electricity prices compensate for a higher initial purchase price of an EV).

As range anxiety remains, it is not unreasonable to assume that it could negatively
affect the acceptance of V2G technologies. EV users may fear a loss of control
over the charging process of their EVs and the EV batteries may actually lose
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charge over short periods. While of course purely anecdotal evidence, the author
is frequently confronted with questions such as “What if my car’s battery is empty
when I return?’” when explaining the concept of V2G to a layman audience.

As a relatively new technology V2G is still rather unknown not only to the general
public but even to those working in the transport and electricity sector; even
among those aware, it is often conflated with smart charging [84]. The acceptance
of smart charging among EV users is quite high with up to 95 % being happy
to use smart charging if it reduces their electricity bills [85]. It is unclear if
V2G could achieve an equally high acceptance. The concept of smart charging
and potential cost savings through off-peak charging at lower electricity tariffs is
relatively easy to grasp. V2G is a more complex proposition and comes with the
(at least perceived) risk of a decrease in EV battery SOC.

A study undertaken by Parsons et al. [86] found that EV drivers are hesitant to
enter into binding V2G contracts, desire flexibility in car usage and lack aware-
ness of the times that their cars are parked. One suggestion made to address this
hesitation is to eliminate strict contract requirements in favour of more conve-
nient, flexible ‘pay-as-you-go’ services [86]. As discussed in [chapter 5| this work
addresses similar issues by providing EV drivers with flexibility via means of user
control over the V2G usage of their vehicles.

Allowing users to state charging preferences for the aggregator to abide by is
a possible approach to increased V2G acceptance and, by extension, V2G par-
ticipation. This can be done using simple user interfaces providing a range of
charging options either remotely via smartphone apps or on-board ‘infotainment’
systems (multi-media devices used for entertainment, climate control, navigation,
etc.) [87].

V2G participation by EV owners may also be encouraged through ’gamification’
to make V2G more accessible to the public. V2G gamification, i.e. the integration
of competitions, games and virtual rewards is the subject of an ongoing project
[88][89] with yet unknown outcome.

2.3 FEconomic Considerations of V2G

As for most new technologies, successful and far-reaching implementation of V2G
depends greatly on its potential economic benefits. Building and maintaining
the infrastructure necessary for widespread V2G adoption is costly and so is
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potentially accelerated EV battery degradation from V2G participation [68][90].
In a strongly simplified V2G network, there are three parties, each with their own
financial interests: the grid operator, the aggregator and the EV owner(s).
A visualisation of how fees and compensations might be transferred between the

parties can be seen in [Figure 2.3|

[1] Fees for battery [2] Fees for electricity
charging consumption

[4] Compensation [3] Compensation for
for grid services aggregator service

Figure 2.3: Fees and compensations paid between the three parties in a V2G network

The grid operator, depending on the current situation, either sells electricity
to or purchases grid services from the aggregator. Purchasing grid services might
simply mean buying electricity back from the aggregator when needed but could
also include charges just for the availability of grid services regardless the actual
usage (i.e. as insurance against outages/imbalance). For example, the grid op-
erator may pay a fixed monthly fee to the aggregator to ensure that a certain
capacity is available as a spinning reserve for the grid at any given time [54].
Thus the grid operator serves as both, a supplier (of electricity) and a customer
(of grid services).

The aggregator which, from an economical view may be defined as ”an entity
that assembles customers into a buying group for the purchase of a commodity
service such as electricity [91]” acts as a broker between the grid operator and EV
owners and, in most cases, also seeks to generate profits from V2G participation.
For EV battery charging the aggregator may pass on electricity costs to the EV
owners but can also charge additional fees for charger usage. For performing grid
services, the aggregator receives compensations which may be shared with the
EV owners.



42 2. Literature Review

There are several ways in which EVs might be grouped by aggregators. The
simplest example to consider is a single car park with a fixed number of spaces
managed by a single aggregator. Here the aggregator might be the car park
owner /operator, or a business renting the car park to make profits from V2G
services [57]. Participating in a market as an aggregator is challenging due to a
high level of uncertainty - the available battery capacity is constantly changing
with the number, the SOC and connection time of EV batteries.

To ensure the profitability of aggregator projects, reliable predictions of the be-
haviour of EV owners are needed. Statistical data might be used to predict EV
owner behaviour, which is influenced by social and economic aspects [02]. De-
pending on where V2G is employed, difficulty and accuracy of such predictions
vary. The situation in a public car park near a shopping centre is likely to be
more variable than in a coach operator’s parking space (where coaches usually
have strict driving schedules). Hence, an aggregator might manage a fixed fleet of
EVs (coaches, lorries, taxis, etc.) from the same owner rather than public parking
areas (several examples of V2G usage with commercial EV fleets are discussed
below).

EV owners provide the EV battery capacity to be used for grid services during
the parking time. As the counterpart to the grid operator, they similarly act
as both a customer (of electricity for EV charging purposes) and as providers
of grid services. The main costs for EV owners are due to battery degradation
(which is a major financial risk [93][51]) and should be fully covered by the com-
pensations received — ideally including profits for EV owners - to encourage V2G
participation. Further, the EV owner requires the EV to be operational (battery
charged to a certain SOC) when leaving the parking space, which may limit the
grid services that can be performed.

The potential economic benefits of V2G for each of the three parties depend
on electricity market conditions at the time, EV charging strategies and vehicle
aggregation [52]. There are numerous studies on the economic viability of V2G.
However, these studies are so diverse in terms of underlying market conditions
(i.e. a grid service that is profitable in the US may or may not be profitable in
European markets) and the assumptions made (i.e. fixed and predictable charging
schedules, constant ambient temperature, etc.), that too often, the results cannot
be meaningfully compared with one another.
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There are case studies of both, profitable and unprofitable V2G scenarios (a
selection of which are discussed below) but it seems too early to make a general
judgement on the economic viability of V2G as there is still a high degree of
uncertainty over the future cost developments (e.g. cost of EVs and charging
hardware) as well as the compensation paid for grid services going forward.

As discussed in the previous section, one central concern of V2G is the encour-
agement of EV owners to participate — which is also (although not exclusively)
an economic concern for owners of EVs. Just covering their cost of V2G partici-
pation may be considered insufficient and it is widely believed that a significant
yearly per-vehicle profit is needed to persuade EV owners to take part.

While some individuals may happily participate for non-profit reasons if, for ex-
ample, environmental benefits are perceived as a ‘greater good’ — the apparent
underlying assumption in the relevant literature is that EV owners require finan-
cial incentives to participate. Without fair pricing mechanisms, EV users may
avoid V2G services. Finding such mechanisms is however difficult as aggrega-
tors are unaware of individual user preferences [94] (this problem is addressed in
chapter 5). It should be noted that financial incentives may not be limited to
direct payments for V2G services but could also take the form of free parking [95]
(valuable especially in urban environments) or discounted EV-charging.

Further, it should be noted that costs from V2G participation for EV owners
may not be limited to increased battery degradation. It is possible that V2G-
related cost already occurs when purchasing an EV if V2G-enabled models are
more expensive than models capable of charging only (the opposite might also be
true should policymakers decide to subsidise V2G). While there is no indication
of the EV market developing in either direction this could significantly impact
the economic case of V2G for EV owners.

2.3.1 Case studies and projects on V2G economics

One 2013 case study for Ontario, Canada assumed that EVs are being paid feed-
in-tariffs similar to the local feed-in-tariffs for renewable energies for providing
peak power provision [96]. While the study could identify scenarios, in which
yearly profits could be achieved under such feed-in-tariffs (around $50-60 per
vehicle per year, to be shared between aggregator and EV owner), the study’s
author believes these would be too low to encourage V2G participation. A further
problem with such feed-in-tariffs is that the energy is merely stored in EVs and
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not generated. Hence, it may not be seen as justified by some to pay similar tariffs
to electricity generation, even though storing energy can be equally useful.

A 2017 study also looking into using privately owned EVs for peak reduction
(this time in the United States) similarly showed that V2G can generate profits
(ranging between $129 and $342 per vehicle per year) [51]. While higher than the
previous example, the author’s of this study, too, have doubts that this provides
sufficient incentives for EV owner participation. Profits are, however, increased
slightly in scenarios in which a carbon dioxide tax is introduced into electricity
prices (up to $30 per vehicle per year for currently common carbon pricing —
which may increase in the future).

The rather recent ‘Vehicle to Grid Britain (V2GB)* project (concluded in 2019),
as the name implies, focused its feasibility analysis of V2G for domestic customers
on the UK energy market [97]. It, rather unsurprisingly, identified plug-in rates
(i.e. the fraction of time that an EV is connected to the bi-direction charger) as
a major driver of profitability. While the average plug-in rate of participants was
rather low at around 30 %, for those participants with 75 % plus plug-in-rates
annual revenues above £400 could be achieved — four times that of the average
participant (based mainly on frequency regulation through a 7 kW bi-directional
charger). However, costs for a V2G charger are significant (predictions range from
£650 to £1150 one-off cost for a 7 kW charger) [97], so only committed EV users
with high plug-in rates will experience net revenues. From a macroeconomic
perspective, the project concludes that V2G could help save £200 million in
upgrade costs in the distribution network between 2020 and 2030 compared to
completely unmanaged EV charging [97].

Revenues from V2H systems in the UK were also found to be ‘modest’ according
to the ‘Home As a Virtual Energy Network’ or ‘HAVEN’ project (also 2019).
It concluded that a single EV added to a home energy network could generate
about £100 annual revenue/savings through day-ahead electricity price optimi-
sation (compared to unmanaged charging). Consumers with [Photovoltaics (PV)|
installations and other energy storage solutions that allow for electricity shifting

with the EV could see around £70 of additional annual revenue by maximising
the self-consumption of PV generation. An EV on its own was found to increase
PV self-consumption to a very limited degree as EVs are typically not connected
during peak PV generation [98]. Consumers matching these criteria may be rel-
atively rare and even for them revenue increases/savings from V2H seem quite
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low (undoubtedly, at least in parts, due to limited efficiency of PV generation in

the UK).

Another study published in late 2015 investigated the potential costs of electric
school buses in Philadelphia, USA [99] (including cost compensation via V2G
usage for frequency regulation). The study compared the overall costs relative to
traditional diesel buses and found a net increase in costs of $7,200 per seat. While
the higher costs are mostly associated with the generally higher capital costs of
EVs, the authors interestingly emphasise significantly lowered V2G profits due
to cold ambient temperatures. It was assumed that the fleet participates in fre-
quency regulation services and while the prices for this service spiked during very
cold weather, the V2G performance of the EV batteries was low. This indicates
that weather and climate are important factors to consider when assessing V2G
profitability.

There are several other studies focussing on EV fleets which are interesting from
an economic viewpoint as aggregator and fleet owner may coincide instead of
being separate parties with differing financial interests. One other example ex-
amined the economic and environmental benefits of electric delivery trucks being
used in V2G frequency regulation (in the US) [I00]. This study found signifi-
cant additional revenue and emission savings from participating in V2G with a
centralised fleet (around 30 vehicles). It was assumed that delivery trucks are
parked 10 to 12 hours per day and that driving schedules were known. Further,
it was noted by the authors that the prices for frequency regulation vary strongly
depending on time and location and that even range-extended electric vehicles
with small batteries are also useful for frequency regulation. The authors also
mention the possibility of cost reduction for fleet owners participating in V2G
through a reduction in carbon tax (as participation indirectly helps mitigating
greenhouse gas emissions).

An example of a UK-based project with a focus on commercial EV fleets is
‘Vehicle-To-Grid Oxford (V2GO)’ demonstrator project. It is still ongoing at
the time of writing (project outcomes unknown) and investigates potential busi-
ness models of V2G services for UK fleet operators [I01]. With an anticipated 100
EVs in real-world V2G trials [102], this is one of the largest V2G demonstrator
projects. Given its scale, this project will surely provide some valuable insights
— unfortunately, the specifics of the project are rather ambiguous so far: ”The
V2GO project has four main aims: Demonstrate the benefits of EV adoption and
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value of V2G and Smart Charging for fleet operators; Compare and assess the
benefits of EV adoption and V2G against existing operating systems and prac-
tices; Understand how modifications to the fleet operation or charging patterns
could help to optimise overall value; Provide real-world experience of V2G and
the technology to trial participants and stakeholders [103].”

The ‘E-FLEX’ project, another UK-based V2G project involving 200 EVs served
as a demonstrator for a ‘functioning V2G market’ [104]. It found that while “the
true commercial benefits of the technology are yet to be comprehensively proven,
[...] V2G could represent a strong accelerating factor in the uptake of EVs
and the achievement of ambitious cost - and carbon emission - cutting targets”.
Seemingly, the economic case for V2G (at least under current market conditions)
has not been conclusive.

While there is still controversial discussion on the economic viability of V2G
technologies, most authors appear to agree that (at least for now) frequency reg-
ulation is the most profitable grid service [60][97][99])[100] for V2G. Overreliance
on this grid service, however, is a risky proposition as compensations are volatile
and may fall quickly if a successful uptake of V2G along with other energy stor-
age alternatives saturates the market [105]. In none of the studies found, it was
considered how a large-scale implementation of V2G (or the simultaneous rollout
of other energy storage technologies) might affect the prices paid on the market
for frequency regulation. Only in case of the V2GB project do the authors warn
of a potential saturation of the market as EV numbers increase [97] (although
without concrete predictions on the matter).

Further, the economic benefits for certain parties to participate in V2G may not
come from direct payments, but through avoiding other costs (i.e. a reduction of
carbon tax [51][I00] for fleet owners, discounted charging or free parking for indi-
vidual EV owners). Finally, it might also be worth discussing if V2G technologies
strictly have to be profitable on their own. The argument could be made that the
environmental benefits and the public need for a reliable electricity supply de-
spite increased intermittency from renewable energy sources justify some degree
of public financing of V2G (and/or other energy storage technologies).
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2.4 Communications and Control

Communications is a major challenge in V2G systems — partially due to a lack of
standardisation on the EV market (although as will be discussed later, some early
attempts on standardising some aspects of V2G communication exist). V2G op-
eration requires the exchange of information between three distinct parties: the
grid-side (in the form of TSO or DSO), the aggregator and the EVs. With
multiple EVs present, there is not just a single stream of information to be man-
aged, but multiple streams of — potentially simultaneous — data exchange on the
V2G network. The frequency of data exchange, communication routes and type-
/amount of information required may differ significantly depending on the V2G
application. Yet, some general observation can be made depending on the parties
communicating.

Grid operator-to-aggregator communication

This type of communication may be the least challenging as it follows techniques
and conventions already in place on the electricity market in which the V2G
network operates. In practice, this means that grid operator-to-aggregator com-
munication in a V2G network follows that between the grid operator and power
stations or energy storage facilities. While these standards are country-specific
they are typically well regulated and based on matured technologies.

In the UK, any system connected to the transmission system has to comply with
regulations set by national grid (National Electricity Transmission System Secu-
rity and Quality of Supply Standard NETS SQSS) [106]. Depending on the scale
of an aggregator, it might be connected to the transmission system, or a local dis-
tribution system (i.e. a collector substation). In either case, the communication
between the aggregator and the TSO or DSO requires the exchange of real-time
(e.g. frequency), static (e.g. voltage limits) as well as technical data [107].

Aggregators are likely designed to operate as autonomous systems without the
need for regular intervention by human operators. Autonomous power systems
commonly use control and communications systems called Supervisory Control
And Data Acquisition (SCADA) [I08]. These systems could be implemented to
inform the aggregator and handle communication with the TSO or DSO using a
dedicated communications network or encrypted internet connections.
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Aggregator-to-vehicle communication

This branch of communication is potentially the most challenging one. This is due
to the varying amount of connected battery capacity, the potentially high number
of EVs on the network, a variety of different EV models, need for standardisation
of communication between EV manufacturers, safety concerns and even legal
issues regarding privacy protection of EV owners. There are several degrees of
communication depth (in terms of the type of information transferred), which
might be chosen:

1. No active information exchange

In the simplest case, aggregator and EVs do not actively exchange any infor-
mation. Instead, the aggregator could simply try to draw as much electricity
as needed from a connected, unidentified, EV unless an on-board system in the
EV prevents this. This way no communication system is required, but it comes
with several disadvantages. Firstly, there is no certainty for the aggregator on
how much capacity and power is available on the network. It might be possi-
ble to predict the capacity available based on statistical and empirical models
(i.e. the number of parked vehicles known, the fraction of connected EVs known,
average SOC and total capacity estimated), but this could only lead to rough
estimates.

Further, no communication between aggregator and EVs makes collecting billing
information difficult as an additional system would be required to identify EVs (or
rather their owners) and store usage data. Finally, the degree of uncertainty over
the connected energy capacity and potential power output prevents the aggregator
from optimising its profitability.

A major advantage of this approach is the lack of potential privacy or data protec-
tion violations as no sensitive data is collected. As this method is likely to lead to
ineffective utilisation of V2G enabled EVs; it is barely considered in the relevant
literature. It is usually assumed that at a minimum, an aggregator would need
to know how much and at what rate electricity could be drawn from a parked
vehicle.

2. Unique vehicle ID

To enable a simple automatic system to track payments to be made from (i.e.
charging fees) or to (i.e. compensation for V2G participation) the EV owners
there needs to a system to identify each EV on the network and track the elec-
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tricity flow into or from the vehicle. Such an [[dentification (ID) might be chosen

to be permanently associated with a specific EV similar to the frame number of
any street-legal vehicle or might change regularly similar to the way a computer’s

IInternet Protocol address (IP)| changes every time a new internet connection is

set up.

The former makes tracking of EVs charging schedules easier, while the latter
enables better privacy protection for EV owners. Changing IDs, just like changing
IP addresses requires a register to allow identifying an EV for billing (similar to
registers kept temporarily by internet providers [109]).

Permanent or not, vehicle IDs might be set up to be a seemingly random and
anonymised string of numbers and letters or are chosen to contain some basic
information about the vehicle (e.g. make and model, battery capacity, etc.).

Following the latter, one might use a digital version of the [Vehicle Identification]
INumber (VIN)| already in place as the ID. The 17 digit VIN code is unique
to each vehicle (specifically the frame) and contains information on the vehicle

manufacturer, model and year of manufacture [I10] but no private information
about the vehicle owner.

This information is kept at national registers. Such a register or database in
which vehicle IDs can be linked to the vehicle owners and their payment details
would also need to be available for billing purposes in a V2G network. It is
also possible to use multiple (procedurally generated) vehicle ID’s, which could
improve privacy and safety [I11]. Any system chosen for vehicle identification
has major implications for privacy, data protection and security aspects and may
face legal challenges in different countries.

Within this work, (simulated) EVs are assigned a unique but temporary ID upon
connecting to the network (see . This ID, a simple integer value, is
assigned within the database by auto-increment. It only serves the purpose of
identifying an EV until it disconnects (should the same EV re-connect later it will
be assigned a new unique ID). A billing system, which would require identifying
EV owners, is not implemented within this work.

3. EV technical information

Unlike in most other energy storage technologies, the energy capacity and po-
tential power output of a V2G network vary depending on the number and type
of connected EVs. In order to optimise and plan for the provision of grid ser-
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vices it generally assumed that the aggregator knows these parameters - or at
the very least — has fairly accurate estimates available. For this, the aggregator
needs information about the current EV population, for example how many EVs
are connected, how much capacity each EV provides as well as the SOC of each
connected EV.

Thus a system is required that allows EVs to share information on the battery
pack with the aggregator. However, there is no single agreed approach on how
such a system would operate. What type of communication technology is used?
How are messages between aggregator and EV structured? How often does this
information need to be updated?

As will be shown later, such communications related considerations are usually
not considered in the literature on V2G scheduling or specific V2G applications
where the underlying assumption typically seems to be that the aggregator has
perfect knowledge on the EV population at any time. In this work, by con-

trast, the aggregator control system presented (see |chapter 3|) includes a com-
munications scheme suitable for and addressing specific challenges of the R2ZREE

application (see [chapter 4] and [2]).

4. Future EV usage, EV user charging preferences

To achieve a high degree of predictability for the aggregator, EVs would not only
provide information on the current state of its battery but also on how the EV
will be used in the future. Such information could contain the time at which the
vehicle is expected to depart as well as the SOC which the battery is required
to have at that time. This level of information would allow the aggregator to
make full use of connected EVs for V2G services while ensuring that EVs are
sufficiently charged when the drivers return.

On the downside, EV owners might not be willing to share this level of information
or do not want to make predictions on their return. Further, for EVs to share
information on future usage there must be a system in place which allows drivers
to express their preferences. Within this work, such a system is integrated into
the aggregator control along with a suitable user interface (see .

Vehicle-to-driver communication

With regards to V2G, this branch of communication serves two purposes: inform-
ing the EV driver about the state of the battery and/or allowing the driver to
influence charging/V2G usage of the EV. The former is already featured in any
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commercially available EV, typically through displays showing the battery SOC
or an estimate of the remaining driving range. An interface to allow the latter,
however, is not yet universally implemented.

In its simplest form, such an interface might be chosen to be a simple on/off
switch enabling or disallowing V2G participation. In order to maximise partici-
pation in V2G and with it potential profits for EV owners and aggregators, more
sophisticated systems would have to be applied. One approach might be to allow
the driver to set a minimum SOC to which the batteries might be discharged
along with a default value, which is applied if no selection was made. This gives
drivers some control of the vehicle range which might limit the EV’s V2G usage
while being parked.

Ideally, drivers can even input the time of their next journey along with the range
(or SOC) that is required by that point. This again might be used with a default
setting (i.e. battery must be fully charged every morning by 8 am) for driver
convenience. When designing more sophisticated user interfaces care must be
taken to maintain user convenience. If the interface is too complicated to use or
hidden within a plethora of other vehicle settings, drivers may not bother to use
such systems and simply opt-out of V2G usage.

Such interfaces may be implemented into already existing hardware. Most mod-
ern EVs are already equipped not only with displays showing detailed information
on the current battery state but advanced multi-media devices or ‘infotainment’
systems [87] - often using touchscreen displays. Newer systems even possess inter-
net connectivity and may be interfaced with smartphone devices to share vehicle
information or even control certain features, such as heating, remotely [112].
Where such systems are already in place, the addition of an interface allowing
drivers to control V2G charging/discharging may only be a matter of a software
update.

However, the difficulty remains that such systems do not yet follow a single design
standard. EV manufacturers may use different systems even within their own
product portfolio and certain infotainment features may not be part of the base
models but expensive options that are chosen only by a subset of customers.
Thus a V2G control interface designed for one EV may not be compatible with
others.

As an example of how this could cause problems in V2G systems, some current EV
models such as the BMW i3 [I13] give drivers the option to limit the maximum



52 2. Literature Review

charging rates that the vehicle accepts for certain hours of the day (allowing EV
owners to make use of off-peak electricity prices). These limitations, however,
are not communicated to the charging station (or by extension an aggregator)
and thus could not be taken into account in the scheduling process — the EV will
simply not accept charging rates exceeding the set limit.

To avoid the risk of immediately fracturing the (not yet existing) V2G market
via incompatible systems, attempts should be made to bring together various
EV manufacturers and standardise on-board control systems — in particular any
features linked to charging.

Another risk arises from adding even more driver controls to already complex
systems that might overwhelm drivers. Tesla EVs, for example, are popular with
many ‘tech-savvy’ consumers for including a rather comical amount of settings
into their central multi-media systems (e.g. controlling mirrors, seats, doors etc.
from the main screen). It is not unreasonable to assume that simply adding
another page of settings for V2G controls may go unnoticed by many drivers who
may not make use of the options given.

Telematics, On-board data logging

Communications and controls in V2G applications require appropriate data ac-
quisition on the EV side (measurements of SOC, battery temperature, voltages,
etc.). Instead of adding dedicated systems for V2G related data acquisition to
EVs, already existing hardware might be used. The general term telematics
refers to any telecommunication and information processing technologies. Nowa-
days it nearly exclusively refers to automobile communication applications [114].
Telematics can be used for navigation, safety (e.g. automated calls for emer-
gency services when an accident is detected), entertainment (e.g. internet access
in a vehicle) [I15] or usage-based motor insurance billing (currently requires ded-
icated telematics devices retrofitted into vehicles) [116]. It can be employed with
various wireless technologies like IEEE 802.11 Wi-Fi, cellular communication or
satellite-based technologies [117].

Telematics also includes vehicular [On-Board Diagnostics (OBD)l For EVs; it is

very likely that OBD systems already collect most, if not all, data required for
V2G applications. Most modern vehicles are equipped with a so-called OBD-II
bus, which can be used to access data from the OBD system (legally required
for all cars sold in the US, but also very common in the and other markets).
This data bus could potentially be used for V2G applications (although the bus is
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typically located inside the vehicles and another access point might be required).
The Nissan Leaf’s OBD-II bus can be read using (unofficial) programs such as
"LeafSpyPro’, revealing a wide range of information about the vehicle and the
battery (SOC, voltages of each cell pair in the battery pack, temperature readings)
[118]. Similar Information can be retrieved via the OBD-II bus of a Toyota Prius
(including the plug-in version) [119][120].

However, just as many other aspects regarding EVs, OBD in general and the
OBD-II bus, in particular, is lacking standardisation. OBD-II is not designed
for EVs, but for any vehicle and may or may not be used to communicate bat-
tery data. Tesla EVs are also equipped with OBD-II buses, but only transmit
the minimum information required by law. For detailed diagnostics, Tesla uses
its own dedicated system with a [Controller Area Network (CAN)| bus used ex-
clusively by this manufacturer [121][122]. So, while the already existing OBD

systems in modern EVs could be very useful for V2G, a system commonly used
by all manufacturers has yet to be agreed upon (and potentially be enforced via
regulation).

Vehicle-to-Vehicle communication

[Vehicle-to-Vehicle (V2V)| communication is an advancing field of technologies

using short-distance communication between road vehicles. It has potential ap-
plications in road surveillance [123], traffic control through ‘smart’ traffic lights
[124], driver assistance (i.e. warnings of traffic jams, automated braking, etc.)
[125] and some concepts of autonomous vehicles.

While V2V is still in its infancy, it shares many of the challenges of V2G commu-
nication. While it is in no way a pre-requisite for V2G, both technologies could
use the same, shared, communication hardware. Unsurprisingly, V2V communi-
cation is generally assumed to be wireless and for many safety-related applications
speed and reliability of the wireless information exchange is crucial.

Privacy and safety concerns

Depending on the level of information shared within the V2G network, privacy
preservation can be a serious issue with social and even legal implications. This is
especially true when consumer-owned EVs are used for V2G applications. Assum-
ing the highest level of information shared between EVs and aggregators (vehicle
IDs, battery information and EV usage information), EV owners are required to
share private information, which potentially allows profiling the daily schedules
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of individuals. This sharing of information comes with certain risks (real or per-
ceived) that could negatively affect the willingness of EV owners to participate
in V2G.

Privacy preservation can be divided into anonymity (i.e. an EV cannot be identi-
fied), unlinkability (i.e. EV and owner cannot be linked), undetectability (i.e. it
cannot be determined if a certain vehicle ID exists or not), unobservability (i.e.
it cannot be determined what action an EV performs) and pseudonymity (i.e. an
EV uses a pseudonym ID for certain actions) [126][127]. Obviously, full privacy
preservation cannot be guaranteed in a V2G network (EVs have to be identified
and linked to their owners for billing, based on charging and discharging actions
performed).

To ensure at least some level of privacy preservation, the network should be set
up in a way in which no single database and no single line of communication
holds all the available data (for example, the billing process only needs to know
payment information and services performed, but no technical information about
the EV used). In V2G networks, privacy preservation is very challenging as EVs
frequently change locations and join or depart the networks. This makes it easier
for attackers to go unnoticed infiltrating the system using fake IDs [127] (for
example IDs of EVs that are not in the same network anymore where the dual
usage of such IDs cannot be detected).

Communication in V2G networks is not only required to be reliable but must also
be reasonably secure against external attacks. Such attacks can have very differ-
ent, but generally malicious intentions. Concerning private information shared
by EV owners (i.e. anticipated EV journeys), this information might be used to
conclude the wealth and daily schedules of EV owners. This could potentially be
used to plan frauds, burglaries or vehicle thefts. When it comes to monetisation
of V2G participation, attacks on the communications network may also aim at
identity theft and fraud to redirect payments towards the attacker. Finally, at-
tacks may be aimed at disrupting charging infrastructure as an act of vandalism
or potentially even economic terrorism (i.e. interfering with charging schedules
may leave several EVs discharged and practically immobilised).

Depending on the type of communication used within a V2G network, data secu-
rity might be more or less difficult to achieve. Wireless communication is generally
riskier than wired communication and using the internet or cloud-based services
for communication exchange is riskier than using a localised dedicated system.
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Further, the less information that is being shared and stored the lower the risk of
misuse. Encryption may be necessary at any stage to minimise the risk of attacks
although it also increases computational costs. Of course, such safety concerns
are not unique to V2G networks. Any type of energy infrastructure must have
its communication network protected from potential attacks.

2.5 Communication Standards and Protocols

As previously mentioned, a potential rollout of V2G is made difficult by lacking
standardisation in certain areas. There are, however, some noteworthy attempts
on addressing this issue. While some V2G specific standards may still have to
be defined, where already existing technologies are utilised, V2G networks are,
in effect, bound to comply with already existing standards. This may cover
communication and charging hardware, safety equipment or communication pro-
tocols. A communications protocol can be defined as a set of rules for analogue
or digital telecommunication. This includes signalling, error handing, syntax and
other aspects that need to be implemented in software and hardware to allow a
standardised way of communication between different devices [128][129].

For communication between aggregator and DSO/TSO, the standard IEC 61850
[130] is proposed [I31]. This (global) standard is already employed for communi-
cation and control within substations (DSO to TSO communication) and is not
specifically designed for V2G purposes. However, the interaction between an ag-
gregator and the DSO/TSO is similar to that between a substation and the TSO.
[EC 61850 is typically implemented using wired Ethernet or serial connections

as well as [Power Line Communications (PLC)| (using active power lines to trans-
mit signals) [132] and with a degree of redundancy to improve system reliability
[133]. While rarely used, this standard also allows wireless communication meth-
ods, including IEEE 802.11 Wi-Fi [I34]. IEC 61850 was developed focussing on
automated substation control, protection and monitoring [135] making it suitable

for autonomous aggregator controls.

A standard often proposed for communication between charging stations and
EVs is ISO/IEC 15118 [137][138][139][131] (see [Figure 2.4). In contrast to the
standard discussed before, this one is specifically designed for V2G applications.
It should be noted that ISO/IEC 15118 is not yet finalised and still open to the
inclusion of new developments [140]. Being designed for V2G, this standard has a
couple of interesting features: it allows for AC and DC charging, allows wireless
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Figure 2.4: Visualisation of using IEC 61850 and ISO/TEC 15118 for V2G applications,
figure taken from [136]

charging, accounts for the communication of customer requirements (although
methods of vehicle to driver communication are not specified) [141]. Addition-

ally, it incorporates vehicle authentication, automatic time-delayed charging and
billing models (bidirectional billing) [136].

In particular, the ‘Plug & Charge’ aspect should be highlighted — the idea is that
upon plugging the charging cable into an EV, the charging station can automati-
cally identify the EV and link it to the corresponding billing information without
the need for any interaction with the driver. This makes many older systems
relying on payment cards, logins to online accounts or RFID chips to identify
EVs obsolete [142]. Such driver convenience features are useful when relying on
driver inputs elsewhere (see as drivers are more likely to make use of
optional features when the charging process is less burdensome.

Despite being used as base-line in some technical papers on smart charging [143]
and wireless V2G communications using Wi-Fi [144] as well as some V2G demon-
strator systems by the Fraunhofer Institute for Embedded Systems and Communi-
cation Technologies [140] ISO/IEC 15118 is still lacking commercial applications.
Thus it is unknown if it will be widely adopted by industry and EV manufac-
turers. ISO/IEC 15118 allows different communication technologies being used:
PLC, which uses electrical wiring to carry data and alternating current simulta-
neously [141][132]; Wi-Fi, which creates medium-range wireless connections and
cellular communication as used by mobile devices [132].

While this standard has been consulted in the early stages of this project, the
aggregator control system structure developed (see [chapter 3) does not strictly
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adhere to it for aggregator-to-EV communication. For most of the duration of
this project, only the draft stage version of ISO/IEC 15118 was available and
was insufficient in detail to guide the system design [I39]. The current version
from mid-2019 [I37] provides more detail and might be incorporated into the
system described in [chapter 3] Nonetheless, on a hardware-level (i.e. the choice
of Ethernet and Wi-Fi as communication routes) ISO/IEC 15118 is in agreement
with the work presented in this thesis.

Both standards, IEC 61850 and ISO/TEC 15118 include Wi-Fi as a potential route
of wireless communication. Wi-Fi uses the IEEE 802.11 family of communication
protocols [134] compatible with many consumer products like smartphones and
tablet PCs [145]. It is often proposed for wireless communication between EV
and aggregator [127][146]. Wi-Fi is a widely used and tested technology that
offers fast and direct communication between numerous devices, although at a
limited range.

Any communication standard or protocol has certain vulnerabilities and "loop-
holes” which may be used by attackers for malicious purposes [127]. The security
of communication protocols can be enhanced using additional security protocols
to fix certain vulnerabilities. These might be integrated into communication
protocols (by packaging and encrypting information before transmission), or by
monitoring and securing the network from unauthorised access (which is difficult
in a network with a high number of participants). A security protocol proposed
for V2G is the so-called PRAC (Privacy via Randomized Anonymous Credentials)
which aims to provide anonymity and untraceability of EVs when authenticating
to an aggregator [I47]. This serves to protect EV owners against attacks such as
identity theft, which could reduce fears regarding V2G participation.

2.6 Aggregator control literature and projects

As discussed in the earlier sections, V2G has been proposed as an energy storage
solution for a variety of grid services at different scales (with regards to the size
of the connected EV population). Each grid service may pose different challenges
with regards to aggregator control or scheduling processes. The R2REE appli-
cation discussed in this work represents a large-scale V2G application (poten-
tially hundreds of connected EVs) that still requires quick system responsiveness
(up to a few seconds, see as rail-system power demands can change
rapidly.



58 2. Literature Review

In this section different V2G aggregator control and scheduling strategies are
explored. Controlling the charging or discharging of individual EVs in a V2G
network gets increasingly difficult with an increasing number of connected EVs.
V2G scheduling must ensure that the network meets the demands of the power
grid while also distributing power over the EV population. Scheduling may be an
optimisation problem aimed at, for example, minimising carbon emissions [148]
or minimising charging costs/maximising profits [149][150].

In the relevant literature, there is typically some overlap between the topics of
V2G scheduling and so-called ‘unit commitment’. Unit commitment describes
the mathematical process in which power-generating units (i.e. generators) are
scheduled to reduce operation costs. The individual generators connected to the
power grid are ‘committed’ to generate a specific amount of power for a certain
period for the whole grid to maintain balance [I51]. As V2G enabled EVs have to
undergo a similar process (although simultaneously being a load while charging)
unit commitment algorithms and V2G scheduling algorithms often share many
characteristics. Scheduling can be challenging due to the complexity and sheer
quantity of data that has to be analysed to determine how much electricity each
EV receives [152]. As this directly affects battery degradation and financial com-
pensation for each EV, V2G scheduling is also a matter of fairness in spreading
both risk and reward across the EVs on the network (and their owners).

Due to the variety in grid services and scale of EV population, the requirements
towards overall system responsiveness (i.e. how quickly a V2G network adapts to
changes in power demand or EV population) also varies. In [I53] V2G is being
proposed for load shifting with scheduling taking place for a whole day ahead
using hourly time intervals. The paper lays out a rather complex scheduling
strategy including multiple optimisation variables to reduce overall costs in the
system. It is only similar to the scheduling strategy described in this thesis insofar
that it relies on power demand predictions to determine the V2G schedule (i.e.
the set of charging instruction for the EV population) in advance. It is, however,
operating on a completely different temporal resolution of 1-hour intervals (in
contrast to 1-second time steps used in the predictive scheduling layer developed
for R2REE, see . Thus, the computational complexity of the schedul-
ing rule set in this paper (and by extension its impact on the responsiveness of
the V2G network) is not a concern.
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Similarly, in [I54] a decentralised V2G dispatch strategy where schedules are
determined at the beginning of every 30 minute time interval is proposed. This
is in contrast to the centralised approach used in this project. [I55] proposes
the usage of V2G for aggregator profit maximisation during peak load shaving
while lowering the cost of EV charging to the customer. The model used includes
factors such as battery degradation and battery replacement costs and uses 30
minute time intervals for scheduling. Again, a rather complex scheduling strategy
is used, presumably at great computational complexity per time interval.

The maximisation of aggregator profits is also the aim of [156], which is using a
5-minute resolution. In [I57] the aim is to minimise the charging cost of EVs in
a rather large distributed population of up to 400 EVs (similar in scale to this
project) but again at a very rough temporal resolution of 1 hour time intervals.
Similarly aimed at minimising the charging costs of individual EVs is the work
presented in [I58] where 10-minute timesteps were identified as the best com-
promise between precision and computational cost. While a detailed analysis of
computational cost is not provided, this is the first example where computational
cost is even considered by the authors.

In [04] EV users are offered a variety of contracts when connecting to a V2G
network stating how much energy will be available for charging, how much will
be drawn from the EV for V2G as well as the charging costs and compensa-
tion for V2G participation. Such an approach gives a lot of control to the EV
user but adds significant complexity and constraints to the scheduling process.
In all the examples above, system responsiveness is not a major consideration
as changes in power demand are gradual and a delay of a few seconds while
computing a complex charging schedule would not significantly affect the system
performance.

[159] proposes a cloud-based solution (i.e. remote scheduling via the internet)
that uses machine learning to optimise V2G schedules for charging costs and EV
battery degradation. This paper is rather theoretical and does not seem intended
for real-time aggregator control. While not discussed, one might assume that
remote control via the internet introduces minor communication delays (which
may not be problematic, depending on the grid services provided) and could
negatively impact system reliability.

‘Upside Energy’ is also developing a cloud-based platform, claimed to be able to
manage the demand side response of over a hundred thousand devices (includ-
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ing battery storage systems, EV charging points, uninterruptible power supplies
(UPS) as well as heating and cooling systems) through ’advanced algorithms’
and ’artificial intelligence’ [I60]. While detailed information on how exactly this
is achieved or how well the system performs cannot be obtained at the time of
writing, ‘Upside Energy’ is involved in several V2G projects already mentioned
in earlier sections (V2Street [161], HAVEN [98] and V2GO [102]) — presumably
making use of said cloud-based platform.

The ‘Vehicle-to-Grid Intelligent control” or ‘VIGIL’ project focuses on the de-
velopment of a robust communications and control platform for a large number
of EVs (unfortunately unspecified) [162]. As it involves a full communication
network, including with Distribution Network Operator (DNO) and Distribution
System Operator (DSO) and real-time control of bidirectional V2G power flows
the project must have faced very similar challenges to those addressed in this
thesis. However, even though there is evidence of the recent ‘successful’ project
completion [163] [164] [165] (May 2020) at the time of writing, no information
can be found that allows any meaningful comparison between the VIGIL commu-
nications and control platform and the strategies presented in this thesis.

In [I66] a V2G network is used to provide frequency regulation in a power grid
with integrated renewable electricity generation while minimising costs. An EV
population of 1,000 EVs was simulated, but execution times for decision-making
processes have not been reported. Similarly in [I67] a V2G network also pro-
vides frequency regulation but the focus lies on fairness criteria in the treatment
of different EVs (fair distribution of power within the EV population). Again,
execution times have not been reported. The response times required for fre-
quency regulation can vary widely between 'milliseconds’ up to 20 minutes [168§],
whereas primary frequency response requires energy storage systems to deliver
rated power within 10 seconds [169] (similar to the system response times required
for R2REE, see [chapter 4)). Such system response times of a few seconds or even
on a sub-second time-scale can be achieved with a V2G network, however, several
challenges need to be addressed [2] including:

e the size of the connected EV population on the network

e the changing aggregated energy storage potential (connected capacity, power
available, SOC of EV battery packs)

e predictability of EV availability and power grid demands
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e the necessity to charge EVs over time (constraining scheduling process)

e aggregator-to-EV communication delays (exacerbated by the need for en-
cryption to address security and privacy concerns [170])

e complexity of underlying scheduling rules

In this work, these challenges are addressed via a multi-layered V2G scheduling
approach that combines predictive scheduling (charge and discharge decisions are
taken ahead of predictable changes in the power demand) for system responsive-
ness with reactive scheduling (decisions are taken in reaction to changes in power
demand) to account for uncertainty/inaccuracies in the power demand predic-
tions (see . Uncertainty is a major challenge of a purely predictive
scheduling approach whereas a purely reactive scheduling approach leads to a lag
in system response.

When combining both approaches, rather than addressing uncertainties through
complex stochastic programming (modelling/optimisation involving probabilities
[44]), the predictive scheduling layer can ignore uncertainties and assume perfect
knowledge on the EV population and the power demand. The reactive scheduling
element can then account for uncertainties and refine the schedule over time (the
better the initial predictive scheduling, the less interference is needed from the
reactive scheduling element).

Further, unlike the scheduling strategies in existing literature (which typically
just assume that accurate and up-to-date information of the state of connected
EV population is readily available at the point of scheduling), the scheduling
strategy presented in this thesis is fully embedded into a communication network
that covers the data acquisition from individual EVs as well as the implementation

of charging schedules (see [chapter 3)).

A rather promising development in the field of V2G has been a small number
of UK-based V2G demonstration projects which are seemingly crossing the line
from fundamental research towards innovation. While still far from a mass roll-
out there are some early indicators for a ‘marketable’ degree of maturity in V2G
technologies.

While conducting an overarching V2G market study Cenex lists 40 ongoing Eu-
ropean V2G projects as of mid-2018 [I0I]. Most of these projects have already
been mentioned and are either marked as ’feasibility studies’, 'R&D only’ or
are rather small in scale and ambition. The notable exceptions, large-scale V2G



62 2. Literature Review

demonstrator projects shall be mentioned here. It should be noted, however, that
all of these projects are still ongoing so project outcomes are not yet publically
available.

The first of which, ‘PowerLoop’ [I71] is a large-scale domestic V2G demonstrator
project involving 135 V2G units according to [I01]). It is most notable here as
‘PowerLoop’ is already offering leasing packages for Nissan Leaf EVs with V2G
chargers to be purchased by consumers in the UK.

Even larger in scale is the Nissan-led ‘e4Future’ project [172] with an anticipated
1,000 V2G units [I0I]. This project is described as ”"a large-scale V2G demon-
strator, deployed in groups and controlled by an innovative aggregator platform
stacking multiple services that supports a more efficient electricity system and
decreases ownership costs to vehicle users. [I73]” It explores using EV fleets to
provide grid services such as frequency response, arbitrage, distribution services
or time-shifting for energy users [173].

Finally, the ‘Sciurus’ project has the same anticipated scale of 1,000 EVs [101]. In
this case, however, it focuses on domestic V2G installations to test the commercial
proposition of V2G for grid balancing. EV owners interact with the system
via a smartphone app and the EV population consists of Nissan Leaf EVs only
[T74)[175)].

Noteworthy in the three projects above (and in fact many other projects/papers
mentioned in this chapter) is the heavy involvement of Nissan, in particular the
Nissan Leaf, which seems to be the ‘go-to” EV model for any authors discussing
V2G (including the publications associated with this thesis). There are multiple
reasons for this: Nissan is undoubtedly among the most successful EV manufac-
turers and the Leaf is one of the most common pure EVs. The Leaf is rather
average in both price and battery capacity and thus serves as a good example for
a ‘typical’ EV. Further, Nissan itself is investing in V2H/V2G related R&D (as
partner in many of the projects mentioned here [69)[172][174]).

Nissan has a strong manufacturing presence in its home market Japan, and in
the UK — both countries are involved heavily in V2G research. There might
be a risk of V2G becoming too closely associated, if not dependent, on a single
manufacturer. Perhaps, authors/researchers should be encouraged to broaden

their analysis to include a wider range of EV models and thus widen the appeal
of V2G.
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At the centre of any V2G application is the aggregator, which manages all power
flows and arbitrates between the needs of connected EVs and the power grid
[61]. The control strategies employed by the aggregator can be highly different
depending on the V2G application, e.g. a control strategy aimed at frequency
control may lead to completely different results from a strategy aimed at an
increased utilisation of nearby renewables. Further, the scale of the connected
EV population can also affect aggregator control strategies — the sequencing of
tasks and data management is more challenging for thousands of EVs than for
just a handful. Thus, there is no single correct approach to V2G aggregator
control.

Nonetheless, many of the concepts presented in this chapter are applicable to
various V2G applications. The modular high-level aggregator control structure
presented here was designed with large EV populations (hundreds of connected
EVs) in mind. While it is perfectly capable of managing just a few EVs, some of
its design aspects might be redundant in such cases. Any challenges specific to
Road-to-Rail Energy Exchange, in particular rapidly changing power demands on
a megawatt-scale are fully reflected within the scheduling portion of this chapter
(see fsection 3.4). The findings of all other parts in this chapter are equally valid
for other large scale V2G applications.

3.1 Modular high-level aggregator control structure

The nature of V2G differs from most other energy storage technologies in the sense
that storage capacity, as well as the power that the system can provide, varies
dynamically with the number and status of the EVs connected. Depending on
the application of V2G its energy storage potential might also be very difficult
to predict as individual EVs may connect or disconnect from the network at any
time. This is particularly the case if V2G is implemented in a public setting (as is
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the case for RZREE), rather than in a limited strongly controlled environment (i.e.
managing a commercial vehicle fleet with known driving schedules [72][73]).

Due to the degree of unpredictability of V2G, any aggregator control must be
dynamic enough to quickly adjust to any changes in power grid demands or the
availability of EV batteries. Further, aggregator control is a problem of scale. An
aggregator might manage just a handful of EVs (i.e. a small local car park), or
thousands of them (i.e. spread over a city). Ideally, the same aggregator control
strategy could be employed for either case, rather than creating a completely new
solution for every application. An ideal aggregator control might be expected to

be:

e Dynamic: The system can quickly adapt to changes in both the EV pop-
ulation and the power grid.

e Scalable: The system can manage a wide range in numbers of connected
EVs.

e Robust: A faulty communication route (i.e. to a single EV with malfunc-
tioning hardware) does not “break” the whole system.

e Computationally efficient: The execution and sequencing of tasks is
optimised to ensure low computational costs.

e Compatible: All parts of the V2G network comply with common hardware
and software standards to ensure inter-compatibility.

Aggregator control, in the most general sense, involves three tasks: 1) data col-
lection - collecting relevant information on connected EVs and the state of the
power grid, 2) V2G scheduling - making charging and discharging decisions for
each connected EV, and 3) schedule implementation — instructing EV charging
hardware on schedules and, if applicable, monitoring the correct execution. All
tasks are interdependent and are generally to be completed in sequence. The
latter may encourage the design of a single aggregator control algorithm to fulfil
every task in a single loop.

However, having a single linear process responsible for all tasks creates a number
of problems. As data collection, scheduling and implementation have to happen
in sequence, any delay or fault at an early stage would create a cascade of delays
or other issues throughout the whole process.
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For a V2G network, this may mean that, for example, a faulty (or just slow)
communication between the aggregator and a single EV delays data collection
for the whole car park as well as subsequent scheduling and implementation of
charging/discharging decisions. For a small number of EVs on the network, such
problems might not be substantial as each stage of the aggregator control requires
little computational resources. On a larger scale, however, delays and faults (even
if fixed quickly) can add up, significantly reducing responsiveness and robustness
of the V2G network.
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Module
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I | | 1 |
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Figure 3.1: Modular aggregator control structure, one module per task - first-order
modularisation

Aiming for dynamic and robust, yet scalable aggregator control, these issues can
be approached by splitting up the three tasks into separate processes. Each
task of the aggregator control is an ongoing recurring process. Any data col-
lected needs to be regularly updated and schedules need to be adjusted and
re-implemented. Splitting up processes allows them to reiterate independently
from each other should one of them be delayed. Further, it allows distribution of
the total workload over multiple processors, making the up-scaling of aggregator
control easier.

Going even further and adopting an approach where these separate processes con-
sist of interchangeable modules (see can significantly simplify V2G
implementation for different grid services (e.g. frequency control vs. congestion
management) or different environments (e.g. public car park vs. electric bus
fleet). For example, the same ’data collection module’ and ’schedule implemen-
tation module’ might be compatible with different ’scheduling modules’ (aimed
at providing different grid services) that can be swapped as required. This sep-
aration of the fundamental aggregator control tasks is referred to as first-order
modularisation in following discussions.
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It is further possible that multiple modules are used for the same task as shown
in [Figure 3.2l These might be two instances of the same module sharing the
workload for one task over multiple processors or modules using a different set
of rules for the same task. In [Figure 3.2 data collection is handled by two
separate instances of the data collection module, each managing just a subset
of the connected EVs. Assuming that the subsets are about equal in size and
the two instances are run on separate machines, the time taken for updating all
EV information is effectively halved. The same approach could be taken using
multiple schedule implementation modules.

Y datal e
EV data
1 e Iy
Scheduling ——EV data Data Collection
EV data
Module 1 + Module 2
Charging EV data
SQL Database
Charging
Schedule Car park subset 2
Charger
EV data. Instructions '.‘
Charger Sl I—l
\ e Implementation '. -
Instructions Charger  —
Module Instructions L] _

Figure 3.2: Modular aggregator control structure, multiple modules per task - second-
order modularisation

Also, as shown in two separate and potentially different scheduling
modules could be used on the same V2G network to provide two different grid
services using two subsets of the connected EV population. For example, the
bulk of connected EVs might be used to provide peak shaving services (requiring
mainly energy capacity), whereas some EVs with nearly full battery packs could
be used for frequency regulation services (requiring mainly power and quick sys-
tem responsiveness) under a different scheduling regime. The usage of aggregator
control modularisation can thereby drastically increase the versatility of a V2G
network. This splitting of a single aggregator control task is hereafter referred to
as second-order modularisation.

As will be discussed in the following sections, both first- and second-order modu-
larisation require careful algorithm design to address new challenges such as task
sequencing and data exchange between modules. One major challenge of this
modular approach is to ensure inter-compatibility between various modules. In
this project, this is achieved by developing each module around a mutual data
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storage rather than relying on direct communication between modules (which
could also lead to one module ’waiting’ for another). For this purpose, a shared
database is used, which can be accessed and manipulated independently by each
module.

However, the various modules can only be regarded as operating semi-independently
due to the underlying sequencing; implementing a schedule requires the schedule
to be finalised and accessible which in turn requires information from the data
collection. A breakdown of the sequencing in the aggregator control is shown in
As is shown in this figure, the only interaction between modules is
via the mutual database. While the database is also used for data logging, its
main purpose is to hold up-to-date information on all EVs currently connected
to the network as well as the latest schedule information.

Hence, the database contains two main tables (other auxiliary tables exist and
will be mentioned where applicable): the table "Vehicles’ contains the latest avail-
able data for each EV (one dataset each) and the table 'Schedule’ contains any
outstanding charging/discharging instructions. How these tables are used by the
various modules is explained in the following sections. The variable definitions

for each table are shown in appendix [Appendix All

The database management system used is MySQL which is open-source, but
widely used for commercial and academic purposes [I76]. As the name implies, it
is based on [Structured Query Language (SQL)| Importantly, it allows for simul-

taneous access by multiple computers on the same network. Thus, aggregator
control is not confined to a single machine and multiple modules may run on
different computers.

In summary, within this project, a modular high-level aggregator control struc-
ture is used. The fundamental tasks of the V2G aggregator (data collection,
scheduling and schedule implementation) are separated via first-order modulari-
sation. The structure further allows for multiple modules per task, defined here
as second-order modularisation. Modules only communicate indirectly by access-
ing and manipulating a shared database. All of these design aspects could be
implemented for any V2G application, but are particularly useful for managing
large EV populations (especially workload sharing via second-order modularisa-
tion).

To explore the specific V2G application of Road-to-Rail Energy Exchange, the
control structure shown in is used in later discussions. As shown in
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Figure 3.4: Modular aggregator control structure for Road-to-Rail Energy Exchange
using multiple scheduling modules.

the figure, first-order modularisation is fully employed, but second-order modu-
larisation is exclusive to the task of scheduling. Here, a total of three scheduling
modules are featured - these do not only share the workload, but each employs
entirely different scheduling rules (discussed in detail in . Second-
order modularisation for data collection and schedule implementation was found
not to be necessary for the moderate size of EV populations considered in the

case study in (up to 100 connected EVs).

3.2 Data Collection

The first module of the aggregator control algorithms developed in this project is
responsible for monitoring the EV population that is connected to the aggregator.
This means collecting data from individual vehicles and regularly updating the
database. The EVs under monitoring may represent those parked in a single car
park (as is assumed in , a vehicle fleet owned by a company or even
a number of EVs parked in different locations (e.g. spread out over a city). It
should be noted that the location of the vehicles is not relevant for the discussion
in this chapter as long as a vehicle is within the same network.

The annotated python code for the EV monitoring algorithm can be found in
appendiz [section A2. 1|

The scheduling routines discussed later require EV data to assess the state of
each EV and to determine how each EV should be charged or discharged. This
information is sourced and entered into the database following the routine in
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[Figure 3.5] Upon initialisation, the algorithm connects to the SQL database and
opens a table called "Vehicles’ using read/write access with auto-commit (as the
algorithm makes frequent changes to the table). The table 'Vehicles’ contains
information on every known EV currently within the network (one dataset per
EV). This information includes a vehicle ID, the IP address of the EVs commu-
nication system, the battery pack capacity, the battery pack SOC, the vehicle
location, charging preferences (as discussed in as well as the current
charging/discharging instruction.

The "Vehicles’ table exists independently from the monitoring algorithm, so no
data is lost when the algorithm is delayed, disrupted or shut down. The table
can also be read and altered by multiple processes simultaneously. Not only
does this allow for multiple instances of the monitoring algorithm simultaneously
overseeing subsets of the EV population, but it is also essential for independent
access by the scheduling modules. This table only contains the latest EV data - as
soon as new data is available, older datasets are overwritten. While some datasets
might be older for some EVs than for others (EVs are contacted sequentially),
during scheduling it is assumed that any information in the database is accurate
and up-to-date at the point of scheduling. The dataset for each EV on the V2G
network contains the following parameters:

e EV ID: A unique unsigned integer value (using internal auto-increment
function in SQL database) used to identify connected EVs.

e Name: Name of the EV (typically make & model) as string value. Not
essential to the aggregator operation but simplifies later analysis.

e IP address: Unique IP address of the charging hardware corresponding to
each EV. It is assumed that each EV has its own network connected charger
(either on-board or external).

e Capacity: EV battery pack capacity (in kWh) as an unsigned float value.
e SOC: EV battery pack SOC (in %) as an unsigned float value.

e Charging rate: Current charging rate of this EV (in kW) as a signed float
value. A negative value represents discharging of the EV battery pack.

e Maximum charging rate: Assumed current maximum charging rate for
this EV (in kW) as an unsigned float value. The value depends on the EV’s

battery pack (and may change with SOC, see [section 3.6)) and the charging
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hardware. The lower limit shall apply.

e Maximum discharging rate: Assumed current maximum discharging
rate for this EV (in kW) as an unsigned float value. Again, the value
depends on the EV’s battery pack and charging hardware. The lower limit
applies.

e Event status: Binary value to signal if this EV is currently assigned to

provide grid services for an event (as described in [section 3.4). A value

of 1 means the EV is assigned to an event (limiting its usage for other
scheduling operations). A value of 0 means the EV is not currently used
for grid services and can be assigned freely during scheduling.

e Mode: Charging mode selected by EV user (see [chapter b)) as unsigned
integer. Default value is 0 (no selection made).

e Target SOC: Target SOC selected by EV user (in %) as an unsigned float
value. Default value is 100 %.

e Target Date/Time: Date and time by which the target SOC shall be
reached according to user selection in datetime format (YYYY-MM-DD
HH:MM:SS). Default value is 0000-00-00 00:00:00.

e Location: EV location as string. No fixed format, but typically contains

latitude, longitude and altitude coordinates sourced via |Global Positioning
ISystem (GPS)| Empty by default.

e Charge Weighting (CW)*: An unsigned float value quantifying the EV’s
suitability to receive power (the higher the value, the higher the chance of

this EV to be allocated to charging) - see [section 3.4} [Equation 3.1 Value
is zero when SOC is 100 % and thus an EV cannot be charged further.
Derived from other parameters and calculated within the SQL database.

e Discharge Weighting (DCW)*: An unsigned float value quantifying the
EV’s suitability to deliver power (the higher the value, the higher the chance
of this EV to be allocated to discharging) - see [section 3.4} [Equation 3.2|
Value is zero when SOC is zero and thus an EV cannot be discharged

further. Derived from other parameters and calculated within the SQL
database.

After connecting to the database, the monitoring algorithm first checks for any
new EVs on the network. This could be done by scanning the network for new IP
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Figure 3.5: Flow diagram of the data collection module responsible for regularly up-
dating EV data in the "Vehicles’ table in the SQL database.

addresses(*) belonging to newly connected devices on the network. Assuming that
the network is used exclusively for the purpose of V2G aggregator control and that
only EVs connect to the network, any new IP address must belong to an EV. In
a public setting, however, it is likely that an existing network (particularly when
using Wi-Fi) would be shared with other devices (e.g. smartphones, laptops,
etc.) for multimedia purposes. In such cases, a mechanism would need to be
implemented to check if the newly detected IP belongs to an EV.

*Note: This initial check for new EVs functions slightly different for this project.
The author made use of the university’s campus-wide computer network for all
inter-aggregator and aggregator-to-E'V communication (via both car park and Wi-
Fi). Looking up IP addresses on this network is not possible without admin priv-
ileges. As a reqular user, the author could fully utilise the network, but any IP
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addresses had to be sourced differently. This was remedied by using an additional
table in the SQL database. This table named mewVehicles’ contains only new IP
addresses. These were either entered manually for the hardware prototype (see
or directly by the simulated EVs (see . The downside of
this approach is that each (simulated) EV had to be granted access to the SQL
database to self-register. For security reasons alone, this would be totally unfea-
sible in a real V2G network with public access. However, within the scope of this
project, this slight flaw is deemed acceptable and does not justify the extra cost of
creating a dedicated network.

If a new IP address is found by the monitoring algorithm, it is contacted and the
full dataset of available information is requested (using a ’full information call’ as
described below). The new vehicle is assigned a unique ID (for simplicity a simple
integer value incrementing by one for every new vehicle) and the dataset is added
to the "Vehicles’ table. After checking for new arrivals, the monitoring algorithm
similarly checks if a vehicle is leaving the network. It is assumed that a vehicle
leaving the network (i.e. before disconnecting the charger) informs the aggregator.
The entry of the leaving vehicle is then removed from the table "Vehicles’. This
‘orderly departure’ is assumed to be the norm during operation.

In contrast, the algorithm also accounts for cases of 'disorderly departures’. This
occurs when communication attempts between aggregator and an individual EV
fail. Failing communication (i.e. no response or unrecognisable response to any of
the monitoring algorithm’s requests) triggers a number of retries and eventually
the removal of the vehicle from the table "Vehicles’ as well as the shutdown of the
corresponding vehicle charger (if applicable).

For simplicity, any failure to communicate successfully between EV and aggrega-
tor is treated equally regardless of the reason for failure. However, for commercial
applications, a more refined approach should be used to identify and react appro-
priately to different causes of failed communication (a short-term loss of Wi-Fi
connectivity might be a regular occurrence). Within the scope of this research, the
current handling of communication failure is sufficient and mainly serves to main-
tain the stability of the monitoring algorithm during the long 24 hour simulations
described in [chapter 4] Such failures are rare and usually caused by events like a

loose cable in the prototype communication hardware (see [section 3.5)).

After checking for new EV arrivals or departures, the monitoring algorithm be-
gins sequentially contacting all known EVs and requesting the most recent vehi-
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cle information. Aggregator-to-EV communication happens via either Ethernet

or Wi-Fi connection using the REST [Application Programming Interface (API)|
[TT7)[I78] (seesection 2.4). It is set up in a master-slave configuration: the ’slave’
(i.e the EV) never initiates communication, but only responds to requests by the

‘'master’ (i.e. the aggregator). Thus, the aggregator is in full control of any
communication timing and sequencing, independent of size and makeup of the
connected EV population. There are three different types of information requests
specifically defined for this work:

1) All information call: This call requests the full set of information available
with annotations. It is used for debugging purposes only as the annotations
are not required for aggregator-to-EV communication. The size of the response
varies slightly depending on the current status of an EV but is usually around
200 bytes.

e The call takes the form: /[IP address]/info/all
e Example request: /10.9.133.131/info/all

e Example response (202 bytes): "Name: Cobra; Capacity: 50; SOC: 50.00;
Charging Value: 0.00; Mode: 4; Target SOC: 80; Target Date: 2019-06-24;
Target Time: 12:00:00; Location: 5056.0796N, 123.5799W, 21.90; Date/-
Time: 23.06.2019, 13:117

2) Full information call: This call requests the full set of information avail-
able, but without annotations (reducing network traffic). The order in which
information is transmitted never changes and is identical to the call above. Only,
the current date and time information is not transmitted here. For efficiency, it
is assumed that date and time information are in sync between the aggregator
and the EVs (hence redundant). The response to this call typically has a size of
around 75 bytes (over 60 % shorter than the previous call).

e The call takes the following form: //IP address]/info/full
e Example request: /10.9.133.151/info/full

e Example response (74 bytes): ”Cobra;50;50.00;0.00;4;80;2019-06-24 12:00:00;
5056.0796N, 123.5799W, 21.90”
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3) Short information call: This call leads to a response carrying only two pieces
of information. One is the vehicles SOC (which changes constantly), the other one
is a boolean value (True or False) indicating if any other vehicle information has
changed since the last full information call (the charging rate or any user inputs
regarding charging preferences). This call is used the most by the monitoring
algorithm as the resulting network traffic is the lowest with a typical response
size of just 10 or 11 bytes (85 % reduction over the full information call).

e The call takes the following form: [IP address]/info/short
e Example request: /10.9.133.151/info/short

e Example response (11 bytes): ”"False;50.00”

The first time that an EV is contacted in each loop, only the ’short information
call’ is used. This allows updating the EV’s frequently changing battery pack
SOC. If the EV’s response contains the boolean ’False’, the algorithm knows
that no other parameters of the vehicle information have changed since the last
update. In case the EV response reads "True’, the monitoring algorithm knows
that a full information call is required to update the full dataset held on this
EV. After a vehicle entry in the database is updated, the algorithm proceeds to
contact the next EV in the table (sorted by the assigned vehicle ID in ascending
order).

Once every dataset is updated, the algorithm reiterates the main loop, checking
for arriving and leaving vehicles then updating all EV information again. It
should be noted that this algorithm does not have an end state of any sort, but
repeats until shut down manually. The time taken for each loop strongly depends
on the number of EVs on the network.

3.3 Schedule Implementation

This module of the aggregator control algorithm is used to implement any de-
cisions taken during the scheduling. This algorithm is structured similarly to
that used for data collection, although the data-flow direction is reversed. It uses
information already in the SQL database as inputs and transmits it to EVs on
the network.

The annotated python code for the schedule implementation algorithm can be

found in appendix[section A2.3,
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Upon initialisation of this algorithm (see [Figure 3.6)), it connects to the SQL
database and opens the table 'Schedule’ (read access only). The schedule is a

list of charging instructions, or orders, that are fed into the SQL database by the
scheduling module(s) (see [section 3.4). Each order represents the instruction to
change the charging rate of a specific EV (or rather a specific IP address) to a
given kW value at a given time. The SQL table "Schedule’ contains all orders in
the format outlined below.

e Order ID: A unique integer value (using internal auto-increment database
function) used to identify orders should the schedule be subject to revisions.

e Execution time: Time at which this order is to be implemented in the
datetime format. It is assumed that all devices on the network are synced
following the universal coordinated time (UTC) time standard.

e IP address: Unique IP address of the EV/charging hardware to receive
the order.

e Charging rate: Anticipated charging rate (in kW) as a signed float value.
A negative value represents an instruction to discharge the EV battery pack
at the given rate.

e Order status: Data string used for schedule implementation/revision. If
empty, this order is not yet due for execution and could be revised/can-
celled if necessary. If 'queued’, this order has already been loaded by the
(or one of multiple) implementation module(s) and is about to be exe-
cuted - this order cannot be altered to avoid contradictory instructions and
race errors (changing algorithm behaviour depending on the order in which
sub-routines are executed [I79]). If ’cancelled’, this order was revised by
subsequent scheduling and will not be executed.

Entries in the ’Schedule’ table may have execution times that lie up to a few
minutes in the future (see predictive scheduling in and may still be
subject to revision. To allow for such revisions by the scheduling module(s),
the implementation algorithm only loads and queues orders with an execution
time no further than 3 seconds in the future (this value might be adjusted for
other applications, but 3 seconds was found to be sufficient to ensure timely
implementation but not too long to constrain schedule revisions). Unfulfilled
orders with execution times in the past are loaded regardless (and consequently
implemented with delay). Such orders might exist if the scheduling process has
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Figure 3.6: Flow diagram of the schedule implementation module responsible for im-
plementing charging & discharging instructions from the ’Schedule’ table
in the SQL database.

been delayed or took too long to execute for any reason. While this should
not happen during normal operation, this handling of outdated orders aids the
robustness of the aggregator control (implementing an order too late is assumed
to be better than not implementing it).

Queued orders are being processed once the execution time is reached or exceeded.
Again, aggregator-to-EV communication uses either Ethernet or Wi-Fi connec-
tions and the REST API in a master-slave configuration. The implementation
algorithm contacts the IP addresses of the EVs/charging hardware associated
with each order using a charge REST request. These requests are in the format:
/[IP address]/charge/[start or stop charging]/[charging power in kW]. Three ex-
ample REST requests are shown below. The EV communication prototype (see
, as well as any EVs simulated in this project (see respond
to any charging requests as shown, the response format has no relevance for the
schedule implementation.
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1) Example REST request to start charging an EV with the local IP address of
10.9.133.131 at a rate of 10 kW:

e Example request: /10.9.135.131/charge/1/10

e Example response (37 bytes) “charging activated, level set to 10 kW”

2) Example REST request to start discharging the same EV at a rate of 7.5
kW:

e Example request: /10.9.135.131/charge/1/-7.5

e Example response (39 bytes) “charging activated, level set to -7.5 kW”

3) Example REST request to stop charging the same EV:
e Example request: /10.9.135.131/charge/0/00

e Example response (20 bytes) “charging deactivated”

3.4 V2G Scheduling

V2G scheduling describes the process by which the aggregator in a V2G network
creates the schedule - i.e. the list of charging decisions for each connected EV
(the format of the schedule has been defined in the previous section). Usually,
V2G scheduling algorithms have to consider two sides: the power grid and the EV
population being managed. The requirements of both sides need to be satisfied
to perform a given grid service and simultaneously ensure EVs are sufficiently
charged for mobility purposes.

The Road-to-Rail Energy Exchange concept explored in this project (see
ure 3.7) is different as a third party - the rail system - has to be considered as
well. Thus, the aggregator needs to arbitrate between three distinct parties:

1. EVs owners: the EVs being parked locally and connected to the charg-
ing infrastructure are generally expected to receive net power while being
parked and leave with a higher SOC than on arrival. This has to be the
default assumption unless charging preferences stated by the EV owner (see
allow deviation from this rule (possible if there is sufficient finan-
cial incentive for EV owners to participate, see . V2G scheduling
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Figure 3.7: (a) V2G for support of local electric rail systems, system overview and

power flows: EV population acts as buffer between the grid connection
and the fluctuating rail system power demands to ensure steady power flow
from the grid; (b) Rail system power demand over one hour (3 trains arriv-
ing/departing sequentially, varying dwell time): traction power drawn for
train acceleration - positive/red, power supplied from regenerative braking
- negative/blue.

should ensure that connected EVs, over time, receive more energy than they
supply.

. Rail system: the rail system has a highly variable power demand with
many peaks as well as periods of low demand. As a resting electric train
starts to accelerate, the traction power demand surges to a few megawatts
in a matter of seconds (see . If brake energy recovery is used, the
opposite is true and a power surplus (also on a megawatt-scale) quickly has
to be dissipated upon train arrival.

. Power grid: the grid provides power to both, the EV population and
the rail system. As the grid has to constantly balance power supply and
demand (to maintain a steady grid frequency of around 50 Hz) fluctuations
in power demand should be avoided. Hence, it is beneficial to decouple the
variable power demands of the rail system from the power grid by using the
V2G network as a buffer.



80 3. Vehicle-to-Grid Aggregator Control

3.4.1 Pre-scheduling EV suitability assessment

For V2G scheduling, the aggregator has to assess which of the connected EVs are
suitable to either receive or supply power as electric trains are arriving or leaving
the station respectively. Not all EVs may be treated equally, as some are more
useful to the aggregator than others - this is assessed using the EV data from the
SQL database.

This project uses a scoring system in which each EV is assigned two weighting
parameters: The first, the(Charge Weighting (CW )|quantifies, from an aggregator
point of view, the EVs suitability to receive power (the higher the value, the higher

the chance of this EV to be allocated to charging). The second parameter, the

IDischarge Weighting (DCW)| quantifies its suitability to deliver power (the higher
the value, the higher the chance of this EV to be allocated to discharging).

When power has to be fed into the car park, EVs are particularly useful to the
aggregator when:

e Battery pack SOC is low: meaning the EV can store a lot of energy (relative
to its overall capacity) and the need to charge the EV is high. Hence, a low
SOC results in a high CW.

e Battery pack capacity is high: meaning the EV can store a lot of energy
overall and could be charged for a long period of time. Hence, high capacity
results in a high CW.

e Maximum charging rate is high: meaning the EV can accept a relatively
high share of the power being fed into the car park. Hence, a high maximum
charging rate results in a high CW.

Similarly, when power has to be supplied by the car park, EVs are particularly
useful to the aggregator when:

e Battery pack SOC is high: meaning the EV can provide a lot of energy
(relative to its overall capacity) and the need to charge the EV is relatively
low. Hence, a high SOC results in a high DCW.

e Battery pack capacity is high: meaning the EV can provide a lot of energy
overall and could be discharged for a long period of time. Hence, high
capacity results in a high DCW.

e Maximum discharging rate is high: meaning the EV can provide a relatively
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high share of the power required. Hence, a high maximum discharging rate

results in a high DCW.

Additional factors determining the usefulness of an EV to the aggregator may
exist and the underlying functions used to evaluate CW and DCW can be very
different depending on the specific application. In CW and DCW
further depend on charging preferences of EV owners. However, for the base case
scheduling process, only the three factors above are taken into account and carry
equal weight.

It should be noted, that both weightings, CW and DCW, scale with capacity and
maximum charge/discharge rate. As the aggregator treats EVs as energy storage,
this is to be expected as both, high capacity and high power are generally positive
characteristics in most energy storage applications. In practice, a high capacity
EV with high charge/discharge rates is more useful for V2G applications than
a low capacity PHEV with lower charge/discharge rates. For the scope of this
chapter CW and DCW are defined as:

Capacity Max Charging Rate

CW = (100 — SOC) * (3.1)

*
Base Capacity  Base Power Rating

Capacity . Max Discharging Rate

DCW = SOC « (3.2)

Base Capacity Base Power Rating

Base Capacity and Base Power Rating are chosen to be 1 kWh and 1 kW respec-
tively. CW and DCW are used by the scheduling modules to determine which
EVs are given priority when assigning them for charging or discharging. Thus, the
absolute values of CW and DCW are of little importance, and only meaningful
when compared with those of other EVs on the network. Within the aggregator
control, the determination of CW and DCW is implemented using SQL triggers
within the database (see . An SQL trigger is a pre-defined stored pro-
cedure in an SQL database that is executed automatically when a relevant dataset
is manipulated. The trigger condition might be the insertion of a new data entry,
the deletion of an existing entry or an update to an existing entry.

In this case, the SQL database is set up to update CW and DCW whenever
the corresponding EV dataset is updated by the data collection module. The
main advantage of calculating this within the database, rather than during the
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actual scheduling process is a reduction in computational complexity of the time-
sensitive scheduling process. Instead, the often idling computational resources of
the database server are used.

3.4.2 Multi-layer event-based V2G scheduling

As was shown in V2G scheduling can happen in a reactive fashion,
where the aggregator simply reacts to changes in power demand or the EV popu-
lation after they occur, or it may be approached by trying to predict these changes
beforehand and preparing a suitable network response. Both approaches have dis-
advantages: A purely reactive scheduling approach always leads to a lag in system
response, while predictive scheduling is prone to suboptimal decision-making due
to uncertainty.

In R2REE, the rapid multi-megawatt spikes in power demand for train arrival
or departure require a fast system response, ideally on a sub-second level - yet,
coordinating large EV populations takes time, making a purely reactive schedul-
ing approach difficult. A predictive scheduling approach might be feasible as the
timing and magnitude of the rail system’s power demand are predictable due to
a timetabled train operation and ongoing tracking. However, a purely predictive
scheduling approach relies on the accuracy of its predictive capabilities and lacks
the ability to adjust to unforeseen developments. Some uncertainty within the
EV population (e.g. one in a few hundred connected EVs suddenly disconnecting)
may be insignificant due to scale, but uncertainty on the rail side (e.g. a sudden
unexpected braking manoeuvre) could threaten system stability.
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EV dat
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Scheduling [ EVdata
Module
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EV data
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Smart Charge Schedule ’ Charger | =]
S‘:cle‘;u Illng £V data hareer Schedule Instructions 0
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Figure 3.8: Modular aggregator control structure using multiple independent schedul-
ing modules.
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To mitigate the disadvantages of each approach, predictive and reactive schedul-
ing are used alongside each other in this project. When combined, the predictive
scheduling element can ignore uncertainties and assume perfect knowledge on the
connected EV population (rather than using complex stochastic programming in-
volving modelling/optimisation of uncertainties and probabilities). The reactive
scheduling element can then account for uncertainties and refine the schedule over
time (the better the initial predictive scheduling, the less interference is needed
from the reactive scheduling element). This combined approach is realised by
using multiple scheduling algorithm layers within the modular aggregator control
structure (shown in Figure [3.8).

The predictive element makes use of the repetitive nature of the rail system power
demands. Departures or arrivals of trains with known type and speed pattern can
be regarded as reoccurring events. Such patterns on the power demand side can
be exploited to enable dynamic fast-response V2G scheduling using multi-layer
event-based scheduling.

Within this project, an event is defined as either the arrival or the departure of a
single electric train at a train station (train type and speed pattern are known).
The underlying assumption is that two similar events, for example, two identical
trains accelerating at the same rate will result in similar power demands over
time - irrespectively of when each event takes place. It is further assumed, that
each event has a known beginning and end time when predictive scheduling takes
place (i.e. the time at which a train moves out of the V2G network’s range and
into the next track section supplied by another substation).

Multiple events may take place simultaneously so the power demands may stack
or, partially, cancel each other out (as exploited where dwell-time optimisation
is employed [180]). For further discussion, two events are defined as ’co-active’
when either, both require power flow from the EV car park (i.e. both departing
trains) or both require power flow into the car park (i.e. both arriving trains).
In contrast, two events are defined as 'counter-active’ when one event has a pos-
itive power demand and the other one a negative power demand (i.e. one train
departing, one train arriving).

The power demand profile of any event depends heavily on the train type and
the speed pattern (see . For the discussion in this chapter, the highly
simplified power demand curves shown in Figure [3.9| are used. On a typical
rail system, we can expect busy periods with many train arrival or departure
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events as well as calmer ones in which no events take place. To account for this,
the multi-layer scheduling approach can differentiate between in-event periods
(during which an event is ongoing) and non-event periods where no events are
happening and different scheduling rules may apply, see Figure [3.10]

The predictive element is only relevant during in-event periods, although the
corresponding scheduling layer is executed shortly before an event occurs. To
account for any uncertainties, a separate reactive scheduling layer is active at
all times to fix any mismatch between the anticipated and the actual aggregated
power flow between EV population and rail system. During non-event periods,
there are no power demands from the rail system. Hence the aggregator can use
this time purely to charge connected EVs. For this purpose, a separate scheduling
layer for smart charging is employed.

These three layers are presented in the following subsections. The overarching
control over how and when these layers are engaged follows the routine shown
in Figure [3.11] For simplification, all the following discussion assumes that all
connected EVs are forced to participate in the V2G operation (i.e. no opt-outs
allowed).

The annotated python code for each scheduling layer can be found in appendices
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Figure 3.10: Visualisation of in-event (blue) and out-of-event (green) periods for a se-
quence of events (left to right: single train accelerating, single train brak-
ing, train accelerating while another is braking).

[section A2.5, |section A2.4| and |section A2.5|.

3.4.3 Predictive scheduling for in-event periods, first layer

The first scheduling layer is responsible for managing the V2G network’s response
to events occurring in the near future (i.e. in a few seconds). It creates the
schedule for the whole duration of an anticipated event before its occurrence.
This layer can be initialised once the starting time of the event is known. For
this purpose, the algorithm (see regularly checks the train schedule in
the database for any entries within the next 10 seconds. This value was chosen as
it is 1) long enough to allow scheduling and subsequent schedule implementation
(see and 2) not so long as to expect any major delays on rail network
(typical timescale between a train closing its doors and its actual departure). It is
important to note that this train schedule is not identical to the fixed, published
train schedules that show anticipated departure times. These cannot be relied
upon as delays and changes to train schedules are still a source of uncertainty.
Instead the entries on train departure and arrival times in the database must be
updated regularly and be up-to-date at the point of scheduling.



86 3. Vehicle-to-Grid Aggregator Control

Start V2G
scheduling

Open tables ‘Vehicles’, ‘Schedule’
and ‘Event Schedule’ in Database

Is an event about to happen
within X seconds?

Yes
Start predictive
Has this event been N scheduling
No scheduled for already? ° routine for in-
event periods

Yes

Is an event currently
ongoing?

Start off-event
No smart charging @
routine
Start reactive
scheduling routine
Figure 3.11: Three layer scheduling, top-level control routine: node « leads to

ure 3.12] node 3 to and node 7 to

Yes



3.4. V2G Scheduling 87

Car park power flow = power

Load power demand demand? (within tolerance)
profile for given
event No

Amend schedule for a single EV

Load list of all EVs according to prieritisation rules. Do
suitable for event the first action which helps closing the
power demand gap.

1) Take EV offline which was assigned
earlier in this event

Consider next time
step (end if no more

ti t left
CrzsEElan 2) Cancel outstanding schedule entries

for counter-active events during same
time step

Yes

3)Take EV offline which is currently
serving a counter-active event

4) Move outstanding schedule entries
from previous co-active event to this
time step

5) Assign a previously unassigned EV
to serve this event
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Within this work it is assumed that railway signalling systems and tracking of
trains ensure predictive capability in the short term (the position of trains on the
rail network is continuously monitored). While this is not always the case yet,
positional tracking is commonly used as part of Positive Train Control (PTC)
systems [I81] and might utilise GPS (Global Positioning System) [182][I83] or
alternative systems such as the Galileo satellite navigation system [182]. Con-
sequently, departure/arrival times are assumed to be known at least 10 seconds
beforehand, which is when this algorithm is initialised.

For example, if a train of known type is delayed and expected to depart at
12:05:30 (¢) the scheduling algorithm identifies the event and initiates schedul-
ing at 12:05:20 (¢-10s) - this is still true if said train was originally scheduled to
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depart at 12:00:00 as long as the expected departure time has been updated in
time.

Once an event is identified to begin within 10 seconds, the algorithm loads the
corresponding power demand profile (power demand versus time) into memory.
This demand profile depends on train type and speed profile but is pre-determined
(based on the assumption of repetitive events) and hard-coded into the algo-
rithm. Next, all relevant EV data is obtained from the network-wide mutual
SQL database (IP address, maximum charge/discharge rate, current charge/dis-
charge rate, CW/DCW). For train departure events, EV data is sorted by DCW
from high to low so that the most suitable EVs are assigned first. Similarly, for
train arrival events EV data is sorted by CW from high to low - EVs with a CW
of zero (signalling full battery) are completely ignored.

Next the algorithm iterates through each time step in the power demand curve.
The temporal resolution is a major factor determining computational complexity
of this layer as it determines how often the main loop shown in Figure |3.12)] is
executed. This project uses one second time steps. Shorter time steps could be
used for more refined scheduling, but at the expense of increased computational
cost.

Assuming only one event is happening at the time of execution, the algorithm
will sequentially assign EVs to charge/discharge at maximum rate (to reduce the
number of EVs per timestep and hence the necessary communication attempts)
in order to match the change in power demand between each time step. Further,
assigned EVs are marked as 'busy’ in the mutual database (set "Event Status’ to
1) to prevent conflicting instructions being given by another scheduling algorithm.
As the event comes to an end and power demands decrease, these EVs are set
to return to their previous charge/discharge rates. As a result, for each EV
being used in an event two new charging instructions are added to the schedule
table.

In more complicated cases where multiple events overlap, this scheduling layer
also has to consider previous schedule entries. Each event is being scheduled
without consideration of future events. Consequently, schedule entries from a
previous event that is still ongoing may contradict and interfere with the event
currently being scheduled. The predictive scheduling layer is designed to correct
previous schedule entries if applicable before assigning new EVs. This avoids
situations where a subset of the EV population is being discharged to support a
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departing train while another subset is simultaneously being charged to accept

power from an arriving train.

Thus any available actions to minimise the mismatch between power demand and

power flow from the EV car park are prioritised in the following order:

1.

Take any EVs offline (return to pre-event charging rate) that were assigned
in this event. This is the top priority to ensure that every EV assignment
is reversed as the event comes to an end.

Cancel any outstanding charge/discharge orders scheduled for this time
step to serve counter-event. This revision of a previous schedule prevents
conflicting charging instructions from being executed in the future. Only
possible for an order not yet queued by the implementation module(s).

. Take any EVs offline that are already charging/discharging at this time step

to serve counter-event. This schedule revision moves forward the execution
time of an already planned order to end an EV assignment.

Move orders from any previous co-active event forward/backward in time.
This revision leads to an already planned EV assignment to be executed
earlier or cancelled later. Only the extra time period of the EV’s assignment
is counted towards the current event.

. Assign an EV that is not currently serving any event to charge/discharge

at maximum rate. Only when no useful revisions of previous scheduling
decisions are available are additional EVs being assigned.

. If there is still a power gap, the current population of EVs cannot fully serve

the event as not enough suitable EVs are available. Previous assignments
are still valid and the scheduling algorithm will still try to meet demands
as far as possible for subsequent time steps.

3.4.4 Reactive scheduling for schedule refinement, second layer

The second scheduling layer is a reactive one continuously implementing minor

corrections in real-time to ensure the power flow into/out of the EV car park

matches the rails system’s power demand (within a given tolerance, here a value

of 5 kW is being used as tolerance). The corresponding algorithm routine is
shown in Figure 3.13, Corrections may be necessary due to uncertainty at the
time of the predictive schedule creation (e.g. EV data may be outdated, an EV
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might have unexpectedly disconnected in the meantime, the power demand may

differ from the initial predictions, etc.).
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Figure 3.13: Reactive scheduling layer flow diagram

In contrast to the first layer, the second one does not follow fixed time steps, but
instead loops continuously (the temporal resolution does not determine execution
times but rather depends on them). Further, this layer is capable of assigning
charging rates other than an EVs respective maximum charging or discharging
rate at the time of scheduling (if a lower rate for a single EV is enough to close
the gap between power demand and supply). This gives it the ability for finer
adjustments to the power flow into and out of the EV population. Revisions
to the existing charging schedule or new charging instructions are fed into the
database to be executed by the implementation module.
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As was the case in the first layer, the size of the EV population impacts compu-
tational complexity through the size of the dataset being manipulated. However,
any schedule revision only takes place if the mismatch between car park power
flow and application power demand exceeds the stated tolerance (see Figure.
It follows that computational complexity of this second layer is dependent on the
accuracy of the preceding predictive scheduling. If the predicted power demand
in the previous layer matches the actual power demand (and no active EVs have
suddenly disconnected since) the reactive layer will not interfere (hence, no need
for further communication with database to load EV data or manipulate the
existing schedule).

3.4.5 Scheduling for non-event periods (smart charging), third layer

The third scheduling layer applies a different set of rules outside of events. De-
pending on the V2G application these rules may differ. Considering the electric
rail support, this layer is used as a smart charging scheduler. This is necessary
as the rules of the other scheduling layers inevitably lead to a situation where, on
average, more power is drawn from the EV population during events than is sup-
plied to the EVs (arriving trains are expected to supply significantly less energy
from regenerative braking than they require for acceleration - around a third of
the traction energy according to [I84]). However, the aggregator is responsible
for ensuring EVs are sufficiently charged for mobility purposes and must (at least
over time) receive a net charge.

®

(EV number * Apply minimum
minimum chargin charging rate to each
Load list of all EVs bl o E
rate) < Total power EV not currently
not currently . .
, available? assigned
assigned
Yes
Load power Apply minimum
ilable to V26 hargi te pl
available to Sum up CW values [ argl.ng ra e.p.us
network and global - share in remaining
o . for all EVs in list
minimum charging power budget to
rate per EV each EV

Figure 3.14: Smart charging scheduling layer flow diagram

A flow diagram describing the smart charging algorithm routine is shown in Figure
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m This layer requires two additional parameters (both of which may change
throughout the day): a minimum charging rate per EV and an optimal total
power flow from the grid (the power drawn by the EV car park plus train station
through a shared grid connection). Both values are obtained from the database
and have to be chosen based on car park size and V2G application. Ideally, the
minimum charging rate on its own is sufficient to ensure EVs are being charged
over time.

The algorithm is designed to make full use of the power available to the EV car
park. Individual EVs are assigned the minimum charging rate plus a share of
the remaining power available that is proportional to each EV’s CW value (up to
the maximum charging rate of each EV). The higher the CW, the more power is
being allocated. The computational cost of this algorithm depends mainly on the
size of the connected EV population. As decisions are based on the pre-assigned
CW scores of EVs no in-depth analysis of EVs is required.

As this layer operates in non-event periods where system wide power flows only
change gradually and system responsiveness is less significant, computational cost
are not a major concern. Therefore alternative, more complex smart charging
algorithms may be employed instead (taking into account additional factors such
as EV battery degradation [154][159] or fairness criteria[167]).

3.4.6 Interaction between predictive and reactive scheduling layers

In order to analyse the behaviour of the scheduling algorithms presented, the
same combination of events (e.g. a train departure followed by a train arrival 30
seconds later) are scheduled and simulated using A) only predictive scheduling
and B) only reactive scheduling. Finally, the same event combination (altered
with a braking manoeuvre unknown to the predictive layer) is being scheduled
for using C) combined predictive and reactive scheduling.

The scheduling algorithms have been tested using two desktop PCs connected to
the same computer network via Ethernet connection. The computer network is
not a dedicated one so traffic outside of the authors’ control can have a minor
impact on the results reported. All aggregator control algorithms (data collec-
tion, scheduling, schedule implementation) were handled on a machine equipped
with an Intel Core 15-2400 |Central Processing Unit (CPU)| (4x3.1 GHz) and 4
gigabyte DDR3 [Random Access Memory (RAM), The memory usage was care-

fully monitored to ensure algorithm execution is not ’bottlenecked” and slowed
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down by a lack of memory (typically around 70 % of memory was in use during
operation).

The EV population was simulated on another machine equipped with an Intel
Core 15-4590 CPU (4x3.3 GHz) and 16 gigabyte DDR3 RAM. Available memory
is the major restriction for the number of EVs that can be simulated (typi-
cally around 90 to 95 % of the available RAM is reserved while simulating 1,000
EVs).

Each simulated EV has a unique IP address and network port combination so
that aggregator-to-EV communication via the REST API realistically mirrors
the communication delays that could be expected on a network with a real EV
population. It was found that data collection (requesting information from an
EV, receiving information and storing it in the database) as well as schedule
implementation (retrieving charging instructions from the database, submitting
instructions to EV charger and receiving confirmation) each take about 15 mil-

liseconds per EV using an Ethernet connection (see |[Appendix A3)).

Predictive scheduling only

Initially, only the predictive scheduling layer is being tested (i.e. the reactive
layer is not enabled). The predictive layer is set up to begin scheduling 10 seconds
before an event begins and to create the schedule for the whole duration of an
event in 1 second time steps. The execution times for this layer (time passed
between the program initialisation and the schedule for a single event being fully
passed onto the database) vary significantly with the number of EVs on the
network (see Table [3.1)).

The relationship between execution time and number of EVs on the network is
non-linear as for each time step the algorithm stops when a solution is reached
or no more EVs are available. This means that for a low number of EVs, the
scheduling process may be fast, but the power demand may not have been met.
Similarly, for a large number of EVs, solutions might be reached with less EVs
than available and the execution times only increase as more EV data had been
loaded into memory from the database.

It should be noted that even the longest execution time reported in Table 3.1 with
1.82 seconds remains well below the 10 seconds made available to the algorithm
before the beginning of the event. Thus the predictive scheduling could take
place closer to the beginning of an event (which might lead to less uncertainty
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Multiple events, predictive scheduling only
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Figure 3.15: Simulated V2G network response to two counter-active events (one train
departing at 0 seconds, one train arriving at 30 seconds) using predictive
scheduling only

at the point of scheduling) or the time available could be used for more complex
scheduling (smaller time steps, more complex scheduling rules, smaller increments
in charging rates assigned per EV| etc.).
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Number of EVs | Min. time (s) Average time (s) | Max. time (s)
90 0.007 0.034 0.496
100 0.011 0.353 0.765
200 0.147 0.527 0.844
500 0.328 0.649 1.141
1000 0.469 0.837 1.820

Table 3.1: Execution times for predictive scheduling algorithm for varying number of
connected EVs (over 1,000 scheduling cycles)

Figure shows the V2G network response to the two counter-active events for
a connected EV population of 500 simulated EVs. The rail traffic power demand
over time represents an input to the scheduling process. The network response
is represented by the sum of all individual EV power flows over time. This sum
changes whenever a new charging/discharging instruction is being sent to an EV
by the schedule implementation modules (i.e. when the V2G aggregator is taking
action in response to a change in power demand).

For the purely predictive scheduling approach, the simulations show that the
power supplied by the EV population closely matches the rail power demand and
without significant delay. Delays are being avoided here as the schedule has been
entered into the database and made available to the schedule implementation
algorithm well in advance (10 seconds minus execution time for scheduling). Mi-
nor mismatches in power supply and demand exist due to the predictive layer’s
limitation of assigning EVs at maximum charging or discharging rate.

However, it must be noted that the predictive scheduling only followed the pre-
dicted power demand curves defined for departing or arriving trains. Any noise
or deviation from these predictions on the power system have not been part of the
simulation, thus the initial prediction was in fact a perfect one within this sim-
ulation (deviation in power demand from the initial prediction will be addressed
when combining predictive and reactive scheduling below).

Reactive scheduling only

Similar to the previous test, the reactive scheduling layer has been tested by
scheduling for the same event combination while the predictive layer has been
disabled. The results are shown in Figure m (an identical simulated EV pop-
ulation of 500 EVs has been used). The figure shows that the V2G network
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Multiple events, reactive scheduling only
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Figure 3.16: Simulated V2G network response to two counter-active events (one train
departing at 0 seconds, one train arriving at 30 seconds) using reactive
scheduling only

response is following the power demand of the rail traffic, but that the response
is continuously lagging behind by between 1 and 2.5 seconds. This lag is only in
parts due to the actual schedule creation and primarily caused by communication
delays within the network.
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The execution times of the reactive scheduling layer were found to vary between
about 47 and 187 milliseconds with an average execution time of 73 millisec-
onds (measured over 10,000 scheduling cycles, in-event periods only with 500
connected EVs). On average, 48 milliseconds of this time (between 31 and 140
milliseconds) was required just to determine the difference in power flow from the
EV population and the power demand from the rail application. This informa-
tion is sourced from the SQL database and delays are therefore due to database
communication, database-internal computation and sequencing of SQL queries
(as other algorithms simultaneously access the same database.

In each cycle the algorithm made between 1 and 21 changes to the schedule —
on average 12.88 schedule changes per cycle. These new schedule entries in the
database have to be processed by the implementation module and communicated
to the EV chargers. At around 15 milliseconds per EV, implementing 13 schedule
entries is expected to take about 195 milliseconds. The last source of delay in
system response is the time taken to detect the effects of any changes in power
flow within the EV population. The power flow data relied upon for scheduling
originates from the data collection module which updates EV data sequentially.
For a population of 500 EVs it was found that, on average, 3.04 seconds pass
before all EVs have been checked. This delay is highly situational depending on
when an EV is being contacted. Thus, any schedule change made may not be
accounted for in subsequent scheduling cycles for a few seconds.

Combined scheduling with predictive and reactive scheduling layer

In the next test both the reactive and predictive scheduling layers are enabled.
Again, the algorithms are determining the V2G network’s response to a departing
train followed by an arriving train 30 seconds later. To show the ability of this
combined scheduling approach to adjust to uncertainty, the rail traffic power
demand has been altered to differ from the predicted power demand curves.

As shown in Figure[3.17] the simulation now features a drop in the power provided
from brake energy recovery of the arriving train from 1 minute and 17 seconds
onwards. This could present a situation in which a train engages its mechanical
brakes for an emergency stop, drastically reducing brake energy recovery. As
this drop was unknown to the predictive scheduling layer, the initial schedule for
charging/discharging the population of 500 EVs has been identical to the previous
one (thus created at the same computational cost). This initial schedule has then
been adjusted by the reactive layer once a mismatch above the 5 kW tolerance
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between power supply and demand has been detected.

Figure [3.17] shows that the V2G network’s response closely matches the power
demand without any significant delay until the unpredictable braking manoeuvre,
followed by a relatively consistent delay in network response of about 1 second
as the reactive scheduling layer makes ongoing adjustments. Thus, the system
responsiveness has been improved as long as the initial prediction closely matches
the actual power demand. Yet, the ability to account for uncertainty has been
maintained by the reactive scheduling layer.
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3.5 EV communication system prototype

For this project, a prototype communication system has been developed as a
proof-of-concept to represent a single EV in any aggregator-to-EV communica-
tion. The system was designed to connect to an existing computer network (Eth-
ernet or Wi-Fi) to receive orders from, or transmit EV data to the aggregator via
REST API (in line with the REST calls defined in [section 3.2 and [section 3.3)).
The device, shown in [Figure 3.18| further features a touchscreen display to run the
user-interface developed for EV user charging preferences (see .
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Figure 3.18: EV communication system with user interface

By default, the system uses the university’s on-campus Wi-Fi network "eduroam’.
This is a network with multiple access points, which supports a large number of
users simultaneously connected to the network. Hence, it is similar to the type of
Wi-Fi network that would likely be employed in a large scale V2G environment
(assuming that Wi-Fi is the chosen method of communication).

In this location (other locations may differ), ’eduroam’ uses "WPA2-enterprise’
encryption (each user has a unique ID and an own encryption key [185]) as well
as 'PEAP’ (Protected Extensible Authentication Protocol [I86]) authentication
(the process with which the network decides which devices it allows access to).
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The encryption method used by 'eduroam’ would suit the application for V2G as
every EV communicating with the aggregator could use its own, unique, encryp-
tion key (lowering the risk of data theft or other criminal abuse of a V2G data
network).

The communication system consists of four main components (see [Figure 3.19).
The core of the system is an Arduino Mega Micro-controller board [I87], which is
used to exchange and collect data from all the other components. This board was
chosen as its processor supports four asynchronous serial connections
[Asynchronous Receiver/Transmitter (UART)|0 to 3) and one synchronous serial
connection (Serial Peripheral Interface (SPI)) operating simultaneously. Three

of the asynchronous connections (UART 1, 2 and 3) are already required to
communicate with the other components within the communication system. The
fourth (UART 0) by default is used for the USB interface to program the board,
but can also be used as another communication line (for example to an EV’s
battery management system).

WiFi Communication
(WPA2-enterprise encryption)

Battery
Management
System

EV Battery
Pack

Touchscreen
Interface

Main Control Unit

Figure 3.19: EV communication system components

A second component is used for the Wi-Fi connectivity of this system. This is
done using another microcontroller board: the Arduino Tian [I88]. The Tian has
two processor structure in which, one processor (the SAMD21G18) runs ‘sketches’
(as algorithms on Arduinos are usually called), while the other one (the Atheros
AR9342) runs a Linux based operating system, called Linino OS [I89]. This first
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processor is used for a range of Arduino models and hence compatible with most
libraries available for Arduino programming. The second processor’s operating
system is required to connect the system to ’eduroam’ as the WPA2-enterprise
encryption used is handled by the operating system. Unfortunately, this adds
another processor and with it, more complexity to the communication system.
The Tian exchanges relevant data with the Arduino Mega via asynchronous serial
communication (UART 3).

Ideally, there would be a single microcontroller board for both, Wi-Fi connectivity
and serial communications with other components in this device. Unfortunately,
no board within the Arduino range available at the time could provide the ability
to use WPA2-enterprise encrypted Wi-Fi while still having a sufficient number
of serial connectors. Yet, using the Arduino range was chosen as its open-source
concept provided relative ease of programming. For the communication systems
of actual commercial electric vehicles, clearly more potent hardware should be
used. However, as a proof-of-concept, the double microcontroller setup is suffi-
cient.

A third component is an ’Adafruit Ultimate GPS Breakout’ module [190]. This
module provides the system with time, date and location data via asynchronous
serial connection with the Arduino Mega (UART 2). This module has been
equipped with an external antenna as well as a battery that prevents it from
losing the current location, date and time if the power supply from the Arduino
Mega is disrupted (re-calibration after a hard reset can take several minutes
depending on weather conditions).

The user interface was developed using a 77 Nextion Touchscreen Display [191]
- the fourth component - and the corresponding Nextion Editor Software [192].
This display is equipped with its own microprocessor and only exchanges relevant
data with the Arduino Mega via an asynchronous serial connection (UART 1).
Thus, it does not need to be controlled ’pixel by pixel’ by the Arduinos and has
little negative impact on the system’s speed and responsiveness.

The complete communication system is programmed to behave as such: On start-
up, the system tries to establish a Wi-Fi connection with ’eduroam’ (trying again
indefinitely, if unsuccessful). The IP address assigned is shown on the display
so that the system can be registered with the aggregator control (see .
[This step would not be necessary when having full control over the network as
any newly connected device could be registered automatically.] The Arduino Mega
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(see Spuchon, ook
Lommunrcation |

Figure 3.20: Communication trials between Arduino Mega and BMS using synchronous
serial communication

is regularly collecting updated data from the user-interface and the GPS module
while waiting (’listening’) for commands from the network. These commands
come in the form of [REpresentational State Transfer (REST)| calls [193] used by
the aggregator to either request information from the EV or instruct

the EV to charge/discharge at a certain rate (section 3.3)).

The system has not been connected to an actual EV battery pack as this would be

outside the scope of this project. It was, however, successfully trialled to interface

with a [Battery Management System (BMS)| using synchronous serial communi-
cation. The BMS* used is an ’Analog Devices EVAL-AD734AEDZ Lithium Ion
Battery Monitoring System’ [194]. This board can monitor up to 6 lithium-Ion

cells with inputs for both voltage and temperature and can be used for cell bal-
ancing (*although further circuitry would be required for that, which is a likely
reason the board is not called Battery Management System by its manufacturer).
As this BMS had no batteries connected, it has not been used to provide any
data in this project.

The EV communication prototype behaviour was programmed to simulate a real
EV connected to the V2G network. It responds to information and charging
REST calls in the manner described in [section 3.2| and |section 3.3 It is set up
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to simulate a battery pack capacity of 50 kWh and an initial SOC of 50 % (after
every reset). When receiving an instruction to charge or discharge, it continu-
ously adjusts the SOC over time in line with the given charging/discharging rate
(assuming an efficiency of 90 % both ways). Self-discharge of the battery pack
over time is not simulated as the system was usually only used for a few hours at
a time. EV user charging preferences (see are not selected by default
(i.e. charging mode 0 at start-up), but can be input manually via the touchscreen
interface.

The C-based source codes for the Arduino Mega and the Arduino Tian can be

found in appendices [section A2.0| and [section A2.7. Code for the touchscreen

interface can be found in appendiz[section A2.§

3.6 EV Simulator

To test the aggregator control strategy presented in this chapter and to investi-
gate its usage for Road-to-Rail Energy Exchange (see a large number
of (virtual) EVs are required to model a substantial EV car park. As it is obvi-
ously not feasible to build tens if not hundreds of the EV communication systems
presented in [section 3.5 an EV simulation algorithm was developed. This al-
gorithm is not part of the aggregator control but is used to create a realistic
testing environment for it. It is designed to behave just as the EV communica-
tion system prototype by responding to REST calls (info or charging calls) in
the same manner as a single EV would. Unlike the real system, the simulator
runs from a stationary desktop PC (connected to the same computer network as
the machine(s) running the aggregator control), pretending to be a number of
EVs.

To simulate multiple EVs on a single machine, multiple instances of this algo-
rithm can be run simultaneously. However, as each PC usually only features
one IP address when connected to a network, this address would be insufficient
to uniquely identify individual simulated EVs. To account for this not only the
machine’s IP address but also a network port needs to be specified. The latter
should be uniquely assigned to each instance of the simulator on a machine.

For example, a PC with IP address 123.123.12.12 may run a hundred instances of
the EV simulator with unique IP addresses 123.123.12.12:5000, 123.123.12.12:5001,
vy 123.123.12.12:5099. Whenever the aggregator is contacting an instance of the
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EV simulator it has to use a unique IP address/Network port combination so
that each communication attempt is a realistic representation of that between
an aggregator and a real communication system — even though the aggregator
keeps communicating to the same stationary machine. For the aggregator, this
means that IP addresses may also include network ports. This is fully compatible
with the SQL database as well as the REST calls used during data collection and
schedule implementation previously presented. Thus no further action is needed
to adjust the actual aggregator control.

When initialising an EV simulation, a random vehicle model is chosen from a pre-
determined list of EVs currently commercially available. This list contains twenty
EV models, each with the same chance of being chosen (see [195]). The
simulation then uses the model name, the battery pack capacity as well as the
maximum charging and discharging rates of the randomly chosen EV. It also
creates random values for the initial battery pack SOC, the user inputs regarding
charging preferences (see as well as the vehicle location data. This
random data is used whenever the aggregator requests information. It should
be noted that a ’seeded’ random number generator is used, meaning that any
random selection can be reproduced by initialising a simulation with the same
'seed” as input. This allows re-running a simulation with the exact same initial

conditions when needed (see [section 4.3)).

After initialisation, the algorithm connects to the aggregator’s SQL database to
register it’s IP address and network port in the ‘newVehicles’ table*. *Note: As
was explained in[section 3.3, this registration step is only necessary due to a lack
of admin privileges over the network that was used for this project. Otherwise, the
aggregator could easily look-up the IP addresses of any newly connected device. In
any real-life implementation of V2G this step would not only be unnecessary but
highly unadvisable — for security reasons alone, should EVs not be able to access
the aggregator’s database! As EV access to the database effectively equates to
‘public’ access the risk of malicious misuse such as SQL-injection [202][203][204)
or ‘denial of service’ attacks [207)] is rather high.

Once initialised, the simulation algorithm regularly updates the battery pack
SOC according to any charging instructions it has received from the aggregator.
To reduce the processing resources required per simulator instance, the SOC
is updated every time a REST call is received. The simulator algorithm then
evaluates how the SOC would have changed in the time passed since the last
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) ) Capacity | Max charging | Drivetrain
Electric Vehicle Model (kWh) rate (KW) power (KW)
Audi e-tron 55 quattro [196] | 95 150 300
BMW i3 33.2 50 125
BMW i3 (2019) [113] 42.2 50 128
Hyundai Ioniq [197] 30.5 70 88
Jaguar i-Pace [19§)] 90 100 294
Kia Soul 33 100 81
Nissan e-NV200 [199] 40 50 80
Nissan Leaf 30 50 80
Nissan Leaf (2019) [200] 40 50 112
Renault Kangoo Z.E. 33 7.4 44
Renault ZOE Q90 41 43 65
Renault ZOE R90 41 22 68
Smart Fortwo Electric Drive | 17.6 22 60
Tesla Model 3 75 80 150
Tesla Model S 100D 100 120 311
Tesla Model S 75D 75 120 245
Tesla Model X 100D 100 120 311
Tesla Model X 75D 75 120 245
Volkswagen e-Up 18.7 50 60
VW e-Golf [201] 35.8 40 100

Table 3.2: EV model specifications used for EV simulator,
database.uk as well as stated sources.

compiled using ev-
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Tesla Model S 90D charging profile, charging power vs. state of charge
140 |

----- Dataset 1

10 ————— 1T 32— T T T T T Jeeens Dataset 2

Dataset 3

100 Stage 1:
constant power

Fitted Curve

80

60

Power (kW)

40 Stage 2:

exponential power decrease
20

0 10 20 30 40 50 60 70 20 90 100
State of Charge (%)

Figure 3.21: Charging profile for Tesla Model S 90D, charging power (kW) against SOC
(%) [206]

call at the current charging/discharging rate. Just like the EV communication
system, a 90 % efficiency is assumed for charging and discharging.

Further, the EV simulator algorithm accounts for changes in the maximum charg-
ing rate that an EV can accept depending on the current SOC. Ideally, this would
be assessed separately for each EV model simulated, but suitable data is very hard
to come by. Instead, this issue is significantly simplified within this project, by
assuming the same charging power to SOC relationship for all EVs. A suitable
dataset was found for a Tesla Model S 90D (the previous version to the Model
S 100D that features in . This EV has a battery pack capacity of 90
kWh and a stated maximum charging power 120 kW.

Tom Bryden, a previous CDT in Energy Storage and its Applications student,
analysed the charging behaviour of this vehicle using datasets uploaded to the
Tesla forum by owners of said EV model [206]. In the datasets, the EVs were
charged through the Telsa supercharger (charging rate up to 150 kW) - the charg-
ing profiles are shown in While these datasets are not perfect (they
originate from private individuals, effects of temperature and battery state of
health have not been accounted for), an approximate relationship between the
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maximum charging rate of these EVs and the battery pack SOC is apparent.
Within this project, it is assumed that all EV models show similar behaviour and
hence the charging profile shown in (based on the fitted curved in
[20€]) is used for the EV simulator algorithm.

Tesla Model S 90D charging profile, charging power vs. state of charge
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o o o
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Figure 3.22: Assumed charging profile for idealised EVs, % of maximum charging power
against SOC (%)

The machine used for these EV simulations is equipped with 16 GB RAM memory,
which is the major limiting factor. Due to a large number of EV simulator
instances, but the low processing load for each instance (it only reacts when
being contacted), the EV simulation is very memory intensive, but not processor
intensive. This machine has been used to reliably simulate the communication
between aggregator and up to 1,000 EVs. From about 1,100 simulated EVs
and upwards the system was found to be prone to serious delays and crashes
(only the EV simulations, NOT the aggregator control). Multiple PCs could be
employed for the simulation of even larger EV populations. However, as will
become apparent in the following chapters, this is not necessary within the scope
of this project.

While this simulation algorithm is very useful to create large numbers of EVs for
the aggregator to communicate with, it is based on random number generation
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and does not allow for full control over the initial conditions of the simulated EV.
For any analysis focussing on an individual EV, a second version of the simulation
algorithm was created.

This controlled version is initialised using user inputs (in the code’s preamble) for
EV battery pack parameters, initial SOC and user charging preferences. Further,
this version is logging SOC data and charging rates as well as every command
that was received from the aggregator. This allows for deeper analysis into how
decisions by the aggregator affect individual EVs. A downside to this data logging
is the associated computational cost, making it unfeasible to use the controlled
version as default to simulate hundreds of EVs. This version has mainly been used
during simulations in where a number of ‘control EVs” were analysed
as part of of a larger, mostly randomised EV population.

The annotated python code for the EV simulator algorithms can be found in ap-
pendices |section A2.9 and |section A2.10).




4. ROAD-TO-RAIL ENERGY EXCHANGE

Road-to-Rail Energy Exchange (R2REE) describes a novel V2G application in
which the energy storage potential of aggregated EV batteries is used to support
nearby electrified rail infrastructure. As such it addresses the issues tied to trans-
port electrification on two fronts; the uptake of EVs in personal transportation
and the power demands of electrically powered trains for mass transportation.
In both areas, this electrification increases demand stresses on the electric power
grid and must be accompanied by upgrades to the underlying power supply in-
frastructure.

4.1 V2G as support for Rail systems

A car park based V2G network can act as a buffer between rail system and power
grid by supplying traction power for electric trains (thus reducing peak demand
stresses on the power grid) and absorb energy from regenerative braking of elec-
tric trains. For new rail electrification projects reduced power demand peaks
might reduce network upgrade requirements. Further, it could lower upgrade
requirements for new EV charging infrastructure (assuming an EV car park can
share the connection with the electrified rail infrastructure).

As a specific application of V2G, one might choose to follow the ‘V2X’ naming
convention predominant in related literature (such as V2H, V2B, V2V and others,
see [chapter 2)) and describe the concept as [Vehicle-to-Rail (V2R)| However, this

terminology is already established in logistics representing supply chains involving

both road and rail transport [207][208]. Thus, to avoid confusion this terminology
will not be used within this work.

In R2REE, as electric trains accelerate (causing a spike in power demand for
traction power) the connected EV population (or parts thereof) are discharged,
feeding into the rail system and reducing the load on the local substation (see
[Figure 4.1). As arriving trains decelerate using regenerative braking, the result-
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ing spike in power from the rail system is fed into the V2G network. Both these
operations reduce fluctuations in the power demand experienced by the substa-
tion. In periods without rail traffic, the EV population can draw power from the
shared grid connection for battery charging, thereby maintaining a steady power
flow from the grid.
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Figure 4.1: Powerflow in a V2G network used for train brake energy recovery in a third
rail powered rail system

Accepting power from regenerative braking is especially beneficial in rail networks
which typically cannot support it. For rail systems with [AC| power supplies
(typically operating at about 25 kV), electricity from regenerative braking can
usually be fed back into the power grid without major transmission losses. [DC]
networks, however, typically operate at much lower voltages (about 650-1500 V)
significantly lowering the efficiency of power transmission.

Thus, regeneration of power from brake energy recovery into the grid is not a com-
mon feature of DC-powered networks. Consequently, DC-powered rail networks,
whether using third rail, fourth rail or overhead catenary DC power supply, may
greatly benefit from energy storage in general, and R2REE in particular, from
enabling regenerative braking where it has not been feasible before.

Unlike approaches such as dwell time optimisation [I80], in which power from
regenerative braking of one train is immediately absorbed as traction power by
another, the usage of energy storage does not interfere with train schedules. Var-
ious types of energy storage, such as batteries, supercapacitors or flywheels have
been proposed either on-board or along track lines to accept power from regen-
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erative braking for later use during acceleration [209][210]. R2REE could serve
the same purpose - with the advantage of using batteries that are already in use
and awaiting charging.
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Figure 4.2: R2REE: Vehicle-to-Grid schematic supporting local rail system

An existing low-voltage (750 V) DC-powered third-rail system in Merseyside,
England serves as a case study in this work - supported by a V2G network mod-
elled after the findings in the previous chapter, see [Figure 4.2] Of the electrified
railways in the UK, about two thirds (by length) use a 25 kV, 50 Hz AC overhead
supply system (63.7 % in 2003) [211]. This type of electricity supply was also
set as the standard for future railway electrification projects. The second widely
used system (others exist, but are rarely used nowadays) with about one-third of
the electrified railways (36.04 % in 2003) is the use of 660/750 V DC third-rail
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systems [211]. In these systems, the train’s electricity is supplied via mechanical
contact between the train’s power supply system and an additional rail parallel

to the two rails used for travelling (see [Figure 4.3]).

|Trave|ling Rails|

Third Rail

typically
750V DC

/

Figure 4.3: Third rail system in electrified rail track

Third rail systems are associated with safety risks and friction losses [212] and
hence are often regarded as inferior compared to 25 kV overhead supply. However,
the existing third rail infrastructure is likely to be used for decades to come so
should not be excluded from consideration for brake energy recovery. As third
rail is commonly used in the most populated areas in and around London, it also
accounts for a large fraction of UK rail traffic by passenger numbers and number
of train starts/stops [211].

4.2  Train Station Power Demand Model

To explore the practicality of the R2ZREE the 24-hour operation of the proposed
system is simulated using the rail power demand model presented in this sec-
tion along with the EV population model in The aggregator control
scheme described in and in particular, the predictive scheduling ap-
proach presented in requires the power demand model to be defined

as a sequence of predictable and repetitive ’events’.

For R2REE each event represents either a departure (requiring traction power)
or the arrival (surplus power from regenerative braking) of a train of known type.
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While the aggregator control was developed for real-time operation and only
requires to know event starting times a few seconds prior, a full 24-hour fixed
event schedule is created so that any simulations discussed henceforth assume an
identical power demand profile throughout the day. In the case of R2REE, this
event schedule represents a list of all train arrivals and departures.

¥ Electricity substation
e Node (Station, junction, substation) ==
— Twin line railway

Figure 4.4: Section of Merseyrail system modelled in case-study, figure taken from [213]

The rail power demand model defined in this project uses the 750 V third-rail
powered DC "Merseyrail’ rail network [215] operating in Merseyside, England as a
case study. In particular, the train station in Hoylake (near Liverpool) along the

‘Wirral Line” was chosen (see |[Figure 4.4). Hoylake train station is interesting as
it allows for several simplifying assumptions during modelling and analysis:

e The train station is in close proximity to the single substation powering
this section of the rail network (see |[Figure 4.5)), thus removing the need to

analyse interactions between multiple substations or transmission losses.

e A public car park belonging to the station is also nearby (less than 50
meters away). This car park could be equipped with bi-directional chargers

as outlined in [section 4.3

e The train station has two tracks and only serves this one line (both direc-
tions).

e Merseyrail only operates British Rail Class 507 and Class 508 trains on
the ‘Wirral Line’ - both of which can be regarded as identical in terms of
traction power demands and are thus treated as a single type of train within
this work.
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Figure 4.5: Aerial view of Hoylake train station and surroundings: train station, car
park and substation in close proximity, image taken from [214]

e The Merseyrail network does not currently utilise regenerative braking and
could therefore potentially gain from enabling it through the introduction
of energy storage technologies.

Note: the findings presented in this section are based in large parts on work un-
dertaken by Professor David Fletcher (Department of Mechanical Engineering,
University of Sheffield) who created a comprehensive model of the electrical sys-
tem of the Merseyrail "Wirral Line’ [213]. The author acknowledges this contri-
bution and is grateful for the cooperation with Professor Fletcher throughout this
project.

The power consumption of trains moving along the whole Wirral line has been
modelled in detail and validated in [213]. This model describes the traction power
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Train speed profile over time
25

20

15

10

Train speed in m/s

0
0 20 40 60 80 100 120 140 1e0 180

time in seconds

Figure 4.6: Assumed speed profile of simulated train

requirements of trains moving on the rail network as well as the resulting power
draw experienced by substations along the line. Unlike the real rail system, the
model also allows for the inclusion of regenerative braking. Parts of this existing
model forms the basis of this work: to construct the 'event’ definitions needed
here, the power demand profile (as experienced by the substation, including the-
oretical regenerative braking) of a single train accelerating from a standstill at
‘West Kirby’ train station and stopping at Hoylake is used.

West Kirby is the next stop after Hoylake and thus the end of the Wirral line
(see . The track section Hoylake-West Kirby is single-ended and thus
fully powered by the substation at Hoylake. The speed profile of a train journey
from West Kirby to Hoylake can be seen in (this speed profile was
created from GPS data recorded while travelling on the real train line [213]).
The resulting power demand experienced by the substation during this journey
is shown in (no other trains were using the relevant track sections at
the time, negative demand represents power from regenerative braking).
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Train power demand over time
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Figure 4.7: Train traction power demand during acceleration and regenerative braking
power output during deceleration

This power demand profile for the journey was ’deconstructed’ into two distinct
‘events’ for trains leaving from or arriving at Hoylake station:

1. the train departure event (acceleration from standstill to travelling speed,

traction power required, see [Figure 4.8|)

2. the arrival event (deceleration from travelling speed to standstill, energy

from regenerative braking needs to be dissipated , see [Figure 4.9).

This assumes that the speed profile of a train leaving West Kirby is the same
as a train leaving Hoylake (in either direction) and the speed profile of a train
arriving from 'Manor Road’ (next stop from Hoylake eastward) is identical to the
arrival from West Kirby. The departure event can be verified by comparing it to
the findings in [215], Figure 7 in which the current drawn from the substation
in Hoylake were measured under a similar train journey (not simulated as in

[213]).

These two event definitions were used by the V2G scheduling algorithms (see
section 3.4)) as the only two event types in any simulations discussed below. The
same approach could be employed for more complex rail systems, such as any large
urban rail station with a dozen or more platforms. However, this would require
defining a large number of ’events’ to represent the various train lines, train
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Train power demand over time
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Figure 4.8: Assumed traction power demand for train departure event

types and resulting differences in speed profiles and power demands. It should
be noted that the aggregator control presented in could accommodate
any number of train arrival or departure events.

To construct a 24-hour rail system power demand profile for Hoylake train station
these events were matched with each departure on the Hoylake train schedule
[216] (both directions, for weekdays, see [Appendix Ad)). The timetable used was
valid for December 2019 to May 2020, a rather unremarkable period that can be
assumed to represent a typical timetable for the line (no construction works or
other planned disruptions in this period). It was assumed that each train departs
perfectly on time (as scheduled in the public timetable) and arrives at the station
(coming to a full stop) exactly 60 seconds before the scheduled departure. It
was further assumed that no rail traffic occurs that is not marked on the public
schedule (neither stopping at nor ‘passing through’ Hoylake).

The resulting 24-hour power demand model features 117 of each train departures
and arrivals (see . It can be seen that the frequency at which trains
arrive or depart changes drastically throughout the day with little activity during
night times, a ramp-up in activity during the morning hours, followed by a period
of steady high-level activity before the eventual decline in the late evening.

This pattern indicates when rail system power demands are most likely to cause
strain on the local power grid. As will be discussed in the next section, this
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Figure 4.9: Assumed regenerative braking power from train arrival event

distribution of activity throughout the day on the rail system is not dissimilar
from the assumed availability of EVs on the nearby public car park.

Summing up the durations of departure or arrival events offers some initial in-
sights into potential R2REE usage: For about 3.6 hours (about 15 % of the day)
the rail system requires traction power for acceleration while regenerative braking
could generate power for about 1.5 hours per day (roughly 6 %) — during these
times the rail system could benefit from a connected V2G network. The rest of
the day — about 18.9 hours — no rail traffic is present (EVs on the V2G network
could charge freely during these periods).

Each train departure event has an energy consumption of roughly 46 MJ or 12.7
kWh. Over 24 hours, this adds up to about 5,382 MJ or 1,486 kWh. Similarly,
each arrival event could regenerate 35 MJ or 9.7 kWh, adding up to about 4,095
MJ or 1,135 kWh per day.

If this regenerative braking energy could be fully ‘saved’, the accumulative energy
savings would be equivalent to the electricity consumption of about 115 UK
households (based on an average per household electricity consumption of about
3,600 kWh per year, as of 2018 [217]). At a typical electricity price of 15p
per kWh, this is equivalent to savings of about £62,000 annually in electricity
costs.
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Train arrival and departure events during model day
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Figure 4.10: Train arrivals and departures during the model day per hour

Time | Destination | Platform
07:09:00 Liverpool 1
07:22:00 | West Kirby 2
07:24:00 Liverpool 1

Table 4.1: Excerpt of train timetable, period of interest: 07:00 to 07:30

Considering a short example period of the full 24-hour rail power demand model
reveals the nature of power peaks on the rail system: The train timetable excerpt

shown in translates to rail system power demand shown in

and |Figure 4.12| (each departure in the timetable is accompanied by an arrival
event ending 60 seconds beforehand). Most trains timetabled arrive or depart

without any overlap with other trains’ departures or arrivals, thus most power
peaks can be clearly identified and attributed to one event.

There are however periods in which two events overlap and, at least partially,
‘cancel out’ — in this can be seen where the arrival of the third train
overlaps the departure of the second train. In this rail system with only two tracks
and just one train line serving both directions, such overlaps are very limited and
may only occur between one arrival and one departure event. Two simultaneous
arrivals or departures, in which peaks may ‘stack’ are not plausible here during
normal operation (both trains would have to travel on the same track with little
distance in between).



4.2. Train Station Power Demand Model 121

1500

1000

500

-500

-1000

Rail system power demand in kW
o

-1500
07:.00:00 07:05:00 07:10:00 07:15:00 07:20:00 07:25:00 07:30:00

Time of Day

Figure 4.11: Rail system power demand over period of interest

Thus, the maximum power expected to be drawn from the V2G network for
traction power is limited to the peak value in the departure event (1,009 kW
- hereafter referred to as ‘traction power threshold’). Similarly, the maximum
power expected to be fed from the rail system into the V2G network is limited
to the peak in the arrival event (1,109 kW — hereafter referred to as ‘regenerative
braking threshold’).

It should be noted that the 24-hour rail power demand model is not passed onto
the V2G aggregator control as a full-day dataset of ‘power demand over time’
but instead as an event schedule via the SQL database (see [section 3.4). Thus
it takes the form of a list containing only the starting time and type (here, only
departures or arrivals) of events. As the V2G aggregator control operates in
real-time, each event is resolved individually as the time of day approaches the
starting time of a listed event (10 seconds prior).
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Figure 4.12: (a) system overview and power flows: aggregated EV population acts as
buffer between the grid connection and the fluctuating rail system power
demands to ensure steady power flow from the grid; (b) rail system power
demand during period of interest: traction power drawn for train accel-
eration - positive/red, power supplied from regenerative braking - neg-
ative/blue, power supplied from the power grid - green (would have to
follow peaks/troughs without V2G buffer).

4.3 EV Population Model

The EV population in the proposed V2G system is modelled as a group of parked
EVs situated in the same car park near the train station. Each EV in the popula-
tion is assumed to be connected to a bi-directional charger. Non-participation of
any connected EVs in V2G operation is not considered in this chapter - every EV
on the network is assumed to allow discharging through the aggregator (the possi-

bility for EV users to opt out of V2G operation is considered in |chapter 5J).

The Hoylake train station has 670 parking spaces available nearby — it is assumed
that a fraction of these spaces can be equipped with bi-directional EV chargers
and only this portion of parking spaces is considered in the further discussion. The
number of EV chargers varies between the simulations in - depending
on the scenario, either 50, 75 or 100 of parking spaces are assumed to be equipped
with EV chargers respectively.

In the simulations discussed later, the EV population is represented by multiple
instances of the EV simulation algorithm (see [section 3.6|) being run on a server
other than the machine running the aggregator control (so that realistic commu-
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nication via the network is taking place between aggregator and the simulated

EVs, see chapter 3)).

To model a car park in line with the train station model described in [section 4.2]
the number of EV’s connected to the network at any time over 24 hours needs
to be determined. For the server running the EV simulation algorithm, this
means determining when to initiate a new instance of a car simulation (i.e. a
new EV connects to the network) and when to end an instance (an EV leaves the
network). To achieve this it is assumed that the car park has a variable occupancy
rate (the percentage of parking spaces in use) over the simulation period where 0
% occupancy represents no connected EVs and 100 % represents the all available
EV chargers being in use by V2G enabled EVs.

Assumed car park occupancy rate during model day
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Figure 4.13: Assumed car park occupancy rate over model day

This assumed occupancy rate over the 24-hour simulation period is shown in
and is based on data provided by [Transport for London (TfL)|about
car park usage at the London underground [218] (which unfortunately does not
cover a full day). It is assumed that a car park at a train station is being used

similarly (although the example train station is situated in a commuter area
rather than an urban environment).

The data provided by TfL only covers the ramp-up in occupation in the mornings
(6 to 9 am) and the decrease in the evenings (4 to 7 pm) on a weekday. Thus
further assumptions were needed for a full 24-hour car park occupancy rate.
Night-time occupancy was assumed to be very low at 5 % and day-time occupancy
between the morning ramp up and the evening decline was assumed to reach
maximum occupancy of 100 %.
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When compared with the event occurrence on the rail system (see ,
it can be noted that periods of high car park occupancy generally coincide with
periods of frequent rail traffic. However, as the frequency of rail events does not
impact the peak power demands expected, the V2G network’s ability to support
the rail system is severely limited during the early and late hours of the day.

Comparison of EV car park occupancy rate - train arrival and departure events
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Figure 4.14: Assumed car park occupancy rate and number of train arrival/departure
events over 24 simulation period

To simulate the car park behaviour the server is tracking the occupancy rate
throughout the day, assuming that the number of EVs increases or decreases
linearly between the hourly levels specified in [Figure 4.13] Whenever another
EV is required to meet the model occupancy rate, the server initiates another
EV simulation. When too many EVs are simulated, the server ends an already
running instance of the EV simulator. Instances are ended in the same order
they are initialised (the first EV to connect is also the first to leave). While
this is not realistic behaviour, it significantly simplifies the model. The total size
of the car park (the number of spaces equipped with EV chargers) is variable
and determined before launching the server to allow simulating any number of
EVs.

This EV population model is deemed sufficient as long as the behaviour of individ-
ual EVs (i.e. arrival and departure times, initial SOC, etc.) is not an important
part of the analysis. Potential inaccuracies within the analysis could arise from
the uncontrolled length-of-stay of individual EVs (a real EV population may con-
tain several short-stay and long-stay EVs connected to the network). Within the
model adopted, this has an averaging effect wherein all simulated EVs within
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the population end up being connected to the V2G network for similar periods.
However, given the general lack of reliable data on EV user behaviour (which
could serve as a basis for more detailed and more realistic model), this potential
source of inaccuracy is to be accepted within the scope of this work.

Each instance of the EV simulation algorithm is initialised using a seeded ran-
dom number generator to determine its initial conditions (see [section 3.6]). This
means that characteristics of the simulated EVs are not being controlled directly;
however, initialising an EV simulator instance using the same ’seed’ for random
number generation results in the exact same initial conditions. This can be used
to re-create an identical, although random, EV population. In this work, the seed
of each EV simulator instance is coupled to the overall size of the car park. Thus,
any simulation based on the same overall EV population size uses an identical
EV population.

To simplify the analysis in all simulated EVs have the same battery
pack specifications, mirroring those of the Nissan Leaf (unless stated otherwise).
Using the specifications of the 2019 Nissan Leaf model, simulated EVs are as-
sumed to have a 40 kWh capacity battery with a charging rate of up to 50 kW
[200]. It is important to note that this charging rate is only achievable while the
battery pack state-of-charge (SOC) is relatively low. The maximum charging rate
of each EV depends on the battery pack SOC at the time. shows
the assumed relationship between the maximum charging rate and SOC. This
relationship was adapted from the findings in [206].

2019 Nissan Leaf, assumed maximum charging rate vs. state of charge

Maximum charging rate (kW)
s o & 3 3

o

0 10 20 30 40 50 60 70 80 90 100
Battery pack state of charge (%)

Figure 4.15: Assumed maximum charging rate against SOC for simulated EV popula-
tion
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Control EV | Initial | Connection Disconnection
Name SOC Time Time

EV A 50 % 08:00:00 16:00:00

EV B 30 % 09:00:00 17:00:00

EV C 70 % 10:00:00 18:00:00

Table 4.2: Control EV configurations valid for all simulations discussed in this chapter.

While the maximum discharging rate of the Nissan Leaf battery pack is unknown,
the drive train power of this EV is stated as 112 kW. Thus, it is reasonable to
assume that the battery pack can be discharged at least at this rate, irrespec-
tive of the battery pack SOC. This discharging rate exceeds any of the assumed
charging/discharging rate limits of the bi-directional EV chargers (also up to 50

KW, see fection 4.4).

To analyse the effects of V2G scheduling on individual EVs, the random ‘bulk’
EV population can be accompanied by a small number of controlled EV simula-
tion instances (see . These use a slightly different version of the EV
simulation algorithm that a) logs the EV’s SOC over time as well as any com-
mands received from the aggregator and b) is initialised as a specific EV model
with a specified initial SOC. The ‘Control EVs’ used in this chapter (also Nissan

Leaf spec) are defined in [Table 4.2,

4.4 R2REFE Simulations

V2G aggregation within this work assumes that all EVs are connected to identi-
cal bi-directional EV chargers (assumed to have the same power rating in both
directions - either 20 kW, 35 kW or 50 kW) and that both charging and dis-
charging of EVs have an efficiency of 90%. The V2G network is assumed to use
the same substation as the rail system as its shared power grid connection (see
. The aggregator attempts to maintain the power flow from this sub-

station at a constant level — the grid connection limit - following the event-based

multi-layer scheduling approach outlined in

Connected EVs are constantly monitored and assessed in terms of suitability
for receiving or supplying power using the CW and DCW weighting in
tion 3.4.1} For train departure events (EVs are discharged to provide traction
power), the aggregator prioritises EVs with high battery capacity, high maxi-
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mum discharging rate and high SOC. For arrivals (EVs charge to absorb power
from regenerative braking), EVs with high capacity, high maximum charge rate
and low SOC are prioritised. All EVs are assumed able to charge or discharge
without any hardware or software restrictions (no V2G opt-outs or other EV user

control as discussed in [chapter ).

The scheduling strategy differentiates between ’in-event’ periods (i.e. times of
power transfer between the EV population and the rail system) and periods with-
out rail traffic. When no rail traffic occurs the EV population makes use of the
shared grid connection for smart charging where each EV receives a minimum of
1 kW plus a share of the remaining available power corresponding to its ranking
(see [subsection 3.4.5]).

During events, the aggregator assigns EVs sequentially to charge/discharge at
the maximum possible rate until the power drawn from the substation matches
the pre-determined grid connection limit. The degree to which the V2G network
can decouple the power demands of the rail system from grid connection mainly
depends on the following three parameters: the EV population size, the global
charging rate limit (the maximum charging rates supported by the EV chargers)
and the anticipated grid connection limit.

The power demands from the rail system are assumed to be fixed - failure by
the V2G network to serve train events does not result in feedback, affecting the
rail system model. Should the connected EV population and the substation not
be able to supply sufficient traction power for a train departure under the grid
connection limit, the aggregator draws excess power from the grid regardless,
but train acceleration is not affected. Similarly, if the EV connection cannot
fully absorb power from regenerative braking during a train arrival event, train
deceleration is not affected.

Three main factors determining the performance of R2ZREE were identified and
are individually examined through multiple simulations: the EV population size,
the EV charging rates and the power made available to the whole system through
the shared power grid connection.

Full simulation results for every scenario discussed below can be found in appendiz

Appena 4
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Figure 4.16: Total power provision potential of EV populations of varying size over 24
hours.

4.4.1 Size of EV population

The first major factor influencing the performance of the proposed V2G system is
the size of the connected EV population (i.e. the number of EVs connected). To
investigate this, the 24-hour system operation was simulated using EV popula-
tions of up to 100, 75 and 50 EVs (recall that all EVs here are modelled after the
Nissan Leaf, see respectively while the global charging rate limit (the
maximum charging and discharging rate supported by all bi-directional chargers)
and the grid connection limit remained constant at 20 kW and 200 kW respec-
tively. The latter two parameters will be altered in subsequent simulations.

e Scenario A: 100 EVs
e Scenario B: 75 EVs
e Scenario C: 50 EVs
shows the potential aggregated power output from the V2G network

over time in each of the 3 Scenarios (i.e. the sum of the maximum rate at which
all EV can be discharged). As the global discharging limit of 20 kW is well below
the possible power output of any simulated EVs (the Nissan Leaf has a nominal
drive train power of 112 kW, at no time is any of the EVs fully discharged), the
aggregated potential power output of the system is equal to 20 kW times the
number of EVs connected at any time.
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The V2G network is considered capable of fully powering a train departure event
whenever the power provision potential exceeds the threshold of 1,009 kW (i.e.
the peak power demand of the train departure event). As seen in in
scenarios A and B the system exceeds this threshold from about 06:00 to 19:00 (a
period covering 95 of the 117 daily train departures, or roughly 81 %) and 07:00
to 18:00 (covering 85 departures, or about 73 %) - during these periods, train
traction power could be provided entirely from discharging the connected EV
population, completely eliminating any power demand peak by the local power
grid.

Total power absorption potential for connected EV population
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Figure 4.17: Total power absorption potential of EV populations of varying size over
24 hours.
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shows the V2G network’s potential for receiving power over time (i.e.
the sum of all EVs maximum charging rate at any point in time, limited to the
global charging limit of 20 kW). For each EV the maximum charging power that
can be received is dependent on its current SOC as per (and may fall
way short of the 20 kW supported by the EV chargers in these scenarios).

For the V2G network to be capable of fully absorbing power from regenerative
braking on the rail system, the aggregated power absorption potential has to
exceed the threshold of 1,109 kW (i.e. the peak of output of the rail system
during a train arrival event). As seen in[Figure 4.17] this threshold is not reached
at any point in scenario C (EV population up to 50 EVs) and only during short
periods during scenario B (up to 75 EVs). Only in scenario A (up to 100 EVs)
is the V2G network capable of fully absorbing regenerative braking power for an
extended period (about 7:00 to 18:00, covering 85 of the 117 train arrivals, or
roughly 73 %).

Comparing figures and it should be noted that whenever the power
absorption potential of an EV population exceeds the threshold to fully absorb
power from a train’s regenerative braking, the power provision potential also
exceeds the threshold for fully providing traction power. Recalling that 1) the
regenerative braking threshold is of a larger magnitude than the traction power
threshold and that 2) for each EV the maximum discharging rate is always equal
to or greater than the maximum charging rate, it follows that, within this work,
any EV population capable of fully absorbing regenerative braking energy from
an arrival event is also capable of fully providing traction power for a departure
event. Hence any further analysis below will exclude the power provision potential
of EV populations.

One rather obvious conclusion from this system-wide analysis is that R2REE
performs better (or covers more train departure/arrivals) the larger the size of
the connected EV population. This is of course expected and true for most, if not
all, V2G applications - the availability of EVs however, is not a controlled design
variable, but depends on future developments regarding EV ownership amongst
the general public and the behaviour of EV users (e.g. will EV users bother to
connect to the network while parked?).

Another issue regarding EV availability is its distribution throughout the day.
Even when the busiest periods on the rail system are well covered by available
EVs, trains in the early and late hours still rely mainly on traction power from
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the power grid.
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Figure 4.18: Changes in SOC over time of the three control EVs within EV populations
of varying size: (a) 100 EVs, (b) 75 EVs, (c¢) 50 EVs.

Nonetheless, for long periods of the day, covering most train arrivals and depar-
tures R2ZREE would reduce peak demand stresses on the local power grid and
enable brake energy recovery. As EVs are charged from the rail systems exist-
ing power grid connection, it would also reduce upgrade requirements for new
EV charging infrastructure (which would require its own grid connection other-
wise).

If the availability of EVs could be reliably expanded in the early and late hours
- for example by expanding the V2G network to include EVs parked overnight
in nearby residential areas - R2REE may also lower grid connection upgrade
requirements for any new rail electrification projects (i.e. a rail system that
would usually require a substation capable of providing more than a megawatt
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SOC at depar- | SOC at depar- | SOC at depar-
Control EV | ture (Scenario | ture (Scenario | ture (Scenario
A) B) C)
EV A 81 % 87 % 93 %
EV B 60 % 78 % 86 %
EV C 100 % (at ~17:00) | 100 % (at ~16:30) | 100 % (at ~15:45)

Table 4.3: Comparison of Control EV battery pack SOC at departure time for EV
populations of varying sizes

may instead be powered through a grid connection rated at half a megawatt).
This is however a rather risky proposition to rely upon.

Figure 4.18] shows how the SOC develops over time for the three control EVs
in each scenario, indicating the V2G network’s ability to serve the purpose of
charging connected EVs over time. below shows the final SOC values
for each control EV. In any of the three scenarios, each control EV significantly
gained in SOC. As expected, given that the grid connection limit was fixed at
200 kW for all three scenarios (limiting how much power can be shared between
EVs during smart charging periods), the SOC gains per EV are higher at lower
EV population sizes.

4.4.2 Maximum EV charging rates

The next factor influencing system performance is the system-wide maximum
charging rate of connected EVs. Each EV has an individual maximum charging
rate at any given time (depending mainly on its’ SOC, see[Figure 4.15)), but is also
subject to the maximum charging rates supported by the bi-directional chargers
that each EV is connected to.

In this analysis, the latter is assumed to be constant and equal for each EV (i.e.
each EV is connected to identical bi-directional chargers) and referred to as the
global charging rate limit (per EV). Similar to the previous analysis, the 24-hour
system operation was simulated multiple times while varying the global charging
rate limit between 50 kW, 35 kW and 20 kW respectively. The EV population size
was 75 EVs and the grid connection limit was 200 kW for each simulation.

e Scenario D: 50 kW global charging rate limit
e Scenario E: 35 kW global charging rate limit
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e Scenario B: 20 kW global charging rate limit (same scenario as in previous
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Figure 4.19: Total power absorption potential of the connected EV population with
varying global charging limits over 24 hours.

As seen in The difference in power absorption potential between
scenarios D and E is fairly insignificant. This is due to the maximum charging
rates of individual EVs dropping below the global charging rate limit as SOC
increases (i.e. EVs can only utilise higher global limits while the SOC is low).
The power absorption potential in scenario B is clearly lower and only meets the
threshold sporadically. However, the impact of the global charging limit on the
power absorption potential appears to be only moderate suggesting that even
lower-end charging hardware may be sufficient for this V2G application.

Analogous to the previous discussion, shows the changes in SOC over
time and shows the final SOC for the three control EVs. Comparing
the three scenarios, it can be seen that changing the global charging rate limit
had very little impact on the control EVs.

This can be attributed to the short duration of train arrival and departure events
— EV charging and discharging rates approaching the global limit only occur close
to peak power regeneration or peak power demand on the rail system. During
periods of no rail traffic (nearly 80 % of the day) EV charging rates are typically
well below the global limit.
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Figure 4.20: Changes in SOC over time of the three control EVs within the connected
EV population with varying global charging limits over 24 hours.

4.4.3 Grid connection limit

The last factor influencing system performance to be examined in this work is
the power made available to the whole system (rail and EVs) via the shared grid
connection. For an initial assessment of how this influences the R2REE network,
the previous set of scenarios, in which global charging limits were varied between
simulations, is repeated, but instead of the 200 kW grid connection limit from
before, 300 kW is now made available.

e Scenario F: 50 kW global charging rate limit
e Scenario G: 35 kW global charging rate limit
e Scenario H: 20 kW global charging rate limit
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SOC at depar- | SOC at depar- | SOC at depar-
Control EV | ture (Scenario | ture (Scenario | ture (Scenario
D) E) B)
EV A 88 % 88 % 86 %
EV B 76 % 77 % 78 %
EV C 100 % (at ~16:10) | 100 % (at ~16:10) | 100 % (at ~16:30)

Table 4.4: Comparison of Control EV battery pack SOC at departure time for different
global charging rate limits
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Figure 4.21: Total power absorption potential of the connected EV population with
varying global charging limits over 24 hours.

Comparing the resulting power absorption potentials for these scenarios
ure 4.21)) with the previous results in reveals that the V2G network
significantly underperforms in the new set of scenarios - despite featuring the
same EV population size with identical initial conditions. The power absorption
potential reaches a peak at around 09:00 (about the time at which the car park
first reaches its peak occupancy) and continues to drop afterwards despite the
number of connected EVs remaining steady until about 16:00.

From SOC developments of the control EVs in [Figure 4.22] it becomes apparent
that 1) as before, the differences in global charging rates makes little difference
between scenarios and 2) that EVs were charged significantly faster than in the
previous set of simulations.
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Figure 4.22: Changes in SOC over time of the three control EVs within the connected
EV population with varying global charging limits over 24 hours.

To further examine this behaviour in more detail, the 24-hour system operation
was simulated several times while varying the grid connection limit between 200,
300, 400 and 500 kW respectively. EV population size was kept constant be-
tween simulations at 100 EVs and the global charging limit per EV was set to 20
kW.

e Scenario A: 200 kW grid connection limit (same scenario as in previous

discussion)

Scenario I: 300 kW grid connection limit

Scenario J: 400 kW grid connection limit

Scenario K: 500 kW grid connection limit
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Figure 4.23: Total power absorption potential of 100 EVs at varying grid connection
limits over 24 hours.

As can be seen in [Figure 4.23] increasing the grid connection limit significantly
impedes on the ability of the aggregated EV population to absorb power from the
rail system. It should be noted that this impact on the power absorption potential
is more pronounced in the afternoon/evening than in the early hours of the day.
As the rail system’s power demand remains unaltered between scenarios, any
increases in the power made available to the system leads to increased EV charging
rates and thus faster gains in SOC for connected EVs. However, recall from
that the maximum charging rate for individual EVs decreases as the
SOC increases. Consequently, the power absorption potential of the aggregated
EV population declines not only when some EV batteries are fully charged, but
as they approach higher SOC levels.

Examining SOC developments of the control EVs in as well as
confirms the previous observations. As expected, the controls EVs are

charging faster as the grid connection limit increases. In scenario K, with the
highest simulated grid connection limit of 500 kW, all three control EVs are al-
ready fully charged well before midday. While fully charged EVs can no longer
absorb power from the rail system’s regenerative braking, they are still useful to
supply traction power during train departure events.

In summary, this chapter has introduced a novel V2G application in which ag-
gregated parked EVs are charged and discharged to support nearby DC-powered
rail systems. Three main factors determining the performance of R2ZREE were
identified: the EV population size, the EV charging rates and the power made
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Figure 4.24: Changes in SOC over time of the three control EVs within an EV popu-
lation of 100 EVs at varying grid connection limits over 24 hours.

available to the whole system through the shared power grid connection.

Unsurprisingly, the V2G network performs better with larger EV populations
although the limited availability of EVs in the early and late hours of the day is
major issue impeding on both power provision and power absorption potential.
Rail traffic in the early morning and late evening/night cannot be fully supported
with an EV population as modelled within this work. Potential solutions may
be an expansion of the EV population (rather than focusing on one central car
park, the aggregator may also oversee nearby residential /commercial parking lots
with EVs parked overnight) or treating R2REE as temporary support of the rail
system (perhaps as part of a hybrid energy storage solution).

It was found that individual EV charging rates, in particular, the diminishing
maximum charging rates associated with increases in SOC, have a more signif-
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SOC at de- | SOC at de- | SOC at de- | SOC at de-
Control
parture (Sce- | parture (Sce- | parture (Sce- | parture (Sce-
EV . . . .
nario A) nario I) nario J) nario K)
100 % (at|100 % (at]100 % (at
EV A 81
% ~15:50) ~13:00) ~10:20)
100 % (at | 100 % (at
EV B 4
v 60 % % ~13:40) ~11:20)
I 100 % (at|100 % (at|100 % (at|100 % (at
~17:10) ~15:15) ~13:20) ~11:15)

Table 4.5: Comparison of Control EV battery pack SOC at departure time for different
grid connection limits

icant impact on the performance of R2REE than the global (i.e. system-wide)
charging rate limits of the bi-directional chargers. The V2G network’s aggregate
power absorption potential (determining its ability to absorb power from the rail
system’s regenerative braking) decreases as EVs are reaching higher SOC levels.
Therefore, a large fraction of low SOC EVs within the EV population is more
beneficial to R2ZREE than having highly rated EV chargers.

The grid connection limit was found to be a very delicate issue as relatively
minor adjustments can cripple the V2G system by charging EVs ‘too quickly’
to support regenerative braking. By contrast, the network’s power provision
potential (determining its ability to provide traction power for train acceleration)
is not negatively affected by higher grid connection limits - thus maintaining
significant peak power reduction as long as enough EVs are connected.
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In the work presented thus far, all EVs have been regarded as fully available for
V2G usage while connected to the network. Consequently, connected EVs were
assessed purely by the state of the battery pack to inform the scheduling process
(see . Individual usage scenarios for each EV were not considered
leading to sub-optimal utilisation of the connected EV population. Some EVs
may be parked for days and do not require to be charged quickly. Other EVs
may not be available for discharging as owners need to continue their journey as
soon as possible. These shortcomings are addressed in this chapter.

This chapter discusses a novel method of capturing, assessing and accounting
for EV user charging preferences in the scheduling process - providing EV users
with a degree of control over the V2G usage of their vehicles. This method is
built upon and fully compatible with the aggregator control strategy presented
in [chapter 3] The introduction of EV user preferences puts further constraints
on the aggregator but potentially increases the social acceptance of V2G (and
thereby EV owner participation) and aids the effective utilisation of individual
EVs for grid services. The challenge of maintaining system responsiveness despite
the increased computational complexity is addressed by assessing EVs prior to
the scheduling process and using the (often idle) resources of the SQL database
server. The method is explored in the context of the R2REE model (see|chapter 4]
but is equally suitable to other V2G applications.
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5.1 Charging Modes

Range limitations are often mentioned as a major disadvantage of electric vehicles
over more ‘traditional’ ICE vehicles. While the argument can be made that
limited range is often a perceived, rather than an actual problem for the majority

of drivers (see|chapter 2|), so-called ‘range anxiety’ appears to be one of the reasons
for a slow and lacklustre electrification of personal transport [80][81].

As V2G applications involve discharging the battery packs of parked EVs, it is
not unreasonable to assume that range anxiety could have a negative effect on the
acceptance of V2G technologies (which rely heavily on EV owner participation).
EV users may fear a loss of control over the charging process of their EV batteries,
which may actually lose charge over short periods due to V2G participation.

While purely anecdotal evidence, comments along the lines of ‘What if I come
back to my car and the battery is empty?’ are a common first reaction when in-
troducing laymen to the concept of V2G. Such scepticism towards the technology
might be addressed by granting EV owners some control over the usage of their
vehicles via some form of control interface.

In its simplest form, this could be a switch within each EV giving users a binary
choice of participating in V2G or not. However, such simplicity would offer little
benefit to either the EV user or the V2G network. For more complex inputs and
more refined EV owner control one might utilise existing user interfaces that are

already present in most modern vehicles (see [section 2.4)).

In this project, users can state charging preferences by selecting one of the avail-
able ‘charging modes’ via a simple EV on-board touch-screen user interface (see
section 5.2). The charging modes on offer range between the two extreme po-
sitions of ‘no preference’ (i.e. not limiting V2G usage of an EV beyond any
system-wide scheduling rules) to fully opting out of V2G usage (i.e. allowing
EVs to be charged only).

Consequently, the choices of individual EV owners have the potential to severely
constrain the V2G aggregator and its ability to supply grid services. This, again,
highlights the necessity of sufficient financial incentives to EV owners to partic-
ipate in V2G (see as well as ‘fairness criteria’ [167] when allocating
power within the connected EV population (see . As these are complex
and highly debated fields of research in their own right, such considerations exceed
the scope of this project. Thus, the focus lies on the technical implementation of
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owner charging preferences in the rest of this chapter.

The available charging modes should not only reflect a binary choice of either
accepting V2G usage or opting out completely but should offer options conditional
on user defined targets in between. In this work, the following four charging modes
have been defined. The EV user can select any charging mode for the vehicle and,
if applicable, specify charging targets (target SOC and target date/time).

e 'Free V2G mode’ [Mode 1]: The user expresses no preference. Thus, the
aggregator can schedule charging and discharging of this particular EV
freely (subject only to system-wide scheduling rules). This charging mode
is the most beneficial to the aggregator as it applies no further constraints
to the usage of this EV.

e 'Quick charge to X % SOC’ [Mode 2|: The user expects the EV battery
pack to be charged as quickly as possible to a given target SOC. Thus, any
discharging is prohibited until the target SOC is met. Afterwards, the EV

is available for bi-directional power flow (but must not be discharged below
the target SOC).

e 'Quick charge to full’ [Mode 3|: The user expects the EV battery pack to
be fully charged as quickly as possible while prohibiting any discharging.
This effectively removes this EV from V2G usage.

e 'Charge by date/time’ [Mode 4]: The user inputs a target date and time
by which the EV battery pack should be charged to a given SOC. The EV
can be charged or discharged at any time, as long as the target is met.

While additional charging modes with further user inputs and restrictions to the
aggregator are feasible (i.e. limiting charging/discharging rates, taking into ac-
count electricity prices, etc.), the four modes above should cover the needs of most
EV owners and thus form the basis of any following discussion/analysis.

5.2 EV communication system user interface

Based on the charging modes presented above, a user interface has been designed
that is compatible with the hardware prototype of an EV communication system

discussed in the third chapter (see [section 3.5)). The prototype developed for this
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Figure 5.1: EV owner user interface, screen elements

project is equipped with a 77 Nextion Touchscreen Display [191]. This screen
was programmed to display the purpose-built user interface.

The ‘home screen’ of the interface, containing the most relevant information and
the current mode selection can be seen in [Figure 5.1, with the description page
explaining the four charging modes to the EV user shown in [Figure 5.2, The
interface was created using the proprietary Nextion Editor Software [192].

Mode 3: "Quick Full Charge"; EV batteries are fully
charged as fast as possible

{ Mode 4: "Charge by Date/Time"; EV batteries are

Figure 5.2: EV owner user interface, charging mode description on info page

Like the hardware prototype that it was designed for, the user interface as shown
is a rather simple proof-of-concept. Similar interfaces (as well as the EV com-
munication system itself) may be implemented in commercially available EVs as
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part of the on-board ‘infotainment’ systems (i.e. multi-media devices used for
entertainment, climate control, navigation, etc.). Such systems are commonly
available in modern vehicles, and many of which even possess the Wi-Fi capabil-
ities that would be required for EV-to-aggregator communication [87].

Date: 09/07/2019, Time: 14:20 &

Full
Charge

CONF IRM CHANGES

Figure 5.3: EV owner user interface, Figure 5.4: EV owner user interface,

charging mode 1 selected (no charging mode 2 selected
inputs needed) (target SOC provided)

For any commercial implementation, such an interface should be designed to be
easy to understand as well as easy to reach for the average EV owner (i.e. not
‘buried” within a plethora of other vehicle settings). To address the former, it
should be noted that the charging mode definitions as stated are intended for
usage within the aggregator control. These modes might be presented differently
to the end user.

For example, it is common practice in modern vehicles (either electric or using
internal combustion engines) to display an estimate of the remaining range of the
vehicle somewhere prominent within the central console. Thus, it may be benefi-
cial to convert SOC targets to range targets, which may be easier to understand -
or simply more relevant - to the end user. Consequently, the user input for mode
2 in a commercial EV might be the minimum remaining range required. And
mode 4 might be defined by users inputting information on the next journey (i.e.
picking a destination on the map and a departure time).
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Figure 5.5: EV owner user interface, Figure 5.6: EV owner user interface,
charging mode 3 selected (no charging mode 4 selected
inputs needed) (target SOC and targed

date/time provided)

Determining the remaining range of any vehicle (electric or otherwise) is a fairly
complex problem in itself and requires information on the driving style and the
terrain to be driven on to be accurate. Often such systems estimate the leftover
range by assuming the power (or fuel-) consumption of the vehicle will follow the
previous averages [219] (potentially with a safety margin so as to not overestimate
the range).

While such matters of product design could have an impact on the acceptance and
usage of V2G for end users, these are not essential for this project and therefore
not included. Similarly, 'convenience features’ such as a default selection (i.e.
for commuters with the same regular journeys) are not included in the interface
created for this project.

Figure 5.7: EV owner user interface, tar- Figure 5.8: EV owner user interface, tar-

get SOC selection get date/time selection
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In the simplified interface shown, the user can select one of the four pre-defined
charging modes from the main screen. Depending on the mode selected, addi-
tional windows for the selection of a target SOC and/or target date/time open

up (see [Figure 5.3|to [Figure 5.8)).

Once the charging mode selection is confirmed (by touching the ‘confirm’ button),
the touch screen (which has its own micro-controller, see [section 3.5 transmits
the mode selection and selected targets to the Arduino Mega micro-controller
board at the centre of the hardware prototype. From that moment the EV
communication system will respond to any ‘full information call’ by the aggregator

(see [section 3.2)) with the updated dataset, including the new charging mode
selection.

5.3 Integration into existing scoring system

Following the definition of charging modes and their integration into the aggrega-
tor’s data stream via the user interface/EV communication system, this section
discusses how to account for the expressed wishes of EV owners in the schedul-
ing process. From (in particular [subsection 3.4.1)) recall that the EV
assessment happens prior to scheduling (to minimise the impact on system re-

sponsiveness) via a scoring system that determines a Charge Weighting (CW)
and a Discharge Weighting (DCW) for each EV. CW and DCW were introduced
as a measure of the capability of each EV to receive or supply power respectively.
CW and DCW were defined as:

Capacity . Max Charging Rate

CW = (100 — SOC) B.1)

Base Capacity  Base Power Rating

DCW = SOC % Capacity Mazx Discharging Rate

62

*
Base Capacity Base Power Rating

Base Capacity and Base Power Rating are chosen to be 1 kWh and 1 kW respec-
tively (simplifying implementation in database, see . These two equa-
tions - from here on referred to as the ‘base equations’ - have so far been applied
to any EV and depend purely on EV battery pack parameters. The scheduling
method defined in prioritises EVs with high CW or DCW values for
charging or discharging; this will still be the case after accounting for EV owner
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charging preferences. As will be outlined below, the base equations are still used
in the updated scoring system but will be subject to certain conditions.

It should be noted that the absolute values of CW and DCW are in themselves
meaningless and only serve the purpose of directly comparing multiple EVs in
the same population. Further, as was mentioned in [chapter 3| equations [3.1] and
may not be suitable for V2G applications that require to take into account
additional parameters (i.e. electricity prices, grid frequency, etc.). Thus the base
equations may change if the methods presented in this chapter are to be applied
to other V2G applications.

In the updated scoring system the base equations are applied conditionally to
each of the four charging modes. Mode 1, the 'Free V2G mode’ is the simplest
to implement as the aggregator is essentially unconstrained in the usage of this
particular EV and only applies global (i.e. system-wide) scheduling rules. There-
fore, the CW and DCW for mode 1 follow the base equations [3.1] and [3.2] at all

times.

it M har gi t
CWagoin = (100 — SOC) » —Copacity _ Mazx Charging Rate .

Base Capacity  Base Power Rating

DCWtodge1 = SOC Capacity Max Discharging Rate

5.2
Base Capacity * Base Power Rating (52)

For mode 2 (‘Quick charge to X % SOC’) the usage of base equations is dependent
on the current SOC of the EV battery pack as well as the target SOC specified
by the EV owner. Assuming that EVs operating under mode 2 are not prioritised
while charging but are only exempt from being discharged, the CW follows the
base equation at all times. By contrast, the EV usage for discharging under mode
2 is prohibited while the battery pack SOC is below the specified target. Thus,
the value for DCW is conditional (two cases):
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CWatones = (100 — SOC) 5 —Copacity  Mazx Charging ltate

5.3
Base Capacity  Base Power Rating (5:3)

SOC % Capacity % Max Discharging Rate if SOC Z SOCtarget

Base Capacity Base Power Rating

DOWModeQ -
0, otherwise

(5.4)

As a result of using the above equations, an EV under mode 2 would not be
scheduled to deliver any power while the SOC is below the target SOC. Having
a DCW of zero means it would not even be considered for scheduling during any
train departure events. However, it could still be used to receive power during
train arrival events. Once the EV’s SOC exceeds the target, the scheduling is
unrestrained.

Mode 3 (‘Quick charge to full’) also results in a zero value DCW, but unlike the
previous mode, this is unconditional. The EV is expected to fully charge and
even when full, is not allowed to be discharged. While in effect being the same
as a mode 2 selection with a 100 % target SOC, the mode 3 selection removes
the necessity to check SOC and target SOC while determining DCW. Charging
is unconstrained and therefore CW follows the base equation.

CWatodes = (100 — SOC) x Capacity Max Charging Rate

— % _ (5.5)
Base Capacity  Base Power Rating

DCWtoaes = 0 (5.6)

Finally, mode 4 ‘Charge by date/time’ is the most challenging to implement as
it is dependent on both the target SOC as well as the stated departure time. A
possible approach might be to determine at which point in time this EV would
have to start charging at a fixed rate in order to meet its target SOC at the
target time. This time 7T could be updated regularly. As the time of scheduling
approaches T and the target SOC is not reached, this EV may then be constrained
to charging only.



5.4. SQL triggers 149

Such an approach might be suitable for various V2G applications but raises two
issues in the context of R2ZREE. First, determining 7" adds computational com-
plexity, especially if done — like for all other modes - via ‘update’ SQL trigger (i.e.
each time a corresponding EV dataset is updated, see . Secondly, in
the R2REE model as defined in [chapter 4] the availability of a constant charging

rate cannot be guaranteed at all times.

Consequently, the implementation of mode 4 follows a simpler, although not
always optimal approach. Put simply, the EV is treated as if it were charging
under mode 2 if the target time is close to the time of scheduling (i.e. discharging
prohibited, DCW = 0) but treated as an EV under mode 1 (unconstrained) if
the target time is in the relatively distant future.

The threshold is set to be a time difference of six hours between the time of
scheduling and the target time — a relatively long time to contstrain EV usage
by the aggregator, but one which (in most cases) ensures that a charging target
is reached (see . For the CW and DCW equations, this results in an
unconditional CW following the base equation and a conditional (three cases)
DCW equation:

Capacity Max Charging Rate

CWMOde4 = (100 — SOC) * (57)

*
Base Capacity  Base Power Rating

(

SOC Capacity % Maz Discharging Rate ’ if SOC Z SOOtaT’get

Base Capacity Base Power Rating
DCWM ded = Capacity Mazx Discharging Rate -
ode SOC * Base Capacity * Base Power Rating ’lf Earget 2 Tnow + 6h

0, otherwise
\

(5.8)

5.4 SQL triggers

The scoring system previously defined to account for EV user inputs is integrated
into the aggregator control using so-called SQL triggers within the database (fol-
lowing the same approach detailed in ; in particular [subsection 3.4.1)).
A SQL trigger is a pre-defined stored procedure in an SQL database [220] that
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is executed automatically when a relevant dataset is manipulated. Trigger con-
ditions can be the insertion of a new data entry, the deletion of an existing entry
or an update to an existing entry [221].

The procedures shown below are applied to both, data insertion and data updates.
In the context of the V2G aggregator control, this means that CW and DCW are
(re-)evaluated whenever the data collection module (see adds a new
EV dataset (i.e. a new EV connects to the network) or updates an existing EV
dataset (i.e. new data on an existing EV is available).

Using SQL triggers decouples the determination of CW and DCW from the data
collection and the scheduling processes (both are time-sensitive processes and
their execution times have a major impact on overall system responsiveness).
Instead, the computational resources of the SQL database server are used (which
is often idling, waiting for queries from the main processes).

The first trigger procedure, referred to as the default SQL trigger for the rest of
this chapter, is a simple unconditional implementation of the base equations
and in SQL syntax. It does not take into account any user inputs to determine
CW and DCW. This procedure was used for all simulations presented in previous
chapters:

1 SET new.CW = (100-new.S0C)*(new.Capacity)*(new.
< MaxChargingRate), new.DCW = (new.S0C)*(new.
— Capacity)*(new.MaxDischargingRate) ;

Note that parameters base capacity and base power rating were omitted from the
SQL implementation of the CW/DCW equations. As these were chosen to be 1
kWh and 1 kW respectively, the resulting factors of 1 are redundant within the
SQL trigger.

To account for user charging preferences the second ’enhanced’ set of SQL triggers
is used instead. It differentiates between the 4 charging modes presented in this
chapter:

1+ IF (new.mode = ’1’) THEN #Use base equations

2 SET new.CW = (100-new.S0C)*(new.Capacity)*(new.
<~ MaxChargingRate), new.DCW = (new.S0C)=*(new.
— Capacity)*(new.MaxDischargingRate) ;
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. ELSEIF (new.mode = ’2’) THEN #If target SOC exceeded
— use base equations, otherwise charge only

5 IF (new.SOC > new.TargetSO0C) THEN

6 SET new.CW = (100-new.S0C)*(new.Capacity)*(new
<~ .MaxChargingRate), new.DCW = (new.S0C)=*(new.
— Capacity)*(new.MaxDischargingRate);

7 ELSE

8 SET new.CW = (100-new.S0C)*(new.Capacity)*(new
— .MaxChargingRate), new.DCW = O0;

9 END If;

10

11 ELSEIF (new.mode = ’3’) THEN #Charge only

12 SET new.CW = (100-new.S0C)*(new.Capacity)*(new.
<~ MaxChargingRate), new.DCW = O0;

12+ ELSEIF (new.mode = ’4°’) THEN #If target SO0C exceeded
— use base equations, otherwise check time
— available until target

15 IF (new.SOC > new.TargetS0C) THEN

16 SET new.CW = (100-new.S0C)*(new.Capacity)*(new
<~ .MaxChargingRate), new.DCW = (new.S0C)=*(new.
— Capacity)*(new.MaxDischargingRate) ;

17 ELSEIF (new.TargetDateTime > (NOW() + INTERVAL 6
— HOUR)) THEN #Is target datetime more than 6
— hours away? Then use base equations, otherwise
— charge only

18 SET new.CW = (100-new.S0C)*(new.Capacity)*(new
< .MaxChargingRate), new.DCW = (new.S0C)*(new.
— Capacity)*(new.MaxDischargingRate) ;

19 ELSE

20 SET new.CW = (100-new.S0C)*(new.Capacity)*(new
— .MaxChargingRate), new.DCW = O0;

21 END If;

22 END IF

If ‘Mode 1’ is selected, no preferences/targets are given and the CW/DCW equa-
tions used are identical to those in the default SQL trigger procedure.
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In case ‘Mode 2’ is selected, any discharging is disabled while the EV’s SOC is
below the user’s set target. This is done by setting DCW to zero, meaning this
EV will not be considered for discharge by the scheduling module (its data will
not be passed on to the scheduling process as only EVs with a non-zero CW or

DCW appear in SQL queries by the scheduling module, see [section 3.4)).

Similarly, if ‘Mode 3’ is selected, DCW is set to zero, although this is not con-
ditional on the EV’s SOC. Hence, this EV would not be considered for any dis-
charging through the aggregator.

Finally, ‘Mode 4’ represents the most complex trigger condition as it depends on
the EV’s SOC and the target-time by which a target SOC is to be reached. In
case the EV’s current SOC already exceeds the target SOC, this EV is treated as
if no constraints apply, so the base equations and are applied to determine
CW and DCW. The same is true in cases in which the stated target time is further
than six hours away (as defined in the previous section).

It is assumed that the V2G network is set up and enough power is available to
ensure that any connected EV receives a net charge over time and therefore no
restrictions need to be applied to the discharging of an EV under Mode 4 this
long before the target time. In the final case where the target SOC is not reached
and the target time is closer than six hours, discharging is disabled by setting
DCW to zero.

5.5 R2ZREFE simulations with enabled EV owner charging
preferences

This section investigates the effects of enabling EV owner charging preferences on
both the EV population and the V2G network’s ability to support the connected
rail system. For this purpose, several simulations of 24-hour R2REE operation
were undertaken with and without considering EV user inputs during scheduling.
The simulations discussed below are similar to those in the previous chapter
in using the same EV population model for the ‘bulk’ of simulated EVs (see
section 4.3)) as well as the same rail system model (see [section 4.2]).

Full simulation results for every scenario discussed below can be found in appendiz

Appena A 6|
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Scenario Grid Connection Limit User inputs
(kW)
I 200 enabled
1I 300 enabled
111 400 enabled
v 200 disabled
V 300 disabled
VI 400 disabled

Table 5.1: Scenario definitions

5.5.1 Control EV and scenario definitions

To examine the effect of EV user inputs, six different scenarios were simulated. In
each scenario, the same 24-hour period with identical rail power demand and an
identical EV population (up to 100 simulated EVs) was used and the aggregator
control system was operating in real-time. Unlike the simulations in the previous
chapter, only the grid connection limit was altered (200 kW, 300 kW or 400 kW)
while the global charging limit remained constant at 50 kW between scenarios -
representing the upper limit considered in the previous chapter (chosen here to
highlight differences between EVs charging under different modes).

For each grid connection limit, one simulation ignored user-inputs (CW and DCW
are calculated within the database using the default SQL triggers) while another
one took user-inputs into account during scheduling (using the enhanced SQL
triggers instead). The six resulting scenarios are defined in . To avoid
confusion between these simulations and those from the previous chapter scenarios
are numbered using Roman numerals here.

Among the simulated EVs were six control EVs - each with 40 kWh capacity and
a maximum charging rate of 50 kW (the equivalent of a 2019 model Nissan Leaf).
These control EVs were initialised with the user charging preferences and initial
conditions shown in All EVs disconnected from the network simulta-
neously at 18:00 in each scenario. The control EVs were monitored throughout
the simulation and charging rates, as well as changes in SOC over time, were
recorded.

The ‘bulk’ of the simulated EV population consists of random EV models (see
Table 3.2)), initialised with randomised initial conditions and user charging pref-
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Control EV | Initial Connection | Chargin .

Name SOC | Time Modeg ® | Charging Target
EV A 50 % 08:00:00 1 -

EV B 40 % 08:00:00 2 70 % SOC

EV C 20 % 09:00:00 2 90 % SOC

EV D 40 % 09:00:00 3 -

EV E 40 % 10:00:00 4 80 % SOC at 18:00:00
EV F 20 % 10:00:00 4 90 % SOC at 13:00:00

Table 5.2: User charging preferences of Control EVs

erences (using ‘seeded’ random number generation to ensure identical EV popu-
lations between simulations, see [section 3.6|).

An exception to the aforementioned randomisation of user preferences is the se-
lection of ‘target time’ and ‘target date’ (both only relevant when mode 4 is
selected): the target date was set to be the date of the simulation (to avoid un-
realistic circumstances where several EVs are assumed to be parked for excessive
periods) and the target time was constrained to be after the EVs connection
time. However, no mitigation for 'unrealistic’ charging expectations was imple-
mented (for example an EV requesting to charge from 20 % SOC to 80 % within

a minute).

5.5.2 Simulation results

The first set of simulations to be considered here are scenarios I and IV. In
both scenarios the grid connection limit was set to 200 kW - the lowest within
the simulations discussed in this chapter (thus the least power available for EV
charging). In scenario I user inputs were enabled, whereas scenario IV disregarded
user inputs (thus this simulation was akin to those undertaken in [chapter 4)).

Comparing the SOC developments of the control EVs shows a stark contrast be-
tween the scenarios. In scenario IV all EVs are ‘treated equally’ by the aggregator
(all control EVs are charged overtime at similar rates, see . Recall
that all control EVs are of the same model and therefore the only difference be-
tween them (when user charging preferences are ignored) is the SOC at any given
moment. Thus, the EV trajectories of any two control EVs in scenario IV do not
‘cross’ or ‘overtake’ one another at any point (the order from highest to lowest
SOC between control EVs never changes).
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Figure 5.9: Scenario I: changes in SOC Figure 5.10: Scenario IV: changes in
for all control EVs while con- SOC for all control EVs
nected while connected, user charg-

ing preferences disabled

By contrast, in scenario I two EVs immediately stand out. In [Figure 5.9 EVs
A and B show significantly different trajectories once the charging preferences of
EV users are taken into account. All other control EVs follow similar trajectories
to those in scenario IV. Comparing the final SOC for each control EV between
both scenarios (see reveals that EVs A and B both ‘lost” SOC whereas
other control EVs ‘gained” SOC once user charging preferences were taken into
account.

Scenario | EVA |EVB |[EVC | EVD EVE | EV F
I 46.85 | 70.06 | 75.93 | 79.95 77.29 | 72.84
v 84.27 | 79.21 | 68.32 | 76.00 72.07 | 63.65
Change -37.42 | -9.15 7.61 3.95 5.22 9.19

Table 5.3: Comparison between scenarios I and IV, SOC (in %) of EVs at 18:00

EV A, which is using charging mode 1 (‘Free V2G’) is seen to actually lose
charge over the first seven hours after connecting to the network in scenario I
(see . Only for about the last two hours before disconnecting the
EV is gaining charge - although not enough to compensate for the previous SOC
decline. Thus EV A’s SOC at 6 pm (46.85 %) is in fact below its initial SOC (50
%) - making it the only control EV to lose charge over the connection period.

EV A, as the major outlier within the control group, is arguably significantly
'disadvantaged’ over the other EVs (which points towards the need for fair/ap-
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00Scenarios I and IV: Control EV SOC over time
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Figure 5.11: Comparison: EV A SOC over time in scenarios I and IV

propriate compensation to EV owners choosing ‘mode 1’ to encourage V2G partic-
ipation). However, mode 1 is intentionally unconstrained allowing the aggregator
to make full use of an EV operating under this mode; as such, EV A is only
subject to global (i.e. system-wide) scheduling rules.
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Figure 5.12: Scenario I: EV A effective Figure 5.13: Scenario IV: EV A effective
charging rate over time charging rate over time

To analyse how EVs were used by the aggregator over the day, the average charg-
ing rates over 15-minute timeslots throughout the day were recorded for each
control EV (hereafter referred to as ‘effective charging rates’). For EV A these
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effective charging rates reveal that, indeed, the aggregator made heavy use of EV
A for discharging purposes in scenario I (see with several periods of
negative average charging rates. In scenario IV, the effective charging rates were
positive throughout the day - although slowly declining as EV A’s SOC increased,

see |[Figure 5.13|

Can the treatment of EV A be considered ‘fair’? On one hand, selecting charg-
ing mode 1 (as defined in this work) implies the unconstrained usage of an EV
through the aggregator - including the possibility of losing charge over time.
On the other hand, most EV owners plugging their EV into a (bi-directional)
charger for ten hours may very well expect their EV to have a higher range after-
wards in any case. This could be remedied through some adjustments within the
scheduling like higher minimum charging rates during smart charging periods (i.e.

periods without rail traffic, see [subsection 3.4.5)) or some further constraints in

the scheduling process (arguably defeating the purpose of the CW/DCW scoring
system by adding complexity).

The author believes that V2G aggregator design and scheduling rules in any
real-life implementation of V2G should ensure that even connected EVs without
explicit constraints through user charging preferences should, over time, be gain-
ing charge. However, it should be noted that scenarios I and IV were heavily
constrained by the low grid connection limit of 200 kW and all control EVs have
shown relatively low gains in SOC (in contrast to the scenarios discussed here-
after). Thus, the issue here lies with the global setup of these scenarios; a 200
kW grid connection limit is insufficient to serve this EV population.

Control EV B is another interesting example with regards to ‘fairness’ within
the EV population. In scenario I, this EV was connected to the network under
charging mode 2 (‘Quick charge to X % SOC’) and, as can be seen in [Figure 5.14]
reached its target SOC of 70 % at around 1:40 pm before ‘plateauing’ (i.e. main-
taining its target SOC). While its final SOC at 6 pm was higher in scenario IV
(79.21 %, see , the target SOC was reached later than in scenario I (70
% SOC was reached at around 2:50 pm here).

When comparing and it can be seen that while effective

charging rates were positive throughout in scenario IV (although declining over
time as EV B’s SOC increases), rates dropped immediately in scenario I as the
target SOC was reached.
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00Scenarios I and IV: Control EV SOC over time
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Figure 5.14: Comparison: EV B SOC over time in scenarios I and IV
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Figure 5.15: Scenario I: EV B effective Figure 5.16: Scenario IV: EV B effective
charging rate over time charging rate over time

The remaining four control EVs all achieved a higher final SOC under scenario I
compared to scenario IV (see[Table 5.3). However, none of these EV has achieved
its charging target by 6 pm (again highlighting the significance of the global con-
straints from the low grid connection limit). While this indicates that the ag-
gregator differentiates well between those EVs in need of charging and those less
in need (and prioritises accordingly), it also underlines that setting charging tar-
gets does not guarantee for those targets to be reached. Prioritisation within the
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EV population does not compensate for an overall system-wide lack of available

power.

The next set of simulations increases the power made available system-wide. In
scenarios Il and V the grid connection limit was raised to 300 kW. The rail
system power demand model is identical to the previous scenarios. Therefore,
the additional power made available is used purely for EV charging. Analogous
to the previous discussion, EV user charging preferences were not considered

in scenario V (see [Figure 5.18|) whereas scenario II included user inputs (see
Figure 5.17)).

Scenario IlI: Control EV SOC over time Scenario V: Control EV SOC over time
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Figure 5.18: Scenario V: changes in SOC
for all control EVs while
connected, wuser charging

Figure 5.17: Scenario II: changes in SOC
for all control EVs while
connected

preferences disabled

As more power is available for charging in scenario II (compared to scenario I),
EV A no longer experiences an overall decline in SOC over time and EV B is now
exceeding its 70 % target SOC towards the late afternoon. Comparing the final
SOC for each control EV between scenarios II and V (see shows the
same ‘winners’ and ‘losers’ as in the previous discussion (EVs A and B receive less
charge when user inputs are considered, other EVs receive more). However, the
differences between enabled and disabled user inputs are not as stark before.

Within scenario II, the comparison between control EVs C and E is the most
interesting (see [Figure 5.19). While both EVs connect to the network an hour
apart and utilise different charging modes (EV C uses mode 2 with a target SOC
of 90 %, EV E uses mode 4 with a target SOC of 80 % by 6 pm), they show a very
similar trajectory of SOC changes over time for most of the simulation.
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Scenario | EVA |[EVB |EVC |[EVD EVE | EVF
IT 81.47 | 82.05 | 90.87 |94.47 | 85.83 | 90.60

\Y4 91.83 | 89.20 | 84.81 | 86.93 |85.50 | 83.81

Change -10.36 | -7.15 | 6.06 7.54 0.33 6.79

Table 5.4: Comparison between scenarios IT and V, SOC (in %) of Control EVs at 18:00

Scenario II: Control EV SOC over time
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Figure 5.19: Comparison: EVs C and E, SOC over time in scenario II

Despite the different initial conditions of both EVs, a similar 'trajectory’ in the
early hours, by chance (i.e. not by design - it is of course the result of the
underlying scheduling rules), led to both EVs reaching an identical SOC from
about 11:40 am onwards. From this point EV C and EV E were practically
identical for the V2G aggregator (identical CW and a DCW of zero). Thus, both
EVs were treated the same until EV E reached 80 % target shortly after 3 pm
(at which its DCW was no longer set to zero).

This is confirmed by the effective charging rates shown in [Figure 5.20| and [Fig-|
- from the 11:45 timeslot up to (and including) the 14:45 timeslot, the
average charging rates of both EVs are identical. At 3 pm, however, the average

charging rate of EV E drops to about a quarter of EV C’s charging rate.
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Figure 5.20: Scenario II: EV C effective Figure 5.21: Scenario II: EV E effective
charging rate over time charging rate over time

In the last set of scenarios to be discussed here - scenarios III and VI - the grid
connection limit was raised even further to 400 kW. The predictable effect of
this is that all EVs in either scenario are charged quicker than in the previous
simulations. This is confirmed by comparing the SOC developments within the
control population for scenario VI (see where user inputs were not
taken into account with scenario III (see where user inputs were
considered. It can be seen that, regardless of user inputs being considered or not,
all EVs have reached a full battery before 6 pm.

100 Scenario Ill: Control EV SOC over time 100 Scenario VI: Control EV SOC over time
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Figure 5.22: Scenario III: changes in Figure 5.23: Scenario VI: changes in
SOC for all control EVs SOC for all control EVs
while connected while connected, user charg-

ing preferences disabled
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The times at which the control EVs have first reached a full battery (they may
still have been discharged for short periods afterwards) are listed in .
It can be seen that for control EVs C, E and F there is little difference between
the two scenarios (a few minutes in each case). EVs A and B have reached
a full battery 44 minutes and 42 minutes later respectively when user charging
preferences are considered. Only control EV D, which was connected under mode
3 (‘Quick charge to full’) - and therefore has never been discharged through the
aggregator - has significantly gained by reaching a full battery over an hour earlier
as user inputs were enabled.

Scenario | EV A EV B EVC |[EVD |EVE |EVF
I1I 17:19 17:19 17:15 16:12 17:18 17:14
VI 16:35 16:37 17:17 17:15 17:20 17:20
Change +44 min | 442 min | +2 min | -63 min | +2 min | +6 min

Table 5.5: Comparison between scenarios III and VI, time at which each EV is consid-
ered fully charged

Note: in EVs are considered fully charged when the reported SOC
reached 99.9 % or more in the logged data. For reasons of sequencing within
the database, data points at which SOC = 100 % may not always exist.

System-wide impact of enabling EV user charging preferences
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Figure 5.24: Comparison of scenarios I, Figure 5.25: Comparison of scenarios IV,

II and III: total power ab- V and VI: total power ab-
sorption potential of the sorption potential of the
aggregated EV population aggregated EV population

over time over time



5.5. R2REE simulations with enabled EV owner charging preferences 163

So far only the impact that including user charging preferences has on individual
EVs has to be discussed. To assess how this inclusion influences the global per-
formance of the whole V2G network, the aggregated power absorption and power
provision potentials over 24 hours of V2G operation need to be considered. The
power absorption potential over time for scenarios considering user inputs (i.e.

scenarios I, IT and III) are shown in [Figure 5.24)). For those scenarios disregarding
user charging preferences (i.e. scenarios IV, V and VI) see [Figure 5.25|

It can be observed that differences between both sets of simulations are minus-
cule, suggesting a very minor impact of user charging preferences on the V2G
network’s ability to absorb power (differences due to changing grid connection
limits seen within each set are far more pronounced). Thus, when user inputs
are considered, any impact of the aggregator’s altered prioritisation of charging
rate allocation (due to CW/DCW changes from the charging mode selection) has
on the maximum charging rates of individual EVs (due to changes in their SOC)
roughly ’balance out’ in the aggregate.

In other words, while some EVs within the population are 'gaining’ SOC due to
the inclusion of charging modes (leading to a decrease in their maximum charging
rate), their effect on the aggregated power absorption potential is compensated for
by those EVs "losing’ SOC (thus not experiencing a decrease in maximum charging
rate). Therefore, introducing user charging preferences into the scheduling had
no negative effect on the network’s ability to provide traction power to the rail
system.
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Figure 5.26: Total power provision potential of aggregated EV populations over 24
hours, Scenarios I to VI
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However, the same cannot be said about the V2G network’s power provision
potential - i.e. its ability to provide traction power to the rail system by dis-
charging connected EVs, see It can be seen that the power provision
potential when disregarding user inputs (scenarios IV, V and VI) is significantly
higher than when allowing various conditional and non-conditional opt-outs of
V2G operation.

Once user inputs are considered, a fraction of the EV population immediately
becomes unavailable for any discharging operation by the aggregator (in partic-
ular for ‘mode 3" which prohibits discharging of an EV altogether). The power
provision potential is significantly lowered and more ‘noisy’ (presumably as some
EVs ‘fluctuate’ around their target SOC). Differences between scenarios I, II and
IIT are minor, however (recall that the initial conditions of the simulated EV pop-
ulation are identical in each case). The power provision potential in scenario 111
is slightly higher than in scenario IT which is slightly higher than in scenario I (as
scenario III had the highest grid connection limit all EVs with charging target
presumably reached these targets earlier and became available for discharging
through the aggregator).

[Figure 5.26] however, should only be regarded as purely indicative of how the
inclusion of user charging preferences would affect a real system. As the bulk
population in any simulation uses random charging preferences the behaviour of
real drivers is not at all represented. Within the bulk population, all charging
modes have an equal chance of being selected within the randomised popula-
tion.

How EV owners would choose cannot be conclusively determined. Would most of
them be “selfish’ (or suffer from irrational ‘range anxiety’) and always request fast
charging via ‘mode 3’7 If so, the V2G network’s power provision potential might
be even more severely reduced. More insight into EV owner behaviour is required
to make this assessment. A related unanswered question is if the EV population
would be the same in either case (i.e. including user charging preferences or
not).

The introduction of charging preferences may indirectly have a positive impact if
more EV owners are willing to connect, not having to worry about range limita-
tions resulting from participation (presumably boosting V2G acceptance). This
is, however, fully speculative and further work on these social /behavioural aspects
(of V2G in general, R2REE and user inputs in particular) is suggested.



6. CONCLUSIONS

In this project, the Road-to-Rail Energy Exchange (R2REE) concept was ex-
plored. R2REE represents a novel large-scale application of V2G in which an
aggregated population of EVs supports the power demands of nearby electric rail
systems. This includes the supply of traction power for accelerating trains but
also the acceptance of power from the regenerative braking of decelerating trains.
Major challenges of this particular V2G application are the sudden changes in
power flows and power flow peaks on a megawatt-scale.

In the context of V2G aggregator control, these challenges translate to a need for
a very quick system response (within seconds) while managing a large popula-
tion of connected EVs (potentially thousands if one aggregator oversees multiple
train stations). While the project focus is on addressing these R2REE specific
challenges, many of the project’s findings are equally applicable to other V2G
applications — namely the methods/concepts described in chapter 3 (aggregator
control structure and multi-layer event-based scheduling approach) and chapter 5
(pre-scheduling assessment of EVs including user charging preferences via charg-
ing modes).

The ongoing electrification of transport is a global trend that is virtually certain to
continue well into the future - in line with a global drive to reduce emissions. This
is true for both individual transport and mass transportation. Thus, not only are
EVs expected to become more numerous (gradually replacing ‘traditional’ ICE
vehicles), electric rail systems are also becoming more common.

While this can generally be regarded as a positive development, the resulting
electricity demand represents a major challenge to power grids worldwide. This
is not only due to the overall increase in electricity consumption but also be-
cause of the difficulty of balancing power supply and demand at any given time
- a feat already becoming more difficult because of the increased power supply
intermittency from the expansion of renewable energy sources. Energy storage
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technologies are universally accepted to be part of the solution, with V2G being
one proposed and highly debated concept.

V2G has previously been proposed for various grid services with active research
largely focused on economic considerations (highly dependent on local electricity
market conditions and not generally conclusive), effects on the degradation of EV
batteries, power electronics design and V2G scheduling models.

Electric rail system design was also found to be an active field of research with
issues of rail power demand peaks and the dissipation of energy from regenerative
braking being widely discussed. Various types of energy storage technology either
on-board or along track lines have been proposed to accept power from regener-
ative braking for later use during acceleration. Another approach is dwell time
optimisation in which the departures and arrivals of multiple trains on a network
are synchronised so that an accelerating train accepts power from a decelerating
one (which significantly constrains train schedules).

Using the V2G concept to support an electric rail system was found to be a
completely novel approach not previously discussed in existing literature. Con-
sequently, while V2G has been widely discussed for various applications, existing
aggregator control methods and scheduling models do not meet the requirements
of R2ZREE. For most applications of V2G, the system responsiveness is not a ma-
jor consideration as changes in power demand are gradual and a delay of a few
seconds in making scheduling decisions would not significantly affect the system
performance. Given the rapidly changing power demands on a megawatt scale
within R2REE a quasi-instant system response is desirable.

Thus, while various scheduling models exist with varying degrees of computa-
tional complexity, algorithm execution times are rarely reported and additional
delays due to aggregator-to-EV communication are not considered. Generally,
the IT challenges associated with large scale, centrally controlled V2G appli-
cations (EV management, efficient communication and scheduling) seem to be
under-appreciated and barely considered in current literature.

6.1 Vehicle-to-Grid Aggregator Control

V2G aggregator control in this project was found to benefit from separating its
control algorithms into several modules accessing a mutual database. For the
implementation of R2ZREE, which requires quick system response, this separation
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is significant as delays in aggregator-to-EV communication (on average found to
be about 15 milliseconds per EV) make a single algorithm approach to aggrega-
tor control unviable (i.e. collect data, make charging/discharging decisions and
implement decisions in sequence).

A novel modular aggregator control structure, similar to that shown in
improves system responsiveness, robustness and versatility in any large-scale,
centrally controlled V2G system. This modular approach involves splitting up
the fundamental tasks of V2G aggregator control — data collection, scheduling
and schedule implementation — into separate processes (referred to as first-order
modularisation) and integrate these processes with a suitable communications
and data management system.

These fundamental tasks can be split further to allow multiple separate processes
per task (referred to as second-order modularisation). This structure allows for,
for example, multiple scheduling processes operating simultaneously while ap-
plying different scheduling rules (a pre-requisite of the multli-layered scheduling
strategy used for R2REE).
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Figure 3.2: Modular aggregator control structure, multiple modules per task - second-

order modularisation

Inter-compatibility between modules was achieved through indirect communica-
tion via the usage of a mutual database. A suitable database structure for a
‘mySQL’ database was presented. Aggregator-to-EV communication uses the
REST API in an existing computer network (using both WiFi and Ethernet).
Suitable REST calls for data collection and schedule implementation were pre-
sented.
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The modular aggregator control, as well as communication and data management,
have been extensively tested using a simulated EV population but also using a
proof-of-concept hardware prototype of an EV-communication system. Both the
chosen database structure and API are mature technologies that are commonly
used in industry and compatible with a wide range of hard- and software.

The modularisation of V2G aggregator control allows for workload distribution
over multiple processors and thereby increases system responsiveness. Further,
it aids system robustness by decoupling scheduling processes from any delays
due to faulty communication routes between the aggregator and the EV pop-
ulation. Second-order modularisation could also aid the versatility of a V2G
network by enabling the usage of multiple scheduling modules that provide mul-
tiple grid services simultaneously — however, this was not within the scope of this

project.
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Figure 3.8: Modular aggregator control structure for Road-to-Rail Energy Exchange
using multiple scheduling modules.

Instead, second-order modularisation in this project enabled the novel concept of
multi-layer event-based V2G scheduling (see . Novelty in this schedul-
ing strategy lies in combining predictive and reactive scheduling approaches (thus
eliminating the disadvantages of either approach) and in the exploitation of
‘events’ to enable short-term predictive capability. Generally, an event was de-
fined as a time-limited, predictable pattern of power demand over time with
known start and end time.

In the context of R2REE, events were defined as the departure or arrival of
electric trains at a station resulting in a sudden surge in power demand under
train acceleration or excess power under train deceleration due to regenerative
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braking. This strategy mitigates the respective disadvantages of purely predictive
scheduling or purely reactive scheduling. Uncertainty is a major challenge of
any purely predictive scheduling approach whereas a purely reactive scheduling
approach naturally leads to a lag in system response. A combined approach
offers a compromise, where quick system response is achieved (through predictive
scheduling) without sacrificing the reactive ability to adjust to inaccuracies (due
to uncertainty in the predictive model).

For R2REE, three distinct scheduling layers are proposed. Shortly before an event
occurs the predictive scheduling layer determines the V2G network’s response to
said event based on the predicted power demand (predictable as train arrival and
departures are reoccurring patterns). The reactive scheduling continuously checks
for and corrects any mismatch in power flow between the EV population, power
grid and the rail system. In periods where no event occurs, a smart charging
layer applies a separate set of scheduling rules to charge connected EVs (as no
event occurs, no discharging of EV battery packs is required).

It was shown that the multi-layer scheduling approach can lead to a quasi-
instantaneous system responsiveness as long as power demands can be accurately
predicted. Lags in system response are still present if uncertainty leads to a
mismatch between expected and actual power demands, but the length of such
lags depends on the magnitude of the mismatch (determining how many schedule
adjustments need to be made by the reactive scheduling layer).

To reduce the complexity of the scheduling processes, a method was devised to as-
sess EVs prior to scheduling. This is done by assigning weighting factors, termed
CW and DCW for charge and discharge events respectively. CW evaluates the
potential of an EV to receive power from the aggregator. DCW evaluates the
potential of an EV to supply power. This approach is revisited and significantly
expanded upon in the as a tool to account for EV user charging pref-
erences in the scheduling process.
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6.2 Road-to-Rail Energy Exchange

The R2REE case study in this work was based on a real third-rail DC powered
rail system in Merseyside, England. The train power demands and potential re-
generative braking power were modelled over 24 hours based on the real train
timetable for Hoylake train station. This relatively small station is served by
just a single type of train, has only two tracks (trains may leave in either direc-
tion following the same speed profile) and traction power is provided by a single
substation.
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Figure 4.14: Assumed car park occupancy rate and number of train arrival/departure
events over 24 simulation period

Using the author’s aggregator control strategy R2REE operation was simulated
in real-time using an EV population of variable size (50 to 100 EVs). The car park
occupancy rate over time was modelled based on data from train station car parks
in London. It was found that periods of high activity on the rail system generally
coincide with periods of high availability of EVs (see . Other variables
between simulations were the total power available to the whole system (car park
plus rail) from the shared power grid connection (see as well as the
maximum charging/discharging rates of the bidirectional EV chargers.

As electric trains accelerate (causing a spike in power demand for traction) the
connected EV population (or parts thereof) are discharged, feeding into the rail
system and reducing the load on the local substation. As arriving trains decelerate
using regenerative braking, the resulting spike in power from the rail system would
be fed into the V2G network. Both these operations reduce fluctuations in the
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Figure 3.7: (a) V2G for support of local electric rail systems, system overview and
power flows: EV population acts as buffer between the grid connection
and the fluctuating rail system power demands to ensure steady power flow
from the grid; (b) Rail system power demand over one hour (3 trains arriv-
ing/departing sequentially, varying dwell time): traction power drawn for
train acceleration - positive/red, power supplied from regenerative braking
- negative/blue.

power demand experienced by the substation (similar in effect to the concept
of dwell time optimisation but without the constraints to train schedules). In
periods without rail traffic, the EV population can draw power from the shared
grid connection for battery charging, thereby maintaining a steady power flow
from the grid.

Using the case study, it has been shown that - given a suitable EV population
- R2REE would offer several advantages: R2REE would lower grid connection
upgrade requirements for new rail electrification projects (support from the V2G
network would lower peaks in power demand from train acceleration experienced
by the grid). It would lower grid connection upgrade requirements for new EV
charging infrastructure (assuming a new EV car park can share the connection
with the electrified rail infrastructure). It would enable brake energy recovery
in third rail systems where it has not been available before (leading to energy
savings and potential cost savings due to reduced wear on the mechanical brake
systems). Local peak demand stresses on the power grid arising from electrified
rail traffic would be reduced.

However, all of these potential advantages are highly situational and depend
heavily on the availability of EVs. It has been shown that as few as 50 connected
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EVs can fully support the traction power demands of the rail system. Although
the absorption of power from train brake energy recovery by the EV population
was found to be more challenging than ensuring an adequate supply of traction
power.

Generally, any EV population able to fully absorb power from a train arrival
event was also found to be able to fully supply the traction power needed for a
train departure event. In order for just 50 EVs to suffice in fully absorbing power
from a train’s regenerative braking, most EVs need to be at a relatively low SOC
to allow for appropriately high charging rates.

As would be expected, global maximum charging/discharging rates affect the EV
population’s ability to support the rail application. Although this was found to be
much less significant than the effects of reduced charging rates of individual EVs
as their SOC increases. Connecting each EV to 50 kW bi-directional chargers
instead of 35 kW led to an insignificantly higher power absorption potential of
any EV population (only about 2% difference in a population of 75 Nissan Leaf
equivalents).

It was also found that the total power made available from the shared power grid
connection has a huge impact on the effectiveness of the R2REE system. In most
scenarios, EVs were either charging ‘too quickly’ to be useful to the rail system
or ‘too slowly’ to realistically satisfy any EV owner. Finding a ‘goldilocks’ com-
promise between them might be possible with a sufficiently sized EV population,
although such an assessment might be rather subjective.

Another significant challenge is the low car park occupancy rate in the early and
late hours. While there is a rough correlation between the ‘busy’ periods of the
rail system and the modelled car park (i.e. most train arrivals/departures happen
while the car park is relatively full), early and late trains require just as much
power as those during ‘rush hour’.

All of the issues outlined above are of course mitigated as the overall EV popu-
lation size increases. However, while EV population size was a controlled input
variable in the simulations, it could not be easily controlled in a real R2REE
system. Instead it would be the result of many site-specific factors (passenger
numbers, EV penetration, EV owner behaviour, etc.).
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6.3 EV Owner Control Over V2G Scheduling

By allowing EV owners to control charging and V2G usage of their vehicles more
depth was added to the V2G scheduling process. A method was proposed that
allows owners to state charging preferences via an on-board user interface that
informs the assessment of all EV’'s CW and DCW scores. The inclusion of EV
user charging preferences adds further constraints on the scheduling process and
increases computational complexity.

Taking these preferences into account and weighing them against the often con-
flicting needs of the power grid without negatively affecting system responsive-
ness is addressed through the novel approach of resolving user inputs and (re-
Jevaluating CW and DCW within the database prior to the actual schedul-

ing.

This separates the analysis of user inputs from the time-sensitive scheduling pro-
cess and instead utilises commonly idling computational resources of the shared
database (using SQL trigger conditions). This computationally efficient method
of capturing charging preference is suitable for other V2G applications than just
R2REE.

Four distinct charging modes have been presented which offer an EV user a large
degree of control over charging and discharging. These range from ‘no preference’
(no further constraints on the aggregator) to ‘charging only’ (effectively opting
out of V2G usage). The four charging modes were implemented on a touch screen
interface for the EV communication system prototype.

Several simulations similar to those presented in showed that under the
rules presented, the four charging modes have a minimal impact on system-wide
absorption potential, but can severely limit power provision (if a large fraction
of the EV population opts out of V2G usage). It was also shown that, as would
be expected, EVs limiting discharging operations do so at the expense of EVs
without such restrictions (see [Figure 5.17| and [Figure 5.18| scenarios defined in

section 5.5)).
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6.4 Summary and further work

How realistic is the R2REE proposition? As chapter 4 has shown, the system
described can be beneficial but is subject to many conditions. The main issue at
hand is uncertainty on the side of the EV population. For the system to work
to its full potential, it either requires a very large EV population, say hundreds
of EVs, with enough redundancy to account for high SOC EVs with very limited
charging rates or a moderate number of EVs under just the right circumstances
(relatively low SOC, high capacity battery packs, many EVs connected in early
and late hours, etc.).

The former seems implausible in non-urban areas (like Hoylake), the latter is
difficult (and risky) to plan for. Even if enough EVs are theoretically available,
will enough EV users connect to the system rather than charging at home? How
many EV owners would even commute to a train station and stay for long periods
(encouraging park and ride usage has been attempted by many cities with limited
success)? Will private car ownership still be significant in the face of car-sharing
and ongoing urbanisation?

Such planning uncertainty is very problematic for any rail infrastructure project
where costs and usage scenarios are modelled for decades ahead. Thus, a real-
life implementation of the R2REE system as described seems rather unlikely in
the foreseeable future. Of course, such uncertainty is not unique to R2REE; the
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research area of V2@, in general, is still shrouded with uncertainty (particularly
on profitability).

There are however several routes yet to be explored that could make R2REE
more viable and are well worth revisiting the concept in future research. An
electric rail system may use R2REE as a supplemental system rather than fully
relying on it for operation. As was shown in the chapter 4, the absorption of
energy from regenerative braking within the EV population was more restricted
than the supply of traction power as EVs reached high SOCs.

Thus, treating regenerative braking as an optional ‘nice-to-have’ and ‘dumping’
excess energy through resistors if the available EV capacity is insufficient still
maintains some of R2REE’s benefits such as shared power infrastructure. As
a supplemental system, it may not completely flatten the power demands of
the rail system and the charging EV population but would still reduce peak
demands.

R2REE may be reconfigured to not only rely on a single central EV car park but
instead also manage individually parked EVs in the vicinity. This may include
EVs parked on private property and could help the system to maintain capacity
in the early hours and overnight (at the expense of significantly increased system
complexity).

Further, urban settings where the frequency of train arrivals/departure is higher
and more EVs might be available can be expected to be more suitable for R2REE.
In either case, more research is required to understand how future EV owners are
likely to behave and use their EVs.

Finally, R2ZREE might be considered as part of a hybrid solution. The connected
EV population may suffice during working hours and trackside batteries, flywheels
or other energy storage technologies may take over in the interim. If R2REE will
find a future application may only be clear in decades as EVs become more
numerous and V2G technologies gradually mature.
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Al. SQL DATABASE TABLE DEFINITIONS

This appendix contains the table definitions for the main tables in the mySQL
database needed for reproduction of the aggregator control defined in
ter ol

Table Column Data Type Description
) Key variable identifying individual or-
t(10) Auto In-
OrderID int(10) Auto In ders; assigned within database upon
crement .
creation of a new entry
. . ) Date/time at which order is due for ex-
ExecutionTime datetime )
ecution
Network IP address (with port number
[Padd text
Acaress o if applicable) of connected EV /charger
PowerFlow foat Charging r'ate to be'ass'igned t'o EV in
kW (negative value if discharging)
Order status; if empty order awaits im-
plementation; if 'queued’ order is al-
Status text ready passed on to schedule implemen-
tation module (and can no longer be
amended)
MaxPowerFlow foat Maximum EV charging rate (needed if
order has to be amended)
Charging rate of EV before order
PreviousPowerFlow | double (needed if order has to be amended/-
cancelled)

Table A1.1: SQL table definitions for "Schedule’ table which contains individual charg-
ing/discharging instructions to be passed onto EVs/chargers by the sched-
ule implementation module
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Al. SQL Database Table Definitions

Table Column Data Type Description
Key wvariable identifying event oc-
smallint(6) curence; needs to be unique; assigned
EventID . .
Auto Increment | within database upon creation of a new
entry
Time at which event begins; no date re-
time time quired at each event assumed to occur
'today’
Event type as defined in predictive
event text

scheduling algorithm

Table A1.2: SQL table definitions for "Events’ table which contains the event schedule
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Table Column Data Type Description
) Key variable identifying EVs; needs to
int(10) un- . . .
ID ) be unique; assigned by data collection
signed . . .
module (via auto incrementation)
Vehicle name; field can be left empty
Name text .
(only used for user readability)
Capacity float unsigned EV battery pack capacity in kWh
Network IP address (with port number
[Padd text
Aqaress o if applicable) of connected EV /charger
SOC float unsigned Current EV battery pack SOC in %
tinyint(3)  un- | Charging mode selected by EV user, 0’
Mode .
signed by default
EV batt k target SOC in %; 100
TargetSOC float unsigned % byadeiarl}ilfac arge in %;
Target date/time by which the target
TargetDateTime datetime SOC shall be reached; default value
’0000-00-00 00:00:00°
EV location information; no fixed for-
) mat but typically contains latitude,
Location text . . .
longitude and altitude coordinates; can
be left empty
oW float unsigned | Charge weighting (CW) assigned to EV
0] via SQL triggers
DOW float  unsigned | Discharge weighting (DCW) assigned
0] to EV via SQL triggers
ChargeValue float Current EV charging rate in kW
MaxChargingRate | float Current maximum EV charging rate in
kW
MaxDischargingRat¢ float purrent maximum EV discharging rate
in kW
Indicator used to avoid double assign-
) ment of EVs through multiple schedul-
InEvent bit(1) [b’0’
fhven it(1) [>'07] ing modules; 1" if EV is currently as-
signed to serve an event, 0’ otherwise
) ) 17 indicates EV is currently managed by
h 1 N’
SmartCharging bit(1) [P0’ smart charging algorithm, '0’ otherwise
Date/time at which the EV’s assign-
ifi t end
InEventUntil datetime ment to serve a speciiic event ends

(and the EV becomes available for re-
assignment)

Table A1.3: SQL table definitions for "Vehicles’ table which contains all data on EVs

currently connected to network




A2, AGGREGATOR CONTROL CODE REPOSITORY

This appendix lists all code for the algorithms discussed in [chapter 3| Please
follow the [Digital Object Identifier (DOI)| below for read-only access to the file
repository - doi:10.5258 /SOTON/D1671.

A2.1 Data Collection

Preamble: This script manages "Vehicles’ mySQL table, by adding new arriving
vehicles ('newVehicles’ table), removing leaving vehicles (orderly via ’leavingVe-
hicles’ table or disorderly by failing communication) and regularly updating info
on each known vehicle already in the database.

Filename: ManageVehicles.py
Type: PY file (python)
Libraries required:
e pymysql (enabling database access)
e requests (enabling communication via REST API)

e time, datetime (enabling efficient handing of date and time data)

Notes: Only executes when linked to a SQL database as defined in[Appendix AT]

Change database definition (hostname, username, password, database name) in
line 31 to run.


https://doi.org/10.5258/SOTON/D1671
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A2.2 Schedule Implementation

Preamble: Implementation algorithm that loads ’Schedule’ table in SQL database,
parses schedule entries into charging instructions and submits instructions to

EVs.
Filename: Implementation.py
Type: PY file (python)
Libraries required:
e pymysql (enabling database access)
e requests (enabling communication via REST API)

e time, datetime (enabling efficient handing of date and time data)

Notes: Only executes when linked to a SQL database as defined in[Appendix Al|
Change database definition (hostname, username, password, database name) in

line 29 to run.

A2.3 Predictive Scheduling

Preamble: V2G scheduling algorithm (predictive scheduling layer). Loads EV
data from table 'vehicles’ in SQL database and event schedule. Schedule entries
saved in ’schedule’ table.

Filename: Schedule.py

Type: PY file (python)

Libraries required:
e pymysql (enabling database access)
e time, datetime (enabling efficient handing of date and time data)
e sys (needed for error handling)

Notes: Only executes when linked to a SQL database as defined in[Appendix AT]
Change database definition (hostname, username, password, database name) in
line 29 to run.
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A2.4 Reactive Scheduling

Preamble: V2G scheduling algorithm (reactive scheduling layer). Loads EV
data from table 'vehicles’ in SQL database, grid power flow from "PowerFlowNow’
and power flow goal from 'PowerAvailable’.

Filename: ReactiveScheduling.py
Type: PY file (python)
Libraries required:
e pymysql (enabling database access)
e requests (enabling communication via REST API)
e time, datetime (enabling efficient handing of date and time data)

Notes: Only executes when linked to a SQL database as defined in[Appendix AT]
Change database definition (hostname, username, password, database name) in
line 29 to run.

A2.5 Smart Charging

Preamble: Off-event EV charging algorithm. Loads EV data from table 'vehi-
cles’ in SQL database and power flow goal from ’PowerAvailable’.

Filename: SmartCharge.py
Type: PY file (python)
Libraries required:

e pymysql (enabling database access)

requests (enabling communication via REST API)

time, datetime (enabling efficient handing of date and time data)

sys (needed for error handling)

Notes: Only executes when linked to a SQL database as defined in[Appendix AT]
Change database definition in line 31 to run.
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A2.6 Arduino Mega

Filename: myMegaCode.ino
Type: .ino (Arduino file)
Libraries required:
e Nextion.h (for communication with Nextion touch screen display)

e Adafruit_GPS.h (for communication with GPS module and parsing of GPS
data)

e SoftwareSerial.h (for compatability with GPS module library)
e Wire.h (for synchronous serial communication with Arduino Tian)

Notes: Uncompiled source code. Requires Arduino IDE to view and com-
pile.

A2.7 Arduino Tian

Filename: myTianCode.ino
Type: .ino (Arduino file)
Libraries required:
e Ciao.h (for interaction with on-board Linino OS)
e Wire.h (for synchronous serial communication with Arduino Mega)

Notes: Uncompiled source code. Requires Arduino IDE to view and com-
pile.

A2.8 Nextion Touchscreen Interface

Filename: Interface.HMI

Type: .hmi (proprietary file format for Nextion touch screen interfaces)

Notes: Uncompiled source code for EV user interface discussed in [section 5.2,
Requires 'Nextion Editor’ [I92] to view and compile.
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A2.9 EV Simulator (randomised)

Preamble: EV simulator algorithm mimicking EV communication and charg-
ing behaviour. EV model, user charging preferences and initial SOC randomly
selected from fixed list.

Filename: CarSimulator.py
Type: PY file (python)
Libraries required:
e socket (enabling access machine’s network configurations)
o flask, flask_restful (enabling communication via REST API)
e time, datetime (enabling efficient handing of date and time data)
e sys (needed for error handling)
e random (enabling random number generation)

Notes: Upon initialisation, the script displays the randomly selected EV model,
all relevant EV parameters as well as the IP address and port number assigned
to this EV simulator instance. IP address and port can then be used to interact
(request information, send charging instructions) via REST API as outlined in

[section 3.2 and [section 3.3l

A2.10 EV Simulator (controlled)

Preamble: EV simulator algorithm mimicking EV communication and charging
behaviour. EV model, user charging preferences and initial SOC defined by user.
Script creates a data log 'EVlog.txt’ of any charging instructions received and
changes in SOC over time.

Filename: CarSimulatorControlled.py
Type: PY file (python)
Libraries required:
e socket (enabling access machine’s network configurations)

e flask, flask_restful (enabling communication via REST API)
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e time, datetime (enabling efficient handing of date and time data)
e sys (needed for error handling)
e random (enabling random number generation)

Notes: EV parameters and user charging preferences to be defined in lines 99
and onwards. Upon initialisation, the script displays the IP address and port
number assigned to this EV simulator instance. IP address and port can then be
used to interact (request information, send charging instructions) via REST API

as outlined in [section 3.2 and lsection 3.3l




A3. COMMUNICATION BENCHMARK

This benchmark assesses the performance of the data collection algorithm (see
section 3.2). The time taken to update all EV information in the SQL database
is recorded. This involves contacting each simulated EV exactly once via REST
API and feeding the data into the SQL database. Cycle times are taken by
logging the processor time of the machine running the aggregator control every
time the algorithm contacts the first EV. The difference between two timestamps
represents the time taken by the algorithm to update the whole "Vehicles’ table
in the database.

For this test, any aggregator control algorithms are running on one desktop PC
(i5-2400 processor, 4 CPUs at 3.1 GHz, 4 GB RAM) while the EVs are simulated
(see[section 3.6) on another (i5-4590 processor, 4 CPUs at 3.3 GHz, 16 GB RAM).
Both machines are connected to the same network via an Ethernet connection.
The data collection algorithm was tested for a varying number of simulated EVs
(50 to 1,000). Each test ran for about 30 minutes and the average cycle times
have been recorded.

It would be expected that a linear relationship exists between the time taken
to update all EV information in the database and the number of EVs on the
network. The results from this benchmark do confirm this although slight devi-

ations from the linear trend can be seen (see [Figure A3.0.1). These variations

might be due to other network traffic (as the university’s internal computer net-
work with thousands of connected machines is used, this cannot be controlled)
or other background processes on the PCs used (also under limited control due
to constraints on the operating system). Using the campus’ eduroam network
and the mentioned hardware for aggregator control and EV simulation, it took
about 15 seconds to collect and save data from 1,000 simulated EVs — or about
15 milliseconds per EV.
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Data Collection, cycle time vs. EV population size

Time per cycle (s)

0 100 200 300 400 500 600 700 800 900 1000
Size of simulated EV population

Figure A3.0.1: Average time taken for data collection algorithm to update all EV data
in SQL database for varying EV population sizes



A4. TRAIN SCHEDULE

Using Mon-Sat timetable fo wirral-line for hoylake (15th December 2019 to 16th
May 2020) [216]

Time | Destination | Platform Time | Destination | Platform
00:02:00 | West Kirby 2 14:09:00 Liverpool 1
05:54:00 Liverpool 1 14:22:00 | West Kirby 2
06:24:00 Liverpool 1 14:24:00 Liverpool 1
06:52:00 | West Kirby 2 14:37:00 | West Kirby 2
06:54:00 Liverpool 1 14:39:00 Liverpool 1
07:09:00 Liverpool 1 14:52:00 | West Kirby 2
07:22:00 | West Kirby 2 14:58:00 Liverpool 1
07:24:00 Liverpool 1 15:07:00 | West Kirby 2
07:39:00 Liverpool 1 15:09:00 Liverpool 1
07:52:00 | West Kirby 2 15:22:00 | West Kirby 2
07:58:00 Liverpool 1 15:24:00 Liverpool 1
08:07:00 | West Kirby 2 15:37:00 | West Kirby 2
08:09:00 Liverpool 1 15:39:00 Liverpool 1
08:22:00 | West Kirby 2 15:52:00 | West Kirby 2
08:37:00 | West Kirby 2 15:58:00 Liverpool 1
08:39:00 Liverpool 1 16:07:00 | West Kirby 2
08:52:00 | West Kirby 2 16:09:00 Liverpool 1
08:58:00 Liverpool 1 16:22:00 | West Kirby 2
09:07:00 | West Kirby 2 16:24:00 Liverpool 1
09:09:00 Liverpool 1 16:37:00 | West Kirby 2
09:22:00 | West Kirby 2 16:39:00 Liverpool 1
09:24:00 Liverpool 1 16:52:00 | West Kirby 2
09:37:00 | West Kirby 2 16:58:00 Liverpool 1
09:39:00 Liverpool 1 17:07:00 | West Kirby 2
09:52:00 | West Kirby 2 17:09:00 Liverpool 1
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09:58:00
10:07:00
10:09:00
10:22:00
10:24:00
10:37:00
10:39:00
10:52:00
10:58:00
11:07:00
11:09:00
11:22:00
11:24:00
11:37:00
11:39:00
11:52:00
11:58:00
12:07:00
12:09:00
12:22:00
12:24:00
12:37:00
12:39:00
12:52:00
12:58:00
13:07:00
13:09:00
13:22:00
13:24:00
13:37:00
13:39:00
13:52:00
13:58:00
14:07:00

Liverpool
West Kirby
Liverpool
West Kirby
Liverpool
West Kirby
Liverpool
West Kirby
Liverpool
West Kirby
Liverpool
West Kirby
Liverpool
West Kirby
Liverpool
West Kirby
Liverpool
West Kirby
Liverpool
West Kirby
Liverpool
West Kirby
Liverpool
West Kirby
Liverpool
West Kirby
Liverpool
West Kirby
Liverpool
West Kirby
Liverpool
West Kirby
Liverpool
West Kirby

N M DN~ DN~ N~ NP DN~ NN FFDNDRFRE DN~ N DNDRFRE NN~ DN~ N = DN

17:22:00
17:24:00
17:37:00
17:39:00
17:52:00
17:58:00
18:07:00
18:09:00
18:22:00
18:24:00
18:37:00
18:39:00
18:52:00
19:04:00
19:07:00
19:22:00
19:34:00
19:37:00
20:02:00
20:04:00
20:32:00
20:34:00
21:02:00
21:04:00
21:32:00
21:34:00
22:02:00
22:04:00
22:32:00
22:34:00
23:02:00
23:04:00
23:32:00

West Kirby
Liverpool
West Kirby
Liverpool
West Kirby
Liverpool
West Kirby
Liverpool
West Kirby
Liverpool
West Kirby
Liverpool
West Kirby
Liverpool
West Kirby
West Kirby
Liverpool
West Kirby
West Kirby
Liverpool
West Kirby
Liverpool
West Kirby
Liverpool
West Kirby
Liverpool
West Kirby
Liverpool
West Kirby
Liverpool
West Kirby
Liverpool
West Kirby

N — DN DN~ DN~ DN~ DN~ DN~ NN NN~ DN~ DN DN~ DND

Table A4.1: Train schedule for Hoylake train station (Using Mon-Sat timetable fo
wirral-line; valid 15th December 2019 to 16th May 2020)



A5. FULL SIMULATION RESULTS FOR CHAPTER 4

This appendix contains a catalogue of all results for the simulated scenario dis-

cussed in [chapter 4|

e All simulations were run in real-time using the aggregator control algorithms
outlined in

e The simulated EV population follows the 24-hour car park occupancy model

outlined in [section 4.3

e Rail system power flows follow the power demand curves and train schedule

outlined in [section 4.9

e Within the simulated EV population were three controlled /monitored EV’s
as outlined in [section 3.6, These ’control EVs’ have identical capacity (40
kWh) and maximum charging rate (50 kW), but connect to the network at

different times and with different initial SOC (see [Table A5.1]). All control
EVs were connected for & hours.

Control EV | Initial Connection
Name SOC Time

EV A 50 % 08:00:00

EV B 30 % 09:00:00

EV C 70 % 10:00:00

Tab. A5.1: Control EV definitions (identical for all scenarios in discussed in this chap-
ter): initial SOC and connection time
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A5.1 Scenario A

Scenario specific parameters:

e The simulation assumes a constant grid connection limit of 200 kW
e EV user inputs are enabled and inform V2G scheduling (SQL triggers used:

see [section 5.4)

e The default CW and DCW equations for four charging modes are used to

assess each EV (see [section 5.3)
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Ab5.2 Scenario B

Scenario specific parameters:

e The simulation assumes a constant grid connection limit of 200 kW
e EV user inputs are enabled and inform V2G scheduling (SQL triggers used:

see [section 5.4])

e The default CW and DCW equations for four charging modes are used to

assess each EV (see [section 5.3))
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A5.3 Scenario C

Scenario specific parameters:

e The simulation assumes a constant grid connection limit of 200 kW
e EV user inputs are enabled and inform V2G scheduling (SQL triggers used:

see [section 5.4)

e The default CW and DCW equations for four charging modes are used to
assess each EV (see [section 5.3))
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Control EV A: SOC over time
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A5.4  Scenario D

Scenario specific parameters:

e The simulation assumes a constant grid connection limit of 200 kW
e EV user inputs are enabled and inform V2G scheduling (SQL triggers used:

see [section 5.4])

e The default CW and DCW equations for four charging modes are used to
assess each EV (see [section 5.3))
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A5.5 Scenario E

Scenario specific parameters:

e The simulation assumes a constant grid connection limit of 200 kW
e EV user inputs are enabled and inform V2G scheduling (SQL triggers used:

see fection 5.4)
e The default CW and DCW equations for four charging modes are used to

assess each EV (see [section 5.3))
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A5.6 Scenario F

Scenario specific parameters:

e The simulation assumes a constant grid connection limit of 300 kW
e EV user inputs are enabled and inform V2G scheduling (SQL triggers used:

see fection 5.4)
e The default CW and DCW equations for four charging modes are used to

assess each EV (see [section 5.3)

100 Scenario F: Control EV SOC over time Number of connected EVs over time
— EVA 704
— EvB
80 — EVC 604
3
o 2 50+
T L
9 ]
s © 40
3 3
v 404 € 30 4
=]
£ 204
204 101
o]
08:00 09:00 10:00 11:00 12:00 13:00 14:00 15:00 16:00 17:00 18:00 00:00 03:00 06:00 09:00 12:00 15:00 18:00 21:00 00:00
time of day time of day

Fig. A5.6.1: All control EVs, SOC over Fig. A5.6.2: Number of simulated EVs
time connected to V2G network
over time

Total power absorption potential over time

EV population capacity and charge over time

S 1200

S j

2 3000

=

= 1000 - -

s .; 2500

c

e g =3

& 800 o 20001

2 2

§ 6007 8 1500 1

E] o

3 >

§ 400 4 2 1000

K] ©

S 200 & — ;

o 3 500 aggregated capacity

[ aggregated charge N

% 0 04 mm free capacity T

o T T T T T T T T T T r r : + . T T T
00:00 03:00 06:00 09:00 12:00 15:00 18:00 21:00 00:00 00:00 03:00 06:00 09:00 12:00 15:00 18:00 21:00 00:00

time of day time of day

Fig. A5.6.3: Aggregated EV population, Fig. A5.6.4: Aggregated EV population,
total power absorption po- total capacity, total charge
tential and free capacity



204

A5, Full Simulation Results For Chapter 4

100 Control EV A: SOC over time

80 1

60

SOC (%)

40

204

08:00 09:00 10:00 11:00 12:00 13:00 14:00 15:00 16:00
time of day

Fig. A5.6.5: Control EV A, SOC over

time while connected

100 Control EV B: SOC over time

80+

60 1

SOC (%)

40 1

204

01— T T r T r - - -
09:00 10:00 11:00 12:00 13:00 14:00 15:00 16:00 17:00
time of day

Fig. A5.6.7: Control EV B, SOC over

time while connected

100 Control EV C: SOC over time

60

SOC (%)

40

204

10:00 11:00 12:00 13:00 14:00 15:00 16:00 17:00 18:00
time of day

Fig. A5.6.9: Control EV C, SOC over
time while connected

Control EV A: effective charging rates over time
8

o

effective charing rate (kW)

o = N W & u

Fig. A5.6.6: Control

time of day

EV A, average
power flow over 15 min

Control EV B: effective charging rates over time

10

8

6

effective charing rate (kW)

vvvvvvvvvvvvvvvvvvvvvvv

mmmmmmmmmmmmmmm

Fig. A5.6.8: Control

—

NNNNNN
HHHHHHHHHHHH

time of day

EV B, average
power flow over 15 min

Control EV C: effective charging rates over time

E 4.0

o

A A A M oM

ﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁ

Fig. A5.6.10: Control EV C,

time of day

average
power flow over 15 min



A5.7. Scenario G 205

Ab5.7 Scenario G

Scenario specific parameters:

e The simulation assumes a constant grid connection limit of 300 kW
e EV user inputs are enabled and inform V2G scheduling (SQL triggers used:

sce fection 54)

e The default CW and DCW equations for four charging modes are used to

assess each EV (see [section 5.3)
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Ab5.8 Scenario H

Scenario specific parameters:

e The simulation assumes a constant grid connection limit of 300 kW
e EV user inputs are enabled and inform V2G scheduling (SQL triggers used:

sce fection 54)

e The default CW and DCW equations for four charging modes are used to
assess each EV (see [section 5.3)
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A5.9 Scenario I

Scenario specific parameters:

e The simulation assumes a constant grid connection limit of 300 kW
e EV user inputs are enabled and inform V2G scheduling (SQL triggers used:

see [section 5.4)

e The default CW and DCW equations for four charging modes are used to

assess each EV (see [section 5.3)
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A5.10 Scenario J

Scenario specific parameters:

e The simulation assumes a constant grid connection limit of 400 kW
e EV user inputs are enabled and inform V2G scheduling (SQL triggers used:

see fsection 5.4))

e The default CW and DCW equations for four charging modes are used to

assess each EV (see [section 5.3)
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Control EV A: effective charging rates over time
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Ab5.11 Scenario K

Scenario specific parameters:

e The simulation assumes a constant grid connection limit of 500 kW
e EV user inputs are enabled and inform V2G scheduling (SQL triggers used:

see [section 5.4])

e The default CW and DCW equations for four charging modes are used to

assess each EV (see [section 5.3)
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A6. FULL SIMULATION RESULTS FOR CHAPTER 5

This appendix contains a catalogue of all results for the simulated scenario dis-

cussed in [chapter 5|

e All simulations were run in real-time using the aggregator control algorithms
outlined in

e The simulated EV population of up to 100 EVs follows the 24-hour car park
occupancy model outlined in [section 4.3

e Rail system power flows follow the power demand curves and train schedule

outlined in [section 4.2

e Within the simulated EV population were six controlled /monitored EV’s

as outlined in . These ’control EVs’” have identical capacity (40
kWh) and maximum charging rate (50 kW), but connect to the network at

different times and with different initial SOC (see [Table A6.1]). All control
EVs were disconnected at 18:00.

Control EV | Initial Connection | Chargin .

Name SOC | Time Mode | Charging Target
EV A 50 % 08:00:00 1 -

EV B 40 % 08:00:00 2 70 % SOC

EV C 20 % 09:00:00 2 90 % SOC

EV D 40 % 09:00:00 3 -

EV E 40 % 10:00:00 4 80 % SOC at 18:00:00
EV F 20 % 10:00:00 4 90 % SOC at 13:00:00

Tab. A6.1: Control EV definitions (identical for all scenarios in discussed in this chap-

ter): initial SOC, connection time, charging mode (see [section 5.1|) and
charging targets (where applicable)
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A6.1 Scenario I

Scenario specific parameters:

e The simulation assumes a constant grid connection limit of 200 kW
e EV user inputs are enabled and inform V2G scheduling (SQL triggers used:

see [section 5.4|)

e The default CW and DCW equations for four charging modes are used to

assess each EV (see [section 5.3)
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A6.2 Scenario 11

Scenario specific parameters:

e The simulation assumes a constant grid connection limit of 300 kW
e EV user inputs are enabled and inform V2G scheduling (SQL triggers used:

see Fection 54)

e The default CW and DCW equations for four charging modes are used to

assess each EV (see [section 5.3)
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A6.3 Scenario 111

Scenario specific parameters:

e The simulation assumes a constant grid connection limit of 400 kW
e EV user inputs are enabled and inform V2G scheduling (SQL triggers used:

see Fection 5.4)

e The default CW and DCW equations for four charging modes are used to

assess each EV (see [section 5.3))
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A6.4 Scenario IV

Scenario specific parameters:

e The simulation assumes a constant grid connection limit of 200 kW
e EV user inputs are disabled and do not inform V2G scheduling (SQL trig-

gers used: see jsection 5.4))

e The CW and DCW equations without charging modes are used to assess

each EV (see [Equation 3.1 and [Equation 3.2|in [chapter 3])
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A6.5 Scenario V

Scenario specific parameters:

e The simulation assumes a constant grid connection limit of 300 kW

e EV user inputs are disabled and do not inform V2G scheduling (SQL trig-
gers used: see

e The CW and DCW equations without charging modes are used to assess
each EV (see [Equation 3.1| and [Equation 3.2 in [chapter 3))
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A6.6 Scenario VI

Scenario specific parameters:

e The simulation assumes a constant grid connection limit of 400 kW
e EV user inputs are disabled and do not inform V2G scheduling (SQL trig-

gers used: see jsection 5.4))

e The CW and DCW equations without charging modes are used to assess

cach EV (see [Equation 3.1| and [Equation 3.2|in |chapter 3))
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