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Acronyms

AC Alternating Current

ACD Automatic Connection Device
ACDU Automatic Connection Device for vehicle Under-body connection
BEV Battery Electric Vehicle

BMS Battery Management System

CO, Carbon Dioxide

CPT Capacitive Power Transfer

DC Direct Current

DWPT Dynamic Wireless Power Transfer
EMF Electromagnetic Field

EMI Electromagnetic Interference

EV Electric Vehicle

EVSE Electric Vehicle Support Equipment
FEA Finite Element Analysis

FOD Foreign Object Detection

G2V Grid-to-Vehicle

GHG Greenhouse Gas

IoV Internet of Vehicles

IPT Inductive Power Transfer

LOD Living Object Detection

MOD Metal Object Detection

OBC On-board Charger

OEM Original Equipment Manufacturer
PFC Power Factor Correction

PV Photovoltaics

PWM Pulse Width Modulation

SOC State-of-Charge, %

SWPT Static Wireless Power Transfer
THD Total Harmonic Distortion

UN United Nations

UNFCCC United Nations Framework Convention on Climate Change
V2B Vehicle-to-building



V2G Vehicle-to-grid

V2H Vehicle-to-home

V2P Vehicle-to-parking

V2V Vehicle-to-vehicle

V2X Vehicle-to-everything
WPT Wireless Power Transfer

i



Symbols and Variables

Symbol Description

Cy Filter Capacitance (F)

Cp, Cy Primary (transmitter) compensation capacitor for resonant WPT (F)
Cs, C, Secondary (receiver) compensation capacitor for resonant WPT (F)
D Duty cycle of a PWM signal

f Frequency (Hz)

frs fopt Resonant (optimal) frequency (Hz)

h Air gap (distance) between two coils (m)

is Source current (A)

I, Output current (A)

k Coupling factor between coils (dimensionless)

k; Integral gain of PI controller

k, Potential gain of PI controller

Ly Filter inductance (H)

L, L Primary (transmitter) coil inductance (H)

L, L, Secondary (receiver) coil inductance (H)

M Mutual inductance between coils (H)

P Active power (W)

PI Potential, integral controller

Q Reactive power (VAR)

Ry Battery resistance (V)

R, R, Primary (transmitter) coil resistance (€2)

R, R, Secondary (receiver) coil resistance (£2)

S1,...5n Switching signal

s Complex frequency variable in the Laplace domain (rad/s)
Vi Battery voltage (V)

Ve, Vo, Veee  DC bus voltage (V)

Vs Source voltage (V)

x,y Displacement of two coils when viewed from above (m)

w Angular frequency (rad/s)
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Abstract

Reducing global carbon emissions is essential to addressing global warming, with
multiple sectors requiring research into greener alternatives. The transport sector, as
a significant contributor to net greenhouse gas emissions, has driven the development
and deployment of Electric Vehicles (EVs) and their supporting technologies.

As the number of EVs grows, charging infrastructure must evolve. While charging
technologies have advanced, distribution grid upgrades have lagged, limiting charger
installations and falling short of public charging needs. As a result, home charging
has become most common—but is not feasible for all users due to limited off-street
parking, often leading to cables crossing sidewalks. To address this, alternative charging
methods like wireless charging are being explored. Embedded systems in public parking
could serve users without private driveways while keeping walkways clear.

Wireless charging offers promise for stationary vehicles—such as buses and taxis
at stops—and extends to Dynamic Wireless Power Transfer (DWPT), enabling energy
transfer while in motion. Still in early development, dynamic systems are an active
research area, with modelling and control techniques continuing to mature.

Current wireless charging efforts have focused on static systems and limited dynamic
testing, often lacking simulation comparisons and omitting power delivery fluctuations.
Circuit design typically centres on inductive coils, neglecting interaction with distri-
bution grids. DWPT simulations can help refine control strategies and improve future
system design.

Power electronic systems usually target transient behaviour with simulation times
of 1 ps to 1 ms. In contrast, DWPT simulations span 1-10 s to assess charging during
vehicle motion. As future systems incorporate multiple primary and secondary coils to
support longer roads and successive vehicles, system complexity and simulation time
increase. Since total transferred power is more critical than microsecond-level detail,
developing equivalent models becomes increasingly important.

This thesis explores the modelling and control of dynamic wireless charging by first
developing system models and control schemes, then advancing modelling techniques to
significantly reduce simulation times through average modelling. Initial circuit analysis
is used to build a representative model, which is then expanded to implement dynamic
charging. Lab results validate factors such as coil type (copper vs. Litz wire) and
travel speed, highlighting dynamic effects not captured by static analysis. Average
modelling techniques achieve accurate system dynamics with only a 6% error while
reducing simulation time by a factor of 30.

Considering the potential impact of future charging technologies, Vehicle-to-grid
(V2G) systems are examined to assess their potential for grid support and to mini-
mize adverse effects on existing infrastructure. In parallel, the industrial development
of an Automatic Connection Device for vehicle Under-body connection (ACDU) is
undertaken in collaboration with IPFT to provide alternative charging methods.
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1 Introduction

1.1 Motivation

As a result of the existing climate related crises and the forecast future events, several legal
agreements have been constructed for various nations to slowdown and reduce the effects of
global warming by planning and implementation of various solutions as well as supporting
other nations to do the same [1]. Aiming to keep global warming below 2°C since 1850, the
agreement requires countries to declare their contributions and future actions to reduce their
Greenhouse Gas (GHG) which requires social, economical and technological planning and
innovation which is reviewed every five years. The United Nations Framework Convention
on Climate Change (UNFCCC) is the largest organisation driving this effort through the
Paris agreement to keep global warming to 2°C as well as the Race to Zero [2| which is a
campaign to bring together large economy actors such as companies, financial institutions,
cities, states, regions, educational and healthcare institutions. Recognising finance is a key
factor to enabling the change and innovation to realise the UNFCCCs goal, the Net-zero
asset owner alliance [3] (also stemming from the United Nations (UN)) is an initiative for
finance investors to incrementally reduce their Carbon Dioxide (CO2) emissions. As a result,
general awareness of GHG emissions is rising and companies are more considerate with
their purchases and increasingly more willing to allocate resources to reduce their carbon
footprint, which in turn drives demand for eco-friendly technology and innovation. These
global campaigns had a knock on effect sparking further agreements and initiatives such
as the European Green Deal [4] which not only set a target of net-zero GHG emissions
by 2050 but also invested €1.8 trillion following the COVID-19 pandemic to jump-start
innovation and ensure these ambitious targets can be met on time. Further organizations
such as the climate pledge have moved this net-zero target forward to 2040, requiring regular
reports, elimination and mitigation of emissions to make progress toward the global net-zero
target [D].

In order to tackle the global emissions problem, we must first analyse the key contributing
factors to GHG emissions. Figure shows the global emissions by sector, this figure
effectively highlights the large contribution of the energy sector to GHG emission and in
turn global warming, it is important to note almost all of these sectors need to change in
some way to meet the UNFCCCs targets. As these sectors are linked in several factors, a
whole system approach is required to tackle the problem and deliver various solutions based
on sector and application. For example transport electrification requires access to electricity
at both commercial and residential venues. The remainder of this chapter will cover the
energy generation and distribution sector before moving onto the transport (specifically road
transport) sector giving consideration to road vehicle integration with current commercial
and residential buildings and infrastructure.
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Figure 1.1: Global greenhouse gas emission by sector [@]

1.1.1 Energy/Electricity distribution grids

The rising number of EVs will lead to an increase in power demand from the distribution
grid . To facilitate the required increase in power delivery, power distribution networks
require upgrades to handle the increased power transfer. By controlling charging events
(charge scheduling), it is possible to manage the start time when charging events take place,
effectively spreading the overall impact to the grid ensuring an overload is avoided . Aiding
the increase in EV power demand can be achieved using V2G chargers, where EV batteries
are used to support grid operation by feeding power back intro the grid . V2G benefit
for the vehicles are less obvious, however the use of V2G and making use of energy prices leads
to a reduction of charging cost by 13.6% [12]. Hence the use V2G can be mutually beneficial
to both EV owners and the distribution grids by supporting increased adoption of renewable
energy sources and the control of EV charging demand and use of V2G contribute to
more efficient system operation leading to lower cost and lower carbon emissions .

1.1.2 EV Adoption and Charging Infrastructure

From the global initiative down to the national level, different countries are setting their own
targets to make their contribution in the net-zero initiative in a way that is more specific and
realistic for their economy, policy and geography . For instance the UK committing to
net-zero targets by 2050, which recognises the nations previous targets need to be revisited
to reach this end goal . The transport sector being the largest-emitting sector in the
UK, accounting for 23% of UK emissions [17]. As such the British government has brought
forth the date to eradicate the sale of new petrol, diesel and hybrid cars and vans by 2035
or earlier if a faster transition appears feasible . Furthermore, almost 600 thousand new
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vehicles were registered in the UK during 2020 Q1 . Legislation plays a big part in EV
adoption as the solution needs to be feasible for the public to make the switch. This has
been shown in countries such as Norway which enjoyed the largest EV market penetration
due to financial incentives and tax benefits [20].

Considering all the information available, it is reasonable to conclude the UK will see an
increase in Battery Electric Vehicles (BEVs), in order to facilitate this transition and make
it feasible for the general public, charging solutions need to be developed and implemented
to cater to users on a regular basis, be it over night or whilst at work in a car park.

Due to environmental and sustainability objectives, EVs are receiving more support in
development and deployment. “To date, 17 countries have announced 100% zero-emission
vehicle targets or the phase-out of internal combustion engine vehicles through 2050” [21].
As combustion engine vehicles are phased out, global EV sales are forecast to increase rapidly
as electric vehicle stock is predicted to grow by 36% annually, reaching 245 million vehicles
in 2030 [21].

Despite most nations (primarily Europe) being in recession which resulted in a reduction
of car sales, EVs enjoyed a 55% increase in sales (Figure . Such growth indicates increas-
ing acceptance and adoption rates for EVs and supporting technology. This highlights the
success of purchasing incentives from local governments and introduces a requirement for
more charging technology to support the increased uptake of EVs. While more powerful so-
lutions are developed most vehicles gain sufficient where users plug-in overnight and while at
work (Rapid charging: <43kW achieves 80% charge in 30-50min, ultra-rapid: <100kW) [22].

BEV+PHEV Sales and % Growth

B o B o

‘O00s O 1000 2000 3000 4000 5000 6000 7000 TOTAL
EVs MARKET
E?&%%E) +15% -6,2%
CHINA +82% -5,3%
NORTHERN

AMERICA +4L8% -7,6%
OTHER +89% +11,3%

GLOBAL TOTAL +55% -0,5%

Figure 1.2: Global EV sale growth in 2022

Mode of charging is a way of classifying the power delivered by the charger. The IEC
61851 committee defined the four main charging modes which differ on the power capacity,
protection devices and communication (see Tab . In practice the main reason for dif-
ferentiation is the location of each charging mode. Mode 1 are early chargers intended for
home use (hence single phase), normally mains connected; Mode 2 is a step up to include

3
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Figure 1.3: Three simulated load profiles over a week, based on empirical data from three
German EV fleets [25].

up to 3-phase supplies and is the standard for public access chargers; Mode 3 requires ad-
ditional upgrades to provide higher power but is still achievable with AC charging; Mode 4
broadly encompasses DC chargers which are the highest power rating of chargers and require
a different connection interface (in-practical for home spaces).

Table 1.1: Charging modes and standards [24]

Charging Electrical Specification Topology Primary
Mode/Level Locations
Mode 1 (IEC 1¢ AC, 230V, 16A, No active protection; Domestic
61851) / Level 1 3.7kW relies on building-side
(SAE J1772) RCD/MCB
Mode 2 (IEC 1¢ AC, 230V, 324, On-board charger with Semi-public
61851) / Level 2 7.4kW in-cable protection (IC-
(SAE J1772) 3¢ AC, 415V, 32A, CPD)

22 kW
Mode 3 (IEC 3¢ AC, 415V, >32A, On-board charger with Public
61851) >22kW dedicated EVSE
Mode 4 (IEC DC connection, 200 Off-board charger (DC Public

61851) / Level 3 1000V, >3.2kW, >22kW fast charging)
(SAE J1772)

Figure the weekly power demand based on gathered data [25]. The results highlight a
clear temporal pattern in EV charging behaviour, with relatively consistent demand during
weekdays and a slight dip on Sunday. This trend reflects habitual use and is expected to
scale with increasing EV adoption. As charging remains largely residential and occurs during
predictable time windows, unless there are significant changes in charging infrastructure or
user behaviour, this pattern is likely to persist. Consequently, the distribution grid will need
to be reinforced to manage the higher and more temporally concentrated loads, especially
in residential zones. Additionally, upfront costs associated with home charging installations
may remain a barrier to adoption for some users.



1.2 Existing Chargers

Electric vehicle (EV) charging systems are categorized into four standardized modes, defined
primarily by the IEC 61851 standard [26]. These modes vary in electrical characteristics,
communication features, and safety mechanisms.

Mode 1:

Mode 1 charging is the most basic approach, involving direct connection of the vehicle to a
standard AC socket using a simple cable, with no integrated protection or communication.
Safety relies entirely on the building’s circuit breakers or residual current devices. Due to
the lack of protective measures, this mode is now prohibited in many regions [26].

Mode 2:

Mode 2 improves safety by integrating an In-Cable Control and Protection Device (IC-CPD)
into the charging cable. This device supports limited communication (e.g., pilot signal) and
basic protection functions such as ground fault detection and over-current protection. Mode
2 still uses standard socket outlets but ensures safer charging [27].

Mode 3:

Mode 3 charging uses dedicated EVSE permanently connected to the grid. It facilitates active
communication with the EV and supports higher current levels through dedicated connectors
(e.g., Type 2). It is widely used in residential and public charging infrastructures [26,28].

Mode 4:

Mode 4 is used for DC fast charging. In this mode, the conversion from AC to DC takes
place in an off-board charger, which supplies regulated DC directly to the vehicle’s battery.
It supports very high power levels and requires specific connectors such as CHAdeMO or
CCS [26,29,30].

Wireless:

Wireless charging, also known as inductive charging, eliminates the need for physical con-
nectors by transferring energy between a ground-mounted transmitter coil and a receiver
coil installed in the vehicle. This method typically relies on magnetic resonance or inductive
coupling to transmit power across a small air gap [31].

While current implementations are designed for stationary charging in controlled envi-
ronments (e.g., residential garages, taxi ranks), wireless systems offer significant user conve-
nience and mechanical durability. Challenges such as misalignment losses, electromagnetic
interference, and lower overall efficiency still limit widespread deployment.

A promising extension of this technology is Dynamic Wireless Power Transfer, where
vehicles receive power while in motion via embedded coils in the road surface. DWPT has
the potential to reduce on-board battery size and increase vehicle uptime, especially for
high-utilization fleets such as public transport [31]. However, high infrastructure costs and
the need for international standardization remain major hurdles.

1.2.1 Dynamic Wireless Power Transfer (DWPT)

Previous case studies on the use of DWPT in Coventry showed that a high utilization rate
is essential for the technology to be economically viable. Based on their findings, a guide
was developed to assist in identifying suitable locations for deployment [32,33]. As part
of Coventry council’s initiative to increase EV uptake and provide more charging solutions,



DWPT pairs well with their existing projects on autonomous vehicles and aims for public
service/transport. One key point of their finding is the necessity for identification of potential
use-cases based on certain factors. To make a case for the use of DWPT, the transmitter
coils will need to have a high utilisation rate, hence will need to be in an area with high
volume traffic, with vehicles suitable for the use of DWPT.

Before a charging event can occur using existing DWPT (primary) coils, several con-
ditions must be met [32,33]. First, the vehicle must be equipped with an inductive re-
ceiver coil and be in a state ready to receive power, based on its state of charge (State-of-
Charge (SOC))—similar to other charging technologies. Second, a decision must be made on
whether to initiate a charging event, considering the vehicle’s journey, current SOC, and the
cost or availability of alternative charging options (e.g., plug-in chargers). Finally, the power
transfer rate is determined by multiple dynamic factors, including traffic density, available
power, and user behaviour—primarily vehicle speed.

This illustrates that the practical application of DWPT is more complex than simply
charging whenever a vehicle passes over a primary coil. In particular, the use of DWPT
for public transport offers a more controlled and predictable environment, as vehicles typ-
ically have known routes and access to chargers at depots. In contrast, private vehicles
present greater variability in destination and driving behaviour, which complicates system
optimization.

To maintain grid stability at the location of the primary coils, power availability must be
continuously considered and transfer rates adjusted accordingly. As DWPT systems scale,
further studies will be required to understand and manage their impact on the distribution
grid.

The power transferred to the vehicle is determined by the number of receiver coils in-
stalled, with each coil capable of delivering 25kW of output power. Given a system efficiency
of 85%, the corresponding grid power demand per coil is approximately 29.4kW. The system
implementation, uses multiple square coil transmitters, requiring switching control on/off
while the vehicle moves from one coil to the next. This results is a fall in power transfer as
coils are turned off, resulting in a mean system efficiency of 80%.

Grid impact is determined by the number of network connections (in this case only one
main unit is grid connected, splitting power to the coils as required) and load management as
the system consists of multiple coils rated at 25kW, the total power consumption depends on
the utilisation of these coils at any given time. Furthermore the power quality and harmonic
impact of the DWPT system is not yet know [32,33].

The study also included scenario generation and vehicle demand modelling which feed
into a business case analysis. The analysis considered the use of DWPT technology to various
road types and number of suitable vehicles. The study summarised that the best case for
DWPT are large fleets which frequent the same sections of motorway as this lowered the
total estimated cost per kilowatt hour (£/kWh). Conversely the study showed urban areas
for buses and coaches was the worst use case as the alternative for plug-in charging between
journeys was cheaper alternative. Moreover, installations with traffic lights (allowing longer
charging periods), almost doubled the cost effectiveness of the installation. It is therefore
highlighted, the use case selection is crucial for economically viable deployments of DWPT.

Finally the study showed the impact of vehicle speed and the total power transferred by
DWPT compared the power consumed by the vehicle. As can be expected, higher vehicle



speeds result in higher vehicle energy consumption, shorter duration of charging for DWPT
and therefore a lower energy transfer. Interestingly, the study shows lower vehicle travel
speeds are able to achieve higher charging power than power consumption (P;, > Pout).
In theory, if a vehicle stays on a route where it is always connected to DWPT this would
allow continuous travel. Up to around 35mph(56km/h) the total power transferred exceeds
the total energy usage. This depends on vehicle type and use however serves as an example
for future comparisons and business cases. As the study considered short sections of road,
future case studies may considered either longer sections or multiple sections long a route
which might find urban application at lower speed (30mph speed limits) to become a more
suitable application.

Upcoming projects Several pilot and commercial projects have demonstrated the grow-
ing feasibility of DWPT across a range of use cases and environments.

Electreon in Europe Electreon, a leading industry player in wireless charging, has
implemented DWPT systems in Sweden, Germany, and Italy. These projects focus on en-
abling dynamic charging for electric buses and freight vehicles. In Gotland, Sweden, a
1.6-kilometre road segment supports public bus routes with wireless power transfer up to
20 kW. Similar deployments in Karlsruhe, Germany and Brescia, Italy have tested the sys-
tem’s modularity, vehicle interoperability, and energy efficiency, reporting over a 90% energy
transfer efficiency [34,35].

Oslo, Norway In Norway, the city of Oslo is trailing wireless charging infrastructure at
taxi stands to support electric taxi fleets. This quasi-dynamic configuration enables vehicles
to charge while waiting for passengers, integrating clean energy targets with practical fleet
operations. The project supports Oslo’s goal of having all taxis be zero-emission by 2025
and represents a novel model for urban DWPT use [36].

Detroit, USA In the United States, a government-funded project led by the Michi-
gan Department of Transportation (MDOT) and Electreon is deploying a DWPT pilot in
Detroit. This initiative includes a quarter-mile test-bed embedded into public roads near
Michigan Central Station. The $1.9 million pilot, launched in collaboration with Ford Motor
Company and DTE Energy, seeks to evaluate infrastructure readiness and performance in
North American urban conditions, ahead of the 2028 Olympics [37].

Tel Aviv, Israel In Israel, the world’s first commercial DWPT terminal has been
implemented in Tel Aviv. The system enables electric buses to wirelessly charge during
scheduled stops at a bus depot, demonstrating readiness for real-world, high-frequency transit
operations. This site serves as a proof of concept for integrating DWPT into permanent fleet
infrastructure with minimal operational disruption [3§].

These diverse implementations highlight not only the technical maturity of DWPT, but
also the wide range of deployment strategies being explored globally. From urban taxi fleets
to freight logistics and public transit, the evolving landscape of real-world pilots reflects
growing confidence in the scalability and commercial viability of dynamic wireless charging



[39]. While these installations demonstrate growing global interest in DWPT, they currently
remain niche applications. Broader adoption scenarios will require further study, though
such developments are likely to emerge as the technology continues to advance.

1.3 Challenges

From the current landscape of charging technologies, funding allocations, and emerging
deployment projects, it is evident that DWPT is receiving increased attention. However,
the technology remains in its developmental phase and faces a number of technical and
systemic challenges before it can be adopted at scale. Most academic research to date has
focused on Static Wireless Power Transfer (SWPT), while practical implementation and
evaluation of DWPT systems remain sparse and uneven across geographies [40,/41].

One of the foremost limitations is the lack of mature and validated simulation models
that can accurately represent the behaviour of DWPT systems under dynamic conditions.
Fast-moving vehicles introduce complex transient power phenomena—such as instantaneous
current surges and sustained oscillations—that are not captured in conventional simulation
frameworks [42]. This makes it difficult to model and test power delivery, circuit stability,
and the control response to mutual inductance variations due to vehicle speed and alignment.
Simulation studies that do exist often rely on computationally intensive methods like FEM
and particle swarm optimization, with very long runtimes, limiting their practical use in
iterative design processes [43].

Additionally, communication between vehicles and infrastructure is critical for safe and
efficient DWPT operation. However, current systems face substantial issues in latency, syn-
chronization, and reliability. Wireless signal interference, secure authentication, and the
need for real-time feedback to enable coil activation—particularly at high speeds—remain
key challenges for communication in dynamic wireless power transfer systems [44]. The lack
of standardized protocols across vendors and jurisdictions compounds these issues. Commu-
nication failures can result in misalignment, interrupted charging, or even safety hazards,
highlighting the need for robust, low-latency V2I and V2V communication strategies.

Grid integration introduces further complexity. Unlike SWPT stations, which can be eas-
ily co-located with stationary battery storage or renewable sources, DWPT systems involve
multiple spatially distributed transmitters embedded in road infrastructure. This config-
uration presents significant challenges for power coordination, load balancing, and system
protection. Research indicates that uncoordinated charging from high-traffic corridors can
cause grid voltage fluctuations and increased power losses [39,/40]. Incorporating real-time
grid awareness and potentially supporting bidirectional power flow for V2G applications may
mitigate these issues, but these strategies are still largely theoretical at this stage.

Economic and practical deployment barriers also remain significant. Stakeholder concerns
around installation cost, long-term maintenance, and road disruption must be addressed
before widespread deployment can occur [39]. Public trust, regulatory frameworks, and
interoperability are also critical for mass adoption. Many existing deployments are limited
in scope—often pilots or test beds—and vary significantly in terms of vehicle types supported,
power levels, and grid interaction capabilities [4546]. This fragmentation further limits the
comparability of results and delays standardization.



In summary, although DWPT represents a promising path for continuous, efficient elec-
tric vehicle charging, several critical challenges must be overcome. These include improving
simulation fidelity and scalability, developing secure and low-latency communication infras-
tructure, ensuring grid compatibility, and aligning economic incentives with deployment
needs. Addressing these challenges will require a multidisciplinary approach, combining ad-
vances in power electronics, control theory, wireless communication, transportation policy,
and infrastructure planning.

1.4 Objectives

While dynamic wireless power transfer (DWPT) has demonstrated technical feasibility in
experimental deployments, simulation-based studies remain limited in scope, fidelity, and
adaptability. Furthermore, there is a lack of unified modelling environments that can test
control strategies, assess misalignment effects, or simulate vehicle-to-grid (V2G) integration.
This thesis addresses these gaps through the development of a scalable, control-oriented
simulation framework. The specific research objectives are as follows:

Obj 1.: To develop a MATLAB-based dynamic simulation model for Wireless Power
Transfer (WPT) systems that captures coupling-dependent behaviour over time
Unlike current models that rely on static analysis, this work introduces a simulation approach
that accounts for dynamic system behaviour, providing a more realistic and flexible tool for
design and control development.

Obj 2.: Design and validate a dual-side control scheme for WPT that minimizes reliance
on wireless communication
Many existing WPT systems assume continuous communication between the transmitter and
receiver. This objective explores the design of autonomous dual-side control strategies that
can maintain stable power transfer under dynamic conditions, reducing system complexity
and increasing robustness.

Obj 3.: Develop a reduced-order average model to enable efficient large-scale simulation
of dynamic wireless power transfer systems To support system-level analysis and reduce
computational demands, the model will be simplified using average circuit modelling tech-
niques. This allows for accurate simulation of dynamic charging scenarios, including grid
interactions and multi-vehicle operation, with significantly reduced simulation time. The
resulting framework enables realistic studies of DWPT performance under varying operating
conditions, supporting practical design and deployment decisions.

Obj 4: Demonstrate the potential of dynamic WPT systems to deliver flexible bidirec-
tional grid support (V2G), active/reactive power control, and continuous grid services—even
without a vehicle—to enable fast response, peak shaving, and renewable energy integration.
The final objective is to evaluate how WPT systems — static or dynamic — can contribute
to grid services. This includes modelling active and reactive power flows and simulating their
effects with and without an EV connected, providing insight into possible roles of WPT in
future smart grid infrastructure.



1.5 Outline and Contribution

Based on the objectives, Chapter [2| presents key findings from the literature to provide
a comprehensive understanding of EV usage, advancements in charging technologies, and
infrastructure developments. This analysis offers insights into current usage patterns, exist-
ing challenges, and potential avenues for future research. Chapter [3| elaborates on wireless
charging technologies, specifically focusing on the modelling of wireless systems, with the
intention of using this as a foundation for future research. In Chapter 4} control strategies
for WPT are investigated, followed by the proposal of a new method for primary-side con-
verter control. Building on these developments, Chapter [5| summarizes modelling techniques
to create average models for the converter components, ensuring accurate average represen-
tations for grid and load integration. Finally, Chapter [6] explores the use of bidirectional
charging technologies, elaborating on possible grid interactions of the developed systems and
considerations for future research as technology evolves and EV penetration increases.

The work presented in this thesis successfully achieves the outlined objectives. Chapter
focuses on the development of the WPT model, which replicates previous research findings
and provides a solid foundation for subsequent investigations, fulfilling Objective 1. Building
upon this base model, Chapter 4| details the development of a control strategy for WPT,
addressing Objective 2. In line with Objective 3, dynamic simulations are further enhanced
in later chapters, incorporating advanced control strategies. This also includes an in-depth
analysis of the system to reduce simulation time while maintaining an accurate representation
of system dynamics. Chapter [6] looks into the V2G application of EVs to investigate the
suitability of EV use for this purpose, inline with Objective 4.

The contributions are summarised as:

e Created new modelling technique for (dynamic) wireless charging.

— Presented in Chapter 3.

— Published in 2022 IEEE Compatibility in Power Electronics Conference (Krzysztof
Jakubiak, Jun Liang, and Liana Cipicgan, 2022).

— Achieving Objective 1.

e Developed control strategy to remove communication requirements and expand anal-
ysis of wireless charging technologies.

— Presented in Chapter 4.

— Published in EVI: Charging Ahead 2023 (Krzysztof Jakubiak, C. Li, J. Liang,
and L. Cipicgan, 2023).

— Achieving Objective 2.
e Furthered system analysis and modelling techniques to reduce simulation time.

— Presented in Chapter 5.

— Published in Electronics, 13(21) (Krzysztof Jakubiak, Jun Liang, Liana Cipicgan,
Chuanyue Li, and Jingzhe Wu, 2024).
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— Achieving Objective 3.

e Demonstrated how a dynamic WPT system can provide grid support through active
and reactive power control, enabling bidirectional operation (V2G).
— Presented in Chapter 6.

— Highlights practical control strategies for both charging and discharging modes,
supporting fast response, peak shaving, and renewable integration.

— Achieving Objective 4.
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2 Literature Review

This chapter aims to introduce the motivation for research in sustainable technologies and
more specifically EVs and surrounding systems. Following the broad introduction of global
objectives, motivation and incentives, the focus is shifted first to energy systems before going
into EV systems and supporting technology. The summary then provides a good basis to
structure research objectives and summarise the resulting contributions.

Since the industrial revolution in 1850, the average global temperature has risen by over
1°C, with more recent studies showing the global average will almost certainly exceed 1.5°C
[47]. The continued increase in global temperature is expected to have adverse effects such
increased frequency and intensity of extreme weather conditions, rising sea levels, habitat
destruction and agricultural losses due to reduced crop yields and water shortages [48}/49].
These primarily environmental changes will in turn affect the global economy as damage
caused by changes in sea level and weather will need to be repaired and prevented, increased
difficulty in agriculture is expected to drive food prices up. With these effects it becomes
abundantly clear this is a global issue which needs to be addressed. Some of the side effects
have already been been observed with increased flooding [50], drought [51] and landslides [52]
to name a few. Furthermore this is not an issue we can postpone as the change in temperature
is showing exponential growth since 1850 [53]. To put this into perspective, in the period
1850-2015 global global average temperature average increased approximately 1°C (Figure
and it is now expected to exceed 1.5°C in the period 2023-2027.
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Figure 2.1: Rising global temperature from 1850 to 2015 [54].

The behaviour of users carries some variance but general trends can be seen due to
working hours, this is further shown when compared to weekend power demand in Figure
2.2] Looking at four different countries it could be expected that there is variance based on
population, EV penetration among others, it can be seen that power demand spikes around
the start and end of the working day (9am and 5pm respectively) [55]. This places a demand
on the grid to expand its peak power capabilities and is only sought to increase with EV
penetration if charging facilities also expand.
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Figure 2.2: Three simulated load profiles over a week, based on empirical data from three
German EV fleets [25].

2.1 Charging solutions

As EVs gain popularity, charging solutions have developed to decrease charging time and
reduce range anxiety for drivers, hence charging modes developed with increasing power ca-
pacity reducing the time required to fully charge the vehicle or to charge enough to cover large
trips. Table [2.1| shows the currently used charging interfaces for EV charging. Notably, no
inductive (wireless) charging solution has been made commercially available, though several
have been demonstrated or announced. Companies such as WiTricity [56], Electreon [57],
and Momentum Dynamics [58] have showcased systems capable of transferring significant
power, and Tesla has hinted at future wireless solutions [59]. As power capacity increases
so does the amount of cables, going from single phase AC to three phase AC, contrasting
to DC charging, uses large (cross section) cables to reduce power losses. As these solutions
have a manual component to plug-in charge cables, robotic solutions have been developed to
reduce effort and time [60]. Based on charging mode it is possible to reduce charging time,
however automated charging solutions face a problem of standardisation, that is the different
plugs/sockets associated with each charging mode. Moreover the position of charge inlets
varies on different vehicles and to add to that issue, the final parking position will affect the
position and orientation of the plug relative to the robot, hence current demonstrations of
robotic chargers are in controlled environments to showcase the working solution.

2.1.1 Charging circuits explained

At it’s core, the main purpose of EV charging solutions is to connect a power source (in this
case the power grid) to the EV battery. For modern power grids, we will use an EV power
source, while the EV power grid. Figure [2.3] shows a simplified representation of charging
systems which consists of:

Grid connection AC power source, depending on circumstances, can be single-phase (1¢)
or three-phase (3¢) at 120/240V, depending on the geographical operating area and
available power rating.

Rectifier Changing Alternating Current (AC) to Direct Current (DC) power for subsequent
circuit. Active rectification can be used to provide further functionality such as power
factor correction.

Power Factor Correction (PFC) Ensures devices do not destabilise the grid. Note.:
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Table 2.1: Conventional charger interfaces and standards

Charging interface = Type of Maximum Primary loca-
charg- charging power tions/markets
ing

SAE J1772 (Type 1) AC 6.6kW North  America,

Japan

IEC 62196-2 (Type 2) AC 44kW Europe

GB/T AC/DC  22kW (AC) or China

250kW

Tesla AC/DC  43kW (AC) or All markets (ex-

250k W cluding Europe)

CCS1 (Type 1 & Type AC/DC  19.2kW(AC) or North America

4) 80kW

CCS2 (Type 2 & Type AC/DC  400kW Europe

4)

CHAdeMO DC only  200kW Japan
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Some circuits combine the rectifier with PFC to reduce the number of components
in the system.

DC/DC conversion (optional) Voltage level control which can be used to provide power
control or adjust system efficiency based on application.

Power inversion Changing from DC to AC power, for the next circuit. Control depends on
application and design, often the power inversion, galvanic isolation and rectification
are designed together to provide efficient power transfer and required control for the
application.

Galvanic isolation and compensation In conductive charging, a safety feature which
removes direct conduction paths, meaning no direct current flow is possible. In the
event of sudden current changes (such as short circuits), prevents fault propagation
throughout the circuit. Most commonly this is a fixed core transformer which requires
some compensation components (inductors and/or capacitors) to function efficiently
(commonly in resonant mode) , furthermore the frequency for power transfer is often
much higher than grid frequency as this allows for smaller converters.

Rectification Changing from AC to DC power, for the next circuit. Active rectification
can be used to provide control at this stage.

DC/DC conversion (optional) Additional circuitry can be added to provide more direct
control over output characteristics. In conductive charging solutions these are com-
monly removed as similar functionality can be achieved using the active rectifier or by
controlling the inverter (sometimes both are used).

EV battery The primary function of the circuit is to supply DC power to the EV battery
for charging. Although the battery pack is composed of many smaller cells with lower
individual voltages, the overall pack voltage observed at this stage typically ranges
from 400 to 1000 V.

M
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Converter coupling Converter (Battery)
Primary Side Secondary Side

Figure 2.3: Full system schematic

The fundamental requirements for a charging circuit consist of an AC grid connection
and an EV battery interface. However, given the high voltage levels typically involved (e.g.,
230V AC from the grid and 400 V DC at the battery), galvanic isolation is a critical safety
requirement to electrically decouple the two systems.
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Since the objective is to charge a DC battery from an AC source, the system must
incorporate a rectification stage. In configurations where a DC distribution grid is available,
this stage may be omitted or substituted with a suitable DC-DC converter to manage the
power transfer between the source and the load.

To implement galvanic isolation, a transformer is generally used. However, transformers
require AC operation, necessitating an inverter stage to convert the intermediate DC into
high-frequency AC. The use of high-frequency operation is advantageous, as it reduces the
size and cost of magnetic components.

As aresult, the minimum practical architecture for a galvanically isolated charging system
consists of six essential stages: a grid connection, an AC-DC rectifier, a high-frequency
inverter, a high-frequency transformer providing galvanic isolation, a second rectification
stage, and finally the DC battery interface.

Design choices explained Various design choices can be summarised by either volt-
age, current or efficiency control, this subsection will aim to present these decisions in a
logical order to better understand how various circuits are selected and justify the differ-
ences in certain circuits.

Voltage control To enable battery charging, the applied voltage must exceed the
battery’s current terminal voltage. The grid typically provides 230 V,,s in single-phase
systems or 415 V¢ in three-phase systems. To charge an EV battery with typical voltage
range of 400-800 V DC, the voltage must be stepped-up and regulated/controlled.

One possible approach is to select a step-up transformer that simultaneously provides
galvanic isolation. While this may suffice if the battery voltage were fixed, in practice, it
varies significantly across different vehicle architectures. Moreover, the operating voltage
of lithium-ion battery cells fluctuates by approximately +13% around the nominal value,
ranging from 3.2V to 4.2V with a typical nominal voltage of 3.7V [61].

To further preserve battery longevity and safety, it is advisable to maintain the battery
SOC within a range of 20-90% [62]. As a result, the system must be capable of dynami-
cally adjusting the output voltage to accommodate both battery-specific requirements and
operational variations. This necessitates the inclusion of additional power electronic stages
capable of fine voltage regulation to ensure efficient and safe charging.

Inverter and/or rectifier control The simplest way to reduce or otherwise control
the voltage is to used a simple rectifier control to (dis)connect power to raise and lower volt-
age. Alternatively this can be done at the inverter stage. More complicated implementations
looks at the phase difference for both in order to maintain an efficient operating point.

DC/DC converters As rectifier control effectively utilises the rectifier switching com-
ponents to provide a buck controller, instead this can be done by adding a full buck controller.
Doing so gives the added benefit of not directly affecting the power transfer across the trans-
former. As this puts switching components nearest to the battery, ripple voltage can become
an issue. A possible solution is applying the DC/DC converter before the inverter stage,
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such that voltage ripples are smoothed out by subsequent components while also providing
power control.

Power Factor Correction (PFC) The inclusion of various switching devices and
reactive components (such as inductors and capacitors) leads to increased reactive power
which has a negative impact on grid stability. PFC is used to control the reactive power
drawn by the circuit at the grid connection point and is typically implemented at the grid-
connected rectifier stage. For high power applications, PFC becomes a necessary component
required by power grids.

2.1.2 Conductive charging

Providing power the vehicle is easier done with a physical cable connection. While the circuit
topology remains the same as shown in Figure there are differences in location and size
of components in the circuit, in addition the power across the charging cable is also different
based on these applications.

AC charging Covering the earliest connectors provided, AC charging solutions provide
a direct grid connection to the vehicle, meaning AC voltage is connected across the charging
cable and plug. Additionally the charging circuitry in Figure is placed inside the vehicle.
This is referred to at the OBC. As the charging components are inside the vehicle, their im-
plementation falls onto the vehicle Original Equipment Manufacturer (OEM), where various
design specifications and style choices, lead to minimizing the space allocated for the OBC
which limits component size and therefore power rating.

Figure shows the diagram of a commercially available OBC by onsemi, where a 3-
phase connection is seen with PFC, and controlled inverter design, onsemi’s product range
cover 3.3-22kW OBCs.

As all charging components are present on the vehicle, a charging station is not required
-apart from billing and protection purposes. Mode 1 charging allows a direct connection from
a mains socket to vehicle. Mode 2 charging increases power from mode 1 adding protective
gear and communication capabilities to control charging events. Mode 3 raises the power
level again where 3-phase supplies are also seen, requiring additional safety measures and
disconnection devices. What is commonly referred to as the EV charger only provides safety
and communication, hence it is referred to as Electric Vehicle Support Equipment (EVSE).

Figure shows the diagram of a typical EVSE provide by Bender GmbH. The dia-
gram includes all components typically seen in a “wall-box” EVSE, where no switch gear
is provided for power control. These components aim to provide a communication and au-
thorisation for the charge network providers and ensure safety standards are upheld with
current fault measuring and RCD safety components. These components are then linked to
an OBC via an AC charging cable.

DC charging In contrast to AC charging, DC charging, maintains the same topology
but moves the charging components off the vehicle and into the charger. Allowing for larger
components to increase power rating, however more common is to stack multiple modules
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Figure 2.4: ON semiconductor’s OBC diagram

in parallel to increase total output power. Hence, DC chargers tend to have a larger form
factor. Figure[2.6)shows an example DC charger schematic, where multiple identical modules
can be connected in parallel. Note the near identical circuit layout to AC charging in Figure
24

Additionally DC charging solutions transfer DC current across the cable (opposed to AC)
at a higher power rating than previous AC solutions. As a result, the cables produce more
heat and require heating at higher power ratings.

Removing components from the vehicle gives an additional benefit of reducing vehicle
upfront cost, this however has not been fully utilised as most commercially available EVs
with a DC charging capability, also offer an AC interface.

2.1.3 Wireless Power Transfer (WPT)

Following the adoption of conductive charging in different regions, multiple connector types
emerged, resulting in interoperability issues for certain vehicles and chargers. A potential
solution to this issue is wireless charging, which utilises EMF instead of conductive cables.

The application of WPT has been shown up to IMW for rail systems with a total efficiency
of 82.7% . Using multiple pick up and transmitter coils the implementation for a high
speed train offers similarities to road vehicle uses. Notably reliable high power transfer is
achieved. An induced EMF on the rails is measured at 60V which is deemed safe for the
application and shows the resulting magnetic fields at higher power can be safe and likely
to also apply to road vehicle applications. However the application functions at a 50mm
air gap and the coil misalignment is low (due to being a railway system, constrained in
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lateral movement), applications for road vehicles need to cover an air gap of up to 200mm
and account for the horizontal misalignment. Horizontal misalignment being one of the key
concerns as power transfer decreases significantly . It is important to consider the possible
lateral misalignment as it will affect the ability to transfer power efficiently, meaning to



provide better efficiency for a wide range of vehicle alignment scenarios, a larger transmitter
coil will be required. WPT can be achieved by either capacitive or inductive coupling
systems, each having their own advantages for different applications.

Industry applications While no high-power inductive (wireless) charging system has
yet reached full-scale commercial deployment, several promising technologies have been an-
nounced or demonstrated, indicating growing industry momentum.

WiTricity is a leading developer of magnetic resonance-based wireless charging and
has partnered with OEMs such as Yutong to test systems for commercial EVs [56]. Qual-
comm formerly led the field through its Halo platform before transferring the technology to
WiTricity [68,69).

Momentum Dynamics focuses on high-power wireless charging for fleets and public
transport, with operational deployments at locations such as Kansas City Airport. Their
systems support power transfer levels up to 200 kW [5§].

Electreon specializes in dynamic wireless charging by embedding coils into roadways,
enabling vehicles to charge while driving. This approach targets buses and delivery vehicles
in pilot deployments [57].

Oak Ridge National Laboratory (ORNL) has achieved some of the highest per-
formance in lab demonstrations, reporting up to 120 kW power transfer with 96% effi-
ciency [704|71].

Evatran (Plugless Power) was among the first to offer consumer-grade wireless EV
chargers, targeting vehicles like the Nissan Leaf and Tesla Model S. These systems operated
at lower power levels (3-7 kW) but helped demonstrate early user interest [72].

Tesla, though not yet offering a wireless charging solution commercially, has publicly
acknowledged development in this area. The company recently teased a wireless charging
pad concept as part of its next-gen home ecosystem, indicating serious intent to enter the
market [59].

These efforts are increasingly accompanied by industry standardization initiatives and
stakeholders are collaborating to ensure interoperability across vehicle platforms and infras-
tructure [73}|74].

Capacitive Power Transfer (CPT) CPT is a potential wireless solution which can be
used at low air-gaps, have been deemed unsuitable for EV application [75,[76]. For EV
charging, the air-gap of an average passenger car is 150-300mm, where inductive charging
is better suited. Figure shows a comparison of the output power achieved by IPT and
CPT at various air gaps, showing the benefit of IPT at larger distances.

Inductive Power Transfer (IPT) Inductive power transfer, utilises a pair of inductive
coils to transfer power and has become the standard means of delivering WPT. Offering
an autonomous and hands free solution, inductive charging relies on generating a magnetic
field using a coil on the ground, the magnetic field is the picked up by a similar receiving
coil on the under-body of a vehicle where voltage is induced by the magnetic field and power
transfer is achieved.
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Figure 2.7: Comparing IPT and CPT output power at different air gaps

Figure [2.8|shows a full circuit diagram with dual sided control for IPT, in this circuit the
grid connection is changed to a DC power source, otherwise the circuit remains similar to
the one presented in Figures and [2.6] Table [2.2] outlines representative operating values
for EV inductive charging systems.
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Figure 2.8: Full circuit for IPT.
2.1.4 Dynamic Wireless Power Transfer (DWPT)
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Building on the existing IPT system, DWPT uses the same technology now allowing the
movement of coils relative to each other, extending the possible applications of WPT to
moving vehicles. In theory this technology could work similar to train pantographs, where
power is continuously connected to a vehicle, allowing much longer journey (if not infinite)
while connected to the DWPT systems. In practice, this technology is very expensive to
implement due to high material costs and operation cost of installation (and maintenance).
The potential application of this technology can aid to reduce EV battery size, saving on
manufacturing cost, aid to reduce the number of EVSE installations while being utilised by a
high number of participants. At present it is too early in the technologies life cycle to realise
these benefits as they will only be seen at high adoption rates, to date only pilot studies and
trials have been conducted.

Using the circuit shown in Figure 2.8 the movement of the coils causes the coupling
factor (k) to vary. This is also the way fixed core transformers can be modelled, where a
high coupling factor (approaching 1) tends toward a fixed core transformer. The coupling
factor is a dimensionless constant between 0 and 1 that relates the mutual inductance M
to the self-inductances of the primary and secondary coils, Ly and Lo, respectively. It is
defined by the expression k = M/v/LyLy. As for large coils, a large mutual inductance can
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Table 2.2: Typical operating values for inductive coils in EV WPT research.

Parameter Value / Range Notes

Frequency 85kHz (81kHz Recommended by SAE J2954 and widely adopted in EV
to 90 kHz) [PT systems |78],79).

Current 10-200 A Up to 200 A in low-voltage/high-current systems [7§].

Voltage 48-400V  (Rx); Low voltage on the receiver side (e.g., 48 V), and high volt-
400-800V (Tx)  age on the transmitter side [7§].

Power 300 W-10 kW Used in LEVs, AGVs, and higher power EV fast-

Transfer (typical); up to charging [7§].
20 kW-+

Air Gap 100-300 mm Common design range; affects magnetic coupling effi-

ciency [7§].

Coupling 0.1-0.3 Lower values due to misalignment, air gaps; compensated

Coefficient with tuning [78].

(k)

Quality > 100 (desir- Higher ) enhances system efficiency; depends on coil and

Factor (Q)  able) compensation design [78§].

be expected, coupling factor is a standardised way to refer to system operation in a more
relatable way (comparing circuits).

During DWPT, the mutual inductance between the transmitting and receiving coils varies
as the vehicle moves, leading to fluctuations in system performance. If these fluctuations are
not controlled, they can result in current ripple at the output, which may degrade the battery
over time [80]. A common approach is to add a secondary side controller to provide either
constant voltage [81], constant current or a combination of both [82]. Application of DWPT is
commonly done with multiple transmitter coils along a stretch of road. As the vehicle moves
over each pad, the coupling between coils—and consequently the power transferred—varies.
Reducing output current ripple can be achieved by optimizing the primary pad design and
control [83], as well as by minimizing the number of active coils and eliminating power losses
in inactive segments. A flatter power transfer profile enables more consistent secondary-side
control and helps maintain a constant current to the load, as fluctuations in transferred
power can lead to load disturbances.

2.1.5 Automatic Connection Device (ACD)

A niche sector within EV charging, ACD refers to any autonomous device which facilitates
the connection between EVSE and EV. As a core functionality, these devices do not need
to alter the charging circuit’s seen in Figures and [2.6] hence they are an add-on service
to charging technologies. To date, there are no commercially available ACD solutions.
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Automatic Connection Device for vehicle Under-body connection (ACDU) In
automated vehicle charging systems, it is no longer necessary to position the connector on
the side of the vehicle. As a result, various ACD manufacturers have explored relocating the
connection interface to the vehicle’s underbody. This approach offers several advantages,
including reduced clutter, improved aesthetics, and more efficient use of space in parking
environments. Similar to WPT solutions, underbody ACDU systems benefit from simplified
user interaction. However, they also retain the efficiency advantage of a direct conductive
connection over wireless systems.

One of the key challenges in implementing underbody conductive charging is the inte-
gration of currently standardised EV connectors, which are often too large or geometrically
unsuitable for unobstructed placement beneath the vehicle. Consequently, many manufac-
turers have developed bespoke connector systems tailored to their mechanical and electrical
requirements. This, however, introduces compatibility issues, as these connectors are not
standardized and cannot be used across different systems.

(d) MOLE ACDU presented in depot trials
(¢) VOLTERIO charging system at Ocado .

Figure 2.9: Examples of ACDU ongoing projects.

Figure [2.9] illustrates several prototype and commercial ACDU systems under develop-
ment. For instance, Alstom’s solution (Figure employs a mechanical arm that extends
to contact a large exposed conductive pad beneath the vehicle. This configuration allows
for moderate misalignment and has been deployed successfully in outdoor environments.
Their implementation is capable of delivering up to 200 kW and has been tested on electric

buses [84].

Matrix Charging’s system (Figure [2.9b)) follows a similar concept but includes a mag-
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netic self-alignment mechanism, enhancing positional tolerance and contact reliability [85].
VOLTERIO’s approach (Figure introduces a robotic solution that elevates a custom
connector from the ground to interface with the underbody socket. The system relies on
integrated sensors and actuators for alignment and connection [88]. While promising, the
current prototype is bulky and must be custom-fitted to each vehicle, making it unsuitable
for retrofit applications on existing BEVs. Development is currently focused on private en-
vironments such as garages, with plans to adapt the system for public deployment in the
future [86).

VOLTERIO report that approximately 90% of EV charging occurs at home, which sup-
ports the viability of garage-based robotic charging solutions. Their existing system delivers
22kW AC (Mode 2) power but is also designed to accommodate high-power DC (Mode 4)
charging, indicating that robotic systems can be compatible with a broad range of charging
modes and power levels.

In contrast to custom connector approaches, companies such as IPFT Fuels (developer of
the MOLE system) aim to retain compatibility with existing vehicle-side connectors [87,89)].
This strategy allows easier retrofitting and reduces system complexity. In high-utilization
fleet environments, such as logistics companies, there are operational costs associated with
manual charging (e.g., plugging and unplugging). Furthermore, conventional chargers require
additional space for equipment and cables. An automated underbody solution like MOLE
could therefore provide both spatial and operational efficiency gains. However, as shown in
Figure the MOLE system’s above-ground configuration limits its suitability for vehicles
with low ground clearance.

2.1.6 Vehicle-to-grid (V2G)

Enabling additional options for how users interact with the grid is rapidly evolving, and
user behaviours are expected to shift accordingly as technologies mature [90]. Bidirectional
chargers are a key enabler of this transition, offering multiple pathways for users to leverage
the energy stored in their electric vehicles—mnot only for mobility but also as a distributed
energy resource. Clearly defining and elaborating on these bidirectional use cases, such as
Vehicle-to-home (V2H), Vehicle-to-building (V2B), and V2G, is essential for guiding future
research, regulatory development, and system-level integration.

As the adoption of electric vehicles accelerates, particularly in urban and high-demand
transport scenarios, the burden of supporting V2G capabilities may increasingly fall on
DWPT systems. Unlike static chargers, DWPT has the potential to interact with the grid
continuously and at scale, offering unique opportunities for real-time load balancing and
energy redistribution. In scenarios where large fleets are constantly in motion—such as
public buses, logistics vehicles, or ride-sharing fleets—DWPT could play a central role in
enabling V2G at a system-wide level, provided it is designed to support bidirectional energy
flow. Therefore, as DWPT deployment expands, its capacity to contribute to grid services
and energy resilience should be considered a key design and policy priority.

To better understand the use of the V2X it is beneficial to compare the advantages and
disadvantages of the technology. One of the main factors driving research is the added flexi-
bility of batteries as energy storage, however the required infrastructure grows in complexity
to implement this technology effectively. Starting from the lower scale of V2H, home electri-
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cal system may need to be upgraded to utilise a V2H charger, in practice this is similar to the
integration of home Photovoltaics (PV) [90]. Scaling up to V2G, again a standard compliant
inverter will be required. With an increasing number of V2G chargers, a control and com-
munication infrastructure also needs to be implemented to balance the grid effectively [9].
It is worth noting this also increases security risk for potential grid attacks.

Fast response Compared to conventional power generators and other forms of energy
storage, batteries offer near-instantaneous response to changes in power demand or supply.
This characteristic makes them highly effective for grid stability and efficiency, as they
can rapidly switch between acting as a power source or a load, all while maintaining high
operational efficiency. In contrast, generators often need to operate at suboptimal points to
balance loads, reducing their efficiency.

V2X technology leverages this rapid response capability of vehicle batteries to not only
assist in load management but also to help run other generators at more stable and optimal
levels |91]. However, the frequent charge and discharge cycles associated with such usage do
have an impact on battery longevity. Simulation studies indicate that regular participation
in V2G could reduce battery lifespan by approximately 0.5 years, within the typical 6-8 year
lifespan range [92].

Peak shaving The low inertia and rapid response of batteries make them ideal for
managing fluctuations in power demand, particularly during periods of high usage—a process
known as peak shaving. V2X can support the grid by smoothing out stochastic changes in
load or assisting traditional generators that require longer times to reach optimal operating
points. By maintaining these generators at steady outputs and using EV batteries to meet
the variable portion of demand, overall system efficiency and stability are improved.

However, to effectively utilise EVs as a power source, their availability and usage patterns
must be understood and forecasted. Uncertainty in vehicle behaviour, if unaccounted for,
could disrupt base and peak power balancing and potentially lead to blackouts in parts of the
distribution grid with limited supply capabilities. Research has shown that by analysing road
congestion and user habits, the probability of vehicles being parked—and therefore available
for V2X—can be estimated [93]. Historical data can also help predict power demand at
charging stations, and fluctuations in capacity reveal how user behaviour varies by time of
day |94]. These insights enable more accurate and reliable integration of V2X into grid
operations.

Renewable energy uptake Renewable energy sources, while essential for sustainable
power systems, present operational challenges due to their variability and dependency on
uncontrollable environmental factors. Solar power is only available during daylight hours
and is affected by cloud cover, while wind power generation can fluctuate dramatically from
day to day. Expanding renewable generation often means adding more units—an approach
that is not always practical or cost-effective.

In this context, battery storage plays a crucial role. It enables the grid to harvest and
store surplus energy from renewable sources when production exceeds demand and later
release it when generation is low. Vehicle batteries used in V2X systems are particularly
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suited to this role due to their fast response and flexibility. They provide an opportunity
to stabilize renewable energy integration, ensuring maximum utilization of green energy and
reducing curtailment or efficiency losses in generation systems.

System complications One of the main concerns of current EV users, both domestic
and commercial, is range anxiety. The users often plan or seek out charging stations to
maintain high SOC for their vehicle. This follows onto a reluctance to participate in V2X as
users view peek demand and grid stability as the grid operators concern not their own. For
commercial uses, business also opt against the cost saving advantages in favour of reduced
planning overheads and lower risk. Simply the vehicle’s primary function of transportation
is prioritised over the utilisation for monetary value.

Battery degradation Using a battery gradually degrades its capacity over time, and
participation in V2X can accelerate this process by increasing the number of charge-discharge
cycles. This degradation leads to reduced driving range and potentially more frequent battery
replacements—an uncommon and costly practice that often prompts owners to sell their
EV after a certain period. Despite these concerns, most BEV users do not fully deplete
their battery between charges, leaving a portion of capacity underutilized. With thoughtful
planning, this surplus energy can be used without significantly affecting battery health.

To address this, battery degradation models have been integrated into costing simulations
to support cost-effective implementation of V2G. Research has explored bidirectional control
strategies, including the modelling of bi-directional WPT systems [95]. However, challenges
remain—particularly in the physical design of wireless systems. The transmitter coil is
typically larger to ensure effective coupling and power transfer, which is impractical for
passenger vehicles when discharging back into the grid. These hardware limitations indicate
that further work is needed to optimize wireless V2G solutions for widespread use.

When managed properly, V2X participation can offer benefits to both the grid and the
user, such as reduced charging costs and enhanced grid stability [96]. Additionally, BEVs
can be used for home energy needs through V2H, further lowering electricity bills. For
instance, V2H has demonstrated cost reductions of up to 57%, compared to only 12% from
basic time-of-use charging [97].

Cost Participating in V2X involves a range of financial considerations. To begin with,
vehicles require a compatible onboard charger, which is more complex and expensive than
a conventional charger due to the need for additional power switches. Moreover, the vehicle
must be connected to a V2X-compliant EVSE, which also carries a higher price point than
standard units. For home applications, electrical systems may require upgrades to safely
handle bidirectional power flow. These factors collectively contribute to a higher capital
expenditure for the user.

Beyond hardware costs, economic viability depends on electricity tariffs. V2X transac-
tions are often subject to similar pricing structures as residential photovoltaic systems, where
electricity is typically purchased at a higher rate than it can be sold back to the grid. This
pricing imbalance can discourage participation, especially when users can charge overnight
at low rates and meet their daily driving needs without engaging in energy exports.
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However, it’s important to consider the potential for cost savings. For domestic users,
improved system efficiency through V2X can translate into lower energy bills, particularly
when employing solutions like V2H [97]. On a broader scale, increased efficiency reduces fuel
consumption and operational demands on the grid, possibly lessening the need for additional
generation infrastructure. While the initial infrastructure costs are significant, they are often
viewed as long-term investments, especially as existing systems age and require replacement.

Summary of advantages and disadvantages It is quite clear the advantages of
V2X primarily benefit the grid in distribution and power generation. The reluctance of
users in participation is understandable as they carry a significant risk and cost with their
vehicle which for many is a critical aspect of day-to-day life. At present the technology is
at an early stage in it’s product life cycle, as few vehicles and charge points are compatible.
The cost association is a balancing act of capital and operational costs, which leads to the
purchase decision making progress where users often favour lower upfront cost compared to
other operates which often perform a system lifetime analysis considering both upfront and
operational cost. As the technology develops and increases in use, it is likely to become a
requirement to participate in V2X in some capacity as the small contribution of many users
can be a significant factor for a large system such as the power distribution grid, in order
for it to introduce more renewable sources and reduce fossil fuel generators.

Potential Applications Building on the preceding discussion, several practical applica-
tions of V2X technology are emerging. These span both grid-connected and off-grid contexts,
each offering unique opportunities for enhancing energy flexibility, resilience, and efficiency.

Parking lots offer a compelling opportunity for deploying V2X technology, particularly
in urban areas or near workplaces where vehicles remain parked for extended durations
during peak power demand. With rising EV adoption, parking facilities are becoming critical
hubs for charging infrastructure, which in turn increases overall power demand. These
environments provide unique potential for numerous EV-grid interactions. By leveraging
V2X, parking lots can mitigate the impact of stochastic charging events, reduce peak demand
on the grid, and enhance energy management. This not only aids in grid stability but also
presents financial incentives for vehicle owners |98]. Similar to V2B, Vehicle-to-parking (V2P)
utilizes connected vehicles to offset the grid load during high-demand periods [9,99]. As a
result, parking lots are increasingly viewed as strategic assets in the broader EV energy
ecosystem [99].

Off-grid applications EVs being a mobile energy storage unit, the energy stored in
the battery can be used to provide power in remote locations. This can be useful for military
applications which currently use diesel generators for their power demand [100]. Utilising
large vehicle batteries to create micro grids for various applications and equipment, these
use-cases are very specific and their financial feasibility maybe questionable but the utility
enabled by bidirectional technology.
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Static wireless power transfer For a wireless charging system to reverse power flow
and provide V2X, it requires upgrading the secondary side of the charger from a passive
rectifier to a full bridge inverter. This is not a difficult task as the system effectively be-
comes symmetrical and the control strategy effectively switches what is considered the source
and load, both sides will have the same switching capability, so the main difference is the
coils used. For identical coils this is then exactly the same, hence the key distinction is the
coil sizes and compensation topologies. Coil size will determine the possible power transfer
and efficiency as a larger coil will produce a larger magnetic field, hence for a static sys-
tem the primary (transmitter) coil is often larger than the secondary (receiving) coil. The
compensation topologies are often chosen for their power transfer characteristics, as asym-
metrical compensation circuits (series-parallel, parallel-series or their complex counterparts
with LCC or LCL circuits) provide different output characteristics for circuit design and con-
trol. Hence this needs to be considered and often results in additional switching components
for compensation topology.

Dynamic wireless power transfer As EV adoption accelerates, there is growing
demand for smart, flexible, and sustainable charging infrastructure. DWPT, when integrated
with V2G capabilities, presents a promising solution to key challenges such as range anxiety,
grid reliability, and renewable energy integration.

DWPT allows electric vehicles to charge while in motion, reducing the need for large bat-
teries and alleviating range anxiety. This continuous charging approach minimizes downtime,
enables lighter vehicle designs, and improves overall energy efficiency and cost-effectiveness [101,
102].

V2G functionality allows EVs to discharge stored energy back into the grid during periods
of high demand or grid stress. When coupled with DWPT, this transforms roadways into
distributed energy resources. Research indicates that such integration supports frequency
regulation, peak load shaving, and stabilization of local grids, particularly when coordinated
with renewable energy and storage systems [103,104].

Recent developments in coil design, compensation networks, and power electronics have
enhanced the feasibility of DWPT for both Grid-to-Vehicle (G2V) and V2G operations. Coil
geometries like DDQ pads and the use of adaptive impedance matching networks enable high
power transfer efficiency even under misalignment and variable driving conditions [105}{106].
Bidirectional converters and control schemes further ensure seamless and efficient energy
flow between vehicles and the grid [103].

DWPT infrastructure, though initially capital-intensive, can become economically viable
through optimized placement and smart energy management strategies. Studies show that
the inclusion of V2G services improves the economic return for DWPT operators and reduces
the overall cost of ownership for users by allowing energy arbitrage and ancillary services pro-
visioning [102,{104]. Environmentally, enabling V2G via DWPT supports higher integration
of renewables by acting as buffer storage [107].

As we progress toward smart cities, DWPT-enabled V2G systems fit naturally into the
vision of an intelligent, connected transportation and energy ecosystem. Utilizing Internet
of Vehicles (IoV) and V2X communication, vehicles can coordinate charging and discharging
based on traffic, grid conditions, and user needs [108]. This convergence of mobility and
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energy sectors underpins the future of sustainable urban development and aligns with the
broader vision of smart, connected cities [108].

EV cluster control EV cluster control enables multiple vehicles to be managed as an
aggregated unit, allowing for coordinated bidirectional power flow between the grid and the
EV fleet in a V2G scheme. By grouping vehicles into clusters, the combined capacity can
provide meaningful frequency support, improve grid stability, and make the control process
more scalable and efficient compared to managing individual EVs.

Tube-based model prediction methods with a disturbance observer, designed to observe
the magnitude of grid disturbance, and the previous value of frequency deviation is obtained
with the lest control effort |[192]. The simulation is verified with scenarios of both sufficient
and insufficient generator capacity. Self-adaptive droop droop control for EV clusters and
model predictive control is used for the energy storage system, parameters within the predic-
tive control model were optimized using a genetic algorithm [193]. Hybrid fuzzy proportional
integral (FPI)-linear active disturbance rejection control has successfully been implemented
for frequency regulation [194]. Consideration of EV users, battery degradation and the
economic of EV participation in frequency regulation has also been considered throughout
research to develop better optimized control strategies for both EV users and power grids.
EV user demand is considered to leave EVs with sufficient SOC for future journey [195].
Battery degradation and life cycle with EV cluster participation in auxiliary services such as
V2G have also been studied to ensure the system as a whole is financially viable for future
uses [196-198]. Battery degradation is summarized by the EV cluster power contribution
as the impact of low and high frequency switching can be filtered out effectively. However
current research focuses primarily on the grid (stability, voltage level, frequency deviation)
while less attention is given to optimizing the EV cluster output power and contribution
ratio.

2.2 Battery technology

A battery pack consists of multiple battery cells, for EVs the main battery used is located on
the under-body of the vehicle and consists of thousands of cells connected in series/parallel
to achieve specific voltage and power ratings between the battery terminals (For example a
Tesla Model X battery consists of 7,256 cells). When using two identical batteries, stacking
the batteries in series will double output voltage while maximum current they can output
remains the same, if they are instead connected in parallel, the voltage remains the same but
the pack would now be able to double it’s maximum power output. The inner workings of a
battery pack are managed by a Battery Management System (BMS), which is a controller
connected to multiple sensors in the battery pack to monitor it’s performance and facilitate
safe usage. The BMS will send it’s information onto various monitoring systems in the vehicle
or charger which are used to lower the input power if necessary. State-of-Charge (SOC)
describes the amount of power the battery is able to supply relative to it’s maximum rating
(expressed as a percentage). For charger development, it is important to control the voltage
or current supplied to the battery as it’s requirements might change depending on it’s current

SOC.
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Current ripple can accelerate battery degradation by increasing internal impedance and
promoting capacity fade, thereby reducing the battery’s power capability. Studies have
shown that high-frequency ripple currents can degrade battery performance up to ten times
faster than conventional DC charging without any AC ripple components [109]. This acceler-
ated degradation at higher frequencies is primarily attributed to increased internal heating,
which promotes side reactions such as SEI (solid electrolyte interphase) layer growth |109].
However, smaller-scale experiments indicate that low-frequency ripple currents (e.g., below
100 Hz) can be similarly detrimental, causing only about 1% less degradation than high-
frequency oscillations [110]. Further evidence from grid-tied battery storage systems shows
that even 60 Hz ripple—typical of power electronic interfaces—can significantly increase in-
ternal resistance and shorten battery lifespan [111]. While the application context in [111]
focuses on stationary storage, the power electronic converters in both systems operate at
similar switching frequencies (typically in the tens to hundreds of kilohertz range). As a
result, DWPT systems may expose EV batteries to ripple with comparable characteristics.
This highlights the importance of incorporating appropriate control and filtering stages in
WPT architectures to suppress ripple before it reaches the battery.

2.3 Inductive Power Transfer (IPT)

The misalignment of inductive power transfer coils affects the charging efficiency of the
overall system. At an air gap of 14cm, the efficiency drops from 95.7% at Ocm misalignment
t0 91.5% at 20cm misalignment, further the angle between both coils further affect the system
efficiency [112]. In order to become a more viable option for EV charging, the efficiency will
need to be comparable to that of conductive (plug-in) charging, else the inefficiency amounts
to cost which will be a main factor for larger applications such as car-parks. The angle and
distance misalignment will be affected by user driving/parking ability and air gap will vary
based on vehicle and laden or unladen load.

In comparison another study shows with air gaps of 100mm, 120mm and 140mm and
power output of 3.3kW, the efficiency shows little change at 100mm and 120mm air gap, but
importantly shows the adverse effects of increasing air gap which then drops the efficiency
more as a function of misalignment [113]. These factors are important as the air-gap will
vary based on type of vehicle which is an important factor for charging solution deployment.

Current research solutions for static wireless charging are able to provide 11kW charging
with efficiency <90% at an air gap up to 180mm [114]. While the solution is slower than plug-
in fast chargers (22kW+), the convenience of provided and lack of wires make it appealing
to certain costumers for home charging and in the future potentially road side or car-park
application which might require having the unit integrated into the road surface. Public
transport applications using high-power on-route wireless charging systems (e.g., 200 kW)
can enable effectively continuous vehicle operation by recharging during scheduled stops, al-
lowing for near-unlimited driving range along fixed routes without the need for large battery
capacities [115,116]. Such an accomplishment shows the technologies feasibility and aids the
transition to EVs, which was considered difficult for public transport (buses in particular)
due to larger battery capacity and power consumption. However Momentum Dynamics have
shown the implementation of WPT technology to maintain 75% SOC which is excellent for
its application and battery life span; Showing no interruption for environmental impacts (in-
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cluding snow and ice). Furthermore they have also developed software for payment collection
for different vehicles using their service [117], which could add another layer of convenience
for users able to use the same charging points. Notably this application is static, charg-
ing while loading/offloading passengers. Dynamic charging options tend to compromise on
some of their specifications; namely air gap, efficiency, power level and misalignment toler-
ance [118]. While design priorities vary across applications, WAVE (a provider of high-power
wireless charging solutions) distinguishes itself by achieving 50 kW power transfer with 90%
efficiency over an air gap as large as 254 mm [119]. With a larger air gap and misalignment
tolerance, the solution proves viable for road applications, accounting for user misalignment
and providing a high charging power, the application could solve a lot of range anxiety issues
and bring WPT as a more mainstream means of charging, especially for heavy good vehi-
cles or buses. Other high power solutions have been shown to provide up to 120kW [120].
While the power supplied rating is increased, the air gap decreases and coil size increases,
which is part of the issues facing WPT system. To provide the convenience and compete
with plug-in solutions, higher power is required for some applications, however this is driv-
ing up the dimensions and weight of coils as well as the cost, making them less attractive
for use. Moreover the decreased air-gap limits the vehicles that can utilise the application,
importantly vehicles which require the increased power rating, are ones which also have a
higher air gap requirement (buses, vans, lorries). The common idea that DWPT will allow
for smaller batteries has been disputed, in the interest of improving battery life [121]. With
large batteries and now large receiver coils and power electronic components, the additional
weight and size could cause issues for certain applications.

2.3.1 Coil design

Various coil designs have risen in literature, offering different advantages based on their
application [106,|122-126]. Figure shows some of the designs used for static wireless
charging, these designs typically aim to improve the coil transfer characteristics to achieve
better efficiency or reduce magnetic field leakage (reduce impact on surroundings). The
same is also done for the case of DWPT where instead of a transmitter coil, a track is used
along the centre of a driving lane. The track design features a narrower design (compared
to static transmitter coils) to increase the magnetic field in the centre of the lane instead of
spreading out more. In doing so, misalignment tolerance is increased as vehicles with larger
misalignment (driving close to road markings), are still going to be over the transmitter
rail as long as the vehicle is within the driving lane. Figure shows the cross-section
of DWPT track designs which are a better method for electrifying longer sections of road
compared to increasing the size of static coil designs [106,[122}|123].

The comparison of coil designs is given in Table [2.3] For static WPT coil design where
typically the design control extend to both the primary and secondary side of the circuit
for interoperability, the coil shape can be chosen to best suit the design parameters. In the
case of DWPT it is important to note the changing mutual inductance which in this case
is summarised by misalignment, hence for DWPT rectangular coil would be best suited to
allow for the change in misalignment. Note, the same is true for coils in Figure [2.10, where
more intricate designs will have better performance for static charging but will have low
misalignment tolerances.
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Figure 2.10: Diagrams of different coil structures used in wireless power transfer systems.

Table 2.3: Comparison of coil structures (as seen in Figure[2.10)) in terms of coupling factor,

manufacturing cost, and self-inductance.

Reference Coil Coupling Self Induc- Manufacturing Misalignment
Struc- Factor (k) tance (uH) Cost Tolerance
ture

127,131 Circular Medium Medium Medium: low Good for

copper, more rotation/ver-
ferrite tical; poor
lateral

127,132 Rectangular Medium- Medium Medium-High:  High in one

Low less ferrite direction
efficiency (longitudinal)

133 DD High Medium-Low High: complex High in all di-

layout, ferrite rections
precision

127,133 DDQ Very High High Very High: High; espe-

additional com- cially strong
plexity longitudinally

130 Hexagonal Medium Medium Medium: mod- Similar to cir-

est ferrite use cular; slightly
better lateral
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Figure 2.11: DWPT transmitter track cross-section designs [106], with positive (red) and
negative (black) wires shown within ferrite cores of different shapes.

2.3.2 Compensation topologies

The main principle behind wireless inductive power system is operating at (or close to)
the resonant frequency of the inductive coils on the primary and secondary sides of the
system. Both sides consist of an LC circuit, running the system at high frequency allows
for smaller components on both sides. In such systems the mutual inductance and quality
factor where, mutual inductance affects the efficiency and quality factor affects the stability
of the system [134].

To better control transfer characteristics of the inductive coils, compensation components
are added on both the primary and secondary side. The connection of passive components
(capacitor and inductor) in different ways |135], the differences be found in Table De-
pending on the topology used, different control modes can be implemented [136}/137]. With
higher order implementations achieving load independent control allows for simpler control
implementation [137].

Figure illustrates the fundamental compensation topologies commonly used in induc-
tive power transfer (IPT) systems, while Table compares their key characteristics. These
topologies form the foundational resonant structures that enable efficient wireless power
transfer by compensating for the reactive impedance in the system. Serving as a quick refer-
ence for understanding trade-offs between different topologies in terms of efficiency, control,
output characteristics, and sensitivity to load or coupling variations.

Higher-order compensation topologies—such as LCL-S, LCC-S, and LCC-LCC—extend
these basic configurations by adding additional reactive components (inductors and capac-
itors) to improve current shaping, enhance load regulation, and achieve nearly sinusoidal
waveforms at the inverter input or output. These are typically used in low to medium
power applications due to their complexity and increased component count. In contrast, the
Series-Series (SS) topology is often preferred for high-power transfer scenarios because of its
simplicity, robustness, and high efficiency under strong coupling conditions [123].
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Figure 2.12: Compensation topologies for IPT.
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Table 2.4: Quantified comparison of resonant compensation topologies [134}138||139).

Parameters

Topologies

SS

SP

PS

PP

Output

Dominant tuning
component

Efficiency (%)
Equivalent impedance
Output power
Control alternatives
Sensitivity to distance
PF @ distance
Dependent on Load

ZPA/ZNS capability

Application suitability

Current source

Transmitter capacitance

>90%
Minimum
Up to 25 kW [138]
Output current
Very sensitive
Unaffected
No

ZPA and ZVS
achievable; stable

EV charging (stationary
and dynamic), industrial

Voltage source

Transmitter capacitance

65-80%
Minimum
Up to 20 kW [139]
Output voltage
Very sensitive
Unaffected
Yes

Difficult to maintain
ZPA; needs tuning

High-power dynamic
charging, variable loads

Voltage source

Receiver capacitance

70-85%
Maximum
<1.5 kW (typical)
Output voltage
Less sensitive
Increases with distance
Yes

ZPA with complexity;
ZV'S possible

Biomedical, small
electronics

Current source

Receiver capacitance

75-85%
Maximum
<1.5 kW (typical)
Output current
Less sensitive
Increases with distance
Yes

Challenging ZPA and
ZVS without tight
control

Compact systems with
limited space and power




Reducing the component count and weight on the vehicle side is desirable for cost re-
duction and improved system efficiency. One effective approach is to eliminate switching
and sensing components from the secondary side by implementing control exclusively on the
primary side. As shown in Table certain compensation topologies—such as Series-Series
(SS) and Parallel-Parallel (PP)—support output current control directly from the primary
side, making them suitable candidates for this strategy. By measuring voltage and current at
the primary coil, constant voltage (CV) or constant current (CC) charging can be achieved
through appropriate control algorithms [140H142].

While this approach is effective in static charging scenarios, where coil alignment and
coupling remain stable, it poses challenges for dynamic wireless power transfer systems. In
such systems, variations in the coupling coefficient—caused by vehicle movement—Iead to
uncontrolled fluctuations in power transfer. Since secondary-side sensing is absent, these
disturbances are not directly compensated. As a result, additional filtering or advanced con-
trol techniques on the primary side are necessary to maintain consistent output performance
under dynamic conditions.

2.3.3 Foreign Object Detection

With the increased adoption of WPT systems in electric vehicles, ensuring operational safety
is paramount. Two primary risks necessitate foreign object detection: the risk of EMF
exposure to living beings and the safety and efficiency issues caused by conductive materials
near the coils [143]. Foreign Object Detection (FOD) methods are commonly categorized
by object type (metal or living), detection principle (electromagnetic, thermal, etc.), and
implementation complexity [144]. Modern research explores machine learning approaches
that maintain high accuracy even under coil misalignment conditions |143].

Metal Object Detection Metal Object Detection (MOD) focuses on identifying conduc-
tive objects—such as coins, screws, or foil—that enter the wireless charging zone. These
objects can distort the magnetic field, causing eddy current heating and degrading power
transfer efficiency. MOD methods are categorized based on how they detect such distur-
bances and how they interact with the WPT system.

Parameter Based These methods detect metal presence by monitoring variations in
system parameters such as impedance, voltage phase shift, resonance frequency, or quality
factor. They are typically low-cost and easy to implement but struggle with sensitivity under
misalignment and for small objects [145].

Sensor-Based Techniques using external sensors—thermal imaging, hyperspectral cam-
eras, or radar—can offer high accuracy and object differentiation. However, they are sensitive
to environmental conditions and are costly |146].

Coil-Based These methods use dedicated sensing coils to detect disturbances in the
magnetic field. Passive systems rely on WPT field-induced voltages, whereas active methods

use an external excitation source. Combined systems integrate both to improve coverage
and reliability |147].
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Living Object Detection Living Object Detection (LOD) aims to identify biological
entities such as humans or animals that may enter the high-EMF region of a WPT system.
Because such exposure can cause physiological harm, LOD is critical for compliance with
safety regulations and for protecting users and bystanders.

Capacitive Detection Capacitive methods sense changes in dielectric properties near
comb-shaped electrode structures. Living organisms significantly alter capacitance due to
their biological composition, enabling reliable detection [148].

Thermal Detection Using infrared or temperature sensors, this approach identifies
living organisms based on emitted heat. It provides reliable spatial detection but is less
effective under variable ambient temperatures [149).

Movement Detection Advanced methods like image-based detection using YOLOv7
identify living beings through movement or visual characteristics. This approach achieves
high precision and recall, particularly with annotated datasets and pre-trained deep learning
models [149].

Challenges Developing high-accuracy FOD systems that function reliably across misalign-
ment scenarios remains a challenge. Small object detection, environmental robustness, and
integration with high-power WPT systems are also unresolved issues. The trade-off between
sensitivity and false alarm rate, especially for LOD; is a critical area of ongoing research [150)].
FOD technologies are essential for the safe deployment of EV wireless charging systems.
MOD is relatively mature, with effective solutions across various modalities. In contrast,
LOD continues to evolve, particularly with new sensing and machine learning techniques.
The trend toward shared MOD/LOD systems and integrated detection strategies promises
comprehensive, scalable safety frameworks for future WPT deployments [151].

2.3.4 Inductive Power Transfer (IPT) models and modelling techniques

Modelling wireless power transfer is most commonly done using either the T-equivalent cir-
cuit model, which represents magnetic coupling through coupled inductances as shown in
Figure 2.13D] or via the induced EMF approach, as illustrated in Figure 2.13d These two
modelling approaches are mathematically equivalent and yield identical results. Mutual in-
ductance between coils behaves similarly to a transformer, without a magnetic core, which
significantly lowers the coupling coefficient. Therefore most research applies transformer
modelling techniques to WPT systems as they provide accurate predictions for system op-
eration.

Figure [2.13) shows how the mutual inductance can be modelled using the t-equivalent
(Figure [2.13b)) and induced emf models . With zero mutual inductance M = 0, no
power is transferred—clearly depicted in the EMF model where the induced voltage vanishes.
In the T-model, this case appears as a decoupling of the two coils, representing the secondary
side as a short circuit that reflects minimal impedance to the transmitter. This results in
a high primary current, consistent with the behaviour of inrush current in short-circuit

37



conditions. On the other hand, as M — L; or M — L, the reflected impedance increases,
and the equivalent coupling approaches an ideal transformer scenario. The EMF model has
the advantage of clearly illustrating the lack of a physical connection between coils, relying
solely on magnetic coupling. Where further coils can be added to the system by adding the
resulting induced EMF to each coil in the system.

M

(a) Mutual inductance block diagram.

Li—M Ly — M

k.V;

(¢) Induced EMF model.

Figure 2.13: Mutual inductance equivalent models.

For multiple coil systems, mutual inductance terms expand to M;; where 7 and j represent
different coil pairs. This significantly increases the complexity of the T-equivalent model due
to the need for many coupled inductances and changing interactions. In contrast, the EMF
model scales more naturally, simply requiring the addition of more induced voltages based
on coil positions and currents.

Current approaches in the literature predominantly rely on circuit-level steady-state anal-
ysis to design static charging systems and compare their performance. One common method-
ology is to derive power transfer efficiency as a function of mutual inductance [152-154]. This
approach is attractive due to its simplicity but is often overly simplified as it is based purely
on steady-state behaviour [152/153]. While steady-state analysis is useful in static scenar-
ios with long interaction times, it becomes insufficient in high-speed applications such as
DWPT, where coupling durations are limited to milliseconds. In such cases, ignoring dy-
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namic response and control limitations can lead to misleading conclusions and suboptimal
controller design.

Additionally, some studies simulate a series of static offset cases [152,155,|156], which
are then used to imply dynamic system behaviour. Even when dynamic simulations are
performed, they are often presented as a function of position rather than time, and typi-
cally involve low-speed operation to ease practical implementation [154], this is similar to
gathering a series of steady state static system results. A broader sweep of mutual induc-
tance values—corresponding to wider lateral and longitudinal misalignments—is essential for
developing robust control strategies and investigating edge-case behaviours such as foreign
object interference or coil failure.

Figure shows an example of system efficiency as a function of displacement [154].
Although the general trend matches expectations—efficiency drops with increasing misalign-
ment—the primary-side current is not reported, and efficiency values are truncated around
50%. This reflects static WPT behaviour where the system is tuned for minimal misalign-
ment. In DWPT, however, interactions can begin under misaligned conditions with coupling
coefficients still below 0.1. As k falls below this threshold, transmitter impedance drops, caus-
ing primary-side current to increase—an effect that models must accurately reflect, even if
undesirable. Similar research articles demonstrate the circuit within a specific range, usually
where coupling factor greater than 0.1 |156].
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Figure 2.14: Transmission efficiency versus horizontal distance |154].

The common theme across literature is obtaining power transfer characteristics as a func-
tion of mutual inductance. Therefore, accurate and efficient modelling of mutual inductance
is critical. Analytical approaches using Neumann’s formula or Maxwell’s equations can yield
high-fidelity results [157], but are computationally intensive and often impractical in real-
time simulations or iterative control design. Finite Element Analysis (FEA) methods, while
highly accurate for coil design [155,/156], are similarly unsuitable for full-system simulation
due to complexity and long runtimes. Instead, results from FEA are often extracted into
parameterized models (e.g., to obtain Ly, Ly, M) for use in circuit-level simulations [155].

Extending mutual inductance modelling to multi-coil systems introduces the possibility
of using coil arrays [158,/159]. For static charging, such arrays improve power density by
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covering more ground with transmitter coils. On the receiver side, multiple coils can improve
performance by capturing power from wider regions |[156).

50

y=0 cm

y=10cm

40 F y=15cm

— —y=20cm
=30 F

z
c.g 20 F
10 |
0
-70 -50 50 70

(a) Analysed power output over longi-
tudinal misalignment (LNM) [160].
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Figure 2.15: Comparison of DWPT from analysis (a) and practical results (b). (a) Analysed
power output of DWPT systems [160]. (b) Example power output for DWPT systems from
practical results, obtained from the experimental setup described in [122].

Figure shows the expected power transfer when using static analysis. Notably
peak power transfer tends to occur at 0 misalignment, with symmetric behaviour around the
peak—typical of static models. In contrast, the measured results in Figure show an
asymmetric and offset peak, demonstrating how dynamic operation and system interactions
impact power delivery. The deviation from static predictions is evident. Despite this, power
results are often omitted entirely in published dynamic studies, and no robust explanation
is offered for the inconsistencies observed.

In summary, most modelling in DWPT focuses on circuit-level steady-state analysis for
power transfer characteristics including power rating and efficiency. While this is suitable
for design validation, it is insufficient for real-time control or transient behaviour modelling.
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FEA remains essential for coil design but is impractical for full-system control analysis.
Many studies avoid simulating low-coupling conditions (k < 0.1), but this region is critical for
control systems that must detect vehicle presence, foreign objects, or activate coil handovers.
Modelling multiple-coil or coil-array systems opens new possibilities for system scalability,
multi-vehicle support, and extended electrified road segments, all of which are promising
directions for future research.

2.3.5 System control

Achieving different control objectives can be done in different ways. In the context of DWPT,
there are four possible control options and often multiple are used together to achieve desired
control outcomes. Based on the circuit in Figure [2.8] which shows all four control circuits
implemented into one circuit, this section will further expand on each circuit.

Primary Side Control To reduce secondary-side components, size, and complexity, primary-
side control of WPT systems is of considerable interest. In most cases, the power provided by
the primary coil is proportional to the power received at the secondary side, making it pos-
sible to regulate output power, current, or voltage from the primary side |136}|140}/161},/162].
Such systems have been effectively implemented in static environments, where coil align-
ment remains fixed during the charging process. However, in dynamic systems, movement
causes fluctuations in the coupling coefficient, affecting power transfer, which in turn needs
to be controlled. While primary-side control remains a promising approach, it may require
supplementary secondary-side regulation to meet the precise demands of battery charging
profiles.

1,
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(a) Primary side inverter control.
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(b)

Primary side control using DC/DC converter.
Figure 2.16: Primary side control circuits, highlighting area of control implementations.
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Figure [2.16| shows two common options for implementing primary-side control. For in-
verter control (Figure , the default operation generates a square wave at 85kHz with
a 0.5 duty cycle to excite the WPT system at resonance. This baseline setup maximizes
efficiency under ideal conditions. Further control is achieved by varying parameters such
as modulation depth, duty cycle, switching frequency, or phase shift, enabling regulation of

41



output power. When system parameters are well-characterized and the mutual inductance
remains within a predictable range, the control be achieved without explicit feedback from
the secondary side [140,/161,/163]. Advanced implementations utilize phase-shift modulation
and online load identification to support constant current (CC) and constant voltage (CV)
charging operations while maintaining high efficiency and soft-switching conditions [136/140].
Primary DC/DC converters (Figure are used to reduce the implementation com-
plexity of frequency and phase-shift control (as used in inverter-based methods) by regulating
the DC link voltage (V). This allows the inverter to operate at a constant frequency, im-
proving system stability and reducing switching losses |136}/161]. Such converters are often
implemented as buck or buck-boost topologies and are especially useful in systems aiming
to maintain Zero Phase Angle (ZPA) conditions or soft switching throughout the charging
cycle. While control inputs such as source current or primary coil current may vary, the
essential control mechanism involves adjusting the DC supply voltage to the inverter.

Secondary side control Accounting for coil misalignment and adverse characteristics
in dynamic charging systems can be used to stabilize the charging current supplied to the
battery to prolong battery life and reduce design complexity of only primary side controlled
systems [164]. Allowing for vehicles of different (coil) characteristics and alignment scenarios
to use the same primary supply without further increasing system complexity, secondary

control systems can also be used to improve the harmonics and reactive power of the system
[165].

(b) Secondary side control using DC/DC converter.

Figure 2.17: Secondary side control circuits, highlighting area of control implementations.

A controlled rectifier (Figure [2.17a)) is placed directly next to the output where previously
used diodes are replaced with switching components. In doing so it is possible to achieve
fast system response to alter output parameters such as voltage or current. A full bridge
rectifier also has the advantage of enabling bidirectional capability as the circuit becomes
symmetrical, provided symmetrical compensation topology is used. However the output
ripple is often higher, hence LC filters are often used to reduce fluctuations.

The use of a secondary side DC/DC converter (Figure , allows the simplest control
implementation due to the circuits wide spread use and industry knowledge. Control over
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the converter is well studied and reducing voltage/current ripple can be achieved by increas-
ing frequency or increasing LLC component Values. Compared to rectifier control, where
changing LC values affects the power transfer directly, the DC/DC converter offers a stage
of decoupling. Note.: for a constant output value, the output power will be lower than the
power at the secondary DC link (V,..). Hence if uncontrolled, the rectified voltage will rise
and increase the output ripple.

Dual-sided control Combining aspects from both primary and secondary side control
implements dual-sided control. Dual-sided reduces the system response time to control pa-
rameters, as the implementation allows a more direct control over the circuit. In essence,
achieving output control can be done near the output with a controlled rectifier or a sec-
ondary DC/DC converter, compared to applying primary side control which has to propagate
through the system before stabilising. This allows simultaneous control over source power
consumption and output voltage/current characteristics [166-168§].

2.4 Challenges in the Deployment and Operation of EV Charging
Infrastructure

Road-side clutter Current BEVs and plug-in hybrid electric vehicles (PHEVs) use charge
stations at designated locations or at home. These charge stations often stand out as features
on sidewalks requiring more space per. Their inclusion onto road-side application in cities
causes issues for pedestrians and loose cables from home to vehicle cause trip hazards

Charger location Providing charging stations to EV users is important, however optimal
distribution of charge-points is difficult to achieve as typical charging behaviour can be shown
to vary depending on events such as major holidays and working hours [169,/170]. However
placing chargers in work places would cause a large spike in power demand at those locations,
which will have an adverse effect on power quality in the area, hence requiring distribution
grid upgrades (additional costs).

Demand management - Power quality As the number of EVs increases, demand for
charge points and hence a demand for power networks to handle larger power demands at
different times of day also increases. Excessive loading of a distribution grid can lead to
degradation in power quality (e.g.: voltage drop and frequency degradation). “To safely
integrate a high uptake of EVs into distribution networks, a combination of measures will
need to be employed like charging EVs preferentially from renewable sources and smart
management of EVs battery charging” |[171]. While management strategies have been shown
to reduce the impact of EV charging [172], the issues have been observed in residential
distribution grid |173], and is expected to grow with market penetration. Furthermore, in
larger applications such as fleet operations (for supermarket delivery and so on) or car-parks
especially around major cities where a large power demand could be seen at specific times
of the day. These demands will need to be planned for and managed accordingly to provide
users with adequate charge over time without overloading the grid and putting a strain on
resources.

43



Table 2.5: Control mode comparison

Control Type

Control
variable

Advantages

Disadvantages

Primary-side
inverter

Primary-side
DC/DC converter

Secondary-side
rectifier

Secondary-side
DC/DC converter

Dual-side control

L (Lo/Vo
possi-

ble  with
communi-
cation)

Vo (LY,
possi-

ble  with
communi-
cation)

V;"ec

I,orV,

Any of the

above

ZNS, ZPA capability

Fewest components

Easy implementation

Efficiency benefit

Low number of com-
ponents

Bidirectional capabil-
ity

Best output charac-
teristics

Simple control

Decoupled from WPT

Higher frequency re-
quirement

Moderately complex

Increased  response
time for output con-
trol

Only buck functional-
ity

Sensitive to phase dif-
ference

Increased number of
components on vehi-
cle side

High  number  of

switching compo-
nents

More complicated
control
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Modelling techniques - Dynamic wireless power transfer With the increased in-
terest in WPT technologies, system analysis and design techniques are crucial for accurate
system control and grid load estimation. This is also true for DWPT applications, where cur-
rent research often uses techniques developed for static WPT to design systems for DWPT,
despite its different behaviour due to the system’s dynamic nature. Further research and
advanced modelling techniques are therefore required to more accurately represent system
behaviour under varying conditions and to demonstrate the associated grid load impact.

2.5 Chapter summary

This section presented an overview of the overall EV charging landscape, including the
currently used charging solutions and possible future solutions currently in development and
testing. In general the conductive charging space has reached a maturity to a point where
higher power chargers are niche installations for vehicles with large batteries (HGVs, buses,
trucks, etc..), their deployment for passenger vehicles sees under-utilisation as vehicle OBCs
are not able to make use of the full charging power. Additionally distribution network
upgrades are required to add more charging solutions to most areas. Up to 22kW charging
can be achieved with 3-phase AC solutions, beyond this point DC charging solutions are
used, where increasing power is done by adding additional charging modules to the system,
increasing charging cable diameter and providing adequate cooling.

V2G systems enable EVs to support grid functionality, helping to reduce the adverse
effects of frequent charging events and increasing power demand on distribution networks.
Often these come with integration of renewable energy source and are likely to be necessary
in future deployment of EV charging solutions similar to the widespread use of PFC circuits.

Luxury add-on services such as ACDs present some opportunity for innovation in provid-
ing charging solutions, however their development moves more into the robotic space than
electrical engineering, as majority of these systems incorporate established charging systems,
only changing the means of connection.

Offering more research opportunities is wireless charging, as technology in an early devel-
opment stage receiving research attention and few commercial trials. IPT has been identified
as the preferred method of WPT due to it’s high power capability at larger distances. Within
IPT the research different on factors such as compensation topology, coil design and control
implementation/design. Where the circuit topology and control is chosen to suit a specific
design case and static IPT simulations achieve accurate results based on steady state anal-
ysis. The less developed area of this research is the DWPT system, as current research
uses the same system design process as static WPT and report on the effects of moving the
coils relative to each other. Few research articles feature FEA, which at an 85kHz operating
frequency require long simulation times and are hard to scale up for multiple coil systems.
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3 Modelling Wireless Power Transfer (WPT)

Building on the insights gained from the literature review, this chapter outlines the rationale
behind the simulation model developed for this study. It details the design decisions related
to circuit topologies, control strategies, and modelling techniques, with the aim of enabling
consistent and meaningful analysis. These implementation choices reflect both the strengths
and limitations observed in existing approaches and are tailored to address the specific
objectives of this work.

Current implementations use static simulation techniques, where fixed coil parameters
(including mutual inductance) are used to obtain steady-state values. These typically use
mutual inductance blocks which are used to simulate transformer coils, and typically use ei-
ther a T-equivalent circuit or an induced EMF model to link the power transfer between two
coils. This implementation is good for early developments in WPT technologies however to
obtain a more practical model for later use in DWPT or multiple coil systems, the simulation
should use be able to easily vary the mutual inductance and have scalability considerations
to incorporate multiple coil systems. To ensure consistency with existing approaches, the
proposed system should reproduce the same voltage, current, and power transfer character-
istics as established models under fixed mutual inductance conditions, effectively replicating
static charging behaviour.

3.1 Circuit design choices

For EV charging applications, the proposed WPT solution should be competitive with ex-
isting technologies in terms of both power rating and efficiency. These factors are critical in
selecting component power ratings and determining the appropriate compensation topology
for effective power transfer.Furthermore, as this circuit is to form a baseline for future re-
search, it should remain relatively simple to allow future exploration and complications to
be added and compared easily.

Compensation topology Using the information in Table|2.4]the compensation topologies
are narrowed down. Starting with high power (11-22kW for EV charging), narrows the choice
down to series-series and series-parallel compensations. Further looking at their efficiencies,
it is evident the series-series compensation is superior for this application and for this reason
has been used in research.

Mutual inductance model Following the literature review, the EMF model is imple-
mented with the aim of making the mutual inductance (M) a variable in the system. As
demonstrated in the literature, this implementation has proven effective for static charging.
If it can accurately model the system at position 'x” and at a slightly shifted position 'x+17, it
follows that varying the mutual inductance should correspond to changes in position, thereby
enabling a dynamic simulation.

In order to achieve a dynamic implementation, it is important to have a model describing
the mutual inductance between two coils. Physical models of the coil shape and size are
required to obtain mutual inductance, as coil shape, size and position will affect the result.
Previous research has been carried out to summarise the interaction of two square coils [157],
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which will be used for this research. Appendix [8.I] shows the equations used for coil self
inductance and mutual inductance.

The remainder of the WPT system is built to represent the system based on coil param-
eters. Any changes in coil shape/size can be updated accordingly.

System topology An uncontrolled charging topology is chosen to first achieve power
transfer and focus on the WPT, avoiding complications with increased number of control
components. For inverter control, a sinusoidal reference is given at resonant frequency to
match the WPT resonant frequency, a PWM signal is then generated to control the inverter..
Hence an uncontrolled rectifier is used with the addition a low-pass filter to reduce output.
For battery output, a simple resistor and DC voltage source represent the battery internal
resistance and nominal voltage respectively, these can later be updated to battery models
with SOC estimations.

3.2 Circuit explanation

Figure[3.1)shows the circuit used for simulation, where the WPT is replaced controlled voltage
sources to include the induced EMF. Note.:To avoid noise amplification, the differentiation
function is implemented using an integrator - this is a common practice in simulations and the
analysis will show how the approach approximates a derivative function as shown in Figure
3.1b. The remainder of the system is implemented using standard components. Circuit
parameters used are given in Table

Figure [3.1] illustrates the circuit used for the simulation, where the WPT link is replaced
with controlled voltage sources to emulate the induced EMF. The parameters used in the
simulation are listed in Table While the system analysis uses the derivative of current
to obtain the EMF, differentiators are sensitive to noise and therefore the implementation
approximates one by the use of an integrator. This approach reduces noise sensitivity and
is often used in other simulation implementations such as PID controllers. Figure [3.2] shows
the implementation of the voltage in the receiver coil as a function of the transmitter coil,
with intermittent points labelled analysis of this diagram gives the following equations.

e(t)=1, — @ (1)

x(t) = Ke(t)
Vay = Mx(t) (3)

—
N}
N~—

Using (2) and (3):
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Figure 3.1: Circuit used for validating WPT ({3.1a)) and the detailed implementation used
for mutual inductance (3.1b]).

As K — oo, 2 — 0, therefore z(t) (0 + 1) = I; and hence z(t) — sl then:
Vo = sI,.M (7)

Based on experimental results presented in literature [122], the circuit should exhibit
similar behaviour in power transfer as seen in Figure 3.3, Achieving this will show the
system moving toward an accurate representation of DWPT modelling.

3.2.1 Wireless power transfer circuit analysis

Based on the circuit shown in Figure[3.1a] the WPT component of the circuit can be analysed
by replacing the source and load connections—in this case, the inverter and rectifier, respec-
tively. Figure illustrates the WPT circuit used for further analysis. Here, R., denotes
the equivalent resistance of the rectifier (related to the load resistance by Req = %RLoad),
and V; represents the primary-side DC bus voltage.
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Figure 3.2: Derivative approximation used for EMF calculation.

Table 3.1: System specification for circuit in Figure .

System Label Parameter Value
Source Verid Voltage 230V, 3¢,50Hz (415Vdc)
Jsw Switching frequency 1 MHz
Inverter

fo Fundamental frequency 82 kHz
C, Compensation capacitor 6.2969 nF
Primary Side L, Coil self-inductance 598.2 pH
R, Coil resistance 177.8 m$2
C, Compensation capacitor 6.2297 nF
Secondary Side L, Coil self-inductance 604.65 nH
R, Coil resistance 192.6 mS2
L Inductor 1mH
LPF Ct Capacitor 10 pF
fe Cut-off frequency 1.59kHz
) ) %5 Nominal Voltage 400V

Battery Specifications
Capacity 75Ah
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Figure 3.3: DWPT power transfer for multiple primary coil systems [122].
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Figure 3.4: WPT equivalent circuit.

The mutual inductance M is defined as M = k+/ L Ly, where k is a dimensionless coupling
coefficient. Components L, Ry, and C are the self-inductance, resistance, and compensation
capacitance of the primary coil, respectively. Similarly, Lo, Ry, and C represent the self-
inductance, resistance, and compensation capacitance of the secondary coil. The primary
and secondary coil currents are denoted as I; and I, respectively.

Practically the DC bus voltage serves as the positive and negative of the output square
wave, sinusoidal waves are used for circuit analysis. As for a square wave the RMS value
is equal to the amplitude, this should be accounted for before applying AC analysis. Addi-
tionally voltage drop due to converter efficiency can also be included at this stage by using
V, ~ VDCn\/ﬁ where 7 denotes the inverter efficiency.

From Figure the steady state values of the circuit can be obtained by analysing the
circuit impedance at the operating frequency given by:

Z1 = Rl + ijl + l/ij'l (8)
ZQ = RQ + j(,JLQ + 1/]0.}02 + Req (9)
where, Z; and Z, are the primary and secondary side impedance respectively. The

angular frequency w = 27 f where f is the operating frequency. Voltage analysis of the
circuit in Figure [3.4] gives:
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V; = IlZl +]MMIQ (10)

OZjWMII_'_ZQIQ (11)

hence,
11:‘/5/(Z1—W2M2/Z2) (12)
[2 = _j(JJM[]_/ZQ (13)

This analysis is for series-series compensated coils and relates the coil currents as a
function of input voltage and output resistance, which can be related to output power. The
analysis similar for other compensation topologies and has been discussed in Section [2.3.2]
where the decision for series-series compensation is explained.

3.2.2 Coil Self-Inductance and Mutual Inductance

The inductance of coils, whether self- or mutual, depends on their geometry, orientation,
and relative positioning. A general expression for calculating inductance between current-
carrying conductors is given by Neumann’s formula:

. /
L:ﬂNlNgf f{ di - dl (14)
4m 71 Y2 r

This double line integral computes the magnetic interaction between differential current
elements dl and dl’ along the contours v; and 7., with r being the distance between them.
The permeability of free space is denoted by pg. The winding numbers N; and Nj refer to
the number of turns in each coil.

e When v; = 75, the equation describes self-inductance of a single coil.

e When v, # 7», it evaluates the mutual inductance between two separate coils.

Figure|3.5/shows the configuration of two square coils with their geometric and positional
parameters annotated. The coordinate system and key dimensions include the coil widths
ai,as, heights by, by, and displacements c, e, h in the z,y, z directions, respectively. The
equivalent radii r; and 7y represent the average coil radii based on turn count and cross-
sectional area.

Self-Inductance For a rectangular coil, a closed-form approximation derived from Neu-
mann’s general formula yields the self-inductance:
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Figure 3.5: Square coil design parameters and relative position [157].

2a;b;
Lz’ = @NE a; - ln @i0i
m (ai +a? + bf)
2a;b;
+ bz -In ¢
T (bi +a?+ b?)
—9 (ai+bi —\/a? +b§> +0.25(a; + b;) (15)
The equivalent coil radius is approximated as:
N;S;
Ty = (16)
0
And the winding resistance, assuming copper conductors, is:
R = poa, 2 a7)

Si

Mutual Inductance Mutual inductance between two coils, given by the same general
formula (14]), now uses different path integrals:

/
:_NlNQ% % dl - dl ()
2
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Here, v, and 7, correspond to the contours of the primary and secondary coils. This
formulation accounts purely for the physical geometry and relative placement of the coils.
Hence, models or simulations assuming fixed M are valid as long as the physical configuration
remains unchanged.

The expanded analytical form of this integral for rectangular windings is provided in

Appendix [8.1]

3.3 Practical system

Following theoretical system development, the next step is to build a practical system and
compare the accuracy of results and explore overlooked issues. Figure shows the lab
setup using which is the minimum circuit for WPT where a single inverter and rectifier are
used to power a resistive load. A scaled-down version of the system is used to investigate
its behaviour during DWPT. When scaling the system up, similar transient behaviours are
expected to occur, albeit at higher power levels.

For testing, two pairs of coils were made, one using strands of insulated copper wire, the
other using litz wire. Litz wire is a thin multi-strand cable for high frequency AC signals,
with the aim of reducing the skin effect on power transfer. Litz wire is more expensive,
therefore the resulting coils were made smaller to remain within budget. Both coils are
tested without ferrite cores and are held together using non-ferrous materials (plastic).

System Parameters First the coils were created based on available materials, their
impedance is measured using an LCR meter. An operating frequency of 85kHz is cho-
sen which determines the required compensation capacitors for series-series compensation.
As the system input is an AC power source, rectification before high frequency inversion
is required. Additionally a capacitor in parallel with a load resistance is used. System
parameters for all components summarized in Table [3.2]

3.3.1 Results

System control signal A fixed frequency, fixed duty cycle control signal is generated
from a dSpace control module which is fed to the inverter gate control seen in Figure

Inverter output and rectifier input Based on the supplied control signal, inverter
switching is controlled and results in a square wave output voltage from the inverter. The
two coil types used have different characteristics and result in different power transfer char-
acteristics when the same supply voltage is applied. Figure [3.8/shows the voltage waveforms
for the litz wire coil setup where the square wave voltage applied is more distorted compared
to the copper wire coil setup in Figure [3.9] this is due to the lower coil resistance of the
primary litz coil, leading to the system having a lower damping factor - hence a larger inrush
current during inverter switching. For both Figures [3.8 and [3.9, the minimum air gap is
10mm. An air gap of 0Omm would imply the coils are in the same plane, which is physically
impossible due to geometric intersection. The 10mm minimum is set by the thickness of the
outer housing surrounding the coils.
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Table 3.2: System parameters for laboratory setup.

Component Parameter Value
Self-inductance (L) 92.27pH
Resistance (R) 0.56
Number of t N 15
Copper Primary Coil umber of turns (N)
Nominal voltage 50V
Nominal current 10A

Coil dimensions (H x W) 270mm x 160 mm

Self-inductance (L) 44.26 pH

Resistance (R) 0.53Q

Number of t N 12
Copper Secondary Coil umber of turns (N)

Nominal voltage 24V

Nominal current 9A

Coil dimensions (H x W) 170mm x 140 mm

Compensation Capacitor (Copper Primary) Capacitance (C') 38.45nF
Compensation Capacitor (Copper Secondary) Capacitance (C') 83.98 nF
Self-inductance (L) 8.061 pH
Resistance (R) 0.09Q
Number of t 8
Litz Primary Coil HINDEL OF TS
Nominal voltage 50V
Nominal current 13.5A
Coil dimensions (H x W) 90 mm x 90 mm
Self-inductance (L) 5.695 uH
Resistance (R) 0.32Q
Number of t 8
Litz Secondary Coil HIbEr OF bl
Nominal voltage 12V
Nominal current 5A
Coil dimensions (H x W) 60 mm x 60 mm
Compensation Capacitor (Litz Primary) Capacitance (C') 479.1nF
Compensation Capacitor (Litz Secondary) Capacitance (C') 736.2nF
DC Capacitor Capacitance 10 mF
Load Resistance 30
Capacitance 3mF
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g source

(b) Annotated system

Figure 3.6: Overview of the experimental setup.

Static charging variable changes First the system is tested in a static environment
where a single parameter is changed each time, this is done for air gap (Figures and
, displacement (Figure and and supply voltage level (Figures and .
Efficiency measurements were obtained using a power analyser between the inverter output
and the rectifier input.

The laboratory setup experiences several sources of power loss that contribute to reduced
system efficiency. To minimize costs, the coil materials used are of lower quality than those
typically found in industrial-grade WPT systems. Although both copper and Litz wire
coils are employed, they are connected to the inverter and rectifier using standard wires
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with banana clip connectors, which introduces additional resistance and potential contact
losses. Furthermore, the integration of the power analyser requires extra wiring around the
setup. Despite efforts to isolate the coils from surrounding components, electromagnetic
interference from nearby wiring and hardware may still affect system performance during
operation. Furthermore, the accuracy manufacture accuracy of system components such as
the inductors and capacitors for resonant operation also add to the system inefficiency.

Copper wires experience a more pronounced skin effect at high frequencies, which restricts
current flow to the surface of the conductor. As a result, the effective cross-sectional area
available for conduction is reduced, leading to an increase in AC resistance. This behaviour is
evident in Figure[3.12] where the efficiency of the copper coil decreases as the supply voltage
increases, in contrast to the litz wire coil shown in Figure [3.15] As the voltage increases,
the corresponding rise in current further amplifies resistive (I?R) losses, resulting in greater
heat dissipation and reduced power transfer efficiency.

By comparison, litz wire is engineered to counteract the skin effect through the use
of many thin, individually insulated strands, woven so that current is distributed more
uniformly across the entire conductor. This design maintains a lower effective resistance
even at higher frequencies, thereby minimizing power losses and sustaining higher efficiency
under similar voltage conditions. Consequently, increasing the supply voltage in copper coils
leads to a more pronounced drop in efficiency than in litz wire coils, due to the combined
effects of elevated current and frequency-dependent resistance.
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Effect of Vehicle Speed on Dynamic Power Transfer FExperiments were conducted
to evaluate the influence of vehicle travel speed on power transfer characteristics. Although
distinguishing the effects between slow ( 0.5m/s or 1mph) and fast ( 5m/s or 10mph) travel
proved difficult due to the relatively small difference, minor variations in the primary-side
current were observed at the moment power transfer began. Figure shows approxi-
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mately 5% variation in the peak current deviation, this is consistent with the later simulation
in Figure [3.20] where approximately 5% peak difference is observed with 10mph difference.
These observations align with simulation results, which predict that higher travel speeds
produce a more pronounced initial power transfer peak. This behaviour highlights a key
aspect of dynamic operation: faster speeds lead to shorter interaction times between the
transmitter and receiver coils and higher instantaneous power demand but reduced overall
energy transfer per coil.

Studying these dynamic effects is critical to understanding how DWPT systems behave
under realistic conditions. Static analysis alone fails to capture important transient phenom-
ena such as shifting mutual inductance, varying coupling efficiency, and fluctuating power
demands. By experimentally validating these behaviours, the study contributes valuable in-
sight into how to design and optimize DWPT systems for real-world deployment—enabling
more efficient, scalable, and practical wireless charging infrastructure for electric vehicles.

Achieving a consistent and accurately controlled velocity during testing proved challeng-
ing, which limits the ability to draw precise quantitative comparisons between different travel
speeds. However, the results shown in Figures and can be scaled along the time axis
to align key events and enable a qualitative comparison of voltage and current amplitudes.
To facilitate this, the time scale of Figure |3.17]is adjusted to overlay with the slower speed
data in Figure [3.16] Figure shows approximately 5% variation in the peak current
deviation, this is consistent with the later simulation in Figure [3.20] where approximately
5% peak difference is observed with 10mph difference.
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Figure 3.16: Results for dynamic operation with copper wire coils.
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3.4 Simulation of Dynamic Wireless Power Transfer (DWPT)

Progressing onto the dynamic simulation of the system shown in Figure requires mod-
elling the mutual inductance as a time-varying parameter (this is shown in Figure .
In this context, the equations governing the mutual inductive coupling must be modified
to reflect the time-varying mutual inductance M (t). This accounts for the fact that, in a
dynamic system, the mutual inductance is not constant but varies with the relative position
of the coils:

d .
vs(t) = = (M(2) * iy(1)) (19)
More generally, the voltages induced in each coil due to time-varying mutual inductance
can be written as:

wlt) = & (M) * (1), wlt) = o

Here, v1(t) and vs(t) are the induced voltages in the primary and secondary coils, respec-
tively, 4;(f) and iz(t) are the currents in each coil, and M(¢) is the mutual inductance as a
function of time.

Practically, the rate of change of mutual inductance is governed by the velocity of the
secondary coil, which, in the case of a moving vehicle, can be approximated by typical
highway speeds (e.g., 70 mph or approximately 31.3 m/s). This defines the mechanical
time constant, 7,,, as the characteristic time it takes for the vehicle to traverse the effective
coupling length (e.g., a 1-meter coil section), yielding:

(M(t) % ir(2)) (20)

L B 1m

v 31.3m/s
In contrast, the electrical system operates at a much higher frequency; for instance, an

inverter switching at 85 kHz corresponds to an electrical time constant of:

~ 31.9 ms (21)

Tm =

1 1

T orf T 27 -85 x 103
This large disparity in time scales, where 7,,, > 7., implies that the mutual inductance

changes very slowly relative to the fast electrical dynamics. Therefore the flux linkage can

be approximated as a product of a slowly varying mutual inductance and the instantaneous
current, effectively reducing the derivative of the product to:

~ 1.87 us (22)

Te

dis(t)
dt
dii (1) (23)
dt
This simplification significantly reduces the computational complexity of the simulation
while preserving accuracy over the relevant time scales.
Figure |3.20] shows the impact on transfer power at different travel speeds. The same
result is shown in two ways to highlight the differences at different travel speeds and the lack
of impact on mutual inductance, notice mutual inductance as a function of position remains

2

(2 (t) ~ M

vo(t) =~ M
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Figure 3.19: Circuit used for validating WPT (3.1a)) and the detailed implementation used

for mutual inductance (3.23al).

inductance calculation is independent of

the same. This is to be expected as the mutual

travel speed.
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Figure 3.20: Impact of varying travel speed, presented over time and displacement [174].
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Importantly, the result in Figure |3.20| resemble the behaviour seen in Figure [3.3] where
high power is seen at the start and end of the coils. This is due to the rate of change of
inductance in the system, as when M = 0 no power can be transferred between coils, at
this time the primary coil current will also be high (due to low/zero impedance applied in
addition to compensation capacitor and inductor coil). As mutual inductance increases, the
high current across the primary coil is transferred to the secondary coil where the passive
components charge up and begin reflecting power into the primary coil (as a result of the
secondary coil current). As mutual inductance increases to it’s peak, the reflected impedance
also increases, altering the effective load seen by the primary side hence a reduction in the
power transfer.

As the magnetic flux density is minimal at high displacement, peaks near zero displace-
ment (maximum alignment), and decreases again as the vehicle moves away, travelling at
higher speeds leads to a more rapid change in magnetic flux linkage. This results in a sharper,
effectively producing a higher impulse of power delivery during the short window of strong
coupling. Additionally higher travel speeds result in less time to achieve power transfer,
hence less total energy will pass to the EV battery.

Once the system model is developed, it enables rapid investigation of parameter changes
without the need to redevelop the entire system implementation. Figure shows the
impact of varying coil height (air gap), highlighting that the system response can differ
significantly from what static analysis would suggest. For a planar coil (as modelled in this
research), the magnetic field is at a minimum in the coil’s plane (i.e., at the height of the coil
itself) and increases along the vertical axis—normal to the coil surface—which is the direction
of energy transfer. A lower air gap generally improves power transfer characteristics due to
increased mutual inductance. This results in a higher peak power transfer and a narrower
coupling window at lower air gaps, as shown in Figure [3.21]

However, at lower air gaps, coil misalignment has a more pronounced effect, a greater
portion of the receiver coil moves out of the region of strong magnetic flux. In contrast, at
higher air gaps, even though the magnetic field is weaker, a larger portion of the receiver
coil remains within the field during misalignment, resulting in higher average power transfer
in some conditions. This is shown by the mutual inductance between the two coils.
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Figure 3.21: Output power and mutual inductance when changing ride height (h) [174].
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Similarly, the system model can be used to investigate the impact of coil size on power
transfer performance. Figures and show the effects of varying the dimensions of
the primary and secondary coils, respectively. In each figure, subplots (a) and (b) illustrate
the influence of changing the coil width and coil height. The mutual inductance is directly
impacted by coil size, where a smaller coil leads to lower mutual inductance. This is to be
expected as coil self inductance will also be lower. Notably, smaller coils tend to produce
a more localized power response, often characterized by a single distinct peak. In contrast,
increasing the coil width (perpendicular to the direction of travel) shows diminishing returns
once the coil extends beyond the primary magnetic field region. This trend holds for both
primary and secondary coils. On the other hand, extending the coil length in the direction
of travel effectively increases the duration of coupling, thereby enhancing the total energy
transferred. This type of analysis can be further extended to compare the performance of a
single large coil versus multiple smaller coils, providing deeper insight into the overall power
transfer characteristics of the DWPT system.
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Figure 3.22: Change in output power and mutual inductance as a result of varying primary
coil dimensions |174]

3.5 Chapter Summary

The simulation of WPT has been achieved with the added benefit of extending the circuit to
function for DWPT. Achieving identical results for static WPT compared to currently used
research model, the system is used to obtain results for DWPT. Results for DWPT show
similar behaviour to research giving confidence in the model. From here changing various
system parameters gives insight into the behaviour of DWPT and highlights the need for
such simulation models, as these system changes and their impact have not been discussed
in previous research.

The lab results comparing copper and litz wire coils demonstrate the efficiency benefits
of using litz wire. When using copper coils, increasing the amount of power transferred leads
to higher power losses. In contrast, litz wire allows for more efficient energy transfer under
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Figure 3.23: Change in output power and mutual inductance as a result of varying secondary
coil dimensions [174]

similar conditions. Attempts to examine the impact of different travel speeds—specifically,
a slow speed of approximately 0.5m/s (around lmph) and a fast speed of 5m/s x (around
10mph)—proved challenging due to the relatively small difference between them. Nonethe-
less, a minor variation in the primary-side current was observed at the onset of power trans-
fer. This observation aligns with simulation results, where the first peak of power transfer
is notably higher at increased travel speeds.

The simulation of the DWPT system reveals several important behaviours that must
be considered during the design process. An increase in travel speed leads to a higher
instantaneous peak in power transfer but also shortens the duration over which power can
be transferred. Therefore, operating at lower speeds is generally preferable, as it reduces peak
power demand and allows more energy to be delivered over the same coil length. Another
key factor is the coil height, or air-gap. As expected from SWPT systems, reducing the air-
gap improves magnetic coupling, resulting in higher peak power. However, this also causes
an overall decrease in the total amount of power transferred, demonstrating a trade-off that
static analysis alone would not reveal.

Further investigation into coil geometry shows that increasing the coil size in the direction
of travel tends to improve mutual inductance and extends the period during which power
can be transferred. This leads to lower peak power demands and potentially more efficient
system operation. On the other hand, increasing the coil dimensions perpendicular to the
direction of travel yields diminishing returns. This is because the additional coil area lies in
regions with weaker magnetic flux, offering limited benefit despite increases in inductance
and mutual inductance.

These results collectively underscore the necessity of dynamic analysis in the design of
DWPT systems. Static evaluations may suggest certain design choices—such as minimizing
air-gap or maximizing coil dimensions—that could be suboptimal when dynamic behaviour
is considered. The model used in this study provides a convenient way to explore critical
system parameters such as coil dimensions, travel speed, and air-gap. Although not explored
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in the current study, the model can also be extended to include the effects of lateral misalign-
ment, variable velocity, and dynamic air-gap changes to better represent real-world driving
behaviour. Furthermore, the model is flexible and can be adapted to accommodate different
coil geometries by updating the mutual inductance formulation. It also supports multi-coil
configurations by calculating the mutual inductance and induced voltages for each coil in
the system.

Successful simulation can now be used as a starting point for further research in the
field. It is recommended to consider presenting future results in terms of coupling factor (k)
instead of mutual inductance (M) to better standardise results and more accurately compare
the impact of various system changes.
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4 Control of Dynamic Wireless Power Transfer (DWPT)

Building upon the WPT model presented in Chapter [3] and illustrated in Figure [3.1] this
work now advances toward developing control strategies and exploring the system topologies
to achieve the desired control objectives. The previous chapter showed the impact of varying
system parameters on output power, these will remain fixed for this section as the main goal
is now to explore the control implementation.

In the initial approach, the inverter control employed a high-frequency PWM signal using
a 1MHz carrier wave and a reference signal operating 85kHz driving the circuit at resonance.
This method aimed to reduce harmonic content and improve signal quality. However, it was
observed that such a high switching frequency is not strictly necessary for achieving efficient
power transfer. Operating at 1IMHz introduces significant practical challenges, including the
need for faster microcontrollers, more accurate sensing hardware, and higher-cost switching
components, all while increasing Electromagnetic Interference (EMI).

To simplify the system and enhance practicality, the control strategy was revised. In-
stead of using high-frequency PWM, a square wave signal directly operating at the resonant
frequency of 85kHz with a 50% duty cycle was adopted. This approach still ensures effective
resonance in the circuit, making it a more efficient and cost-effective baseline configuration
without compromising power transfer performance.

Table presented a summary of advantages and disadvantages for control implemen-
tations. The system presented in this section features dual-sided control with two DC/DC
converter and controlled rectifier, and no inverter control. An important factor in this devel-
opment is the aim of achieving control DWPT which, based on the work presented in Figures
3.20H3.23, shows a small window of opportunity for control (for a 0.3x0.3m coil <10ms). This
is important as research presented on the topic of control for WPT are static and focus on
steady state values where charging events are orders of magnitude longer than the times for
DWPT (charging events for WPT can be up to several hours for vehicle full charge).

Following the development of WPT taxi solutions, trialled in Nottingham [175], the
charging system experienced issues with its detection and communication components, which
failed to provide reliable readings. As a result, the charging process could not be initiated. To
mitigate this, the charging bays were physically sectioned off and equipped with light gates to
enhance vehicle detection and enable charging. These challenges highlight the importance of
developing charging strategies that do not rely on a communication link between the primary
and secondary sides of the system.

Inverter control was changed to a fixed 85kHz and 0.5 duty cycle (50% square wave at
85kHz), lowering the maximum switching frequency from 1MHz. Lower frequency operation
offers more choice for manufacture and less expensive components, as high power, high
frequency inversion is more expensive to implement. The impact of harmonic distortion on
either grid or load (EV battery) can be improved by other circuit components in the whole
system, especially when PFC and DC/DC converters operate at a lower frequency.
Furthermore, for the short duration and change in resonant frequency (as a result of
changing inductance) seen in DWPT leads to complications in implementing frequency or
phase shift based controls. It is also more practical to maximise the power transferred
between primary and secondary DC buses (before inverter and after rectifier), and allow
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secondary conversion circuits to manage battery charging with constant voltage/current
controls. It is also highly likely, manufacturers will insist on using the OBC to ensure any
charging components meet their requirements.

Secondary DC/DC converter is used to directly manage the load charging character-
istics. A buck converter allows a low ripple current to be obtained (compared to buck-boost
and boost converters), provides a relatively simple control scheme and it’s characteristics
can be tuned by changing circuit parameters, without affecting the DWPT components.
Secondary DC bus voltage (rectified voltage V,..) needs to be monitored as it can continue
to rise while output control is set constant, maintaining a self voltage is achieved by using a
controlled rectifier. It is possible to include this control into the DC/DC converter, however
that will directly affect output characteristics and is therefore inadvisable.

Controlled rectifier is used to control secondary bus voltage. For this function only two
of the four switches are used to provide a return path for current, effectively disconnecting
power flow to the secondary DC bus. This solves the issue of rising capacitor voltage, any
excess power will now be present in the WPT circuit where it is damped through passive
and switching components. The voltage control can be adjusted based on system design
parameters, especially if larger voltages are tolerable for the capacitor, it would allow for
more power to be transferred to the capacitor while the DWPT link is available.

When the rectifier disconnects the load, the WPT system is operating with a low impedance
load (only switch resistances as load), leading to high current. Increased current leads to
increased power losses in switching components components. The only remaining way to re-
duce this, is to introduce another converter to reduce the primary side DC bus voltage, which
will in turn lower the current and power through the system. Commonly this is achieved
with communication between primary and secondary sides of the converter [122], this section
will later show this to not be necessary based on the propose control scheme.

Primary DC/DC converter is used to reduce the primary DC bus voltage which in
turn regulates the converter power consumption. This converter can also be used to keep
the power draw from the grid below a certain level to manage grid impact. Stable tuning
for this converter is important as it will directly impact further converters and is the only
converter with a more complex equivalent load.

Control sequence and parameters are selected based on several design objectives. The
process begins with ensuring proper control of the output charging characteristics. As the
system design evolves, additional topologies and control targets are introduced to improve
the overall performance and efficiency of the converter.

The simplest form of the WPT system is illustrated in Figure [4.1l This configuration
enables wireless power transfer to the load with minimal components and control complex-
ity—requiring only the inverter to generate a square wave at the system’s resonant frequency
(85kHz).

To regulate the load’s charging characteristics (such as constant voltage or constant cur-
rent), a secondary DC/DC converter is introduced. This converter decouples the WPT sys-
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tem from the load, effectively managing fluctuations caused by variations in WP'T operation.
However, this approach leaves the secondary DC voltage (V.. in Figure uncontrolled.
Without regulation, the capacitor voltage can continue to rise, as there is no mechanism in
place to reduce input power and prevent overcharging.

To address this, the next stage is to implement voltage control to maintain the rectified
voltage at a set-point. This is achieved using a semi-controlled rectifier, which regulates
power flow from the inductive coil to the DC-side capacitor.

With the rectified voltage and load charging characteristics now managed by the secondary-
side circuitry, attention shifts to input power control. A significant mismatch between input
and output power can result in increased losses. While adjusting the inverter to control
power is possible, it adds considerable complexity. Instead, a primary-side DC/DC con-
verter is introduced to regulate the DC bus voltage before the inverter. This approach
effectively controls the power supplied by the primary circuit and can operate at a lower
frequency than the WPT resonant frequency.

Cy D1 )S &
) D2 s ==

| L4 T .
D3\ D4

Vs

Figure 4.1: Base WPT system with fixed frequency and duty cycle inverter.

4.1 Methodology
Using equations and ([13)), we obtain the expression for the secondary current:

wM Vi
2 = Z ) , M2 (24)
1 Z
MVq
= kR (25)
w M
Zy | Zy —
Solving equation for the input voltage Vj yields:
ZQ (JJQM2
=22 (7 - i 2
Ys= i < 1T, ) "2 (26)

Rather than assuming a fixed load resistance, we now consider the case of constant power
consumption at the receiver. The load power is given by:

P out

Pt = |is]?Req = |is] =
out |2| eq |2| Req

(27)

76



Substituting equation into equation (26), and taking magnitudes, the required

transmitter-side input voltage becomes:
Py | Zo wiM?
Vs = — | Z; - 28
\| R |wM ( b, (28)

From equation , it is evident that the required input voltage V; increases with the
output power P, .

Alternatively, using equation , the primary current can be expressed in terms of
mutual inductance:

. VA
11| = |tg] - —— 29
il = ol - 2 (29)
This links the mutual inductance directly to the primary current. Since |4, | is proportional
to the supply voltage in most converter topologies (e.g., full-bridge inverters), it follows that

the required supply voltage can be reduced as M increases.
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Figure 4.2: Circuit used for DWPT control modelling
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Figure shows the full circuit used to achieve DWPT, using the primary DC/DC
converter as a buck-boost converter allowed better response time for raising or lowering V.
Secondary DC/DC converter operation in buck mode allows for lower ripple current at the
output. This section will first present circuit analysis for the converters used and WPT
system before presenting an improve control strategy for the primary DC converter and
discussing results.

4.1.1 DC/DC converter analysis

Figure shows a configurable DC/DC converter. To achieve forward operation mode,
So = 54 = 0 leaving S1 as the buck control switch and S3 the boost control switch, allowing
the use of buck mode (S = PWM,S; = 0), boost mode(S; = 1,53 = PWM), or buck-
boost mode (S; = S3 = PWM). The same is possible for reverse operation mode where
S1 = S3 =0, buck mode (S, = PWM, Sy = 0), boost mode(S,; = 1,5, = PWM), or buck-
boost mode (Sy = Sy = PWM). As the circuit is symmetrical, analysis in forward mode is
presented. Analysis will give state-space matrices and transfer functions (V./d, where d is
the duty cycle) form using:

& = Az + Bu (30)
y=Cx+ Du (31)
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Figure 4.3: Configurable bidirectional DC/DC converter.

Where, x is the state vector, y is the output vector, u is the input (control) vector, A is
the system state matrix, B is the input matrix, C is the output matrix, and D is the feed-
forward matrix. For the buck-boost converter in forward operation mode, state variables are
given by:

_ (1w _
T = (‘/cb> 7‘/05_‘/03

The analysis of the circuit is presented by operation mode to develop the system equations
before summarising. Operating at a switching frequency f results in a switching period
T = 1/f. The on-time, corresponding to the active conduction interval, is given by ¢, = dT,
where d is the duty cycle. The off-time occupies the remainder of the cycle, tog = (1 — d)T.
The system behaviour during these intervals is modelled separately and then combined to
form an averaged model over one period. This averaged model is then used to analyse the
dynamic behaviour of the converter.

Buck mode

S, =PWM (32)
Sy =0 (33)
S5 =0 (34)
Sy=0 (35)
On state Shown in Figure [4.4]
N ) Sy
wd [
2t == S, S; E)

Figure 4.4: Buck converter forward mode showing current paths in the on state.
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Off state Shown in Figure [4.5]
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Figure 4.5: Buck converter forward mode showing current paths in the off state.
dlpy =V
Lo 39
dt Ly, (39)
d’Ucb
C = I — 1, 40
n Lb b (40)
Vi
Iy, =— 41
"= R, (41)

Combined equations Averaging the on/off equations over a switching period with
duty cycle d, the averaged equations become:

dlrp Ves Ve
M LR R 42
dt Ly Ly ( )
AV Ve
=[, - =2 4
Co=ai LR, (43)

Small-Signal Linearisation To analyse the dynamic behaviour of the system, we
perform small-signal linearisation by replacing all time-varying variables with the sum of a
steady-state value and a small perturbation, denoted by tilde variables:

[Lb—>[Lb+INLb (44)
Vip = Vo + Vg (45)
d—d+d (46)

Note that V,, = V; is a fixed voltage source and is therefore treated as a constant.
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Substitute into Equation [42}

d(Ipy + be)

= Ves ‘/;b+‘7cb
=(d+d)— - ——= A7
o (d+ )Lb I, (47)
Ve Vag Vo Va
Ly

48
Ly Ly, L, (48)

‘zb and ‘2: are constant and do not affect
the small-signal dynamics. Since we are linearising around the steady-state operating point,

In this analysis, steady-state terms such as d
these terms are cancelled, isolating only the perturbation components. This yields the small-
signal current equation:

dI Ve~ 1 -
Ly Ves 7 —V,
dt Ly Ly

(49)
Now apply the same process to Equation [43}
d(Vey + Vip) - Vot Vo
Cp——=1 Iy — —— 50
b 7t Ly + 1y i (50)
Vb =V
=|1Ip—— Iy — — 51
( Lb Rb) + 1y R, (51)
Cancelling the steady-state terms yields the small-signal voltage equation:
AV - I -~
C =1 — =V,
(ay L= g Veb

(52)

4 _ 5) gives the small-signal equations in the

Finally, taking the Laplace transform (%

frequency domain:

sTunls) = Z—‘jd@) ~ Tl (53)
sf/cb(s) = i [ Ly

State-Space Equations

(54)

The system can be expressed in state-space form using the
duty cycle (d) as the control input. Define the state vector, output, and input as:

1
xI({/ﬁZ)? y:‘/cba u=d

(55)
The linearised state-space equations become:
0o =L Ves
x:<1 L)x+()u (56)
Cy  RyGCh
y=(0 1)z+0-u (57)



Transfer Function The system transfer function can be obtained from the Laplace
domain equations to give:

V. Ve,
M (58)
d  L,Cys? + (é—i) s+1
Buck-Boost mode
S1=53=PWM (59)
Se =10 (60)
Sy =0 (61)

On state Figure 4.6
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Figure 4.7: Buck-boost converter forward mode showing current paths in the off state.

dl
Ly = Vo (64
dVey . Ve
Cb di =1p Rb (65)
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Combined equations

dl
LbWLb =dV; — (1 = d)Vy
dVew Ve
C =(1-d)I;, — =
e S R,

Small-signal linearisation

slppLy = dVy — Ve + dVe + dVi,

. . 8 V.
SVCbe:]Lb_d]Lb_]Lbd_ﬁ
b
sy ——U=dg Vet Veg
Lb — Lb Cb Lb

B 1—d- 1 I; -
VoCb = Iy — — —=d
sve c, T R G

State space equation

y=(0 1)z+ (0)u

Where V., =V, xd/(1 —d) and I, = V./R,/(1 — d)
Transfer function
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d

Boost mode
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On state Figure 1.8

Off state Figure 4.9

Combined equations

Small-signal linearisation

slppLy = =V + dVe + DV,

N N - N v,
sVewCy = Ity — dlrp — Irpd — %
b
5, _ s,
TTIL - L

Figure 4.8: Boost converter forward mode showing current paths in the on state.
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Figure 4.9: Boost converter forward mode showing current paths in the off state.
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Transfer function
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System transfer functions summarised Based on the analysis provided, the denom-
inators of all converter transfer functions conform to the standard form for second-order
systems. These systems can be expressed either without or with a zero in the numerator.

e Without a zero (e.g., Buck converter):

G(s) = L (96)

$2 4+ 2Cwy s + w2

e With a single zero (e.g., Boost and Buck-Boost converters):

K(s — z)w?
$2 4 2Cwy,s + w2

G(s) =

(97)

Here w, is the natural frequency of the system, ( its damping ratio, z represents the zero
location and K is a gain constant that scales the magnitude response but does not affect
system dynamics (pole or zero locations).

This general structure allows a unified framework for analysing converter dynamics and
designing control strategies. The presence of a zero alters the transient and frequency re-
sponse, especially affecting phase and overshoot, while K influences steady-state gain.

PI controller implementation
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Table 4.1: Summary of Buck, Boost, and Buck-Boost converter control parameters in stan-
dard second-order form.

Mode V, Ly f/c/ci W, ¢ Zero Location
_ V, - w? 1 1 /G,
Buck qv, Yu-drd s ¥n == -
uc Aiy 82 + ZCWTLS + wT2L \ Lbe 2Rb Lb
(s - dlsz) w? / 2
Boost v, V,Td v dLy . dLy n d 1 @ d*“ Ry
1—d Afy "\d?R, ) 24 2€wp,s+w?2 VLG, 2R\ Ly dL,
Lyi s— 4o d 1 [C v,
Buck-Boost %4 %74 — (). /" 22 °
HeReBoost ima A 2 ) Pt 2wstw: LG, 2R\ Iy Lyii

General Approach For a PI controller, the transfer function is denoted as G.(s) =
K,+ %, where K, and K; are the proportional and integral gains, respectively. For a known
system (Gp) in a closed loop set up, the overall transfer function is denoted is given by:

T(s) = — (98)

1
GEae T 1

This can be simplified and rearranged into a rational polynomial form, enabling the use of
pole placement techniques to design the controller. Pole placement involves choosing desired
closed-loop pole locations—typically to achieve specified damping, natural frequency, and
response time—and solving for controller parameters that place the system poles at those
locations.

Pole Placement: Motivation and Limitations

Pole placement provides an intuitive, model-based way to tailor dynamic behaviour such
as overshoot, settling time, and stability margins [176]. However, it has several important
drawbacks:

e Model Sensitivity: Controller gains depend on accurate knowledge of system pa-
rameters (L, C, R, V). Any mismatch (due to ageing, tolerance, or load variation)
can degrade performance.

e Lack of Robustness: Unlike robust or adaptive methods, pole placement does not
account for parameter uncertainty or disturbance rejection unless explicitly extended.

e Integral Action Trade-off: Although the integral term ensures zero steady-state
error, it introduces an additional pole at the origin. If not carefully placed, this pole
can lead to sluggish response or even compromise system stability.

e Bandwidth Limitation in Non-Minimum Phase Systems: Boost and buck-
boost converters contain right-half-plane (RHP) zeros, which inherently limit achiev-
able control bandwidth and make aggressive pole placement impractical.
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Despite these limitations, pole placement is an effective and appropriate method for de-
signing PI controllers for buck, boost, and buck-boost converters—particularly under nom-
inal, continuous conduction mode (CCM) operation—because the plant dynamics are rela-
tively well-understood and can be linearized into low-order systems amenable to analytical
control design.

Buck mode

% (Kps + K;)
4 (8) 524 () s+ &
Where a = R,L,Cy/Vi,b = L/Vs,c = Ry/V,. As the transfer function is a 3'% order

system, we expect 3 poles, 2 symmetrical and another real pole at a value of . We can
therefore use pole placement for controller design.

T —

(99)

b K, K;
s34+ <—> st + <m> s+ — = (54 a)(s* + 2(wns + w?) (100)
a a a
= 5"+ 5% (2w, + ) + s (W) + 2aCw,) + aw,  (101)
Equating coefficients:
b
— = 2Cw, + « (102)
a
K
el S (103)
K;
— = aw; (104)
a

The settling time of a second-order system is typically defined as the time required for
the system’s response to remain within a specified percentage band around its final steady-
state value. This band, known as the settling criterion, is selected based on the acceptable
deviation from the final value. The settling time can be found using the settling criterion as:

—1In(d
ts = ©) (105)
(Wn

For a 1.5% settling criterion, the response must remain within £1.5% of the steady-state
value. Substituting = 0.015 into (105]), the natural frequency w, can be related to the
damping ratio ¢ and the desired response time ¢, as:

4.2
. (106)

tr

From here, the PI values can be found by:

K, = (2alw, 4+ w2)a—c (107)

b
K; = aawla = = — 2w, (108)

a
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Buck-boost mode
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4.1.2 Wireless Power Transfer (WPT) system analysis

Applying the same analysis to the WPT circuit can be done between the inverter and rectifier.
Following the same approach for state space modelling, only with more state variables gives
the mathematical representation of the system.

Cy C

R I Lo Ry
I L

# <t> —sM.I, <*> <"> sM.I, Qgé

Figure 4.10: Equivalent WPT circuit between inverter and rectifier rectifier.

Where R1&Rs are the internal resistances of primary and secondary coil respectively.
Using the induced EMF model for DWPT system modelling, it is appropriate to treat the
mutual inductance M as a variable parameter, since it is directly affected by the relative
position and alignment of the primary and secondary coils. However, in practical scenarios,
changes in (M) are governed by the mechanical dynamics of the vehicle or moving platform
carrying the secondary coil. These mechanical movements—such as lateral misalignment
or coil height variation—occur at a much slower rate compared to the dynamics of the
electrical subsystem. This is due to the significantly larger time constant of the mechanical
system when compared to the electrical system. As a result, while M is variable in theory,
it can often be considered quasi-static during short-term electrical analysis and control. A
more detailed discussion of the time-scale separation between the mechanical and electrical
subsystems, and its implications on the modelling of M, is provided in Section [3.4]

T = [331 Ty T3 Ty x5]T (123)
v=[voor i1 in iy Vo] (124)
N (125)
T = —x
1=
: 1 :
Ty = m(kVZ —x1 — Ryxo — Ma3) (126)
l:g - 3}:2 - .154 (127)
: 1 :
Ty = m(M% — (B2 + Req)wy — x5) (128)
= (129)
Ts5 = —2x
= o

Re-arranging equations to give:
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1

1;2: (LI_M)+M(k%—I1_R1x2+Mx4>
. 1 .
Ty = (L2 — M) T M(Ml’g — (RQ + Req)ZL’4 — l’5)
hence,
. 1 M(R2+Re) M
9= ——(kV,— 2, — Rizg — ——— L g, — —x
2 I _]g_;( 1 142 L2 4 LQ 5)
. 1 MEV, M MRy
Ty = L2_]g_f( Ll —L—ll'l— Ll xg—(R2+Req)l'4_$5)

As x3 = 19 — x4, it is a redundant state and can be removed to give:

T

[ Tr1 T2 I3 $4]T

l’:[ ver 11 G2 UCQ}T

Which gives the following state space equation:

0 ol 0 0
_1 Ry —M(R2+Req) M
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0 0 + 0
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0 0001 0

4.1.3 Decoupled Dual-Sided Control

(130)

(131)

(132)

(133)

(134)
(135)

Following the implementation of the DC/DC converter and WPT system, the primary-side
DC converter control is revisited to improve efficiency and modularity. Traditional methods
often rely on detailed circuit analysis to determine the optimal operating point, requiring
full knowledge of system parameters and sometimes communication between the primary
and secondary sides. However, this dependency on real-time communication adds system

complexity and cost.

In the proposed system, the secondary-side circuit regulates the rectified output voltage,
and the output power is assumed to remain approximately constant due to load regula-
tion. Under this condition, applying current-based constraints—such as those derived from
Equation which directly relates primary and secondary WPT coil currents—would over
constrain the system. The analysis shows that output power consumption is reflected in
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the secondary coil current. Since the primary and secondary currents are directly propor-
tional, imposing control on the primary coil current introduces redundancy and unnecessarily
constrains the system.

Instead, using Equation [28 which relates the input supply voltage to power transfer,
allows the system to adapt current flow dynamically while maintaining power balance. This
enables the use of voltage-based control on the primary side without requiring feedback from
the secondary side.

Since the inverter is left uncontrolled, the reflected power from the secondary coil appears
as a change in the current drawn from the primary-side DC bus. If the primary DC voltage V&
is set higher than necessary, the resulting excess power—due to a mismatch between inverter
demand and converter supply—is dissipated as losses in the primary circuit. Conversely,
if Vo is too low, the WPT system under delivers power, leading to voltage collapse at the
output.

This behaviour creates a control opportunity: the difference between the primary con-
verter output current I; and the inverter input current [;,, becomes an indicator of system
efficiency and power matching. A mismatch suggests over- or under-supply of energy. This
is exploited in the control structure shown in Figure [4.11], where a multi-loop control archi-
tecture is employed:

e An inner current loop regulates the inductor current for fast dynamic response.
e An outer voltage loop tracks the DC bus voltage Vi using a PI controller.

e A power balancing loop compares the measured current ratio |Iy|/|lin| to adjust the
voltage reference V,.r, optimizing efficiency without needing communication from the
secondary side.

1 PI Vies PI Lres PI d
—(— — — System
2 (Power Match) - (Voltage Loop) - (Current Loop)
I,
Ve

Measure I,

|Id‘/|Iim}‘

Measure Vg

Measure + Fourier fundamental component
|I d‘/ |I inv‘

Figure 4.11: Primary DC/DC converter control loop

4.2 Results & Discussion

For the circuit depicted in Figure [4.2] the input power, output power, primary-side voltage
(Ve), rectifier voltage (Viec), and output current (I,) are illustrated in Figure [£.12] This
section presents a comparative evaluation of the proposed control strategy against a conven-
tional step-based adjustment of the primary DC bus voltage (V). The goal is to validate the
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controller’s ability to regulate power flow, minimize input power consumption, and ensure
stable output—all without requiring communication between the primary and secondary
sides.

Figure shows the response of the primary DC bus voltage. The step change method
reflects a conventional control approach, where Vi is adjusted based on pre-calculated set
points. In contrast, the proposed control scheme autonomously identifies the optimal oper-
ating point using only primary-side measurements. This data-driven approach demonstrates
improved adaptability and responsiveness under varying load conditions.

The rectifier voltage (Vie.), presented in Figure , remains exceptionally stable across
both control schemes. The minimal ripple—less than 0.1%—underscores the robustness of
the proposed controller, which maintains voltage stability despite the absence of secondary-
side feedback. This affirms the system’s ability to maintain functionality without communi-
cation while altering primary side operation.

Figure illustrates the output current (I,,), which is regulated at 10 A in both
scenarios, with minimal variation due to system changes. The observed ripple is primarily
attributed to the design of the secondary-side DC/DC converter

The output power (P,,), shown in Figure , remains virtually constant throughout
the simulation for both methods, confirming that load demands are fully met. However,
the input power behaviour—shown in Figure reveals a marked difference. The step-
change method achieves a faster and more aggressive transition to a predefined reference
voltage, while the proposed controller adapts to a more efficient operating point. This
demonstrates the proposed control’s capability to adapt to system fluctuations and parameter
uncertainties, achieving efficient operation under real-world conditions.

The performance improvements are quantified in Table [4.2] which compares steady-state
input power and system efficiency. The proposed controller achieves a higher efficiency of
93.5%, compared to 92.7% for the conventional method, while delivering the same output
power. This clearly demonstrates the controller’s capability to dynamically optimize the
system’s operating point, enhancing overall energy efficiency without any communication
between the primary and secondary subsystems.

Table 4.2: Comparison of input power and efficiency for static control once in steady state.

Control mode Steady-state efficiency (7) Input power (kW)

Vi Step change 0.927 4.65

Proposed control 0.935 4.61

Figure illustrates the performance of the proposed control strategy in a dynamic
scenario, where the coils transition from a misaligned to an aligned state—as reflected in the
increasing coupling factor. As the coupling improves, the system’s power transfer capability
increases accordingly, resulting in a noticeable reduction in input power consumption.

Compared to the static charging case, system fluctuations are more pronounced due to
the varying magnetic coupling. Nevertheless, the proposed control effectively mitigates these
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Figure 4.12: Comparison of proposed control strategy with Vi step change across key power
system metrics.

disturbances. The rectifier voltage experiences only a modest deviation of approximately
0.5%, which is further attenuated by the secondary-side DC/DC converter, maintaining
stable output voltage and current characteristics.
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Figure 4.13: Dynamic performance of the proposed control strategy under variable coupling

conditions.

4.3 Chapter Summary

This work builds upon prior research that emphasizes the need for communication in dual-
sided control of wireless power transfer systems |[122]. In contrast, the proposed methodology
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demonstrates that effective control of the secondary side—responsible for regulating output
charging characteristics—can indirectly influence the primary side. As secondary-side load
conditions change, the resulting variations in power consumption are reflected back to the
primary, enabling the primary-side controller to adapt its operating point and reduce input
power consumption—all without requiring direct communication between the two sides.

The implemented control strategy effectively suppresses system fluctuations and main-
tains stable output voltage and current—critical factors for battery health and long-term
reliability. By eliminating the need for cross-side communication, the system architecture
is significantly simplified, allowing for modular design and independent control tuning of
each subsystem. This results in a practical, scalable, and implementation-friendly solution
compared to more complex strategies reported in the literature.

Using the proposed control strategy, effective system control is achieved without intro-
ducing additional communication components which can incur connection issues due to the
generate EMF for inductive charging. The modular design of the system allows for indepen-
dent control for each sub-system, allowing the use of existing control and design strategies
for each sub-system making it a more practical approach for system design and development
in industrial applications.

The dynamic simulation scenario illustrates the controller’s robustness under varying
coupling conditions, where the mutual inductance changes to mimic coil misalignment and
realignment. While the proposed control effectively manages these variations, certain limita-
tions in the simulation setup must be acknowledged. Specifically, the step change in coupling
occurs over a brief 10 ms window, during which the primary side remains continuously pow-
ered. In practical applications, it is more desirable to reduce or suspend power delivery
during periods of low coupling to avoid unnecessary magnetic field generation and minimize
energy loss. Once the system is powered up for active power transfer, the proposed controller
can be utilized to regulate operation and achieve efficient, stable performance.

Moreover, if the objective is to maximize power transfer during short alignment intervals,
dynamically adjusting the rectifier’s reference voltage or output current could enhance energy
throughput. This would allow the system to make more effective use of brief periods of
optimal coupling, particularly in DWPT applications.

Another promising direction involves leveraging the primary-side DC/DC converter for
grid-aware power management. By regulating input power to maintain a stable load profile
at the grid interface, the system can contribute to grid stability while still fulfilling the de-
sired constant-current/constant-voltage (CC/CV) charging profile for electric vehicles. Since
the proposed control strategy has shown resilience in attenuating disturbances before they
reach the output, it could also be extended to accommodate variability caused by DWPT
transitions or fluctuating grid conditions.
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5 Equivalent models and simulation time reduction for
DWPT

DWPT systems exhibit significant modelling complexity, stemming from high-frequency
switching, and the presence of numerous interacting electrical states. These detailed models
are indispensable for accurate system-level analysis but pose considerable challenges for the
development of control strategies due to their high computational burden.

With typical switching frequencies of 85 kHz, simulating the dynamic behaviour of WPT
systems over extended durations becomes computationally intensive. However, for control
design purposes, such high resolution is often unnecessary. In most cases, the principal con-
cern lies in regulating the power transferred between the primary and secondary coils, rather
than capturing every transient associated with switching events. As a result, full-resolution
simulations are frequently inefficient and not well-suited to control-oriented modelling and
design.

The high computational cost associated with full-resolution DWPT simulations presents
a major barrier for several classes of applications. For instance, |177] highlights that the long
simulation time of DWPT systems limits the feasibility of optimization approaches such as
particle swarm optimization (PSO), particularly in dynamic or real-time scenarios. Similarly,
[178] notes that while FEA-based modelling enables accurate design optimization, its use
in multi-objective frameworks remains computationally intensive and requires considerable
pre-processing and parameter tuning. At the system level, [179] discusses the challenges of
incorporating full-scale DWPT models into grid interaction studies and traffic-dependent
load forecasting, emphasizing that tools like PLECS and ANSYS are prohibitively slow for
large-scale simulations. As an alternative, they propose generating time-dependent load
profiles as a computationally efficient proxy for detailed electromagnetic modelling.

In light of these challenges, this work introduces a reduced-frequency average model of
the DWPT system. By abstracting switching dynamics and focusing on average power flow,
this model enables significantly faster simulation while preserving the system’s dominant
behaviour. This allows for efficient evaluation and design of control strategies without com-
promising key dynamic characteristics.

5.1 Methodology
5.1.1 Full circuit

Source DC/DC conversion ‘Wireless power transfer DC/DC conversion Battery
I,
N e I = & &5

% L ﬁ 4(13 = | B ® 45 ::)‘Wﬁgwﬁwx E
BIa 1

Figure 5.1: Full system schematic
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The basic system required for WPT for EV charging the minimum circuit required consists of
an inverter, rectifier and inductive coils and compensation capacitors. Adding primary and
secondary DC/DC converters helps improve efficiency and control of the system by decouple
both the source and load from fluctuations in the wireless power transfer system.

The base circuit used for comparison in this research is shown in Figure [5.I] The sub-
circuit function aims to control either the voltage or current at intersection or connection
points between subsystems. Primary side DC/DC converter controls the DC bus voltage
which is supplied to the inverter; The inverter controls switching frequency for WPT, based
on system parameters results in a secondary coil current; controlled rectifier using secondary
coil current maintains a reference DC voltage; secondary DC converter can be set to constant
current or voltage based on load requirements (for EVs this is based on SOC).

Note: The circuit is designed to be symmetrical around the inductive coils, hence can be
configured to run in reverse mode for V2G applications

5.1.2 DC/DC converter

Ch

\|

/
e

Figure 5.2: Configurable bidirectional DC/DC converter

For both primary and secondary side of the circuit in Figure[5.1] a configurable bidirectional
DC/DC converter is used. Based on the used of switches S1-S4, the converter can set to Buck,
Buck-Boost or Boost mode in either forward or reverse direction, the possible configurations
are shown in Table [5.1) where a PWM signal is used to track a reference signal using a PI
controller.

96



Table 5.1: DC/DC converter configurations. Tables should be placed in the main text near

to the first time they are cited.

Mode S1 S2 S3 S4
Buck PWM 0 0 0
Buck-Boost PWM 0 PWM 0
Boost 1 0 PWM 0
Reverse Buck 0 0 0 PWM
Reverse Buck-Boost 0 PWM 0 PWM
Reverse Boost 0 PWM 0 1

5.1.3 Inverter

(D)
&/

ng_ Sl®5 “:J)

Figure 5.3: Inverter diagram

( IFL

A fixed duty cycle inverter is used to drive the WPT circuit at resonant frequency. Figure
shows a basic implementation where a constant voltage sources and restive load are shown
for circuit simplicity, these are later replaced with the circuits shown ins Figure [5.1]

5.1.4 Dynamic wireless power transfer

N <j> —512.M<f> <f> sl .M

Cy
%I_\ARAIA—. L A
VALAALS
—
I

Figure 5.4: WPT model

The DWPT model, relates the two inductive coils using the induced voltage which is a
function of mutual inductance. Same as other mutual inductance systems such as fixed core
transformers use the same approach. The mutual inductance is a parameter which describes
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the link between both primary and secondary sides, the coupling factor is a unit-less constant
which describes the same relationship (coupling factor k = M /y/L;Ls).

The remainder of the circuit (Figure uses series-series connected compensation for
resonant operation and an equivalent load resistance is used for the diagram. The DWPT
model only requires measuring i; and i, to generate the induced voltages (shown as sMi; and
—sMis). Hence the source and load can be connected to the full circuit without changing
the DWPT.

Finally, dynamic modelling is achieved by varying the mutual inductance variable. As
the mutual inductance is a function of displacement between the two coils, hence changing
the mutual inductance will model the dynamic changes in the system. Previous research
discusses this in more detail [174] including the model used for mutual inductance [157].

5.1.5 Semi-active rectifier

(a) Positive cycle (b) Negative cycle (c) Off state

Figure 5.5: Conduction paths for semi-active rectifier operation during operation.

Figure [5.5| illustrates the conduction paths for the semi-active rectifier under different
switching states. In this configuration, only switches S2 and S4 are used to control power
flow. When Sy = 5, = 0, the circuit functions as a passive rectifier, allowing maximum power

transfer, as shown in Figures and [5.5b, Conversely, when Sy = Sy = 1 (Figure |5.5d)),

the switches create a return path for the source current, effectively blocking power flow to
the load.

The use of a semi-active rectifier circuit is recommended in scenarios where a secondary
DC voltage source can otherwise continue rising to unsafe levels. This situation arises when
the WPT system delivers more power than the load consumes, which is common in systems
designed to maintain constant output characteristics. Rising voltage causes increase in volt-
age/current ripple and can compromise system safety. Semi-controlled rectifiers have been
shown to manage power flow effectively, particularly by blocking conduction paths during
critical intervals using controlled switches [180,/181]. However, relying on regulation solely
from the primary side introduces a delay in response due to the decoupled nature of the
primary and secondary converters via the WPT link. Although additional control strate-
gies can be introduced—typically on the primary side—these are limited by the challenge
of implementing reliable communication between the primary and secondary circuits [182].
Furthermore, passive components such as output filters are often necessary to mitigate ripple
and stabilize voltage, especially under varying load conditions [183].
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5.1.6 System control

The circuit used in Figure is designed to have each sub system control variables within
it’s circuit using a PI controller for duty cycle which is then used to generate a PWM signal
supplied to the switches as described in each sub-circuit section above. Hence, the primary
DC/DC converter controls primary DC bus voltage; the inverter is fixed duty cycle (hence
uncontrolled); rectifier control secondary DC bus voltage; secondary DC/DC converter con-
trols load charging characteristics (constant current used in this paper).

5.1.7 Connection of subsystems and additional requirements

The interconnection of subsystems can be a challenge, as ideally these systems would connect
directly to each other (similar to the switching circuit). However this is not always possible as
each system is designed with ideal sources and loads, hence a solution can be achieved. Once
multiple systems are chained together, the MATLAB Simulink solver has issues defining
circuit parameters and views the system as a logic loop.

Primary DC/DC Converter The main function of this circuit is to convert the primary
coil current from the WPT system to an equivalent DC current at the output of the DC/DC
converter (acting as a load). The relationship between the magnitude of the primary coil
peak current (I,) and the RMS value is given by I, = I,/v/2.

To relate the load power consumption to the input power of the WPT circuit and account
for inverter losses, we summarize the losses using the converter efficiency 7;,,, where P,z =
nP.,. As the inverter generates a square wave and that its RMS voltage equals the DC input
voltage (Vpe1 = V},), the power relationship becomes:

Pwpr1 = Niny Poca (136)
IPRMS% = 77mv12D01 Vber (137)

Substituting Vpc1 = V), we obtain the current relationship:

IPRMS = ninv[2D01 (138)

I
Ly, = —2 (139)
oet 7]7,7w\/i

Wireless power transfer First, the implementation for WPT assumes a sinusoidal input
voltage, as the voltage applied in this study is a square wave the approximate value for input
voltage is given by:

‘/;nWPT ~ 1'27‘/21)01 (140)

The calculation of mutual inductance between he coils is given in Appendix and the
implementation of the implementation of the WPT system is given in Appendix[8.2.2l While
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the equations are preserved, note the scale factor (sf) applied in the code to scale up the
state space implementation response time.

Approximating the load resistance (secondary DC/DC converter) is achieved by approx-
imating the converter’s power consumption where:

P, =npcPpc (141)
Vol, = npcVii./Roe (142)
nDCV:/?ec
= 14
Rpc VI, (143)
PDC - nrecPWPT (144)
Vi Virus
rec __ rec S 145
Foo "R, (145)
Virus
Req - nreci/—QRDC (146)
4e3, itk <O
R,=4 ¢ o7 (147)
Req, otherwise

Where £k is the coupling factor between the two coils.
Finally approximating rectifier voltage (V) is done as a function of both the secondary
coil current (I) converter equivalent resistance (Rpcpez) such that:

‘/’;‘EC

dV,
Oreci = \/Edrec]s -
dt Rpcpes

(148)

Secondary DC/DC converter Once the considerations above are implemented, the cir-
cuit can be used the same as shown in analysis by applying rectifier voltage (Vyec).

5.2 Circuit equations and equivalent circuits
5.2.1 DC/DC converter

Fig shows the bidirectional DC/DC converter. To achieve forward operation mode,
Sy = 54 = 0 leaving S1 as the buck control switch and S3 the boost control switch, allowing
the use of buck mode (S, = PWM,S; = 0), boost mode(S; = 1,53 = PWM), or buck-
boost mode (57 = S3 = PWM). The same is possible for reverse operation mode where
S1 = S3 = 0, buck mode (Sy = PWAM,S, = 0), boost mode(Sy = 1,5, = PWM), or
buck-boost mode (Sy = Sy = PWM). Carrying out the circuit analysis gives the following:
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Buck Mode

Buck-boost Mode

Boost Mode - Reverse

Buck Mode - Reverse

Buck-boost Mode - Reverse

dva 1 ir
ad Cc, O
dig, Vel Ve2

dt L L
dvey  ip o

dvcl ’il iL

a C

dig, Vel Ve2
T _ gl (g — gl
dt L ( )L
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dt ( )Cg Cy

101

(149)
(150)

(151)

(152)
(153)

(154)

(155)
(156)

(157)

(158)
(159)

(160)

(161)
(162)

(163)



Boost Mode - Reverse

dUCl il

=1 _(1-d
dt Ch ( )
diL Vel
— = (1=d)— —
dt ( >L
do i o
dt Oy O

é (164)
%2 (165)
(166)

The equivalent model of the DC/DC converter can be seen in Fig. [5.6] and it’s Simulink

implementation in Fig.

ts

ADC/DC)

11,2

Figure 5.6: DCDC equivalent circuit

Buck

Buck_boost

Figure 5.7: DC/CD converter Simulink implementation

5.2.2 Inverter

For the purpose of this research, a fixed duty cycle is used to generate a square wave with am-
plitude £Vpe. The supply voltage/current can hence be related to it’s load voltage/current

given by:

‘/;ource = H/Zoad - 2Rfet

]source - | ILoad |
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A more accurate representation takes into account MOSFET, practically this is <1% differ-
ence for analysis. Later this is connected to the WPT estimation which considers sinusoidal
input instead of square hence:

‘/square = \/5‘/51'116 (169>

5.2.3 Dynamic wireless power transfer

To replace the WP'T circuit, a power estimate from the secondary DC bus is used to estimate
load resistance (R, = V2./Ppc,), to incorporate the rectifier an equivalent resistance is
used to account for the rectified power consumption (R., = 8Ry/7?). Like wise for inverter
voltage, a sinusoidal input is assumed in AC analysis (Vj, = Vpesin(f), where f is the
operating frequency). The remaining variables represent compensation capacitors C1 and
C2, coil inductance L1 and L2 and their resistance R1 and R2, the remaining parameter for
mutual inductance links the primary and secondary sides. Note the mutual inductance is
calculated from dimensionless parameter of coupling factor (k) where k = M~/L,Ly. With
all of the above parameters, a steady state value can be estimated for both the input and
output current using the impedance at operating frequency f for all passive components.

Zy =Ry + jwLy + 1/jwCy (170)
Zy = Ry + jwLy + 1/jwCy + R, (171)
Voltage analysis of both sides gives:

Vs = 0121 + jwwMiy (172)
JwMiy = Zsio (173)

Hence the input and output current can be obtained :
iv=Vi/(Zy — w*M?/Zy) (174)
iy = jwM/Zyiq (175)

For dynamic charging, the steady state values will need to change as system parameters
(such as coupling factor changes), hence we are more interested in the peak values of voltage
and current. To achieve this we can use the total impedance of the system for the following
differential equations:

d(ll) . Vin — i1§RZ1 - U)MZQ

= 176
dt VA (176)
d(Zg) lel — ig%ZQ
= 1
dt S22 (177)

Hence we can relate primary and secondary DC buses, based on input voltage and output
equivalent resistance. The full circuit features a dual active bridge, where the primary and
secondary currents values can be converted to the equivalent DC currents before the inverter
and after rectification for il and i2 respectively.

Hence the WPT equivalent circuit implementation is shown in Fig [5.8 and Fig.
MATLAB Simulink implementation code used to implement the aforementioned equations

shown in annex [8.2.1] and annex [R.2.2]

103



(5% iL2

SOWPT)

Vb
Req

Figure 5.8: WPT equivalent circuit

Figure 5.9: WPT Simulink implementation

5.2.4 Semi-controlled rectifier

A semi controlled rectifier is used to control rectifier voltage, switching off the input current
from the WPT coil. For this function the two MOSFET’s are controlled on to disconnect
the power flow to the secondary DC converter.

Analysing the switching behaviour of the controlled rectifier, the voltage before the recti-
fier is a function of the secondary coil current, rectified voltage and rectifier diode/MOSFET
on resistance such that:

d=0:Vy=Vee*sign(ls) + 2R e, (178)
d=1:Vy=2Rs], (179)
The current relationship is given by:
d=0:1I;,=1.+1; (180)
d=1:0=1.+11 (181)

Note, d denotes the duty cycle of the switching signal for the semi-controlled rectifier.
The approximation used for the proposed system is given by:

dl, =1, + 1 (182)
V.= IRy /I (183)
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5.3 Results & discussion
5.3.1 DC/DC converter

While the operation of DC/DC converters is well established, the key focus here is the
system’s bidirectional capability. To illustrate this functionality, a transition from forward
to reverse buck-boost mode is presented, demonstrating the system’s ability to switch power

flow direction effectively.
The results presented in Fig. [5.10| show a comparison between the proposed model and

switching model, where an accurate representation is achieved.

30 600

450 | 2.0
|
| 2 l‘(\i 300‘
400 | I
~ S — -30 i 250
350 -40 200
0 0.2 0.4 0.6 0.8 1 0 0.2 0.4 0.6 0.8 1 0 0.2 0.4 0.6 0.8 1
Time (s) Time (s) Time (s)
(a) Voltage (Vcl) comparison  (b) Inductor current (IL) com- (c) Voltage (Vc2) comparison

parison

Figure 5.10: Bidirectional DC/DC converter switching from forward to reverse buck-boost
mode at t=0.5s.

5.3.2 Wireless power transfer

Validation of the proposed WPT equivalent circuit is shown in Fig. [5.11] First the system
operation is shown at steady state with a step change in coupling factor, then the direction
of power flow is reversed and the step change is reverted to show the system operating in
reverse mode. Notably, the proposed system gives the peak value of primary and secondary
currents, which normally remain less than zero, here however the magnitude is given as
negative, to indicated direction of power flow.

5.3.3 Dynamic wireless power transfer

Applying the WPT model to a dynamic scenario, Figure [5.12] shows the comparison of
primary and secondary coil currents as a function of coupling factor where direction of
power flow is switched at 50ms. The proposed system successfully estimates the magnitude
of coil current which can than be used to connect to different sub systems (inverter and
rectifier) for further analysis.
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Figure 5.11: Comparisons of primary and secondary currents for bidirectional WP'T, switch-
ing direction at 50ms.
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Figure 5.12: Comparisons of primary and secondary currents for DWPT with a restive load.

107



Table 5.2: Simulation system parameters.

Parameter Symbol(s) Value
Coil inductance L1, L2 132.410pH
Coil internal resistance R1, R2 1.3m2
Compensation capacitance C1, C2 26.47TuF
DC/DC converter inductance Lb 5mH
DC/DC converter capacitance Cb 1.5mF
Inverter frequency fi 85kHz
DC/DC converter frequency fac 2kHz

5.3.4 Full system

The main point of interest for the grid interaction simulations is the input (source) and
output currents, which are shown in Figure [5.13] The proposed simulation captures the
dynamic behaviour of the system in a much shorter simulation time, at the cost of slight
inaccuracy at the start and end of the power transfer window. This is thought to be due to
the behaviour of the controlled rectifier, as the voltage on the secondary circuit falls too low
to forward bias the rectifier diodes. Consequently, the equivalent AC resistance seen by the
circuit changes to the snubber resistance. This is further supported by the accuracy of the
results within the main power transfer region, which show close correlation to the full circuit
results.

To further explore the accuracy of the system, the DC bus voltages are also shown. Again,
a similar response is observed, with the main reference voltages being achieved successfully.
Note that the primary and secondary sides show very similar behaviour and response to
changes in coupling. Notably, the primary-side DC voltage (vpc1) shows a difference in the
voltage rise and fall, indicating a potential inaccuracy in the load applied to the primary
converter. While the results in Figure [5.10 show the DC converter modelling to be very
accurate, this variation is thought to be linked to the AC equivalent resistance applied to
the WPT system. As Figure shows the DWPT system response with a resistive load,
the key difference for the full system test is that the load resistance is calculated based on the
power consumption by the secondary-side DC converter. This suggests that the modelling
of the controlled rectifier should be revisited.

Overall, the results demonstrate the ability of the model to estimate not only the input
and output currents based on the coupling factor but also the impact on other state variables,
such as the primary and secondary voltages, which are controlled by PI controllers. Hence,
the proposed model can be used to investigate different control schemes for DWPT.

As the main error occurs in the input power consumption, Figure [5.14| presents a com-
parison of the energy consumed at the source. A peak error of 5% is observed over the full
simulation duration, highlighting the model’s ability to closely replicate the behaviour of the
full switching model throughout the simulation.
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5.3.5 Simulation time

The system used for simulation has the following specifications: CPU - i7-6700 @3.40GHz;
Memory - 16GB RAM; OS - Windows 11 64-bit (10.0 Build); Matlab - R2023a.

Table shows a comparison of the simulation times for each circuit presented. Notably
the main simulation showed ~ 69x reduction in simulation time for the same simulation
duration, confirming the effectiveness of the simulation techniques in reducing simulation
time.

The increased simulation time is due the increased complexity of the full circuit model
and computation required to obtain results. This is also true for the proposed equivalent
circuit, however instantaneous values for voltage/current are omitted which in turn allows
an increase in the required time step to obtain results.
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Table 5.3: Comparison of simulation models.

Sub- Circuit Time Step Simulation Elapsed Steady-
system Duration Time State
Error
DC-DC Switching 100 ps 1s 2.54 s 0.03%
converter model
Simplified 100 ps 1s 0.74 s
model
DWPT Swétch?ng 117.65 ns 0.1s 11243 s 0.5%
circult
Simplified 117.65 ns 0.1s 4.00 s
model
Full ciceuit Sw‘itch'ing 117.65 ns 0.15s 1391.76 s 5%
circult
Simplified 117.65 ns 0.15s 20.32 s
model

5.4 Chapter Summary

The implemented average circuit models effectively reduced the maximum frequency required
for simulation, resulting in over a 60-fold reduction in simulation time. This makes it feasible
to accurately estimate DWPT system behaviour for scenarios such as grid interaction studies,
which were previously impractical using detailed full-frequency models. By achieving this
level of simulation efficiency, the approach directly addresses the challenges identified by
Niu, Li, Lu, and Pan [177], who showed that particle-swarm-based parameter identification
methods are too computationally intensive for dynamic, real-time applications. Similarly, it
responds to the bottlenecks noted by Wang, Fu, Zhao, and Hu [178], who demonstrated that
traditional FEM-based coil and magnetic component optimization can become prohibitively
time-consuming for large-scale parametric sweeps.

In line with the system-level perspective of Newbolt et al. [179], the proposed modelling
approach enables more practical long-duration and large-scale studies, such as assessing the
voltage stability impacts of DWPT deployment under realistic traffic flows. The reduced-
order average model also creates a robust foundation for future developments, including the
integration of DWPT systems into digital twin frameworks and the investigation of multiple
coil systems connected at different grid points.

Unlike previous approaches that rely on static load profiles derived from experimental
setups to approximate DWPT dynamics, the developed model can be actively controlled
using real-time vehicle speed and position inputs, and it returns the corresponding power
consumption in response. This allows for realistic simulations of scenarios such as multiple
transmitter pads at separate grid connection points, capturing how driving behaviour affects
local power flow and grid stability. Furthermore, multiple vehicles with varying driving pat-
terns can be modelled simultaneously to evaluate the broader benefits of DWPT adoption at
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scale, including providing continuous power to different vehicles throughout the day. In do-
ing so, the presented average modelling approach extends and improves upon prior methods,
making detailed, realistic DWPT studies more feasible and accelerating the development of
future dynamic charging technologies.

5.4.1 Future work

The main issue with the implementation is observed to be the interconnection of subsystems.
In fact the issue of this interconnection is subsystem behaviour with low coupling factor (for
WPT), this proved to be an issue with the controlled rectifier as at this time the power
supplied to the output is approximately zero, meaning it’s resistance - resulting in resistance
calculations (R = V?/Por R = P/i? tend to either 0 or infinity) causing issues with the
power transferred. During this time the AC resistance connected corresponds to the Snubber
resistance of the rectifier. Hence further modelling to the behaviour of the rectifier would
further improve the accuracy of the simulation. When the rectifier is conducting in the main
power transfer window, the results are closely linked and show an accurate representation of
the system — further indicating the issue occurs at lower power transfer (low coupling).
Expanding the circuit to accommodate multiple coil systems, both primary and sec-
ondary, represents a significant advancement in research, as we move towards including
multiple vehicles for charging and integrating multiple transmitter coils. This approach will
allow for more comprehensive investigations into practical implementations of DWPT tech-
nology. Simulating multiple primary coils with a vehicle travelling between them is a logical
next step, as it more accurately reflects future scenarios where road sections are electrified
with several transmitter coils. This will also enhance the relevance of grid integration studies.
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6 Vehicle-to-everything (V2X)

Vehicle-to-everything (V2X) summarises the bidirectional functionality of EV chargers where
power from the EV battery is used to power other systems, by either using the DC power
directly or creating it’s own micro-grid. This technology encompasses a variety of use cases
with to charge other vehicles (Vehicle-to-vehicle (V2V)), more broadly parking lots (V2P)
or utilise the power to run home appliances (V2H) or more broadly buildings (V2B). Using
the energy stored in the vehicle battery to run any electrical system is summarised in V2X.

Supporting distribution grids (V2G) with their operation is an area with increasing inter-
est, as the market share and adoption rate of EV increase so will the demand on distribution
grids. Needing to meet customer demands, distribution grids not only have to provide enough
power to meet charging demands, but also manage grid stability with an increased rate of
random high power events. Hence grid support technologies are of interest to help offset the
adverse effects of increased EV charging events. Aiding grid operation can be achieved in
the form of frequency or voltage stability (corresponding to active and reactive power).

This chapter focus on V2G capability of WPT to first show it’s ability to participate
in grid support and to show possible application with no vehicle present. Then frequency
support of EVs is studied in more depth to show the benefit of utilising the quick response
of battery technology. Bidirectional charging allows utilising the battery by both charging
or discharging for various uses including load management, frequency control or supporting
other vehicles. This chapter will first introduce the technology in-literature and previous
uses before summarising the (dis)advantages and potential applications.

As the adoption of WPT systems grows alongside traditional conductive charging, it is
important to recognise that the fundamental grid support requirements remain largely the
same. Whether energy is transferred via cables or wirelessly, the principles of bidirectional
power flow, grid stability support, and power quality compliance apply equally. In practice,
this means that WPT systems intended for V2G must achieve high power transfer efficiency,
low Total Harmonic Distortion (THD), and robust PFC, just like conductive chargers.

Recent studies demonstrate that with optimised resonant compensation, robust phase
synchronisation, and advanced control strategies, wireless systems can reach power trans-
fer efficiencies in the range of 90% to 96%, comparable to plug-in chargers. For example,
Venkatesan et al. [184] report experimental efficiencies up to 90.1% for bidirectional op-
eration using dual-phase shift PWM control, while Mohammad et al. [185] demonstrate
grid-to-vehicle and vehicle-to-grid efficiencies exceeding 96% in a 20 kW LCC-LCC com-
pensated system. Broader reviews and grid impact studies [186-190] further show that with
well-designed compensation networks, robust control algorithms, and proper grid-side power
factor correction, bidirectional WPT systems can match the grid-support performance of
conventional conductive chargers. These results highlight that the grid impact and opera-
tional behaviour of efficient WPT can be effectively equivalent to wired solutions.

Therefore, as WPT infrastructure becomes more widespread—especially in dynamic or
autonomous charging applications—its grid interaction role will increasingly mirror that of
wired chargers. This includes not only supplying energy to EV batteries but also discharging
stored energy back to the grid when needed to maintain frequency and voltage stability,
respond to local demand fluctuations, or participate in ancillary services markets.

In this way, the integration of bidirectional WPT into distribution networks can help
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realise the full potential of V2X services while preserving the flexibility and user convenience
that make wireless charging attractive. The remainder of this chapter will review key en-
abling technologies, discuss state-of-the-art control and compensation strategies for reliable
grid support, and summarise practical implications for large-scale deployment.

6.1 Grid support from WPT
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Figure 6.1: Wireless power transfer 3-phase connected system

To enable grid interaction between the WPT system, a 3-phase inverter/rectifier is con-
nected before the primary side DC/DC converter shown in Figure . This allows active
rectification for power factor correction, or later enabling reverse power flow by acting as an
inverter for the system, shown in Figure 6.2
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Figure 6.2: Grid system with WPT system connected in forward mode (a) and reverse/V2G
mode (b)
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6.1.1 Active power control while charging

Figure[6.3|shows the system response to a step change in EV charging current. All results are
shown in per-unit based on a nominal charging power of 22kw, 55A (DC) charging current,
nominal grid voltage 400v (line-to-line RMS) and 22kVAr reactive power. In this case, only
the output charging current (and therefore the output power) is varied, while other variables
such as the DC bus voltages and reactive power control remain constant. As can be expected,
an increase in output current leads to a higher power demand from the grid. This is because,
for a battery load, the output power is approximately proportional to the output current as
battery voltage remains approximately constant over the test duration. Consequently, the
input power drawn from the grid is directly related to the output power through the system
efficiency (n), according to P, = %.

Since the system aims to maintain constant DC bus voltages and zero reactive power,
any increase in output power must be met by an increase in active power drawn from the
grid. As the entire WPT system electrically decouples the grid from the EV battery, there is
an observable delay as the system adapts to the step change in output current. The resulting
deviation in system parameters is minimised by the control system during the output power
transition. By coordinating the various control stages, the impact on subsequent stages is
reduced, allowing the system to continue operating normally.

Figure how the active power can be increase by varying system parameters other
than output current, effectively lowering system efficiency. This method maintains vehicle
output current, allowing the EV to control it’s charging characteristics independent of the
grid impact control for active/reactive power. Decoupling both control systems is beneficial
for the EV to reduce negative impact of high current switching events while providing grid
support. The downside of this implementation is the lowered system efficiency resulting in
power loss, hence if possible increasing output power is preferred.

6.1.2 Reactive power control

Figure shows the impact of varying the inverter reactive power control. Effectively
changing reactive power impacts the grid voltage level. In this operation mode, the system is
able to maintain output characteristics and minimise fluctuations. This effectively functions
the same as other charging technologies providing PFC the grid connection point.

6.1.3 Reverse power direction (V2G)

Reversing the direction of power flow is achieved by switching control signals between primary
and secondary sides of the WPT system, allowing the inverter to act as a controlled rectifier
and vice versa. In doing so, reverse power flow is achieved and the vehicle is used to feedback
power into the grid. For active/reactive power control, the droop control can be applied to the
inverter to synchronise the output with the grid and achieve desired control characteristics.
Figure shows the result of connecting the WPT system in reverse current flow, providing
power to the gird. As grid voltage is maintained, increasing output current directly increases
grid active power. Hence running the system in V2G mode is able to provide power to the
grid for active or reactive power control.
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Figure 6.4: Grid interaction after secondary DC bus voltage increase
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Figure 6.7: WPT system with no connected load (M=0).

6.1.4 Zero Mutual coupling - no vehicle present

With no vehicle present as the receiver, the mutual inductance M = 0, resulting in the
inverter being connected to a series RLC circuit with low impedance. Since the inverter
is limited to an operating frequency range of 81.39-90kHz based on standards SAEJ2954
and ISO19363, this restricts the obtainable impedance range and creates the problem of a
low-impedance effective load for the DC/DC converter. This leads to operational issues, as
the passive components are discharged too quickly, leaving negligible control authority over
the system. For this zero-loading case, it is possible to switch to a different static load, which
can be implemented by the front-end converter to maintain the operation of the remaining
components while providing power factor correction and the active/reactive power control.

Figure[6.7] shows the equivalent circuit when there is no vehicle present for the WPT sys-
tem. Coil and compensation capacitor values are 132, 4uH and 26.47nF (resonant frequency
of 85kHz). Giving their total impedance:

Z, = RL+w(jL+j%) (184)

For the frequency range of 80-90kHz, the impedance ranges from Z; = 1.3e72 — 8.58; to

Z, = 1.3e73 + 8.08j with the resonant point having the lowest impedance of Z; = 1.3¢7® —
2.1e73j. The control of the primary DC/DC converter can also be changed from voltage to
current to better control the system. In theory this means the system can be used as a high
power load, allowing it only to consume power from the grid. Since the connected system
contains a controlled rectifier, it can also be used to alter it’s reactive power consumption,
similar the charging shown in Figures [6.3] and [6.5] Varying inverter frequency changes
the impedance of the connected load and can be used to alter between a net capacitive and
net inductive load. Figure shows the impact of varying primary coil current. Notably
the impact of varying primary coil current is similar to increasing power consumption with a
vehicle present, hence the same control schemes for active/reactive power could be applied.

6.1.5 Discussion

In general the WPT system can be equipped with a PFC circuit to manage it’s reactive
power impact to the connected grid. When a vehicle is connected, it is possible to alter
both the active and reactive power control, the same as other systems. The only notable
differences for the WPT system over wired EV charging, is the variance in mutual inductance
and therefore it’s efficiency and maximum power transfer. As most practical systems will
have a primary (ground) coil larger than the receiver (EV) coil, it is more efficient to run
the system in forward charging mode instead of V2G, hence changing charging power is a
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preferred method of power control. The WPT system has two DC bus capacitors (on primary
and one secondary side) which can be charged to increase the power demand without altering
output current (achieving constant voltage/current for EV charging).

Without a vehicle connected, the remaining circuit connected to the grid is a DC/DC
converter and inverter with a low impedance load. Changing the operating frequency of
the inverter allows a change in the total impedance of the connected LC circuit. The low
impedance of the circuit leads to high current draw, which in turn depletes the primary side
DC bus voltage. The current through the circuit can be controlled to offer some reactive
power control, however this is significantly less than the capability with a vehicle connection,
additionally the current will need to have an upper limit to mange the resulting magnetic
field from the coil.

6.2 Frequency support

Increased integration of EVs into the power distribution grid with frequency regulation
capability would result in excessive amount of energy discharge into the grid without a proper
control and scheduling scheme. Where the system is not optimizing the use of connected
generators and EVs. Current studies focus on the grid frequency stability without considering
the power consumption from EV clusters. Hence a control strategy can be developed to more
effectively manage the EV contribution for frequency stability. This section focuses on the
proposed fuzzy-PI control scheme which optimizes the ratio of EV contribution from private
cars, buses and taxis. The proposed control scheme is verified with a micro-grid frequency-
regulation simulation.

The increase in EV adoption rate and continuing growth will result in more grid connected
EVs which impacts grid stability as more high power (dis)charging events will take place.
Throughout the day approximately 96% of EVs are not on the road and a large portion can
be expected to be grid connected, additionally EVs can act as both a load and source for
the grid presenting an opportunity to utilize V2G. Although the battery capacity of an EV
is small compared to grid power levels, (dis)charging many vehicles is enough to support the
grid power quality (peak-to-valley power demand, voltage shift, frequency instability, etc.).
Utilization of EV clusters for frequency regulation in power systems has be a main focus of
research in many articles.

6.2.1 EV Cluster participation system frequency regulation model

EV participation in grid frequency regulation consists of two main controllers, the primary
frequency controller (PI controller) and electric vehicle aggregator (EVA) controller, shown
in Figure The implementation allows the PI controller to change generator output
power based on grid frequency (including droop control), while the EVA controller affects
the output power from available EVs. U, and U, are the output signals of the primary and
EVA controllers respectively. T, and T; are the governor and prime mover time constants
respectively, AP, is the position change of the governor, AP, is the mechanical power output
of the generator, AP .4, AP, are load and renewable energy power changes respectively. M
the inertia time constant, D is the load damping factor, A f is the frequency deviation, finally
S1, Sk, Sy, are the distribution ratios for cluster frequency regulation signals respectively.
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Figure 6.9: Single-area load frequency control system model with EV cluster participation
[199].

The EV cluster model (Figure shows how the EVA controller output (U,) is used
to regulate the EV output power for frequency regulation (AP.,. Spris Spus, Stazi are the
allocation coefficients which are a ratio of the total maximum power of each vehicle type
relative to the total maximum power of the cluster, these are calculated using equation [L86|
Which are used to obtain the power per vehicle P, Pyys, Piagzi Which is kept within the limits
of maximum and minimum power PR PR PEAY and P;‘rliin, Ppmin - pmin - Multiplied with
the number of vehicles (Npi, Npus, Niazi) to give the total power per vehicle type and sum
to the total power output of the cluster AP,,. Equations - describe the relation
between parameters within the cluster participation model.

The implementation effectively responds to load disturbances and deviation in renewable
energy sources to maintain grid frequency. When the total energy available from generators,
renewable sources and EVs matches load power demand the overall system frequency will

be stable (equation |[188)).

pmin S P < pmax

pri pri = 4 pri

Pmin S Pbus S pmax (185)

bus bus

Pmin S Ptaxi S Pmax

taxi taxi
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(g 3 puax
= Pt P+ P
3 pmax
Sbus ~ Dmax r?]‘;i max 186
Ppri Pbus + Ptaxi ( )
3 pma
Staxi ~ Dmax rtr?;i max
\ Ppri Pbus + Ptaxi
APev:P ri+P us+P axi
A_p 'Ab At (187)
= prinri + PbusNbus + PtaxiNtaxi
APy + APoy — APud + APrs = (MS + D)AF (188)

6.2.2 Control strategy

Utilization of the battery fast response time to providing energy for grid auxiliary support
can be used to significantly and effectively reduce frequency deviation when a large num-
ber of EVs are connected. However large power consumption from the battery negatively
impacts it’s life cycle and performance degradation but also increases cost of grid frequency
regulation. Previous implementation us the SMC for cluster control which has a chattering
problem where the controller oscillates between modes frequently. Similarly the MPC is
also complicated to implement with more control parameters. Hence a fuzzy PI controller is
proposed to reduce implementation complexity and improve the performance by removing
the controller chatter issue.

EV cluster output power should respond to grid frequency deviations. When the deviation
is lower less power is required from the EVs, likewise when the deviation is high more power
is required to stabilize the grid. The fuzzy-PI controller can help control the contribution
of the EV cluster based on grid frequency deviation but also the rate of change of deviation
(du/dt) as it is desirable to utilize EVs for high rate of change due to their fast response time
compared to power generators. Figure shows the implementation of the fuzzy controller
where it’s output (Ufy..y) is passed through a first-order filter before combining with a PI
controller.
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6.2.3 Optimization

During V2G contribution of EV clusters, the grid has to compensate customers for the use
of their power for grid use. As this is an additional cost in grid operation, it is important to
minimize the utilization of EV clusters while ensuring sufficient grid frequency regulation.

Objective function optimization For EV cluster participation in frequency regulation,
it is import to consider both the system frequency deviation and the cost associated with
providing this function. Hence the objective function F is established (equation . A
lower F value indicates lower frequency deviation and therefore lower EV cluster output,
vice versa is true for high F values. Hence optimization is carried out aiming to minimize F.

F =kE + kT (189)

where ki and ks are weight coefficient, F is the output power of the EV cluster; I" is the
frequency stability index.

EV participation in grid frequency regulation, the amount of charging and discharging is
surmised as F in equation [190]

t
E = / |APeypuy| dt (190)
0

where P,y(pyis the standardized sum of EV power for the three types considered (personal
vehicles, buses and taxis).

Measuring the frequency stability index of the system, uses the integral of frequency
deviation over time shown in equation [19]]

F_/O |A fpuy| dt (191)

Constraints Having defined objective functions for the system, it is important to limit
the minimum and maximum values for EV contribution to ensure that the power exchanged
by each EV remains technically feasible and operationally practical. The output power of
an EV is constrained by the capabilities of both the EV and its charge point, while the
minimum limit helps avoid inefficient low-power interactions that could increase switching
frequency and system wear. To standardize this approach for different vehicle clusters, input
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ratio parameters (i, Qpys, Qazi) are used to proportionally allocate the total power among
private cars, buses, and taxis.

Optimization Process Particle swam optimization is an easy to implement process with
fast convergence, hence this is used to optimize equation {189, The optimization process is
given as:

1.

Establishing the model for the EV cluster participation in power system frequency
regulation, and generating frequency fluctuation scenarios based on load fluctuations.

Initialize the particle swarm parameters, i.e., randomly generate N sets of particles
that satisfy equation [192]

The N sets of particles are sequentially input to the model in MATLAB/Simulink to
derive the I" and F.

Calculate the objective function value F according to equation [I89

Update the individual optimal parameter values and global optimal parameter values
of the particles according to the calculated objective function values.

Update the position and velocity parameter values of N sets of particles according to
the individual optimal parameter values and the global optimal parameter values.

If the number of iterations is less than the maximum iteration value (It,.y), make the
number of iterations It = It 4+ 1, and then substitute the updated N sets of particle
parameters in step f. into step c.; Otherwise, the obtained global optimal parameter
value is the optimal input parameter value in the frequency regulation model, and the
optimization ends.

min max
pri pri

agﬁ? < Qpys < a2 (192)

bus

Qo < ap S«

min

max
Qpaxi < Qgaxi < Q0

taxi

6.2.4 Results and discussion

The grid capacity for this work is 300MW with a maximum (dis)charging power of 15kW for
passenger cars and taxis, and 20kW for buses. PI controller parameters k, = 3 k; = 25 in
the primary controller and k, = 0.01, k; = 0.01 in the EVA controller. System parameters
are shown in Table [6.1]
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Table 6.1: Parameter values used in the simulation.

Parameter Value
Filter coefficient T 5
Governor time constant T, 0.1s
Governor time constant 7T; 0.3s
Regulation constant R 0.05 Hz/pu MW
Inertia constant of the generator M 10 pu MW /Hz
Damping coefficient of load D 1 pu MW /Hz
Private car and taxi time constant 0.35 s

Tpria T;Eam'

Bus time constant R 0.05 Hz/pu MW

Number of accesses for different EV types To represent a realistic scenario, the study
references the electric vehicle population in Zhengzhou City, Henan Province. As of July
2021, there were 10,854 licensed cruising taxis and significant numbers of new energy vehicles
under active replacement plans. By the end of June 2020, Zhengzhou had registered a total
of 84,133 new energy vehicles (including buses), with 77,817 cars and 6,316 buses owned
by individuals or companies [200]. Based on the ratio of private cars, taxis, and buses in
this fleet, the simulation assumes a representative EV cluster composed of 4,000 private cars,
1,500 taxis, and 600 buses. This example provides a practical reference point to demonstrate
how the proposed control and optimization strategy can be applied to an actual urban EV
fleet with diverse vehicle types and realistic availability for grid services.

Based on the number of vehicles present in the cluster and their typical travel behaviour,
the vehicle grid connection availability is simulated and illustrated in Figure [6.12 The
figure shows the variation in the total number of EVs connected to the grid over the test
duration. This information is important because it directly affects the number of vehicles
available to participate in frequency regulation at any given time. Accurately capturing
these availability patterns ensures that the frequency control strategy realistically accounts
for daily usage cycles, charging habits, and peak connection periods, which are critical for
effective grid support.
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Figure 6.12: The change in the number of EVs connected to the grid [199).
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Load disturbance A step load disturbance (shown in Figure is used with a magni-
tude of 0.05pu at 30s and returns to Opu at 70s, additionally the variation in renewable energy
generation and random load disturbances overlap the main load disturbance. Random load
and renewable energy disturbances are independent of the simulated load disturbance and
can be expected to persist throughout the simulation as shown in Figure [6.13]
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Figure 6.13: Total system disturbance ||

Frequency response with EVs Comparing system frequency response with and without
EV participation is shown in Figure Due to the limited response time of generators,
the step change in load disturbance takes the system longer to reduce frequency deviation,
with EV participation this is reduced as EVs can respond quicker to the disturbance. This
can be seen throughout the simulation but is most prevalant at the switching time for load
disturbance (30s and 70s). Without EVs, the peak frequency deviation is 0.12Hz at both
30s and 70s, with the use of EVs the frequency deviation is lowered to 0.084Hz at 30s and
0.104Hz at 70s (30% and 13% reduction respectively).

b - - Without EVs
! ) ) — With EVs

-0.155 20 80 100

0 60
Time(s)

Figure 6.14: Frequency response with and without EV participation [199].
The peak frequency deviation is effectively reduced at 30s and 70s. Additionally through-
out the simulation the frequency deviation is also reduced, to quantify this we can look at

the frequency stability index in Table [6.2] which shows a 37.68% reduction. Showing the
benefit of utilizing EVs in grid frequency stabilization.
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Table 6.2: Comparison of frequency stability indexes ||

Without EVs With EVs
r 0.03256 0.02029

Comparison of the generator and EV cluster output power both with and without the
fuzzy control is shown in Figure [6.15 During the main disturbance steps, both generator
and EV output power is increased/decreased accordingly. The main difference with the PI
control is the prioritization of generator power to reduce total EV power demand. Table (6.3
shows there is a 36.78% power reduction from the EV cluster when utilizing the Fuzzy-PI
control.
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Figure 6.15: (a) Generator and (b) EV output change curves || ||
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Table 6.3: Comparison of EV cluster output indexes ||

Without EVs | With EVs
F 1.38 0.8724

In summary, the Fuzzy-PI control can effectively utilize the advantage of battery fast
response and effectively reduce the total power output of the EV cluster. Resulting in lower
battery power consumption, degradation and reduce compensation costs of the grid to EV
users.

Joint Optimization simulation Using particle swarm optimization algorithm, the input
ratio parameters of the EV are set between 10% and 100% for a™™ and o™ respectively.
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Weights for the objective function, k; = 7 and ks = 525 are used. The obtained optimized
input ratio for private cars is 79.6%, busts 80.5% and taxis 97.7%. The effect of optimization
(before and after) is in Figure shows no significant changes in frequency deviation.
Additionally Figure [6.17] compares simulation results before and after optimization which
overall show a 4.78% improvement in frequency stability index and a 9.36% reduction in
EV cluster output (shown in Table . This shows the optimization effectively reduces the
overall power demand from the EV cluster while providing similar functionality for frequency
stabilisation.
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Figure 6.16: Variation of frequency before and after optimization [199].

0.06y

Optimized Pg M A -Pg
0.04F| — Optimized P)l 7 *\/ |, | o/ --P, |1
vV v AV 1
20.02 ' VN o o
=9 LN \ A
-0.02F 1
-0.04 . . : .
0 20 40 60 80 100
Time(s)

Figure 6.17: Variations of the power of generators and EVs before and after optimization
1199].

Table 6.4: Comparison of indexes before and after optimization [199].

Without EVs | With EVs
r 0.02029 0.02126
E 0.8724 0.7907

This research uses a particle swarm optimization algorithm to optimize the input ratio
parameters of three kinds of EVs connected to the grid. Where each participation ratio is
kept between 10% and 100%. For a weight of k; = 7 and ko = 525, the optimised input ratios
are given by Figure [6.16] shows no significant changes in frequency deviation as a result of
optimization, however Figure [6.17] shows a reduction in EV output power. Table shows
there is a 4.78% while reducing total energy consumption by 9.36%.
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6.2.5 Discussion

The proposed control system load frequency control in micro-grids utilizes a Fuzzy-PI control
regulate the EV participation in V2G. Controlling the power discharged from EVs the Fuzz-
PI controller is able to significantly reduce the output power of EVs compared to the use of a
regular PI controller. Simulation results for the Fuzzy-PI controller show an energy saving of
36.78% over the regular PI control. Successfully regulating the frequency and power output
with a large number of EVs compared to the the massive output of the base scenario. The
optimization of cars, buses and taxi participation in V2G resulted in 79.6%, 80.5% and 97.7%
respectively, which successfully avoids the engagement of all EVs. Overall EV cluster output
has been reduced by 9.36% while providing adequate frequency stabilization. This result
shows the possibility to reduce the grid’s compensation costs while also minimizing the loss
of battery life seen by EVs.

Importantly, as global EV adoption continues to grow, the scale and impact of V2G
services will also increase. Without advanced control strategies like the Fuzzy-PI controller,
large-scale EV integration could pose challenges to battery health, and overall grid stability.
Smart, optimized control can help address these challenges by ensuring that energy contri-
butions are balanced, efficient, and only provided when truly beneficial to both the grid and
the vehicle owner.

Furthermore, the growing interest in DWPT could expand these opportunities even fur-
ther. While DWPT primarily aims to extend vehicle range and reduce the need for stationary
charging stops, its widespread deployment could theoretically enable continuous, location-
independent V2G participation if technical and efficiency barriers are overcome. This would
allow EVs to provide frequency support or other ancillary services even while in transit,
further increasing the flexibility and resilience of future smart grids.

Overall, these findings highlight the critical role of intelligent control and coordination
in realizing the full potential of V2X technologies. Continued research in this area will
be essential to develop practical, scalable solutions that can keep pace with increasing EV
adoption and evolving grid demands.

6.3 Chapter Summary

V2X technology offers new opportunities for utilizing the energy stored in EV batteries to
provide valuable ancillary services, such as frequency regulation. Among the possible use
cases, frequency support is especially practical because it requires only small amounts of
power from the vehicle battery compared to full active power support. This minimizes the
impact on the vehicle’s range and battery lifespan, which is crucial for maintaining user
acceptance and ensuring that customers do not feel exploited as a means to fix grid issues.
Therefore, strategies that intelligently manage the power contribution of EVs based on mul-
tiple factors, alongside dedicated grid support equipment, present a more viable approach.
The results of this work show that using an advanced control system, such as the pro-
posed Fuzzy-PI controller, can significantly improve the efficiency and effectiveness of V2G
operations. By optimizing the power output and participation of different vehicle types —
including cars, buses, and taxis — the system reduces overall energy drawn from EVs while
maintaining stable grid frequency, demonstrating a clear advantage over conventional PI
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controllers. This directly addresses concerns about battery degradation and user willingness
to participate in V2X schemes.

When it comes to implementation, the feasibility of V2X depends heavily on the type
of charging technology used. While DC charging provides the most straightforward means
for bidirectional energy flow due to its direct connection to the battery, AC charging and
WPT face practical limitations. In particular, WPT systems, although technically capable
of bidirectional power transfer, are more efficient in forward charging mode and less practical
for V2X due to coil design constraints and mutual inductance variability. Moreover, in the
absence of a connected vehicle, the capacity for reactive power support is minimal and must
be carefully controlled to avoid excessive current draw and unwanted magnetic fields.

Overall, this study demonstrates that with the right control strategies and optimization
of EV participation, V2X can provide effective and economically viable grid support while
minimizing the impact on vehicle batteries. However, practical deployment will depend on
selecting appropriate charging infrastructure, such as efficient DC charging, and ensuring
that control systems can adapt to real-world operating conditions, including those unique
to WPT installations. Coordinating these technical, economic, and user-focused aspects is
essential to realizing the full potential of V2X within future smart grids.
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7 Conclusion

The main contribution of this thesis is the comprehensive system analysis and modelling of
DWPT. While average modelling techniques for DC converters and AC equivalent impedance
analysis are individually well-established, their combined application to model DWPT sys-
tems represents a novel contribution. In this work, the resonant circuits of the DWPT system
are first represented using their AC equivalent impedances, allowing the system to be char-
acterized in terms of sinusoidal steady-state amplitude rather than time-domain switching
waveforms. This transformation enables the use of average modelling techniques — similar
to those applied in DC converter analysis — to compute the average power transfer and cur-
rent amplitudes across the primary and secondary coils. As a result, the simulation avoids
the need to resolve high-frequency switching behaviour, significantly reducing computational
load and simulation time. Prior to this research, a detailed simulation framework capable of
capturing both dynamic coil interactions and efficient average modelling for DWPT systems
was largely absent from the literature. This thesis not only fills that gap but extends the
framework to include grid integration studies, further supporting the practical deployment
of DWPT technology.

Building on existing knowledge, the research first presented a review of the current state
of charging technologies for EVs, identifying DWPT as an area of potential research with
most research at the time focusing on static WPT. The technology was viewed as a newer
development still in the early research stage which was backed up by the lack of commer-
cially available WPT systems and ongoing trials for various systems. First, a simulation of
WPT systems was created similar to the systems seen in current research. The preliminary
simulation was able to successfully model WPT systems where research results could now be
replicated as a start point for future developments, starting with investigating the different
system topologies used for resonant (compensation) components and system control.

From the initial circuit and literature search, various control approaches were tested
leading to the development of an autonomous primary side control for WPT systems. The
proposed control scheme was successful in achieving an efficient operating without requiring
primary-secondary side communication. This work gives insight into the functionality of the
system with practical consideration for implementation based on perceived issues of wireless
communication.

Building upon the initial WPT model, dynamic functionality has been incorporated to en-
able more accurate load estimation from a grid perspective. The developed model represents
a pair of coils in three-dimensional space, allowing for realistic simulation of dynamic driving
scenarios. To accurately capture the physical interactions during vehicle movement, variably
mutual inductance has been integrated into the model, justified by its significantly slower
rate of change compared to the electrical system’s dynamic response. This consideration en-
sures that the inductive coupling is realistically modelled as vehicles travel at different speeds
and positions relative to the transmitter coils. Consequently, the system exhibits dynamic
behaviour, as supported by simulation results that reveal distinct operational characteristics
across a range of driving speeds. This dynamic representation is essential for evaluating the
practical feasibility and potential grid impacts of large-scale DWPT deployment, providing
a robust foundation for future research into control strategies that optimise power transfer
under real-world conditions.

133



The results demonstrate power demand trends consistent with those reported in the
literature, but now achievable through simulation rather than through costly and time-
intensive system development, deployment, and data collection. With this enhanced model,
further investigation into practical DWPT implementations can be pursued by expanding
the system to incorporate multiple coils for power transfer.

Extending the model to include multiple transmitter coils moves the concept closer to
providing multiple points of access for DWPT, which can be strategically connected at var-
ious locations within the grid. This enables the exploration of the broader impacts that
multiple DWPT connection points may have on grid stability, load distribution, and infras-
tructure planning. Furthermore, as more vehicles are introduced into the system, multiple
secondary coils would naturally be present, capturing the increased complexity and variabil-
ity of real-world traffic conditions and power demands. This extension allows for a more
comprehensive analysis of the dynamic interactions between vehicles, the wireless charging
infrastructure, and the wider power grid, supporting the development of scalable and resilient
DWPT systems.

During development of simulations, the time per simulation became an issue as complex-
ity of circuits increased. To reduce this time and enable an environment for faster devel-
opment while maintaining result accuracy, work on reducing simulation frequency begun.
Several methods and equivalent circuits were tested before arriving at the present solution.
Replacing all high frequency switching components, the proposed solution was able to reduce
the simulation time by a factor of 30, while incurring only a 6% accuracy penalty. This work
brought insight into the modelling and behaviour, giving an accurate model of grid and load
characteristics during charging.

Collaborative work on V2G demonstrated the potential of utilising EVs for grid frequency
control by presenting an optimisation controller designed to determine the most effective use
of EV participation within such schemes. This approach provided valuable insight into
the operational benefits of integrating EVs as distributed energy resources, highlighting
how coordinated charging and discharging strategies can support grid stability and reduce
reliance on traditional balancing services. As the number of grid-connected EVs increases,
the aggregated flexibility they provide becomes a critical asset for maintaining frequency and
voltage levels, particularly under conditions of high renewable energy penetration.

Incorporating these capabilities into a unified framework opens opportunities for explor-
ing how multiple charging points — static and dynamic — and multiple vehicles interact
with the wider power system. This integration would allow for more comprehensive mod-
elling of the impacts of large-scale EV adoption on grid infrastructure, power quality, and
energy market dynamics. Ultimately, this work lays the groundwork for further research into
optimised control strategies, multi-objective coordination, and the practical deployment of
scalable solutions that leverage the synergies between V2G, DWPT, and smart grid tech-
nologies.

7.1 Future work

Following the main simulation work presented in Chapter [5] several avenues for future re-
search have been identified to enhance the accuracy and practical relevance of the proposed
WPT and DWPT models. One important next step is to refine the simulation and mod-
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elling techniques to minimise errors and improve overall model fidelity. In particular, further
investigation into the equivalent circuit representation of the WPT system could focus on
directly modelling the secondary-side voltage rather than approximating it with an equiva-
lent resistance could provide more accuracy in incorporating converter behaviour. Although
the inclusion of a controlled rectifier proved challenging in the current work, exploring al-
ternative modelling methods could help overcome these limitations. Similarly, integrating
inverter control within the simulation will require further analysis of switching behaviour,
modulation techniques, and control-loop interactions to ensure stable and efficient operation.

Expanding the system to include multiple transmitter and receiver coils is another sig-
nificant area for further research. Modelling multiple coils would enable the simulation
of realistic DWPT scenarios, where vehicles can charger from multiple coils as they travel
along a roadway. This development would move the model towards a practical representation
of real-world deployments and trial systems. Implementing such functionality will require
scaling up the simulation environment and accurately defining the mutual inductance rela-
tionships between each pair of coils. As system complexity increases with each added coil,
it will be essential to validate these models with practical experiments to identify any over-
sights or oversimplifications. Developing a small-scale test-bed with multiple transmitters
and receivers would help confirm the accuracy of the simulations and provide valuable data
for refining control strategies.

Furthermore, it would be beneficial to explore and compare different topologies and
control schemes specifically tailored for DWPT. To date, many circuit and control design
decisions are based on conclusions drawn from static WPT systems; however, the dynamic
nature of DWPT introduces additional challenges and opportunities that merit dedicated
analysis. Future studies should aim to quantify the trade-offs between different configura-
tions, such as the use of multiple smaller coils versus fewer larger coils, and assess how these
choices impact system performance, efficiency, cost, and ease of deployment. Investigating
strategies for optimised coil activation, power low management, and seamless handover be-
tween coils will also be crucial for ensuring reliable and efficient energy transfer under varying
vehicle speeds and traffic conditions.

Another key area of future work involves assessing the broader grid impacts of large-
scale DWPT deployment. Building up to a larger circuit model that includes multiple
DWPT transmitters connected across a distribution network would allow for detailed studies
of how these systems influence distribution bus voltages, power quality, and grid stability.
This expanded model could be used to develop and test advanced control algorithms that
coordinate the operation of DWPT systems with other grid assets, including renewable
generation and V2G resources. Such research would provide deeper insights into how to
integrate DWPT into existing infrastructure while maximising the potential benefits for grid
flexibility and decarbonisation goals.

Finally, more focused analysis should be conducted to address the challenges associated
with rectifier operation under varying coupling conditions. As highlighted during the mod-
elling process, accuracy issues are most prevalent at low coupling levels or during low-power
operation, when the converter may enter discontinuous conduction mode (DCM), causing
the equivalent resistance of the WPT model to change dynamically. Developing more precise
models will enhance the reliability and performance of future DWPT systems.

In summary, future research should aim to refine system accuracy, expand the scope
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to multi-coil configurations, explore alternative topologies and control methods, investigate
practical implementations, and quantify impacts on the wider grid. This work will help
bridge the gap between simulation and real-world deployment, supporting the development
of robust, efficient, and scalable DWPT solutions for the future of electric mobility.
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8 Appendix

8.1 Mutual Inductance for a Pair of Square Coils

Figure 8.1: Rectangular coil relative position and parameters [157].

Figure [8.1] shows a visual representation of two square coils relative to each other. Based
on the diagram, the coil self inductance (L;) is given by:

2a,b;
Li="N? |4 In ai
& i (ai ++/a? + bf)

QCLibi

T (bﬂr\/m)

Now, for mutual inductance calculations, we define:

—I—blln

d=ay—ay—c, g=a;—c,
m = as + ¢, p=0b —e,
q:b2+67 t:bl—bg—e.

The mutual inductance M is expressed as:
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8.2 Reduced frequency simulation code
8.2.1 DC/DC Converter Code

function y =

Buck (u)

% Input signals

% input wvoltage

% input current

% output current (measurement)
% duty cycle

d=u(4);
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mode = u(5); % switching frequency
vel = u(6); % capacitor 1 wvoltage
iL =u(7); % inductor current

ve2 = u(8); % capcitor 2 woltage

% Circuit parameters

L= 0.005; % inductance
Cl = 0.0015; % output capacitance
C2 = 0.0015; % output capacitance

%(iLx.05 + 12%.05) dampens the output using “on” resitance of components

switch mode
case 1 %Buck
dvel = (il1—dx*iL)/C1;
dil = (dsvel—ve2 — (iL*.05 + i2%.05))/L;
dve2 = (iL—i2)/C2;

if iL<0 %Diode forward bias
if dil<0
dil =0;
end
end

case 2 %Buck—boost
dvel = (il1—dxiL)/C1;
dil = (dxvel—ve2*(1—d)—(iL .05 + i2x%.05))/L;
dve2 = ((1-d)*iL—i2)/C2;

if iL<0 %Diode forward bias
if dil<0
dil =0;
end
end

case 3 %boost
dvel = (i1-iL)/C1;
dil = (vel—ve2#(1—d)—(iL .05 + i2x*.05))/L;
dve2 = ((1—-d)*xiL—i2)/C2;

if iL<0 %Diode forward bias
if dil<0
dil =0;
end
end

140



case 4 %reverse buck
dvel = (il—iL)/Cl;
dil = (vel-dsve2 — (iL*.05 + i2%.05))/L;
dve2 = (dxiL—i2)/C2;

if iL>0 %Diode forward bias
if dil>0
dil=0;
end
end

case 5
dvel = (il1—(1—-d)=*iL)/C1;
dil = (velx(1—d)—d*ve2—(iLx.05 + i2%.05))/L;
dve2 = (dxiL—i2)/C2;

if iL>0 %Diode forward bias
if dil>0
dil=0;
end
end

case 6
dvel = (il—(1—-d)=*iL)/C1;
dil = (velx(1—d)—ve2—(iL*.05 + i2x%.05))/L;
dve2 = (iL—i2)/C2;

if iL>0 %Diode forward bias
if dil>0
dil =0;
end
end

otherwise
disp('error');
dvel =0;
dil =0;
dve2 =0;
end

% Output results
y = [dvel dil dve2];

8.2.2 WPT Converter Code
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function y = fcn (u)

% Define inputs from muz.

mode = u(1l); %V2G mode

f =u(2); % frequency

k =u(3); % cooupling factor (k)

vl = u(4); % Primary side DC voltage
il =u(5); % Priary DC current

v2 = u(6); % Secondary side DC wvoltage
i2 =u(7); % Secondary DC current

ill = u(8); % Primary coil current

il12 =u(9); % Secondary coil current

eta = .90; %Rectifier efficiency

%RLC coils and compensation capcitors
L1 = 1.3241e—04;

L2 = 1.3241e—04;

Cl = 2.6477e—08;

C2 = 2.6477e—08;

R1 = 1.3e-3;

R2 = 1.3e—3;

M = kxsqrt (L1xL2);
w = 2xpixf;

switch mode
case 0 % forward mode
R_load = abs(v2/i2)xeta;
if R_load>1e2 %Limit to avoid infinity
R_load = 1e2;
end

Z1 = R1 + 1j*wx(L1) + 1/(1j*wxCl);
72 = R_load + R2 + 1j*wk(L2) + 1/(1j*wxC2);

st =
dill 1 25%xv]l — illxreal(Z1) — wtMxil2)/abs(imag(Z1)/sf);
dil2 = (wsMxill — real(Z2)xi12)/abs(imag(Z2)/sf);
otherwise %reverse mode
R_load = abs(vl/il)xeta;
if R_load>1e2 %Limit to avoid infinity
R_load = 1le2;

||©

55
(

end
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Z1 = R_.load + Rl + 1jswx(L1) 4+ 1/(1j*wxC1);
Z2 = R2 + 1j*wx(L2) + 1/(1j*wxC2);

st = 9.5;
dill = (wsMxil2 — illxreal(Z1))/abs(imag(Z1)/sf);
dil2 = (—1.25%v2 — wsMxill — real(Z2)xil2)/abs(imag(Z2)/sf);

end
y = [dill, dil2];
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