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Abstract 

Contactless power transfer (CPT) systems have been gaining considerable attention and 

have achieved tremendous technology advancements across a wide variety of utilizations 

in the past decade. CPT technologies offer promising advantages and open up new 

avenues for development of numerous real-world applications. Of particular importance 

is the implementation of CPT systems on the charging of electric vehicles (EV), which 

are considered as a sustainable alternative that will effectively address global fossil 

energy scarcity and climate change issues in the future.  

The overarching aim of this thesis is to investigate and improve the operation performance 

of CPT systems for contactless EV charging. Optimized high-performance CPT systems 

are expected to be the ultimate goal for EV wireless charging in the following century. In 

the CPT applications, some certain characteristic outputs and parameters such as overall 

system efficiency, RMS power transfer, air gap and resonant frequency are considered as 

key performance metrics to be addressed. These crucial metrics and properties have been 

emphasized throughout this thesis. The electromagnetic resonant coupling technique has 

been put forward and adopted for most designed prototypes in this thesis in order to 

optimize the overall performance of CPT systems. The research methodology 

development, model designs, implementations and results analysis of the thesis are 

undertaken from the perspective of both power electronics and electromagnetics towards 

achieving the main objectives of the research.  

With focuses on overall system efficiency, real transfer power to load, air gap, frequency, 

magnetic coupler design, shielding materials, inner shielding distance and misalignment 

characteristics, a range of studies have been conducted in the thesis based on the proposed 

methodology, enhanced simulation models and laboratory prototypes.  

A number of important contributions have been made by the thesis. The four most 

significant contributions are: Firstly, the originally developed methodology for the CPT 

research of the thesis – the research flowchart system based on the preliminary natural 

resonant frequency probe and anticipation method. This uniquely proposed method for 

this thesis has been used to effectively probe, track and narrow down the most appropriate 
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resonant frequency range to be chosen for CPT systems to perform with, towards reaching 

an optimized status of electromagnetic resonant coupling in terms of CPT technology-

based EV charging. Secondly, the magnetic coupler modular-based CPT designs for 

investigating overall system performance optimization. As a result, in the thesis, a novel 

small-sized CPT prototype that is based on a geometrically improved H-shaped magnetic 

coupler, with ferromagnetic cores, passive aluminium shielding, an SS compensation 

topology and electromagnetic resonant coupling, has been proposed as an optimal design 

solution. Thirdly, approximating a CPT system to operate in close proximity to its 

calculated natural resonant frequency point by tuning and controlling system operating 

frequency could effectively lead to an overall system performance optimization most of 

the time in practical applications using electromagnetic resonant coupling, whereas 

setting the system operating frequency exactly at its calculated natural resonant frequency 

to make the system maximally operate at an extreme state of magnetic resonance may 

only produce a partial optimization from perspective of the system parameters and outputs. 

Fourthly, reasonable trade-offs between performance metrics are required to be 

considered and evaluated in order to achieve a feasible overall CPT system optimization.  

Through the detailed analysis of the results, model outcome comparisons, explanations 

on findings, limitation discussions and holistic system evaluations, this thesis is devoted 

to report and provide a series of newly proposed solutions and innovatively designed CPT 

systems. These solutions are supported by empirical findings, conclusions and 

contributions, which may encourage further pursuits of system performance 

optimizations for high-power high-frequency CPT charging technologies applied for 

future EV, despite methodological limitations, experiment restrictions and external 

uncertainties.  
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Chapter 1 Introduction 

1.1 Motivation and relevance 

Research in contactless power transfer technologies based on magnetic induction has 

been obtaining considerable attention due to the growing dependence on a series of 

battery-powered applications ranging from low-power medical implants, mobile phones 

to relatively higher-power electric vehicles (EVs) and unmanned aerial vehicles (UAVs). 

However, the larger-scale use of battery as a substitute for less frequent plug-in charging 

manipulations for conventional EVs is eventually not an optimal solution due to 

accordingly rising operational costs of batteries, lifetime limits of all type of batteries, 

hardware weight, etc. More generally, power-cords and battery-based devices appear to 

have some inherent drawbacks for large-scale mobility and utilization due to wire-

associated hazards caused by inevitable mechanical abrasions, a waste of fabrication 

material caused by unstandardized socket-plug protocols worldwide, safety concerns in 

extreme weather conditions, inconvenience for customer experience, etc.  

Therefore, the evidently potential advantages of contactless power transfer (CPT) 

technologies have been able to motivate investigations in various applications. 

Specifically, without exposed cords and frictions, CPT methods can be more reliable and 

durable; with independence and non-contact requirement between subsystems such as the 

powering front end and vehicle end, the entire system will be able to work with electrical 

insulations and prevention of sparks, enabling the applications like the EVs charging to 

be safer, more flexible, reliable, multi-functional, etc.  

In terms of further sides of relevance and motivation, CPT technologies could facilitate 

the development of power electronics with not only the scientific and theoretical 

significance but also the huge potentials of utilization, resulting in wider power 

applications such as environmental-friendly transportation, emerging machine 

manufacturing techniques, biomedical devices, smart-home options, etc. These foreseen 

scopes of applications will then be advantageous to the economic returns and social 

benefits to the world in the future.  
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1.2 Research gaps, challenges and objectives of the work 

In spite of the promising advantages of CPT technologies compared with conventional 

plug-in charging methods for EVs, the current CPT technologies per se could pose a 

number of challenges in practical scenarios and of gaps in research domains, which are 

identified in this thesis as follows. Firstly, CPT air gap, namely the maximum transfer 

distance. Secondly, power transfer efficiency of the system. Thirdly, RMS real power 

output of the system. Fourthly, challenge of tackling coil misalignments, which is also a 

realistic issue in real-world EV parking for charging scenarios in different displacement 

directions. Fifthly, total losses, which includes copper winding losses and core losses 

consisting of eddy current loss and hysteresis loss. Sixthly, potential challenges from 

safety and security aspects for long-term considerations in the future such as cyber-attacks 

from external sources and possible human exposure concerns from thermal, high 

electromagnetic interference (EMI) and electromagnetic compatibility (EMC) aspects.  

These challenges and limitations exist in the current CPT research domains as key 

questions, ranging from low-power near-field RF-level wireless devices, to medium-

power applications like wireless phone charging, and to the expected high-power high-

frequency CPT utilizations such as the CPT technologies for EV charging. Nevertheless, 

some limitations mentioned above are currently seen negligible or overlooked in the 

literature. More detailed discussions based on characteristic results and findings from this 

thesis are in Chapter 8 for mid-term and long-term considerations and studies in the CPT 

research domain for the future.  

The objectives of this thesis are to maximize CPT system efficiency, RMS power transfer 

ratings, coupling coil air gaps, tolerance to misalignment, effective utilization of shielding, 

inner shielding distance, etc., all of which aim to address the key question – fundamentally 

facilitate the holistic system performance of CPT technologies that are applied for high-

power high-frequency stationary EV charging with optimized CPT system designs using 

electromagnetic resonant coupling. 

The major contributions of the studies in this thesis are on the research methodology that 

is uniquely developed for CPT, including the preliminary natural resonant frequency 

probe and anticipation method, and on the CPT coupler modular designs for overall 
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system performance optimization since it is the core part of the magnetic field-based CPT 

system in terms of inductively producing EMF metrics and generating electric outputs.  

With emphases on coupling module enhancements using electromagnetic resonant 

coupling conditions, groups of specifically designed CPT systems are to be tested and 

compared based on results analysis from both perspectives of power electronics outputs 

and electromagnetic field performance metrics, which could be also considered as 

methodological contributions, along with other findings arising from this thesis, seeing 

that there are relatively the lacks of studies and reports in the literature so far addressing 

the practical electromagnetic field flux distributions with real-time EMF parameters that 

directly and indirectly impose delicate impacts onto the targeted outcomes for CPT-based 

EV charging applications.  

1.3 Thesis outline 

This thesis is organized as follows:   

Chapter 1: states the motivation of implementing this research and sets out the research 

gaps, challenges and the objectives of this research work.  

Chapter 2: introduces the history and development of wireless power transfer concepts 

over the past century and describes the state of the art of contactless energy transmission 

technologies for real-world applications especially for electric vehicles. The latest 

research and application breakthroughs from pioneer institutions and industrial sectors 

related to all wireless energy transmission approaches worldwide have been reviewed and 

summarized in this chapter.  

Chapter 3: derives analytical expressions of typical stationary contactless power transfer 

systems with formulations and proposes the methodology structure for this thesis research 

in order to address the technical obstacles and challenges. This methodology of 

implementing the simulation model and laboratory prototype tests with the preliminary 

natural resonant frequency probe and anticipation method originally developed in Chapter 

3 has been applied to most experiments throughout the thesis. Since CPT system 

development highly relies on advancements of magnetic coupling, high-frequency 
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switching power supply, power electronics, metallic component materials, the 

specifically proposed research methods and techniques in this thesis are to integrate most 

of the advantageous aspects of these particularly relevant technologies for pursuing 

optimizations of CPT applications with feasibility for EVs.  

Chapter 4: reports various analytically designed CPT simulation models and 

comparatively investigates the advantageous potentials of the optimally enhanced models 

with different emphases of performance metrics pursuits based on simulation results and 

post-stage computed outputs from both aspects of power electronics and electromagnetics. 

By focusing on the magnetically inductive coupling module of generic CPT systems, a 

range of different coupler-predominant models have been put forward for experiment, 

analysis and comparison in terms of fulfilling optimal system performance criteria from 

different perspectives. The geometrically enhanced H-shaped coupler-based CPT 

schematic is designed and proved to be the optimized option through this chapter for the 

system model establishment towards an overall optimization of CPT performance metrics. 

Some results-based findings are summarized in each subsection of this chapter.  

Chapter 5: focuses on effectiveness of shielding, reporting different shielding materials 

tests and various inner shielding distance tests. The results throughout this chapter in 

terms of each significant determinant and emphasis have been quantitatively analysed for 

further exploring optimization approaches for CPT technologies applied on EV charging 

based on the H-shaped CPT system. These ranges of investigations are considered to fill 

the gaps regarding some potentially influential subtopics under CPT system optimizations 

especially for feasible applications on EV chassis and contactless charging. By following 

the methodology structured in Chapter 3 and by revising and integrating it with enhancive 

feedback from implementations throughout Chapter 4, some novel findings and new 

conclusions based on the series of experiments, result analyses and comparisons have 

been perceived and drawn with discussions and summaries at end of each section.  

Chapter 6: addresses the effects of coupling misalignments, as well as presents groups of 

simulation-based CPT models with quantitative metrics analysis, from perspectives of 

both power electronics outputs and electromagnetic field performance. The simulation 

designs in this chapter accentuates the major challenges, providing some new conclusions 

and introducing feasibly new coupler-dominated system design ideas towards CPT 
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technology optimizations, in spite of foreseen limitations and unspecified obstacles 

regarding EMF in this topic, empirically for the laboratory prototype investigations and 

practical apparatus in future studies.  

Chapter 7: presents a series of implemented lab-based CPT prototypes using experimental 

measurements and DSP techniques for extensive results analysis and discussion in spite 

of some inevitably foreseen limits in the lab test implementations. Following the basics 

of the methodology in Chapter 3, a series of variable-driven laboratory prototypes have 

been handcrafted for performance tests, by which some characteristic metrics have been 

revealed and validated for ferromagnetic core-based coupler CPT systems, despite some 

performance behaviours of the no-core planar circular coil coupler CPT system being not 

analysed thoroughly due to limitations from the laboratory setup such as data acquisition 

(DAQ) board sampling limits. Overall, this chapter presents a number of laboratory 

prototypes that could be equivalent to several optimal designs in simulations in the last 

chapter, providing practical CPT system performance outcomes as partial verifications 

for the series of analytically designed CPT system solutions by this thesis.  

Chapter 8: summarizes the methodology specifically developed for the thesis, evaluates 

the studies in this thesis from perspectives of limitations and accentuates the main 

contributions arising from the thesis by discussing some major key findings based on the 

studies throughout this thesis.  

Chapter 9: concludes this thesis and puts forward some ideas for the future scope of work 

in this domain.   
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Chapter 2 Literature review 

2.1 Background 

Contactless power transfer (CPT) has become a major trend of bringing new possibilities 

of supplying electrical energy to potential applications covering a wide range of fields by 

allowing eliminations of exposed or mechanical contacts. The innovative CPT based 

technologies preliminarily inspired by Nikola Tesla [1], [2] at the late 19th century have 

been considered as new solutions of increasing reliability, performance and machinery 

maintenance in a broad and critical set of areas, including energy generation [3], [4], 

automotive [5]–[9], aerospace [10], [11], energy harvesting [14], biomedicine [13], [14], 

robotics [15], [16], multi-sensors [17], measurement instrumentations [18], [19] and 

industrial applications [20]–[29] over the past half century. 

A large number of CPT technologies have been proposed with various classifications and 

established over the on-going research topics in electronic, electrical and 

telecommunication engineering. In long-distance signal transfer applications via 

electromagnetic waves, the contactless electrical energy transfer is also prevalently called 

wireless power transmitting (WPT) [30] and widely applied in radio [31], [32], television 

and communication systems [33], [34] in the past century. In recent decades, inductive 

power transfer (IPT)-based CPT methods have been introduced and rapidly developed for 

the increasing fulfilments of portable electronic equipment such as laptops and smart 

phones despite the conspicuous limitations regarding transmitting power levels [35], 

efficiencies [36] and safety issues [37] over the batteries [38]. Loosely coupled IPT 

technology could be suitable to deliver a wide power range from milliwatts to kilowatts, 

which determines its prevalence in the emerging small electronic device markets [39].  

With considerations of current limitations and realization feasibility of applying CPT 

technologies to wide ranges of commercial products, the key issues of power transfer 

rating levels, maximum efficiencies, actual transfer distances and overall system 

performance at different operation conditions are required to be emphasized and 

investigated. In order to address the general limitations above, within the low-power CPT 

applications such as wireless cell phone chargers and some other tens of watts-level small 
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devices, the expected energy transmission can be achieved by adopting suitable control 

sub-systems, front-end circuits like ‘tuning’ in the transmitting unit and rear-end power 

electronic circuits in the receiving unit, which can eventually convert the induced AC 

signal to DC and regulate the voltage and current levels that can significantly fluctuate 

depending on the real-time inductive coil alignments in order for the entire WPT system 

to charge the device battery. However, the realizations to tackle the WPT challenges are 

difficult to reach when it comes to high-power level contactless energy transfer 

applications such as wirelessly charging for electric vehicles. From the initial 

developments of EVs to the recent CPT technologies that are being extensively explored 

in the literature, the following sections will deliver the fundamental reviews regarding the 

EVs charging and CPT technologies.   

2.2 Basics and methods of emerging EVs charging 

2.2.1 Conventional plug-in charging technologies for EVs 

With the tendency of electric vehicles (EVs) being massively investigated as a major 

direction of the future transportations to reduce greenhouse gas emissions caused by 

traditional internal combustion engines (ICE) based vehicles [40], [41], EVs have also 

been identified as an opportunity to integrate renewable energy sources and to reduce 

dependency of oil imports for most countries. In last decades, the studies and efforts 

towards electric vehicles charging have been focused on the main obstacles which are 

long charging time, low power efficiency, low tolerance of misalignment, driving range 

and charging costs of both customers and hardware infrastructure suppliers.  

Conventional plug-in charging electric vehicles are basically categorized into two types: 

pure electric vehicles (EVs) and hybrid electric vehicles (HEVs). The pure EVs 

manufacturing technology is the integration of up-to-date automobile engineering, 

electrical engineering, power electric engineering and chemical engineering, in which the 

electrical engineering includes the motors, controllers, power electronic converters, 

energy management systems and batteries. As known that the HEVs are propelled by an 

electric motor/generator with a series/parallel configuration and an internal combustion 

engine (ICE), the HEVs gain the added value from the advantages and flexibilities of a 

collaboration of electric motor propulsion and ICE propulsion, as well as the kinetic 
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energy recovery during braking. HEVs normally have more electrification components 

adopted than ICE vehicles [42], such as ultra-capacitors, microcontrollers and multi-

sensors. In addition to the potential objectives related to ICE systems, the main challenges 

of HEVs propulsion systems comprise hybrid control strategies; refined modelling and 

simulation of the powertrain system; advanced powertrain designs and realizations, such 

as suitable electric machines, energy storage units and acceptable power electronic 

converters; power management unit. Currently, the key technique of developing HEV is 

the control algorithm and its optimization [42].  

With the increasing deployment of plug-in charging electric vehicles over the recent 

decades all around the world, some internationally agreed EVs standards regarding 

charging plug & socket and hardware infrastructure are being introduced and formed by 

authoritative organizations like the Institute of Electrical and Electronic Engineers (IEEE), 

the International Energy Agency (IEA), the Society for Automobile Engineers (SAE), the 

Deutsches Institute fur Normung (DIN), the International Electromechanical Commission 

(IEC), the International Standards Organization (ISO) and the Japan Electric Vehicle 

Association Standards (JEVS). Some pioneering countries with EVs development 

released their first EVs standardization documents, such as a standard file named ‘SAE 

J-1715: Hybrid electric vehicle (HEV) and electric vehicle (EV) terminology’ in USA, 

April 1994; and a Japanese JEVS standard file named ‘G105-1993 Connectors applicable 

to quick charging system at eco-stations’ in 1993, which did represent and facilitate the 

initial EVs development around the world. In addition to the EVs performance per se, it 

is also important that the emerging EVs technologies and charging infrastructures could 

tend to be standardised so that customers will be satisfactory and comfortable with 

reduced costs of the technology and manufacturing in the near future. Based on some 

detailed records in the literature, it can be seen that three modes of plug-in charging for 

EVs and hybrid EVs had already been expected to become standardized to the public EVs 

charging requirements in some countries despite slight variations of plug-in ratings in 

amperes and internal battery capacities. For example shown in [43], the power demand 

and charging options for EVs in Ireland in 2010 are indicated, and it can be noticed that 

the maximum power rating for fast charging is 44kW with DC voltage source of 400V 

and peak current of 63A in early 2010s.  
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Table 2.1: Plug-in charging standard and options in Ireland EVs market 2010 [43]. 

Level Type Electrical Resulting 
Charge 

Time Power 
Rating 

Mode 1  Standard 
(Domestic) 

230V 16A  

1 or 3 phase 

100% 6 to 8 hours 3kW to 
10kW 

Mode 2 Opportunity 400V 32A 50% 30 minutes 22kW 

Mode 2 Emergency 400V 32A 20km 10 minutes 22kW 

Mode 3 Range 
Extension 

400V 63A 80% 30 minutes 44kW 

 

The electric vehicles were firstly invented in 1834. But the rapid development of internal 

combustion engines (ICE) and the severe battery limitations made the EVs vanished until 

1970s. In the last decade of the 20th century, USA, Japan and several European countries 

restarted the investments in plug-in EVs and hybrid EVs due to concerns caused by the 

energy crisis, which directly facilitated the EVs industry. By 2010, some EV systems 

tended to be matured for commercial productions and public use despite the energy 

storage unit technology limited by present development of chemistry, material science 

and so on. Nevertheless, the EVs and HEVs industry have been moving forward with 

some excellent vehicles on road, such as Toyota Prius, Honda Insight, Honda Civic, Ford 

Escape, Tata EV in Figure 2.1, Saturn Vue, etc. Toyota Prius represented the first 

commercially produced plug-in hybrid electric vehicle in the world and its 6.5Ah and 

21kW nickel-metal battery can be charged by regeneration braking system. The plug-in 

standard charging technology was able to deliver a several kilowatts-level power output 

as shown in Table 2.1 by 2010.  

Since 2010, higher power ratings and standardisations for plug-in EVs and HEVs were 

introduced by some emerging EV companies and government-led energy films, such as 

Tesla in USA and WestTrans projects in England. Tesla charging station could deliver 

maximum 120kW with its version 2 supercharger in 2017 and maximum 150kW to 

200kW with the latest version supercharger technology in 2019 [44]. As shown in Figure 

2.2 and Figure 2.3, WestTrans working with Transport for London (TfL) provides the 

latest plug-in charging facilities including high power charging pumps and EV parking 

space for charging at main motorway services.  
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Figure 2.1: On-street plug-in charger for Tata 

G-Wiz EV, London [44]. 

 

 
Figure 2.2: Parking lot for EV charging at 

motorway services, UK [45]. 

 
Figure 2.3: Four-pin high-power fast charger 
manufactured by Nissan for general EVs at 

motorway stations, UK [45]. 

 

 
Figure 2.4: Two socket modes plug-in 

EVs charger with different power 
ratings[45]. 

 
Figure 2.5: Current main plug types for EVs and HEVs [45]. 

As indicated in Figure 2.4, Figure 2.5 and Table 2.2, there are currently about 8 socket 

modes for plug-in charging and 3 main charging speeds. Rapid charging units provide 43, 

50 and 120kW power to charge EV battery to 80% in half an hour. Slow charging units 

are normally adopted for charging at home or garage overnight with up to 3kW power 

and 6 to 8 hours for a full battery charge. Fast charging modes can be popularly used for 

public charging with 7-22kW power output and a full recharge in 4 hours. Based on 

WestTrans and TfL documents, there are statistically 5541 socket stations in London and 

its surrounding areas in the end of 2018 [45].  
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Table 2.2: Three main EV charging speeds in London by WestTrans 2018. 

Three EV plug-in 
charging speeds 

Rapid Fast Slow 

 

 

Compatible plug 
types 

CHAdeMO – 50kW 
DC 

Type 2 – 7-22kW AC 3-Pin – 3kW AC 

CCS – 50kW DC Type 1 – 7kW AC Type 1 – 3kW AC 

Type 2 – 43kW AC Commando – 7-22kW AC Type 2 – 3kW AC 

Tesla Type 2 – 
120kW DC 

 Commando – 
3kW AC 

 

2.2.2 Proposed CPT charging versus plug-in charging 

In the field of automobile, electric vehicles (EVs) and hybrid electric vehicles (HEVs) 

have been rapidly gaining popularity in the past decades due to a pursuit of greener and 

cleaner energy replacements. There have been numerous studies over the CPT solutions 

and its feasibility in the literature, which unavoidably leads to different naming and 

abbreviations with ambiguities. The major technology definitions and names based on 

inductive phenomenon include contactless power transfer or transmitting (CPT), 

inductive power transfer (IPT) [46]–[48], wireless power transmitting (WPT) [30], [49], 

contactless energy transmission (CET) [50], unplugged charging, plug-less charging, 

magnetic resonance, magnetic induction, electromagnetic resonant coupling, etc. In this 

thesis, the name WPT is more often used to refer to small devices with lower power 

ratings whilst the names CPT and IPT refer to general induction based contactless 

charging for all equipment including electric vehicles. CPT can generically include all 

the different names and classifications mentioned above.  

Plug-in EVs and HEVs have inherited weaknesses and drawbacks: charging 

infrastructures are sensitively vulnerable against extreme weather conditions; charging 

inconvenience caused by long cord; risk of forgetting that an EV is plugged when the 

charging is complete; connector compatibility caused by different plug types from 

different EV manufacture standardizations; risk of electrical shock by high voltage and 

current; vandalism concerns like connector outlet blocked and cord stolen; etc. [51], [52].  

Contactless power transfer (CPT) technologies, by contrast, are supposed to provide more 

advantages: convenience for customers without hassles of plugging and unplugging 
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before and after charging; high tolerance to various climate conditions; no risk of cord 

connection failures or electrocution; no compatibility issues on plug types as long as the 

parking position is within accepted area for satisfactory mutual induction phenomenon to 

occur [53]; lower vandalism due to the buried transmitting module into the ground and 

no outlets exposed; opportunity to build more feasible autonomous parking system as 

some car manufacturers like Hyundai have launched a CPT automatic valet parking 

concept which is expected to allow the EV to be automatically moved to customer-pointed 

locations after a full recharge and wait for pick-up, as indicated in Figure 2.6 to Figure 

2.9 [54]; etc.  

 
Figure 2.6: Contactless charging concept 

proposed by Hyundai 2019 [54]. 

 

 
Figure 2.7: Autonomous re-location after a 

full battery charge [54].  

 
Figure 2.8: Driver calls for the EV [54]. 

 

 
Figure 2.9: EV autonomously returns to 
the expected location of the driver [54]. 

2.2.3 Development prospects of EVs charging 

Although the contactless power transfer (CPT) technologies based electric vehicle 

charging has several advantages and potentials over the conventional plug-in charging, 

some limitations of CPT have been objectively pointed out as ongoing study topics: low 

efficiency issues; heat generation on the coupling coils; more electric energy consumption; 

high costs of infrastructure and maintenance [55]; challenging establishments on suitably 

complex circuitry including control units [56], [57] and compensation options; potential 

concerns on magnetic radiation [58] and electromagnetic compatibility (EMC).  

The automobile engineering world has been concentrating on addressing all the 

drawbacks of both plug-in charging and contactless charging in order to implement a 
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transformation from fossil fuel dependency to zero carbon emission in this industry. In 

the meantime, from emission and propulsion power point of views, the hydrogen fuel 

cells hybrid electric vehicles (HFCHEVs) have been considered to have potential to 

gradually replace the traditional energy sources [59] in the future. Hydrogen fuel cell is a 

new type of energy equipment and is different from gasoline and batteries, which could 

be integrated with other EV technologies and high power density devices like lithium-ion 

battery and ultra-capacitor to produce maximum energy efficiency, electric propulsion, 

system reliability, and optimum driving range with reasonable cost and minimum 

emission for future use [60].  

From an aspect of customer experience and convenience, the contactless power transfer 

based electric vehicles have been categorized into two types: stationary CPT charging 

and dynamic CPT charging/on-road charging. Stationary charging is relatively more 

feasible for both realization and commercial use. However, dynamic charging technology 

has far more technical difficulties and infrastructure challenges. The Hyundai automated 

parking and charging concept shown in Figure 2.6 to Figure 2.9 could represent one of 

expectations in the EV future [54]. There are more detailed literature reviews on both 

stationary and dynamic CPT charging for EVs in the following sections and the research 

implements in the thesis are focused on stationary CPT investigations.  

2.3 State of the art of the CPT technologies 

2.3.1 Theories and main categories towards CPT 

Charging electric vehicles is of great importance since the plug-in pure electric vehicles 

became increasingly accepted by the commercial vehicle markets worldwide during the 

last decades. Methods of plug-in charging still have drawbacks to be addressed although 

numerous investigations have been carried out mainly on energy storage system [20], [61] 

and battery lifetime extension [17], [26], along with the development of advanced 

semiconductor technologies [62], in order to optimize the holistic electric vehicle 

performance. Nevertheless, in this thesis, the investigation emphases will be on the actual 

electromagnetically analytical designs, the relations between electronically theoretical 
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performance and real-world magnetic field generated performance of the contactless 

power transfer (CPT) module of the proposed prototypes.  

Regarding the main theories and methods, based on power rating levels, energy 

transmitting range and electromagnetic mechanism, the CPT technologies can be 

categorized into photoelectric, radio frequency (RF) or radio waves, laser, microwaves, 

inductive coupling and magnetic resonant coupling in a broad sense [63].  

Based on energy transmitting distance, the contactless power transfer (CPT) could be 

categorized into two types: far field and near field methods. In radio frequency 

identification (RFID), the two coils based CPT system is considered as an 

electromagnetic field antenna due to its capability of responding to both magnetic and 

electric fields within it [31], [32], [64]. Generally, if energy transmission distance is 

longer than the wavelength of the electromagnetic wave, the CPT system is considered 

as an approach of the far field, such as RF, microwave, laser and photoelectric [12]. 

Whilst induction-based loose coupling and magnetic resonant coupling can be 

categorized into near field methods. Typically, frequency ranges of near field methods 

are between kHz to MHz levels while far field applications have much higher range of 

frequency corresponding to GHz levels, lower power ratings and transmission distance 

of couple of kilometres [23], [65]. Different from the ideal transformers with high 

coupling coefficient at 50 Hz, the actual CPT system for EVs charging should be working 

at kHz to MHz levels with loosely coupled induction [66]–[69] and tens of kilowatts level 

power requirements, which determines different theories, methodologies, numerical 

analysis, prototyping methods and model verifications.  

Thus, CPT systems for EVs are more like an overlapping topic in between high-frequency 

(HF) antennas with low signal energy transmission [70] and low-frequency (LF) 

transformers [71], [72] with high power transfer from electrical and electronic point of 

views [73], [74]. From electromagnetics point of view, CPT systems for EVs tends to be 

a case of loosely coupled induction with centre meter level air gaps, requiring more 

studies related to electromagnetic field characteristics and parameters like magnetic flux 

density, magnetic field strength, real-time flux line distributions, actual flux linkages, etc 

[75]. Therefore, the CPT for EVs is supposed to be discussed from aspects of both the 

power electronics and electromagnetics with respects to theories and methods, which 
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could be also regarded as one of the innovative methodologies leading the investigations 

of this thesis.  

2.3.2 Applications of contactless power transfer technologies  

Contactless power transfer technology have shown its wide range of advantages in real 

world applications until present, especially in low-powered equipment as the flexibility, 

controllability and convenience could be maximized without electrical connections and 

with expected distance or medium, contributing to many advanced engineering 

applications such as consumer electronics, factory automations, medical implants, 

lightings, defence systems, instrumentation test systems, electric vehicle public 

transportations [15], [76]–[79] and dynamic automotive battery systems as one of the 

long-term ultimate aims [80], [81].   

(a) Biomedical implant applications 

 
Figure 2.10: A CPT based artificial heart [82]. 

 

With resonant coupling based CPT approaches, the biomedical equipment with low 

power of hundreds of millwatts has been applied into patient’s body as implants to reach 

some medical purposes like neural monitoring, pressure monitoring [83], heart rate 

regulatory scheme [84], temperature measurement [85], human intestine diagnosis [86], 

etc.  As depicted in Figure 2.10, an inductive coupling based configuration for an artificial 

heart prototype was introduced in 2007 with a distance of 3 cm between the internal coil 

under the skin and the external coil mounted outside the human body. In tests of a wireless 

energy transfer medical implant in Figure 2.11, the implantable load received about 102 

mW power at 13.56 MHz with control units and communication setup.  
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Figure 2.11: CPT scheme for medical implants [87]. 

 (b) Rotating equipment 

In rotation based industrial applications such as wind turbine based energy industry, the 

traditional contactless electrical power transmitting methods have been implemented for 

a few decades [88]. Also, some electrical machines like drill machines and magnetic 

micro-machines need to power rotary loads with avoiding physical and electrical 

connections due to impossibility of deploying wires and cables in continuous rotation 

operations.  

(c) Low-power devices 

With the popularity of portable equipment in the past years especially since the 21st 

century due to electrochemistry, smart device and microprocessor advancements, some 

battery based personal devices for instant communication and complex computing 

purposes have shown their advantages [38]. CPT based contactless charging for mobile 

phones have recently been becoming favourable by customers worldwide despite some 

challenging issues like over-current, temperature excess and some other difficulties which 

could be neglected and tolerated within low-power watts-level CPT applications. 

Nevertheless, contactless charging or wireless charging is preferred in mobile phone 

industry due to its main pros: no charging wires between the phone and the charger pad; 

no risk of electric shock caused by wet surroundings; possibly able to charge multiple 

low-power required devices at the same time. For instance, some pioneers like Huawei 

have announced that their latest product named supercharger is able to deliver up to 15 

W for European market based models [89] in Figure 2.12 and 27 W for Chinese market-

based models in Figure 2.13.  



17 

 

 
Figure 2.12: Wireless charging pad by 
Huawei and Qi standard - European 

market version 2019 [89]. 

 

 
Figure 2.13: Huawei supercharger model - 

Chinese market version 2019 [89]. 

Some inherited limitations and challenges are still required to be addressed even in low-

power CPT devices, which are over-voltage, under-voltage, over-current and overheating 

problems. Technically, these issues are caused by inductive coupling level and largely 

dependent on how the secondary coil in the receiving device is positioned onto the 

charging pad with the primary coil in it every time. As how to perfectly put the phone 

onto the charging pad at the exact centre point by customers is uncontrollable, in order to 

overcome these issues from the manufacturer side, Huawei is trying to insert a mini 

radiator fan and control circuits into its product illustrated in Figure 2.14 to provide 

temperature protection once the coupling coefficient is really low causing the high current 

on the primary side namely the charging pad overheating harzard. This technique which 

theoretically seems to work is just proposed but still waiting for the actual feedbacks 

regarding heating issues from the customers by time as the proof of effectiveness. Also, 

to definitely avoid overheating and over current risks, the wireless charger cannot produce 

high-level power ratings over tens of watts at the present, which is corresponding to the 

power rating challenge in the investigations of the entire CPT technologies.  

 
Figure 2.14: Radiator fan to avoid overheating [89]. 

(d) Medium-power household devices 

Household applications as daily appliances are also related to contactless power transfer 

methods with low-power or medium-power level transmission requirements. Charging 

without wires shows the attractiveness and flexibility of CPT technologies in addition to 

a better and compact appliance appearance. Mainstream examples of the household CPT 

applications can include laptop charging, portable power bank charging, coffee machine, 
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inductive toothbrush, heating system, shaving machine, lighting [90], movable LED TV 

monitor [91], etc.  

(e) Public transportation systems 

Since the first electric vehicle as public transportation was invented in 1834, a series of 

electric trams and trains were massively produced in USA, UK and mainland Europe in 

the last decades of 19th century. Unfortunately, the electric vehicles vanished for about 

half a century since 1920s as the internal combustion engines were rapidly developed and 

electrochemistry regarding battery had not gained optimistic advancements. Since 1970s, 

the electric vehicles was re-emerged as some countries started suffering from energy 

crisis, after which the electric vehicles had been developed dramatically and some 

countries like USA and United Kingdom launched national research and legislated 

development laws over EVs. Gradually, in public transportation systems of some 

pioneering countries, the electric brush trams, trains and buses were adopted widely. 

Figure 2.15 shows a traditional tram in Europe.  

 
Figure 2.15: A conventional electric tram in Portugal in 1990s [91]. 

Since the beginning of 21st century, the pure electric vehicles and hybrid electric vehicles 

have been developed rapidly due to the advancement of large-scale high energy density 

battery. Some electric buses have gradually replaced traditional brush trams in urban areas 

of some countries. As shown in Figure 2.16 and Figure 2.17, pure battery electric buses, 

hybrid electric buses and new generation charging infrastructures have been adopted for 

public transportation systems in some countries and districts such as in China, 

Switzerland and California of USA.  
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Figure 2.16: A battery electric bus at a 

charging point [93].  

 

 
Figure 2.17: A hybrid electric bus being 
charged via stretching conductors [94].  

Due to the potential advantages of contactless power transfer (CPT) applied in public 

transportation systems, such as economic aspect, reliability, no needs of brushes and 

conductive cables, the CPT technologies based transportation approaches have acquired 

a lot of attractiveness. For instance, the high speed train Maglev in Switzerland has been 

conceptualized with CPT technologies and numerically modelled [20], [94], as illustrated 

in Figure 2.18.  

 
Figure 2.18 The proposed Swissmetro Maglev high speed train project [20]. 

 

 (f) Electric vehicles with CPT realizations 

In the recent decade, the driving range of pure EVs with zero emission target has become 

a popular topic as the massive battery requirement for longer distance travels means 

higher vehicle cost and longer time of recharging periods. If the CPT technologies could 

be applied into wider public charging infrastructure coverage, either stationary or on-road 

CPT charging solutions could be an alternative to reduce EVs weight, size and energy 

storage unit costs in the long term. Fortunately, with progressive success of low-power 

CPT charging applications proposed to be commercially produced in the past decade, 

hundreds of kilowatts level high-power CPT charging techniques for EVs are more and 

more anticipated to be an optimally suitable solution for recharging EV batteries [95], 
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providing higher propulsion and delivering continuously longer driving range in the next 

generations of the EVs. The idea of deploying inductive coupling for EVs has acquired a 

lot of attentions in the last decade due to the contributions and advancements of power 

electronics, switching power supply, semiconductors, microprocessors, electrochemistry, 

material sciences, control technologies, electromagnetics and so on, despite many 

challenges to be addressed including EV manufacturing integration with CPT system 

under the chassis [96], infrastructure difficulties [97], system maintenance on both 

vehicle and transmitting ground sides, actual CPT performance with real-time coupling 

on real-world road [98], etc.  

 
Figure 2.19: An IPT based CPT system for stationary EVs charging [52].  

In order to ensure the realization and enhance the sustainability in transportation sector 

with the emerging CPT ideas, the potential knowledge gaps and optimal solutions can be 

explored and proposed as leading attentions from both short term and long term 

perspectives. From short and middle term aspects, contemporarily the stationary CPT 

charging solution based on inductive power transfer (IPT) has been developed at 

laboratory level which are expected to be a first step for the tests of commercial 

realizations in the short-to-mid-term future. The stationary IPT Charging technology was 

firstly developed in transportation areas in 1990 [55]. Due to the high costs limitations of 

automotive side and infrastructure side, the Stationary IPT charging application has just 

been revisited in the recent decade. Figure 2.19 is a brief system illustration of IPT based 

stationary charging method [52]. From the long term perspective, the idea of dynamic EV 

charging was proposed and is now under development at the same time. A pilot 

proposition and test related to dynamic charging and road vehicle automation have been 

found in 1980s and 1990s in California [99]. Further detailed investigations upon 

stationary and dynamic charging methods, theories and implementations are to be 

presented in the following sections of the thesis.  
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2.3.3 Stationary CPT for EVs 

As briefly summarized in the previous subsections above, the mainly significant 

performance parameters and objectives of a satisfied CPT system are power transfer 

rating level, maximum charging distance, maximum system efficiency, charging 

tolerance to misalignments, system size and weight. The power level can refer to how 

long one full battery recharge would take for a full driving range of EV. The maximum 

charging distance determines the vehicle chassis structure for achieving contactless 

charging. The system efficiency is the overall comprehensive parameter of the entire 

system, which illustrates how electrically efficiently the CPT phenomenon operates from 

AC power supply end to DC battery end for the EV. Charging tolerance could reveal how 

the horizontal and longitudinal misalignments caused by EV drivers’ parking habits 

impact the actual coupling charging and power delivered between primary coil and 

secondary coil, which also indicates how the flexibility and advantages of CPT systems 

are when compared with conventional plug-in charging methods. The system size and 

weight could be subject to the actual energy density of the battery products utilized and 

could present the convenience of the CPT deployment when mounted on EVs, which is 

not quite a topic and priority for the investigations in this thesis compared with other main 

objectives.  

As introduced before in Section 2.2.3, it is more convenient to categorize the CPT 

technologies into two major types: stationary and dynamic CPT charging, when it comes 

to the actual applications in real-world. The stationary CPT technologies could comprise 

of loosely inductive coupling and electromagnetic resonant coupling depending upon 

different operating frequency range levels and capacitive compensation adoptions, which 

are both based on inductive coupling phenomenon and most of the time are collectively 

called inductive power transfer (IPT) in the literature [75], [100].  
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(a) Principles 

 
Figure 2.20: A loosely inductive coupling and magnetic flux linkage based CPT system for 

stationary EV charging.  

For the technical background and fundamental principles of contactless power transfer 

systems, the Figure 2.20 and Figure 2.21, along with Figure 2.19, illustrate the typical 

systematic diagram and basics of IPT based stationary CPT systems.  

 
Figure 2.21: Schematic of a typical CPT system.  

When the IPT charging system is activated by the signal from EVs reaching over the 

particular charging platform, the power supply under pavement will provide 230V AC 

mains to a transformer converter which could convert and rectify the high voltage power 
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to required range of DC voltage. Then, a high frequency (HF) inverter converts the low 

frequency AC power to HF AC power. Before being sent to transmitting pad, the HF AC 

power is supposed to go through the compensation module [66] which is considered to 

optimize the transformer loss factor. Contactless power transfer coupler transmits the 

power to the vehicle side via effects of magnetic flux linkage namely inductive 

phenomenon. After receiving the induced AC power, the compensation circuit and 

rectifier or AC-DC converter would operate on the power then the DC to DC converter 

of direct conversion method converts the energy to a required voltage for battery energy 

storage in the end of the whole CPT system. Regarding the power supply at the very front 

end of an entire CPT system, the further design or re-enhancement of a switching power 

supply functionality is not quite a focused part for the investigations in the thesis but still 

worth being mentioned here for a consistency of the whole system introduction. At a basic 

level of a real-world CPT system, a power supply requirement before the coupling module 

as depicted in Figure 2.21 is supposed to include an input rectifier and filtering section, 

an H bridge inverter section and current controller if necessary. Besides, compensation 

topologies are a subtopic in the theories and methodology chapter later in the thesis.  

(b) History of CPT for EV 

In 1887, Nikola Tesla invented induction machine that converts electrical power to 

mechanical power from a stator to a rotor, which inspired Tesla again to come up with 

the idea of wirelessly transmitting energy via large air gaps based on the principle of 

electromagnetic induction machine that was just technically and commercially proved by 

himself. In 1901, the concept of wireless power transmitting (WPT) was firstly proposed 

and was believed by Nikola Tesla that it can be used to transfer electricity even far from 

America to Europe with an electromagnetics based giant tower named Wardenclyffe 

tower in USA, which was terminated by US government in 1917 and proved that the 

actual coupling distance is a huge obstacle to WPT efficiency and effectiveness. Since 

then, some experiments were implemented in order to wirelessly transfer power to a 

moving train with coupled energy but still went unsuccessful, which on the other hand 

proved that only low-power signal could be transmitted over large distances such as radio 

frequency (RF) signals, microwaves, etc. A conclusion was made at that time that 

electrical power wirelessly transmitted is practically impossible from a power point of 

view throughout the rest of 19th century [101]. Whilst on the ‘signals’ side, the sciences 
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over communication systems, non-contacted current sensors and inductive antennas had 

been significantly developed based on Maxwell equations, laws of Ampere’s and 

Faraday’s and attempts of Nikola Tesla’s WPT.  

With the attempts of powering EVs inductively since 1970s, stationary CPT topics were 

re-proposed at the same time. In 1986, Kelly and Owens [102] designed a wireless power 

transfer method for a low-power level aircraft entertainment system with 38 kHz currents 

going through wires under the carpet successfully coupling and delivering 8 W power for 

each passenger entertainment platform despite very low transfer efficiency. In 1990, this 

wireless aircraft entertainment system powering innovation named ‘regulator for 

inductively coupled power distribution system’ was enhanced with a voltage controller 

and was patented by Turner and Roth for Boeing aircrafts in the US [103].   

In the beginning of 1990s, as academic pioneers, Boys and Green developed a systematic 

stationary CPT technology and patented it in the US [104] with the first definitional 

names in this area: inductive power transfer (IPT) or inductively coupled power 

transmission (ICPT) system, which includes an elongate inductor, parallel capacitive 

compensation, paralleled pickup coils, decoupling and voltage controllers [105].  This 

complete IPT system was modified and improved with enhanced control circuits by Boys, 

Covic and Green in 2000, which resulted in an output of up to 600W with a maximum 

voltage of  600V at 10 kHz by the system power supply [106] and, thereby from the power 

point of view, it was apparently unable to sufficiently power tens of kilowatts level EVs 

or to accomplish hundreds of kilowatts level required fast high-power battery charging 

cycles of EVs.  

Over the past 20 years, the performances of different stationary CPT approaches were 

significantly improved. However, most of the research development were achieved in 

laboratory rather than industrial level applications. In 2007, MIT WiTricity project group 

made a demonstration and claimed that their wireless power transmission system can 

lighten a 60 W bulb over 1 to 2 meters at 9.9 MHz with a transfer efficiency of between 

30% and 90%. This demonstration itself was convincing but the measured results were 

unavoidably doubtful when analysed according to previous studies and experiments over 

the past decades in the literature. Nevertheless, the development of stationary CPT 

technologies has been facilitated dramatically by the academic interests and the 
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commercial market requirement of EVs towards pursuits of zero emission transportation 

era in the 21st century.  

(c) Current status of inductive coupling-based CPT technologies  

Among the various previous studies and reports in the literature, it can be noticed that 

numerous subtopics have been covered and many breakthroughs have been made towards 

the CPT system performance optimization and the commercially productive realization 

for EVs. A variety of applications based on inductive power transfer principle have 

diversified as briefly introduced before in Section 2.3.2, the actual technical challenges 

have been becoming more noticeable at the same time, especially for the stationary and 

dynamic high-power required contactless charging for practical EVs. Nonetheless, the 

inductive coupling based CPT technologies and the derived techniques are promising. 

This subsection briefly reviews the development of stationary charging for EVs over the 

past decade as well as presents state of the art of stationary CPT method. 

More recently, some research institutes, university research groups and industrial 

manufacturers have been playing pioneering roles in this field and making new 

knowledge contributions from different aspects.  

Oak Ridge National Laboratory (ORNL), as a bullet research institute sponsored by the 

US Department of Energy in the CPT area, has carried out some practical experiments 

empirically resulting in some analyses and conclusive methods in the national research 

centre lab in Tennessee. ORNL focuses on grid-tied high frequency power inverter, grid 

side regulation converter, control system and loosely coupled coil design. Based on the 

new ultra-thin silicon IGBT technology, an experimental power inverter and a grid-tied 

power converter were designed and tested by ORNL in 2012 [107], which aims to 

minimize the mass and size of the coil, rectifier, filtering, wires, and other components 

mounted on the secondary side of vehicle chassis [108].  

A 5 kW output inductive stationary CPT system was designed by a group of the Utah 

State University, in which an external 37W power required field-programmable gate array 

(FPGA) sensors or controller was added to the CPT system for the dual-side control. 

Circular coils and LCL converter were used in this system. Practical experiments in this 

study were used to validate the effectiveness of the proposed schematic, by which the 
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researchers claimed that the system can maintain a very optimistic efficiency from the 

grid side to the load despite of too many ideally assumed conditions that were made in 

the derivative analyses and post-data processing [109]. Nonetheless, a dual-side control 

method in this report was proposed to the inductive coupling system as an innovative way.  

A researcher of the University of British Columbia deployed a set of magnetic gears as 

transmitting and receiving magnets, an electric motor on the ground side and a generator 

on a car chassis to realize a wireless power transmitting, which is implemented and 

accomplished via coupling magnetic gears and driving the generator on the car to power 

the vehicle motor. It was claimed that this system could reach a maximum transmission 

part efficiency of 81% with a transferred power of 1.6 kW at a very low frequency of 150 

Hz [110]. Regarding the feasibility and realization by gear coupling and re-generating 

electricity in a real-world EV charging application, the proposed system seems to be 

doubtful in this study as the additional process of driving the secondary generator via the 

magnetic field stored energy for inductively producing the electricity itself would 

unavoidably introduce more power losses eventually contributing to a further reduction 

of overall system efficiency ratio.  

Two researchers of the Setsunan university in Japan conducted investigations on several 

different coil dimensions, in which it was found that three-dimensional horn-shaped 

antennas as transmitting and receiving coils could lead to higher power transfer efficiency 

than patch and array antennas whilst the patch antennas in a nature of planar could be 

more practical and suitable for EVs chassis CPT system installation. Thus, the size and 

operation performance are to be a trade-off when considering the entire stationary CPT 

system from design to actual fabrication onto EVs. In this study [111] of the University 

of Setsunan, the system operating frequency is between 1.2 Ghz and 2.45 GHz, which is 

in a range of HF. Besides, it is claimed that the array antennas performs with lower 

transmission loss than patch antennas at 2.45 GHz and with a transmission efficiency of 

over 20% despite of unknown actual power transferred through the entire system.  

A team of Tokyo University contributed numbers of reports to the field of CPT 

technologies in the past ten years. Based on the method conceptualized and named with 

electromagnetic resonant coupling by MIT WiTricity in 2007, the research group of 

Tokyo University started studying the feasibility and technical performance of this 
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method with theoretical and practical depth since 2009. Different from the previous 

inductive power transfer (IPT) methods and concepts, the proposed electromagnetic 

resonant coupling technology emphasizes on impedance matching [112] in order for the 

whole system to approximate to magnetic resonance, by which predictably the energy 

transfer efficiency of the CPT system could be optimized and theoretically the actual 

power rating to the load could be very satisfactory. This group of researchers considered 

the CPT technology as small-sized helical antenna transmission topics and pure electrical 

equivalence problems [64], [113], which led to a convenience of investigating the system 

with the antenna scattering parameter (S-parameter) analysis and the direct experimental 

methods of using a vector network analyser (VNA) [114] to measure the outputs at a 

usable frequency of the industrial, scientific and medical (ISM) band – 13.56 MHz [115]. 

Significantly, the impedance matching theory contributes to the theoretical structure 

construction of CPT technologies, especially for the magnetic resonance accomplishment 

in this case. Whilst, the over-idealized impedance matching circuits used in this case 

neglects the non-linear magnetic circuit part in the coupling module, which determines a 

lot regarding how the actual electromagnetic flux distribution contributes to the real-time 

coupling phenomenon over the air or core based distance with non-linear magnetic 

characteristics in nature such as B-H curves and hysteresis effects in the electromagnetic 

field. Thus, the absolutely equivalent circuit method in the case of this research group 

may be not sufficiently appropriate and suitable for a CPT system scenario. Besides, 

working at megahertz level operating frequency and considering the system as a pure 

antenna problem especially with traditional scattering parameter analysis may be not 

proper as firstly the real-world CPT systems are not milliwatts level ‘signal transmission’ 

topics from power point of view, and secondly the VNA measurement with a two-port 

network S-parameter method may not be adequately applicable any more when it comes 

to kilowatts level electrical power issues despite of resonance status. Nevertheless, the 

University of Tokyo team did make contributions towards the knowledge gaps at that 

time in the last years of the first decade of 2000s. With the same methodology, a battery 

hybrid energy storage system was also studied by this research group, by which it is 

claimed that both the transmission side power control configuration and the receiving 

antenna side controller were designed to achieve satisfactory power charging without 

communication units between transmitting and receiving antennas [30].  
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However, the Tokyo University research team has turned to study the CPT systems in a 

loosely coupled frequency range in the order of kilohertz [116] rather than megahertz any 

more since 2014. More practically in laboratory and realistically in applications, the 

researchers started to mainly investigate the circuit topologies, transmission coil types, 

control methods and capacitor compensations in depth, pointing out that the effectiveness 

of magnetic resonance to the wireless power transfer coupling purpose and proving that 

the new methodology contributes more to the system efficiency and power transfer rating 

issues [117] with results of 40-90% and 60 W, respectively. Some of the major coil 

designs are to be further studied in the next subsection 2.3.3(d), in addition to the main 

investigation topics of the thesis.  

Nonetheless, several technology driven companies and manufacturers in industry have 

also been making contributions to the field of emerging wireless power transfer 

technologies for stationary charging from multiple levels and more aspects over the past 

twenty years, such as WiTricity Corporation, Bombardier, HEVO Power, Qualcomm 

Group, Conductix-Wampfler etc.  

As mentioned before in the last subsection, WiTricity as a corporation was founded by a 

group of MIT researchers to investigate and invent wireless energy transmission terminals 

for commercial purposes since the first demonstration in 2006. With the proposed 

resonant coupling method, WiTricity team designed a CPT system with tuned coils to 

wirelessly transfer power which was claimed with 60 W to 3.3 kW over one meter at 

145kHz operating frequency [118]–[121]. Afterwards in 2011, some other researchers in 

East Asia carried out resonant coupling simulations based on WiTricity designs and 

studies the position tolerance of the method, by which it was claimed that the simulated 

WiTricity model showed a maximum performance at 2.34 MHz with a coil distance of 

50 mm [39]. However, in this report [39], a real power rating and effectively convincing 

system efficiency were not derived and discussed in details although the peak values of 

output voltage magnitudes corresponding to various coil distances and frequencies were 

recorded and compared.   

Bombardier Transportation company, a leading technology and solution supplier in 

Germany, tested their wireless static charging system called PRIMOVE for buses in 2013. 

As part of the pure electric public buses, the PRIMOVE system has been integrated with 
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improved EV system via this project. Bombardier designed their own control unit named 

‘vehicle detection and segment control’ (VDSC) and interface called ‘supervisory control 

and data acquisition’ (SCADA) subsystems at industrial levels [122], which seems to be 

feasible and successful in the real-world application in spite of insufficient technical 

reports or data released and published yet.  

HEVO Power is another technology provider in the US which aims to innovate a wireless 

charging system for public transportations. This company proposed a stationary system 

requiring a fixed operating frequency of 85 kHz and targeting at transferring up to 10kW 

power over an air gap of about 30 cm. It was claimed in 2014 that the receiving side 

prototype mounted on the vehicle weighs 11 to 23 kg and that the heating problems on 

both the vehicle and ground charging sides can be prevented by their parking zone design 

and mobile phone app monitoring [123].  

Qualcomm, a pioneering company dedicated in communication technologies, informatics 

and lately emerging wireless power transmission, has also been implementing research 

programs towards an optimal wireless charging equipment for both low-power electronic 

devices and high-power charging applications. Qualcomm Halo is a specific project 

regarding achieving CPT charging for EVs. Qualcomm aims to realize three options of 

charging power ratings for future customers in their report in 2013, which are 3.3 kW, 

6.6 kW and 20 kW and targets at very high and stable efficiency rate of over 90%. With 

IPT method, proposed BiPolar and DD coil designs, Qualcomm claimed that their Halo 

IPT system used 20 kHz operating frequency in the simulations and trial runs of this 

prototype would be implemented in East London in 2011. It can be noticed that, from the 

research report [124] in collaboration with Auckland University, Qualcomm Halo project 

is very practically profound and technically convincing with strong simulation supports 

and mathematically theoretical representations by themselves and other researchers [125]. 

Besides, the double D method has been patented by Qualcomm years ago from 

commercial point of view.  

Furthermore, Conductix-Wampfler, another technology company in CPT research, is 

very dedicated in investigating inductive power transfer (IPT) techniques and already 

patented their own IPT trademark in the US. This company focuses on developing IPT 

system for automated guided vehicles (AGV) in warehouse applications with robotics 
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[93], [126]. According to their reports until 2018, Conductix-Wampfler aims to produce 

the power supply module, charging mat and power pickup with charging manager unit. 

Technically, the power supply AC voltage can be one-phase 100-240 V or three-phase 

380-480 V at 50 or 60 Hz, the output power and current can be 1.5 kW and 5 A, 

respectively. Their power pickup namely receiving coil module with charging manager 

subsystem aims to inductively receive about 55 V induced voltage and 10 A current to 

send to charge a 24 V DC battery with 12 A and 144 W after the power regulation, DC to 

DC converter and current monitoring of the charging manager subsystem. The 

dimensions of power pickup pad and charging mat are H 80.3 mm × W 222 mm × D 216 

mm and H 7 mm × W 435 mm × D 180 mm, respectively. The aim of the charging 

distance is 10 mm. It can be seen that Conductix-Wampfler shows not only respectful 

ambitions but also technical skills in the industrial applications for AGV in warehouse 

systems.  

(d) Proposed designs of coupling coils 

The coupling module design especially the coil geometry design, as the most important 

part of contactless power transfer systems with regards to the overall system outputs and 

performances, plays a significant role in order for any types of CPT architectures from 

both the power electronics and electromagnetics perspectives to eventually address the 

three main objectives: electrical power transfer ratings of the system; efficiencies 

including overall system efficiency to the load end and coupling part efficiency; CPT air 

gaps namely charging distances. Therefore, it is very worthwhile proposing, analysing 

and evaluating various coil designs to comprehensively implement the investigations 

upon CPT technologies. In this subsection, the proposed coil designs in the literature until 

present are to be enumerated and briefly analysed.  

 Circular coils 

Until present, the circular coil designs have become the most common and acceptable 

approach for various power-lever devices such as wireless charging pads for smart phones 

and many other portable electronic products. Also, as for the initial feasibility for high-

power level EVs contactless charging, circular coil with its derivative topologies has been 

focused and developed towards the optimizations and some of them are originally derived 
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from traditional pot cores, according to the reports in the literature [127]–[129]. Within 

the current studies and even commercial level applications, most of the circular coil 

designs are coreless especially for low-power applications [130]–[132].  

As known in transformer theories and applications, the ferromagnetic cores like ferrite 

cores are deployed to prevent excessive energy loss into surrounding air and materials 

due to existence of magnetic leakage. And with the fairly tiny air gap design crossing the 

core structure instead of completely enclosed core loop, the core windings can have 

minimum disadvantages when effects of proximity occur due to hysteresis loss and eddy 

current loss. Similarly and theoretically, deploying ferromagnetic cores like ferrite in CPT 

coil designs is able to constrain magnetic flux lines to expected paths and to shape the 

actual electromagnetic field in order to enhance the effectiveness of coupling, which 

consequently improves the wireless energy transfer system performance.  

 
Figure 2.22: Circular coil design with 

ferrite pads [109]. 

 

 
Figure 2.23: Dimension of a circular coil 

with ferrite pads [109].  

 
Figure 2.24: Simplified planar circular 

coreless coils [133].  

 

 
Figure 2.25: Simplified coreless solenoid 

coils [133].  

In most small-scale low-power CPT systems for portable electronic devices like cell 

phones, wireless charging pads with coreless coils can acquire more popularity due to 

pursuits of relatively thin and lighter design from real-world customers, certainly under 

acceptable conditions such as charging power rating and basic efficiency to be at least 

satisfied by manufacturers’ efforts on advanced electronic circuitry and control unit 

designs. However, high-power CPT applications are more supposed to need cores to 
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assure the satisfactions of the overall system performance [75], [134], for instance, the 

circular coil couplers with solid ferrite pads could form the flux distribution much better. 

A design of circular coil with ferrite pad is shown in Figure 2.22 and Figure 2.23 [109], 

in which the dimension is in mm. And two coreless circular coil designs are illustrated in 

Figure 2.24 and Figure 2.25 for comparisons. 

In addition, the derivatives of circular design have also been depicted here in Figure 2.24 

and Figure 2.25 [133]. In this thesis, the former design could be called a design of 

simplified planar circular coreless coils and the latter one could be called a design of 

simplified coreless solenoid coils, with a categorization nomenclature based on the 

characteristics and natures introduced above. The model in Figure 2.26 could be named 

a design of circular ring coreless coils, which illustrates expected magnetic flux lines and 

distributions in 3D magnetic simulation. It can be seen that with no ferrite pads or cores, 

the flux lines flow through the coils showing more naturally and smoothly curved paths 

in air, which can be different from the circular coils with shaping effects by ferromagnetic 

materials such as ferrite pads used on the external sides.  

 
Figure 2.26: Circular ring coreless coils with expected magnetic flux distributions [82].  

 

 Planar square coils 

Geometrically, square windings can take better advantage of the space under the chassis 

of vehicles for system installation. Some reports also have already presented the designs 

regarding square coils and the derivatives and practically tested. The Oak Ridge National 

Laboratory (ORNL) in the US proposed the detailed designs of their square coupler 

shown in Figure 2.27 and Figure 2.28 [98], [107], [108], for which a category name of 

‘planar square coil without a cavity’ can be applied based on the reviewed designs and 

categorization nomenclature in this thesis. The square coils of ORNL are single-layered 

with multiple circles of windings as illustrated and the winding wires are made of copper. 

No ferromagnetic materials are used in this design. 
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Figure 2.27: Planar square coupler 
without coil cavity prototype [108].  

 

 
Figure 2.28: Simulation design of a planar square 

coupler [108].  

 

 
Figure 2.29: Planar square coil with cavity 

[95].  

 

 
Figure 2.30: Simplified simulation design 
of a planar square coil with cavity [95].  

Considering different magnetic flux lines generated and formed by whether or not a cavity 

exists in the planar coils, another derivative design can be categorized into ‘planar square 

coils’ here. Compared with the planar square coil without a cavity prototype, the model 

that can be named the ‘planar square coil with a cavity’ has been presented in [95], which 

is nearly based on the same dimensional parameters except the empty cavity design 

existence within the coils as shown in Figure 2.29 and Figure 2.30. 

 Solenoidal square coils 

When the installation space under a vehicle chassis is not a major issue, for instance for 

small-sized automated guided electric vehicles (AGEV) in warehouse rather than on 

public traffic road, a combination design of solenoid coils and square coils can be 

proposed, which here is named ‘solenoidal square coil’ despite a different name in the 

original report [135].  

 
Figure 2.31: Simulation model of a solenoidal square coil [135]. 

By a comparison analysis in this thesis, it can be explained that, the huge dimensional 

size of this kind of design can take advantage of the intracavity space of the AGEV and 

theoretically present the optimal performance of both planar square coil and solenoidal 
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coil due to a larger internal magnetic flux area and path length as shown in Figure 2.31. 

Expectedly, this solenoidal square coil design can improve the magnetic flux density and 

eventually enhance the power transfer efficiency and power rating, which however still 

needs to be tested and proved with actual system output performance and feasibility yet. 

 Helical solenoid coils  

 
Figure 2.32: A traditional solenoid coil - 

side view [136]. 

 

 
Figure 2.33: A cross section of single-

layered solenoid coil [136]. 

Similar to conventional solenoid structure, the helical solenoid coil categorized here can 

be one of the applicable CPT coupler designs. As shown in Figure 2.32 and Figure 2.33 

[136], the helical solenoid coil design ideally has two coaxial solenoids with horizontal 

flux central lines in parallel. With one solenoid as transmitting coil on the primary side 

and another solenoid as receiving coil on the secondary mounted on the vehicle chassis. 

Figure 2.33 shows a cross section of a helical solenoid coil with single-layered windings. 

This coil structure theoretically has satisfactory mutual inductance when two coils have 

zero misalignment in parallel and short coupling distance, especially for small electronic 

devices. However, this design may have low tolerance to misalignments which could be 

a challenge from the EV customer end in real-world high power applications if installed 

on vehicle chassis. Ferrite cores can be inserted into the cylindrical centre in helical 

solenoid coil design for coupling enhancement. 

 Multilayer helical coils  

A novel design called ‘multi-layered helical coil’ is illustrated in Figure 2.34 and Figure 

2.35. Theoretically, with numbers of winding turns and layers, the coil coupling and 

mutual inductance will be increased, consequently enhancing the CPT system 

performance.  
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Figure 2.34: A multilayer helical coil 

structure [63]. 

 

 
Figure 2.35: Front view of a multilayer 
coil design with two-layered shell [63].   

When it comes to high frequency applications like CPT charging for EVs, the total effects 

of proximity losses will be significant if the distance of each turn and layer separation are 

too close, which lowers the system efficiency [63]. Thus, this design is not suitable for 

high frequency, space tightened and high power required applications. Further 

investigations and experimental results from practical prototypes rather than ideal 

simulation models are still required to study this multi-layered helical coil design for the 

feasibility and realization of CPT charging of EVs in the future.  

 Mixed-type coils design  

 
Figure 2.36: A mixed-type coil design [116]. 

An innovative structure design shown in Figure 2.36 was proposed by a team in Japan in 

2015. This mixed-typed coil design [116] is supposed to allow higher tolerance to 

misalignments, smaller size and more compact installation for energy receiving side on 

EVs as two coaxial square solenoid coils on the transmitting side are anticipated to 

generate stronger magnetic field in order for the circular receiving coil to capture more 

amount of magnetic flux lines. Expectedly, the overall coil magnetic flux distribution of 

the CPT system could be boosted when compared with a pure circular coil design for the 

same size of chassis of EVs. However, this design still needs to be further theoretically 

studied, practically tested and comprehensively analysed from modelling to experiment 

due to few reports in the literature until present.  

 Double D coils  

A structure of double D shaped coils was proposed by Qualcomm Halo program as 

illustrated in Figure 2.37. 
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Figure 2.37: Double D and BiPolar Design [47].  

Two coils of the ideal D shape winded with one long copper wire are on the ground side 

as a transmitter, and a polarized receiving coil with two partially overlapping windings is 

on the EV chassis side [47]. This DD design was reported to produce higher coupling 

than a same-sized circular coil structure [137], [138]. However, further developments 

about DD coil design and its derivatives are required by more numerical results and 

effective system performance.  

 Asymmetric coils  

 
Figure 2.38: Asymmetric coil design [139]. 

The asymmetric coil structured in Figure 2.38 was proposed in 2014 in order to 

investigate the impact of tolerance to the stationary CPT system performance. The 

receiving coil is smaller than the energy transiting coil set with a purpose of improving 

the tolerance of misalignments when parking a vehicle [139]. This structurally innovative 

coupler design with a transmitting bottom set size of 200 cm x 100 cm each and a pickup 

set size of 16 cm x 16 cm each is claimed to output 15 kW at 20 kHz and the maximum 

misalignments can be 40 cm and 20 cm for lateral and longitudinal axes. This coil design 

contains ferrite cores to facilitate the field. The power supply is a current source of 

maximum 100 A in the simulation models. Nevertheless, further studies about the 
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feasibility for real-world EVs contactless charging with this type of design are required 

in the future, addressing the other major objectives of CPT systems. 

Regarding more novel coupler designs proposed and investigated throughout the 

doctorate study, Chapters 3 and 4 of this thesis will present and describe them further in 

details from different aspects of knowledges, as parts of the contributions via the thesis.  

(e) Magnetic resonance in inductive CPT systems for EVs charging  

As introduced before, a basic inductive power transfer (IPT) system consists of a front-

end power supply, a coupling coil structure, a load and other essential power electronic 

units such as high-frequency inverter, rectifier, and voltage regulator. If necessary for 

high RMS real power rating requirement, a suitable compensation topology can be added 

into the CPT system. Over relatively large charging distance, a loosely coupled induction 

can realize the basic wireless energy transmitting purposes for low-power applications, 

which have been tremendously studied before 2010 as the initial investigations 

implemented during 1990s and 2000s are mostly about the basic realization of wireless 

power transfer. Since around 2010, institutional researchers and industrial R&D sectors 

started to focus on the major challenges and objectives: the CPT system efficiency for 

electricity usage consideration, the system power transfer ratings for fast charging 

requirement of EVs customers, the large air gap pursuit for higher charging flexibility 

and safety, etc. Therefore, as a new branch of CPT technologies, magnetic resonance 

based CPT technology was proposed by MIT WiTricity and later structured by 

researchers in this field within the last decade. 

Electromagnetic resonant coupling, so-called magnetic resonance inductive coupling, has 

currently been proposed as an approach to reach higher CPT system performance, which 

is not only based on IPT techniques but also deployed with theories of electronic circuit 

and magnetic resonance under necessary conditions specifically built for a CPT system. 

Normally, basic IPT systems works at VLF up to kilohertz range of operating frequency 

to achieve loosely coupled wireless energy transmission. Whilst magnetic field resonance 

based CPT systems operate at tens of kilohertz level frequencies due to resonance 

conditions and impedance matching applying to compensation capacitors and actual 

inductance values of inductive coils. When the compensation capacitors can optimally 

minimize the magnitudes of reactance in the system, the magnetic resonance can be 
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theoretically reached in order to maximize CPT system capacity via the magnetically 

coupled coils under the condition.  

With the rapid development of semiconductors, material sciences and power electronics 

such as switching power supply [140], power amplifier [141], active rectifiers [142] and 

high-frequency inverters, the electromagnetic field resonance for high frequency high-

power stationary CPT systems with large charging distance tends to be achievable in the 

near future.  

2.3.4 Dynamic CPT for EVs as a scope of the future  

From the long-term perspective, CPT systems with online charging techniques will be 

more pragmatic and convenient for long or even unlimited range of EVs, which will 

enable drivers to charge EVs continuously while in motion. However, the actual real-time 

electrical energy received via dynamic CPT is theoretically and practically reliant on 

power transfer ratings of the system, time duration of the EV travelling within the 

dynamic charging zone, vehicle speed, and actual coupling efficiency and so on. 

Accordingly, besides of the major challenges of stationary CPT charging, achieving 

dynamic CPT charging of EVs has much more difficulties and complexities in real-world 

applications. This subsection describes the fundamental principles of dynamic CPT 

system and addresses the main challenges to be tackled as a scope of future dynamic CPT 

technologies for EVs.  

(a) Principles  

Dynamic CPT can be regarded as a derivative stemmed from stationary CPT as its 

receiving coil side on the EV chassis fundamentally has similar mechanism and 

subsystem structure with the secondary receiving side of a stationary CPT system. 

Therefore, dynamic CPT charging approaches can be categorized into two methods 

according to transmitting side coupler designs. The first method is segmented coil track 

design and the second method is single transmitting track design [63], [81]. Theoretically, 

the former one has multiple ground-side segmented coil arrays connected to high 

frequency voltage power sources as shown in Figure 2.39 and these coil arrays have 

similar dimensional size with the receiving coils on the vehicle chassis. The latter type 

of design consists of one single substantially long transmitting track connected to one 
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single power source [143], in which the dimension of single track is much longer and 

larger than the receiving coupler coil on vehicle chassis.  

  
Figure 2.39: A proposed segmented coil track for EVs dynamic CPT [63]. 

The mechanism of a segmented coil array type of dynamic CPT system can be depicted 

by Figure 2.39 and Figure 2.40 [63]. When the EV travels along the online charging 

enabled lane and through the air space under which the coil array is activated, accordingly 

the power source and HF inverter corresponding to this coil turns to be switched by the 

system control and immediately then the inductive coupling occurs. The EV passes over 

this array zone to the next segmented array then the previous inductive coupling transfer 

will be cut by system switch and the next array will be supplied with power to start another 

inductive energy cycle. The foreseen challenges of dynamic CPT approaches are more 

about control system complexity, switching power supply module complexity, extremely 

high construction cost and coupling effectiveness determined by displacement, vehicle 

speed, weather conditions, etc.  

 
Figure 2.40: The proposed dynamic CPT system illustrating a method of using multiple 

segmented coils based transmitting array [63].  

 (b) Analytical comparisons between two categories of transmitting coil arrays  

The segmented coil array design could eliminate the issues of electromagnetic field 

exposure and solve the complexed distributed compensation requirement. Unavoidably, 

some challenges will exist in this array design as every coin has two sides. Sensor 

detection units are required on the ground array side to track and locate the real-time 
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position of the vehicle and appropriately switch on the power sources of the arrays 

covered by the moving receiving coil as illustrated in Figure 2.39. Thus, the power 

transfer efficiency could be feasibly remained high as the array electromagnetic fields 

only get switched on instantly when the vehicle is travelling over them. Besides, the 

separation distance between arrays may determine the continuity and efficiency of online 

charging due to the issues caused by the negative mutual inductance between adjacent 

transmitter arrays generating negative currents and by the high complexity of too many 

power source converters connected to each coil to realize effective control of system 

power flows.  

Comparatively, the single transmitting track CPT system is powered from a single source, 

which could give advantages of easier control and nearly constant coupling coefficient 

along the track. However, this type may also suffer from: the inevitable electromagnetic 

field emission and exposure; large inductance that is required to be compensated with 

one distributed compensation capacitor; coupling coefficient would be fairly low causing 

low efficiency due to very small effective coupling area between transmitting track and 

receiving coil on vehicle side in the real-world scenarios. 

(c) History, current status and future potential of dynamic CPT 

Based on studies, reports, patents and other documents in terms of the development of 

dynamic contactless charging for EVs in the literature, it can be found that probably the 

first real attempt to wirelessly inductively transfer electrical energy was implemented by 

Hutin and LeBlang in 1894, which can be seen from the US patent [144] describing a 

method of transmitting electricity to an electric rail vehicle using an AC generator at 3 

kHz without outlet exposed contact. In 1972, Nikolaus Otto used a 10 kHz generator with 

a sinusoidal silicon controller rectifier inverter to couple circular coils for moving an EV, 

in which two copper winding coils were buried 20 cm under the pavement, each carrying 

2 kA current. Since 1980s, the project called the Partner for Advanced Transit and 

Highways (PATH) was launched towards realizing inductive power transfer road for EVs 

in California. This project deployed a 400 Hz generator to inductively transmit energy for 

a bus with capacitive tuning control. However few details were released and later this 

project was terminated. There were insufficiently academic studies and industrial reports 

about practically realizing satisfactory dynamic contactless power transfer for high-power 
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required EVs until late 1990s. At the same time in industry, the plug-in EVs and hybrid 

EVs were emerging and becoming popular during these decades.  

More recently within the last two decades, both the academic and industrial fields have 

presented a series of development regarding dynamic CPT technologies for EVs. As a 

leading academic institution in the world, the Korean Advanced Institute of Science and 

Technology (KAIST) has been carrying out a research project called ‘online electric 

vehicles (OLEV)’, by which about 3 kW output power has been claimed to transfer 

wirelessly for an EV over a dynamic charging enabled road with a distance of 10 mm in 

2013 [51]. A SUV type of EV and an electric train were able to receive 15 kW power on 

a rail with 120 to 170-mm air gap [145], [146].  

The researchers of Auckland University and Conductix-Wampfler developed a dynamic 

IPT system with circular segmented coils under a monorail surface to transfer 

approximately 1.5 kW at 40 mm charging distance for EVs [97], [137], which seems 

convincing and feasible for monorail based CPT but the long track costs and system 

efficiency would be still big challenges for real-world transportation application.  

Utah State University and Tokohu University also paid efforts on investigating electric 

bus for campus use and actual coupling factor issues regarding large air gaps and circuit 

designs. The former university targets at 25 kW power transfer and battery weight 

reduction for buses [147], [148].  

On the other hand in industry, some technology companies are also investing into 

development on dynamic charging for EVs. For instances, Momentum Dynamics claimed 

that they tested a prototype system in 2012 that could supply 240 V for commercial EVs 

with distance of maximum 60 cm and kilowatts level power to fully charge a Chevy Volt 

within 1 hour [118]. Qualcomm Halo, Bombardier and Conductix-Wampfler also have 

been implementing investigations on dynamic charging along with feasible stationary 

technologies in their R&D sectors since about 2010.  

Overall, most of the methods of dynamic CPT have been pervasively acknowledged the 

feasibility of segmented coil array design. A derivative improved dynamic CPT coupling 

schematic has been proposed towards higher coupling effectiveness shown in Figure 2.41, 

which deploys multiple switches, multiple transmitting coils and multiple receiving coils 
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to magnetically couple and capture the flux [149]. Nevertheless, this innovative type of 

derivative was tested at several watts level and may still require further simulation and 

practical experiments to verify its electronic and magnetic complexity against the real-

world performance from high-power point of view for EVs applications.  

 
Figure 2.41: An improved derivative dynamic CPT coupling topology [149].  

For the future, dynamic CPT charging technologies will still undoubtedly be an academic 

research mainstream and development direction as an unlimited long range of EVs is an 

ultimate objective from any perspectives. Some other difficulties are to be solved, such 

as high costs of the entire CPT system including roadway infrastructure, control modules, 

fragile and expensive ferromagnetic materials, long service life purposes, electromagnetic 

field interference (EMI) considerations, etc. Nonetheless, it can be believed that the 

dynamic CPT systems will be realizable and feasible based on the mature stationary CPT 

technologies in the short future and further technical supports from other scientific areas.  

2.4 Chapter conclusions  

The history and basics of CPT systems mainly based on magnetically inductive coupling 

power transfer phenomenon have been introduced in Chapter 2. A number of leading 

research institutes and pioneer industrial companies who have been attempting to apply 

CPT techniques for their EVs mostly operating in warehouse scenarios have been listed 

and discussed in terms of the development directions, proposed methods and concepts 

over contactless energy transmission realization. In addition, the currently proposed 

mainstream coil coupler designs from both stationary and dynamic aspects in the 

literature have been described and reviewed towards the main performance output 
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objectives of CPT systems and towards developing the methodology of this thesis, in spite 

of immature technical realizations and foreseen huge challenges such as reliability, 

suitability, accuracy, construction costs, etc., especially from the long-term CPT 

application perspective. This thesis is to report the investigations regarding stationary 

CPT system performance optimization with an emphasis on coupler module design.  
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Chapter 3 Theories, methodology and 

analytical model designs 

This chapter presents and describes theories, numerical representations and 

methodologies of CPT modelling in depth despite basic principles briefly introduced in 

Chapter 2. In order to achieve the main objectives of CPT technologies for EVs charging, 

new systematics and design methodologies of CPT systems have been investigated from 

simulations to practical experiments. As the significantly major part of CPT systems, the 

optimization of the coupler coil with its determinations of geometric and electromagnetic 

parameters on both the electrical energy transfer characteristics and the magnetic 

coupling performance has been considered as a core topic over CPT studies. Apart from 

the power electronic aspect to enhance system performance, the research emphasis in this 

thesis will be on the design and methodology optimizations of CPT coupler modular 

including a variation of innovatively proposed coil structure designs, coupler geometries, 

shielding methods, ferromagnetic materials, tolerance to misalignments, etc., mainly 

against groups of air gaps, ranges of operating frequencies and so on.  

3.1 Introduction 

As mentioned before in Section 2.1, based on the basics of inductive power transfer that 

were discovered, proposed and developed by Michael Faraday, Hans Oersted, John Henry 

Poynting, James Maxwell and Nikola Tesla, the CPT technologies have been under 

investigations for over one century [150], [151]. By a time-varying magnetic field instead 

of wires, it was proved and described in Faraday’s law of inductance that electrical energy 

can be transferred wirelessly and inductively via electromagnetic field (EMF) [152], 

[153]. New applications with low-power and high-power CPT technologies have become 

commonly developed and gradually realized over the past two decades due to constant 

contributions of fast switching power electronics [154]–[156], signal communication 

systems [157], [158] and new magnetic materials [159].  

In order to address the challenges of CPT system performance optimization, the 

transferred real power, system efficiency, maximum power transfer air gap and tolerance 
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to misalignments, it is significantly necessary to study the methodologies of modelling, 

to implement the newly proposed coupler designs and to analyse the outcomes by 

comparisons from aspects of power electronics and electromagnetics, by which the CPT 

system structures can be optimized especially for high-power applications like EVs 

wireless charging considerations.  

The following subsections of this chapter will describe the principles of inductively 

coupled CPT, compare the differences of theories between the industrial transformer, the 

RF antenna and the IPT systems with magnetic resonant couplings and compensation 

topologies. Then theoretical representations and numerical calculations towards CPT 

system optimization based on power electronics will be discussed. Besides, formulations 

and investigations based on integration of electromagnetic theories, EMF metrics and 3D 

FEM-based analytical modelling are to be discussed for implementations of the 

subsequent chapters of the thesis.  

3.2 Theoretical analysis of CPT  

3.2.1 Analysis methodology of inductively coupled CPT systems 

Conventional plug-in EVs have been accepted very rapidly worldwide in the automobile 

industry, which can be anticipated to be indirectly beneficial to development of CPT 

technologies to enhance EV performance and widen commercial markets of CPT-based 

EVs in return.  

Compared with conventional plug-in EVs charging system, CPT systems tends to result 

in much more complex architecture in nature from front power supply end to rear load 

end. Every single different system performance requirement corresponds to different 

technical efforts in designing and manufacturing the CPT systems. In order to ensure 

highly satisfied system performance characteristics, the entire CPT system is required to 

be systematically designed and redesigned before practically producing satisfactory 

system outputs. Therefore, a reliably, effectively, feasibly and systematically analytical 

CPT design methodology needs to be established and proposed.  
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Theoretically and practically, the magnetic coil coupler designed and power electronics 

adopted crucially determine the system outputs including the aspects that are emphasized 

in this thesis, which are maximum real power transfer, system efficiency, optimum 

charging distance, etc. As the most significant and determinant component of high-

performance CPT systems, the magnetic coil coupler, the so-called coupling modular, 

will be focused on in the range of investigations of this thesis.  

 
Figure 3.1: The methodology for structuring and analysing CPT systems of the thesis. 

A proposed methodology of designing and analysing CPT systems is depicted and 

summarized in Figure 3.1. The preliminary natural resonant frequency probe and 

anticipation method for effective tracking and tuning purposes towards reaching an 

optimal electromagnetic resonant coupling state of the system is developed in this 

methodological flowchart above. From the system structure to the output analysis, this 

methodology can be deployed to develop CPT systems with comprehensive analyses and 



47 

 

constructive considerations for both theoretical designs and practical implementations. 

From the design point of view, the design variations of coil type, coupler geometry and 

coupler material properties need to be initially taken into account as the starting point of 

all the parameter determinations. In addition to magnetic coil design for better magnetic 

field coupling reasons, the capacitor compensation topologies also need to be suitably 

added into the system in order to cancel out reactive powers and leakage inductance for 

higher values of power factor (PF) and system efficiency.  

By setting coil coupling distance, load and operating frequency as main variables, along 

with configuring voltage power supply at the system input, inverters and converters, the 

designed small-sized CPT prototype can be implemented and analysed. When the entire 

system tends to be operating at the anticipated steady status, the required output data of 

both electronics and magnetic field can be acquired for analysis of the transient 

contactless electrical energy transfer behaviour and then for evaluation on the overall 

system performance. In order to reach higher transferred power rating and efficiency, it 

is necessary to calculate and analyse every aspects of results and electromagnetic field’s 

characteristic parameters for redesigns and further improvements on each modules of the 

system. Iteratively, along with the calculated theoretical results by electronic circuit and 

EMF equations, the comparison, verification and analysis addressing major objectives 

towards approximating an optimized CPT system can be carried out. Detailed designs and 

implementations for the investigations in the thesis regarding utilizing this innovatively 

proposed methodology will be presented and reported in Chapters 4 to Chapter 7.  

3.2.2 Comparisons with conventional energy transmitting applications 

(a) Discussion and comparison between CPT couplers and industrial transformers 

As known, ideal transformers in theory are fairly different from real-world transformers 

in industrial applications when analysing actual performances. For examples, in ideal 

transformers, magnetic coupling is considered perfect and coils dissipate zero energy. The 

transformer core is considered to perfectly trap all the magnetic flux with all the flux lines 

passing through any cross-section of the core without any leakage. Numerically, the 

induced electromotive force (e.m.f.) is equal to alternating source voltage by applying 

Faraday’s law. All the power from source on the primary coil is considered to be 
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transferred to the secondary circuit due to assumption of zero losses. Importantly, power 

factors in both coils are considered to be the same in ideal transformer theory. The 

relations between voltages and currents are seen proportional and linear.  

However, the characteristics of ideal transformers cannot be realized for practical power 

transformers. The perfectness of magnetic coupling between coils cannot be achieved. 

There exists ferromagnetic saturation in high magnetic fields. Significantly, power losses 

in coil windings, core and power electronic elements are definitely unavoidable and not 

simply proportional any more.  

By contrast, the CPT systems investigated in the thesis have more different parameters 

and nonlinear characteristics than ideal transformers and conventional transformers in 

real-world applications. Due to additional requirements toward charging distance, coil 

misalignment tolerance, magnetic leakage and so on, the system performance 

characteristics tend to be relevant to more variables and factors which can also affect each 

other in practice. Particularly, system input voltage, geometry of coils, capacitor 

compensation circuit, winding ratio, operating frequency, charging air gap and coupling 

misalignment can be determinant to the main objectives among the system outputs – 

output power level, maximum system efficiency, actual power losses, effectiveness of 

charging distance, tolerance rate to lateral and longitudinal misalignment, etc.  

Thus, it is required to investigate CPT systems from aspects of both power electronics 

and electromagnetics with theoretical modelling, numerical computation and practical 

test. When the CPT system operating frequency is in range of kilohertz level or above, 

the system performance characteristics need to be analysed based on the systematic 

methodology illustrated in Figure 3.1 instead of using formulations of ideal transformers 

with ideal assumptions to analyse the real-world industrial electrical energy transformers.  

(b) Discussion and comparison of CPT systems with antenna applications in signal 

transfer systems via high frequency microwaves  

As known that loosely coupled inductive method and magnetic resonant coupling are 

generally regarded as near-field CPT techniques, while RF and microwave are regarded 

as far-field CPT approaches with energy transmission range of a couple of kilometres and 

low efficiency rate in signal communication areas. In order to heighten the frequency 
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range from LF of Hz-kHz to VHF of GHz for realizing longer energy transfer distances 

like RF and microwave applications, it can be found that some academic reports [3], [70], 

[113], [160]–[162] at the initial stages and years of CPT study in the literature suggested 

to consider the general CPT issues as far-field HF low-powered antenna and RF 

microwave topics, which was to be found methodologically easier for analysing but 

insufficiently suitable and practically unconvincing for real-world high-power CPT 

scenarios in nature especially for EVs.  

At low-power levels using the definitions of two-port network theory and measurement 

of scattering parameters (S-parameter) matrix, it was believed, in an initial series of 

reports [64], [73], [111], [112], [115], [163] before about 2013, that designing and 

estimating the system performance characteristics of a CPT prototype using S-parameter 

based analysis was recommended. In these studies, the prototyped low-powered wireless 

energy transmission antenna setup was measured with a vector network analyser (VNA) 

to directly acquire the S-parameters S21  and  S11 , and then simply work out the 

transmission ratio η21 = |S21|2 × 100%  and reflection ratio η11 = |S11|2 × 100%  of 

the system in order for experimental verification based on definition equation in [64]. 

With two-port network theory and VNA method, η21 is supposed to represent the 

coupling coil efficiency of the WPT system.  

In the main papers [64], [111], [112], [115] regarding this two port network using VNA 

measurement and S-parameter theory, the output system power was low with range of 5 

W to 100 W. This signal-level antenna based small circular coil setup at 15.9 MHz and 

with a 200 mm coil distance was claimed to produce an efficiency of up to 95 %, which 

seems too high and is almost the same as a real-world coaxial high-quality transformer. 

It can be noticed that there were too many idealistic assumptions and unconvincing 

method used in this case considering CPT issues as pure antenna far-field RF scenarios. 

Conclusively, the real-world CPT charging for high-power EVs should be analysed from 

power electronics and electromagnetic field point of views instead of simply using low-

power setup VNA measurement to evaluate a practical CPT system model. Thus, the 

electromagnetic field analysis and power electronics based CPT design is to be studied 

and presented in the following sections of the thesis, addressing the major systematic 
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parameters such as coil geometry design, resonant frequency, output RMS power rating, 

air gap variation, coupling misalignment, etc.  

3.3 Design basics of electromagnetic resonant coupling CPT 

systems  

As briefly introduced in Section 2.3.3(c), researchers of MIT WiTricity firstly proposed 

and demonstrated a prototype named ‘magnetic resonance’ wireless energy transmission 

in 2006, after which the magnetic resonance coupling has been increasingly considered 

in many studies while the loosely coupled inductive power transfer (IPT) is still a main 

stream among all ranges of contactless power transfer applications. However, magnetic 

resonance coupling had not been defined and differentiated from electromagnetic 

induction based loosely coupled IPT until a leading team of Tokyo University technically 

compared these two methods and recognized the former as a specific type of the latter in 

between 2009 and 2017 [112], [113], [117], [162]. Under certain conditions being 

satisfied by system circuit setup parameters, an electromagnetic resonance coupling CPT 

can be categorized as a distinct branch method of typical electromagnetic induction based 

loosely coupled IPT approaches.  

In electric circuit theory, a circuit system tends to operate at resonant state when the RLC 

circuit impedance matching is met and then the corresponding power factor ideally tends 

to be maximized and approximated to 1. Theoretically the maximum RMS real power 

transfer can be achieved. For coupling coils, the transferred power and system efficiency 

are supposed to be at peak values via mechanism of magnetic resonance while the specific 

conditions to reach resonant status are varied relying on corresponding actual electric 

circuit and generated magnetic circuit. Based on the concept of electromagnetic resonant 

coupling, the established theoretical CPT system methodology and analytical design can 

be undertaken and presented in this section.  

3.3.1 Architectures and structures 

Similarly, the main mechanism of magnetic resonant coupling CPT systems is based on 

magnetic induction phenomenon. Other electric circuit elements are similar to previously 
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introduced loosely coupled IPT, establishing a full range of energy conversion processes 

from AC supply front end to load rear end. The basics of typical IPT and principles of 

CPT systems have been described and introduced in previous chapters above. The major 

difference between the electromagnetic resonant coupling and IPT from electric circuit 

point of view is the emphasis on structuring the capacitance compensation topology for 

each customized CPT system. In an electromagnetic resonant coupling system, as the 

focus is on ‘resonant’, the impedance matching and the natural resonance frequency 

tracking based on RLC theory [164] are mainly needed to achieve magnetic resonance 

under specifically required conditions as there exists various factors in actual operations 

[75], [165]. Figure 3.2 is a simplified schematic of an electromagnetic resonant coupling 

based CPT system selected from a prototype of Chapter 4, illustrating a transient optimal 

electromagnetic resonance status taking place for a series of satisfactory system outputs 

and performance characteristics [166], with a uniquely designed coupler modular and 

specific compensation circuit.  

 

 
Figure 3.2: A simplified architecture of a resonant coupling CPT system. 

3.3.2 Compensation topologies  

In order to accomplish the main goals of maximizing power transfer rating and transfer 

efficiency across large air gaps, capacitance compensation circuits can be introduced 

when designing a CPT system. By improving magnetic coupling to its peak states and 

reducing all losses, it is worthwhile pointing out that cancelling out reactive powers to 

increase power factors (PF) can increase RMS real power transfer ratings in actual 

applications. In loosely coupled IPT systems, the magnetic performance is weak due to 

high flux leaking as reactive power effects for establishing electromagnetic field or as 

pure wastes that cannot be captured during magnetic induction phenomenon. In other 

words, a loosely coupled IPT system cannot be as highly efficient as an ideal transformer 

or an industrial transformer. In industrial transformers, the flux lines can nearly hundred 

percent fully pass through the coaxial coils and its core which results in coupling 
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coefficient of almost 1 as no flux lines are considered as leakage. However, in CPT system 

considerations, flux lines in the field and reactive power lead to different magnetic 

coupling strength.  

Therefore, an optimal compensation can be used to tune out or cancel out the high leakage 

inductance in the circuit and reactive power in the field. Ideally, the maximized PF values 

on both primary and secondary sides of CPT system should be close to 1 which means no 

phase angles between voltage and current when coupling. But the actual scenarios could 

not never be approximated or designed to reach that ideal status. Nonetheless, it is still 

possible to design an approximate magnetic coupling reachable model for CPT systems 

using compensation capacitors matching with actual inductance values in operations in 

order to practically maximize transferred power levels and efficiencies, which is also 

implemented and concluded in the following chapter. In other words, the power rating of 

the primary source side can be decreased by the primary compensation capacitor and the 

actual power transfer capacity of the designed system can be facilitated by the appropriate 

secondary compensation capacitor, which is comprehensively expected to ensure the 

unity power factor for the CPT system.  

Figure 3.3 depicts a practical structure of primary series - secondary series (SS) 

compensation for experimental CPT tests, in which the SS capacitors can also be 

substituted with SP, PS, PP and other derivative topologies. In this subsection here, major 

compensation topologies with simplified circuits are to be described and compared for 

understanding and preliminary explanations of using a specific topology in 

implementations in Chapters 4 to 7.  

 
Figure 3.3: A schematic of SS compensation topology for experimental tests. 
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 (a) SS 

 
Figure 3.4: Primary series-secondary series (SS) compensation topology.  

In a couple of reports, the voltage source type of SS compensation circuit was found to 

appear a characteristic of load-independent output on current and was also tested to be 

independent of magnetic coupling coefficient in terms of unity power factor [167]–[169]. 

Additionally, SS compensation was found to be suitable for low power supply voltage 

requirement and its circuit equivalent impedance at resonance conditions tends to be 

minimum. Importantly, SS topology shows high tolerance of PF to operating frequency 

variation, which is more suitable for real-world EV parking scenarios from different 

parking pattern point of view. In [16], it was found that 𝐶𝐶1and 𝐶𝐶2 in SS compensation do 

not depend on mutual inductance. However, SS topology was tested and found to be 

unsafe for inverter and power supply end if the coupling coefficient is 0 [170]. In other 

words, the power supply and inverter modules of a CPT system can be damaged if no 

CPT based EV is parked over the CPT charging pad but while circuit system is activated, 

which shows a high-level requirement of the switching power supply control system 

within the primary side for safety reasons of the system.  Nonetheless, it can be noticed 

the SS topology is popularly adopted in research solutions and application tests in the 

literature due to its advantages of load-independent characteristic, insensitivity to mutual 

inductance changes and generally high peak efficiency output [171].  

(b) SP 

 
Figure 3.5: Primary series-secondary parallel (SP) compensation topology. 

The voltage source type of primary series - secondary parallel (SP) compensation 

topology was found to have a load-independent characteristic on output voltage [172] and 

have advantage of reducing power supply voltage rating requirement [173]. In [174] 

reported in 1998, it was thought that a voltage source type of SP circuit could maintain a 
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higher unity PF than SS circuit. Similarly with one of the disadvantages of SS topology, 

PS compensation was also tested unsafe enough for protection on its power supply and 

inverter when coupling coefficient is 0.  

(c) PS 

 
Figure 3.6: Primary parallel-secondary series (PS) compensation topology. 

It was found that PS topology is load-dependent and has low tolerance of efficiency to 

frequency variation. However, with current power supply, PS circuit shows higher peak 

efficiency and higher tolerance of PF against frequency variation than PP topology with 

current source. Beside, PS has high circuit impedance and the actual power transferred to 

secondary circuit appears to be less constant than SS, SP and PP. PS was found to be 

adequate for reducing the inverter current rating [100], [173].  

(d) PP  

 
Figure 3.7: Primary parallel-secondary parallel (PP) compensation topology. 

PP topology was found to have characteristics of load-dependent, high impedance at 

resonance and low tolerance of PF against variable operating frequency. Although, 

several advantages were found such as higher power transferred to load from constant 

current power source and higher tolerance of efficiency versus variable operating 

frequency than PS [100], [175]. In the literature, PP compensation topology so far has 

rarely been selected for CPT technologies.  

(e) Summary on compensation topology selection  

In terms of choosing the most suitable compensation topology based on the system 

constrains of each type of CPT prototype, it can be found from a couple of studies [16], 

[35], [171], [176], [177] to summarize a basic series of guidelines in order to provide 
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reliable rules for improving the electrical quantities and maximize the CPT system power 

transfer capability and overall system efficiency. If the load and the magnetic coupling 

status are variable, it is suggested to deploy SS compensation as two compensation 

capacitors in SS are independent of the resistance of load and the mutual inductance; If 

the load is fixed, it is the best method to select SS compensation circuit according to 

actual produced value of secondary inductance by tests; If a high-power CPT system has 

ineligible parasitic parallel capacitance from the windings or the equivalent impedance at 

the input is varied by winding resistances, it is suggested to choose SP or PP topologies 

to compensate for the system [173].  

There is one significant characteristic for consideration of topology selections, which can 

be found from [170] that PS and PP are able to be safe for the power source when 

secondary coil is absent but unable to couple for expected rated power if misalignments 

exist in between the two coil. However, SS and SP compensations can perform with 

higher tolerance to misalignments simultaneously transferring rated values of real power 

to the load despite less safety for the source.  

Based on the literature until present, there are even more types of complex compensation 

circuits such as the primary nonresonant-secondary nonresonant (NN), the primary 

nonresonant-secondary parallel (NP), the primary nonresonant-secondary series (NS), the 

primary series-secondary nonresonant (SN), the primary parallel-secondary nonresonant 

(PN), the primary series plus parallel-secondary series (SP-S), the primary series plus 

parallel-secondary parallel (SP-P), etc., despite insufficiently applicable analysis of 

options for real-world high power level CPT charging towards EVs. In this thesis and also 

in most research papers that has contributed to this field, the major four compensation 

topologies above are selected for CPT technology investigations although it is still unclear 

about which type within these four is the most appropriate solution for CPT design [178], 

which also reflects that the CPT technologies for EVs still require more further 

comparative results and insights against a series of variables and factors that may affect 

the actual magnetic coupling effects in real world.   
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3.3.3 Frequency and resonance  

As is well known, operating frequency plays an important role in normal power transfer 

systems. In magnetic resonance based CPT systems, a high frequency (HF) of power 

supply is a vital factor potentially causing a high overall system efficiency. Whilst limited 

by advancement and restriction of semiconductor and material sciences, generating a HF 

power signal tends to be technically difficult. Electromagnetically, flux leakage, 

magnetizing current and radiation loss are also related to high frequency operation. It can 

be seen that appropriate capacitors deployed as compensation in CPT system are able to 

establish a resonance circuit with the effects of generated winding inductances[179].  

Resonance occurs as a phenomenon in many types of patterns in nature. Generally, energy 

oscillation between two modes tends to be involved in resonance. The establishment of a 

resonance tends to take place when the rate of energy injection into the system is much 

greater than the rate of energy loss from the system. Different from the energy oscillation 

between kinetic and potential forms in mechanics, in the electromagnetic resonance 

circuit, electric energy and magnetic field energy can operate with an oscillation state at 

the resonant frequencies between the resonator capacitors in which electric energy stores 

and the inductor or coupler storing magnetic field energy, and at the same time, resistors 

dissipate heat loss in nature.  

Conventionally, film capacitors are suitable to be used as compensation resonant 

capacitors due to the property of high breakdown voltage while the drawback of film 

capacitors are high losses at high frequency [116]. Thus, the consideration and trade-off 

between HF operation, capacitors and other elements need to be taken into account when 

initially designing a magnetic resonant coupling CPT prototype.  

A magnetic resonance coupler system consists of at least two resonance circuits, 

exchanging energy at resonance frequency but not affecting other non-resonant elements 

based on circuit theory. The operating frequency for the compensation capacitors is a 

significant parameter to be determined, which may be limited by the property of 

converter’s maximum operating frequency point [100] or by maximum of HF inverter. 

Nonetheless, there is no frequency peak limit in general simulation platforms while there 

does exist limit in real-world experimental setups and equipment.  In CPT scenarios, coils 
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with physical gaps are utilized to build resonance phenomenon via electromagnetic field 

[119]. With operation at resonance conditions, proper magnetic field establishment and 

electric circuit including compensation capacitors on primary and secondary sides of CPT 

systems can maximize the power factors generated on both sides of system and improve 

system efficiency by reducing the magnetizing current. In this thesis, electromagnetic 

resonance coupling based CPT prototypes are to be analytically designed and 

implemented for analysis.  

3.3.4 Core with material characteristics and shape of coupling modular  

In order to design optimal magnetic resonance coupling CPT system, in addition to 

electric circuit considerations, the coil core is also a factor determining how effectively a 

magnetic field performs for CPT coupling. Therefore, utilizing ferromagnetic cores could 

be of help in facilitating electromagnetic field flux distribution by taking advantages of 

ferromagnetic material characteristic, which is the effectiveness of high magnetic 

permeability in power transfer applications. As shown in Figure 3.8, general ferromagnets 

has much higher permeability 𝜇𝜇𝑓𝑓  than paramagnets, diamagnets and free space 

represented by 𝜇𝜇𝑝𝑝, 𝜇𝜇𝑑𝑑 and 𝜇𝜇0, respectively.  

 
Figure 3.8: A simplified B-H curve comparison of permeabilities for ferromagnets, 

paramagnets, diamagnets and free space.  

The relation of H to B for ferromagnetic substances is generally nonlinear as depicted in 

Figure 3.9. If impressed electromotive forces are applied to coils of CPT coupler, the 

magnetic field is to be built up gradually from unmagnetized status with zero value for 

vectors B and H at the beginning point. Then the function 𝐁𝐁 = 𝐁𝐁(𝐇𝐇) will apply to the 

magnetization of the ferromagnetic material following a curve relation illustrated in 

Figure 3.9. However, the ferromagnetic materials show a characteristic in nature, which 

is called hysteresis in material science. As indicated in Figure 3.10, it can be seen that the 
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absolute value of B is greater than its initial value on the dotted curve for the same value 

of H at all points along the segments 𝐁𝐁𝟏𝟏𝐁𝐁𝟐𝟐 and the change of B lags behind that of H. 

The net work done per unit volume and per cycle throughout the entire field can be 

represented by equations (3.1) and (3.2) [153].  

w = −∮𝐁𝐁 ∙ d𝐇𝐇,                                                  (3.1) 

Q = −∫dv∮𝐁𝐁 ∙ d𝐇𝐇,                                              (3.2) 

where Q is the hysteresis loss, an irretrievable fraction of the field energy dissipated in 

heat, contributing to the total losses of a CPT system. Regarding the hysteresis loss as one 

of the core losses, there will be further discussion about field energy and losses later in 

the following chapters of the thesis.  

 
Figure 3.9: A typical magnetization B-H curve for annealed sheet steel [159].   

In most of the designed CPT couplers in this thesis, ferromagnetc materials are deployed 

as cores or for shielding tests, such as ferrite, steel1010 type, etc. The outstanding 

property of ferromagnetc materials is their relatively high electrical resistivity when 

compared with other metals, which makes them suitable for many applications. The 

specific resistivity of ferromagnets ranges from 102 to 1010  Ω cm, which is up to 15 

orders of magnitude higher than that of iron. For example, ferrites are mixed oxides  

general chemical composition MeOFe2O3, in which Me stands for a divalent metal iron 

such as Ni, Mn or Zn. Besides, in most high frequency applications, eddy currents of 

ferrites are absent or negligibly small [159], which reflects the usefulness of ferromagnetc 

materials as cores in CPT coupling module at resonance frequencies with minimum eddy 

current losses counted into core losses.  
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Figure 3.10: Hysteresis loop [159].  

At the same time, the geometrically designed cores could be of significant help on 

facilitating magnetic strengths in the formed inductive electromagnetic field by shaping 

the flux line trajectories, which, from the perspective of electromagnetics, utilizes the 

most of the stored magnetic field energy leading to higher induced currents and magnetic 

fluxes through the secondary coil. Thereby, ferromagnetic core utilization and specially 

shaped coupler are expected to contribute to total improvements on addressing major 

objectives of high-quality CPT system designs.  

3.4 Theoretical CPT system representations and optimizations 

In order to output a highest power transferred to the load end, the first step for designing 

an electromagnetic resonant coupling CPT system is to select an appropriate geometric 

structure of coupler modular, with which then self-inductance 𝐿𝐿1  and  𝐿𝐿2 , as well as 

mutual inductance  𝑀𝑀,  can be theoretically calculated. Then the next step is to 

approximately determine other essential electrical parameters for the designed system.  

The highest value of power transferred to secondary load end in a magnetic resonant 

coupling CPT system is given by equation (3.3) [105],   

PL = ω0M2QsIp2

L2
,                                                  (3.3) 

where 𝑄𝑄𝑠𝑠  is the quality factor of the secondary coil voltage and current after circuit 

tuning, 𝑄𝑄𝑠𝑠 = 𝜔𝜔𝐿𝐿2
𝑅𝑅𝐿𝐿

 for SS and PS compensation topologies and 𝑄𝑄𝑠𝑠 = 𝑅𝑅𝐿𝐿
𝜔𝜔𝐿𝐿2

 for SP and PP 

compensation topologies. The relation 𝑀𝑀
2

𝐿𝐿2
 in equation (3.3) reflects the necessity of using 

ferromagnetic core in CPT coupler, which is for enhancing the coupling coefficient in 
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between the coils and the actual power transfer rating onto the load [180]–[182]. On the 

other hand, the relation 𝑀𝑀
2

𝐿𝐿2
 represents the nonlinear characteristic of the magnetic 

coupling system and the unavoidable generation of magnetic losses [183], [184].  

The following subsections will mainly focus on equations and derivations for rectangular 

coil based models with SS compensation topology and electromagnetic resonant coupling 

as most of the designs in implementations of the thesis studies are based on rectangular 

windings, whilst in some parts of this chapter comprehensive equations will still 

necessarily be given for reasons of explanations towards general CPT model designs and 

for overall representations.  

3.4.1 Self-inductance and mutual inductance  

Numerically and theoretically, based on Neumann’s equations (3.4a) and (3.4b) [95], 

[185]–[187], the calculations of  𝐿𝐿1 , 𝐿𝐿2  and 𝑀𝑀  can be approximated with i = 1  for 

primary and i = 2 for secondary,  

Li = μ0
4π

Ni
2 ∮∮ dl1∙dl2

ri
 ,                                               (3.4a) 

𝑀𝑀 = μ0
4π
𝑁𝑁1𝑁𝑁2 ∮∮

dl1∙dl2
D

 .                                            (3.4b) 

The equation (3.9) as a general expression of mutual inductance for two coils with 

dimensional difference and coupling misalignment can be applied to the designed CPT 

couplers for EV charging prototypes in the implementations and investigation of this 

thesis.  

Due to actual winding structures and field flux distributions in real-world cases, 

calculated results according to these two equations are supposed to be slightly inaccurate 

only using a first approximation. Thus, in the simulation based computation method in 

section 3.6, more precise results can be worked out by 3D finite element method and its 

iterative process in order to more accurately approximate the resulted performance 

parameters of a CPT model. From electromagnetics point of view later, there will be 

different methods of calculating self-inductance and mutual inductance according to 
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actual magnetic field vectors and values, which will be more often used for design and 

analysis later in the thesis.  

3.4.2 Total impedance  

The total current absorbed by the compensated system from the front end power source 

can be defined as 𝐼𝐼s, and 𝑍𝑍𝑇𝑇 is the load impedance seen by the power supply. The total 

impedance of the compensation topology deployed for CPT system can be expressed by 

equations (3.5a) to (3.5d) corresponding to each of the major four compensation 

topologies indicated in Figure 3.4 to Figure 3.7.  

𝑍𝑍𝑇𝑇−𝑆𝑆𝑆𝑆 = �𝑅𝑅1 + 𝑗𝑗 �𝐿𝐿1𝜔𝜔− 1
𝐶𝐶1𝜔𝜔

�� + 𝜔𝜔2𝑀𝑀2

(𝑅𝑅2+𝑅𝑅𝐿𝐿+𝑗𝑗(𝐿𝐿2𝜔𝜔−
1

𝐶𝐶2𝜔𝜔
))

,                    (3.5a) 

𝑍𝑍𝑇𝑇−𝑆𝑆𝑆𝑆 = �𝑅𝑅1 + 𝑗𝑗 �𝐿𝐿1𝜔𝜔− 1
𝐶𝐶1𝜔𝜔

�� + 𝜔𝜔2𝑀𝑀2

(𝑅𝑅2+𝑗𝑗𝐿𝐿2𝜔𝜔+ 𝑅𝑅𝐿𝐿
1+𝑗𝑗𝑅𝑅𝐿𝐿𝐶𝐶2𝜔𝜔

)
,                    (3.5b) 

𝑍𝑍𝑇𝑇−𝑆𝑆𝑆𝑆 = 1

(𝑅𝑅1+𝑗𝑗𝐿𝐿1𝜔𝜔)+ 𝜔𝜔2𝑀𝑀2

(𝑅𝑅2+𝑅𝑅𝐿𝐿+𝑗𝑗(𝐿𝐿2𝜔𝜔−
1

𝐶𝐶2𝜔𝜔
)
+𝑗𝑗𝐶𝐶1𝜔𝜔

,                                (3.5c) 

𝑍𝑍𝑇𝑇−𝑃𝑃𝑃𝑃 = 1
1

(𝑅𝑅1+𝑗𝑗𝐿𝐿1𝜔𝜔)+
𝜔𝜔2𝑀𝑀2(1+𝑗𝑗𝑅𝑅𝐿𝐿𝐶𝐶2𝜔𝜔)

𝑅𝑅𝐿𝐿+(𝑅𝑅2+j𝐿𝐿2𝜔𝜔)(1+𝑗𝑗𝑅𝑅𝐿𝐿C2𝜔𝜔)

+𝑗𝑗𝐶𝐶1𝜔𝜔
.                             (3.5d) 

Regarding the power 𝑆𝑆𝐿𝐿 transferred to the load 𝑅𝑅𝐿𝐿, there must be a series of preliminary 

adoptions for the design parameters to achieve optimal system performance. The defined 

resistance of the load can be equivalent with 𝑅𝑅𝐿𝐿 = 𝑉𝑉𝐿𝐿
2

𝑃𝑃𝐿𝐿
 .  

3.4.3 Power transferred to load end 

In realistic scenarios, depending on the selected compensation topology and power source 

generator, the expression of output power on load is not uniquely fixed with formulations. 

The actual power generator would introduce a series impedance 𝑍𝑍𝑆𝑆  accounting for 

addition losses to the overall system. As SS compensation topology will be mainly 

selected for the designed CPT prototypes in the implementations due to a number of 
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advantages described in Section 3.3.2. The SS circuit based schematic in Figure 3.4 can 

be further realistically equivalent with the system in Figure 3.11 for analysis.  

 
Figure 3.11: Equivalent magnetic resonant coupling CPT schematic with SS compensation in 

realist cases.  

The maximum power transferred to the load with SS compensation circuit can be 

expressed by equation (3.6a), 

𝑆𝑆𝐿𝐿 = −1
2
𝑅𝑅𝑅𝑅[𝑽𝑽2𝑰𝑰2],                                                    (3.6a) 

i.e. 

𝑆𝑆𝐿𝐿 = 𝑅𝑅𝐿𝐿
2

𝐸𝐸𝑆𝑆2

��𝑍𝑍𝑆𝑆+𝑍𝑍1��𝑍𝑍2+𝑍𝑍𝐿𝐿�𝜔𝜔𝑀𝑀 +𝜔𝜔𝑀𝑀�
2 .                                      (3.6b) 

In a real-world application, in order to optimize the power transfer capacity and achieve 

maximum output power on the load, with SS compensation, the load end and power 

source impedance can be considered as pure resistive loads meaning 𝑋𝑋𝐿𝐿 = 𝑋𝑋𝑆𝑆 = 0 𝛺𝛺. 

When the electromagnetic resonance is achieved at ω = 𝜔𝜔0 = 1
�𝐿𝐿1𝐶𝐶1

= 1
�𝐿𝐿2𝐶𝐶2

 with 𝑍𝑍1 =

𝑍𝑍1 = 0 𝛺𝛺, equation (3.6) turns into equation (3.7),  

𝑆𝑆𝐿𝐿 = 𝑅𝑅𝐿𝐿
2

𝐸𝐸𝑆𝑆2

�𝑅𝑅𝑆𝑆𝑅𝑅𝐿𝐿𝜔𝜔0𝑀𝑀
+𝜔𝜔0𝑀𝑀�

2 .                                          (3.7)  

By differentiating the second term of equation (3.7) [178] in terms of 𝑅𝑅𝐿𝐿, the maximum 

capacity of power transferred to load can be discussed with consideration of the load.  
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3.4.4 System efficiency 

The system power transfer efficiency with SS compensation network can also be derived 

from basic efficiency formula and expressed as in equation (3.8a) [178], with 𝑋𝑋2 =

𝜔𝜔𝐿𝐿2 −
1

𝜔𝜔𝐶𝐶2
 and 𝑍𝑍𝐿𝐿 = 𝑅𝑅𝐿𝐿 + 𝑗𝑗𝑋𝑋𝐿𝐿 .  

η = 𝑃𝑃𝐿𝐿
𝑃𝑃1

= −𝑅𝑅𝑅𝑅[𝑽𝑽2𝑰𝑰2]
𝑅𝑅𝑅𝑅[𝑽𝑽1𝑰𝑰1] ,                                            (3.8a) 

it can be written as 

η = 𝑅𝑅𝐿𝐿

𝑅𝑅1
(𝑋𝑋2+𝑋𝑋𝐿𝐿)2+(𝑅𝑅2+𝑅𝑅𝐿𝐿)2

𝜔𝜔2𝑀𝑀2 +(𝑅𝑅2+𝑅𝑅𝐿𝐿)
 .                                (3.8b) 

It can be found in equation (3.8b) that the nonlinear relation is between efficiency and 

coupling effectiveness represented by 𝑀𝑀. Also, the efficiency and two resistance values 

of windings reflect a nonlinear relationship. Significantly, it can be seen that the primary 

compensation capacitor is not a determinant to the system efficiency and mathematically 

the efficiency could be enhanced by reducing wire resistance 𝑅𝑅1 and escalating coupling 

resonance expressed by mutual inductance 𝑀𝑀 here. Nonetheless, in addition to the 

numerically theoretical derivations, the practical calculation methods will be widely 

deployed in the implementations based on actual generated output waveforms for 

comprehensive comparisons and analyses.  

3.4.5 Electrical parameters of the system using four compensation topologies 

Based on design methodology and numerical representations, the other remaining 

preliminary electrical parameters derived from basic magnetic resonant coupling 

conditions and variables set in the beginning are given in Table 3.1 [95] for evaluations 

and verifications in chapters later.  

 

 

 



64 

 

Table 3.1: Electrical parameters with four compensation topologies for magnetic resonant 
coupling CPT model.  

 SS SP PS PP 

𝐼𝐼𝑝𝑝 𝐼𝐼1 𝐼𝐼1 𝐼𝐼1 − 𝑗𝑗𝜔𝜔𝐶𝐶1𝑉𝑉1 𝐼𝐼1 − 𝑗𝑗𝜔𝜔𝐶𝐶1𝑉𝑉1 

𝐼𝐼𝐶𝐶1 𝐼𝐼𝑝𝑝 𝐼𝐼𝑝𝑝 𝑉𝑉1𝑗𝑗𝜔𝜔𝐶𝐶1 𝑉𝑉1𝑗𝑗𝜔𝜔𝐶𝐶1 

𝑉𝑉𝐶𝐶1 𝐼𝐼1
𝑗𝑗𝜔𝜔𝐶𝐶1

 
𝐼𝐼1

𝑗𝑗𝜔𝜔𝐶𝐶1
 𝑉𝑉1 𝑉𝑉1 

𝐼𝐼𝑆𝑆 𝑗𝑗𝜔𝜔𝑀𝑀𝐼𝐼𝑝𝑝

𝑅𝑅2 + 𝑅𝑅𝐿𝐿 + 𝑗𝑗(𝐿𝐿2𝜔𝜔 − 1
𝐶𝐶2𝜔𝜔

)
 

𝑗𝑗𝜔𝜔𝑀𝑀(1 + 𝑗𝑗𝑅𝑅𝐿𝐿𝐶𝐶2𝜔𝜔)𝐼𝐼𝑝𝑝
𝑅𝑅𝐿𝐿+(𝑅𝑅2 + 𝑗𝑗𝜔𝜔𝐿𝐿2)(1 + 𝑗𝑗𝜔𝜔𝑅𝑅𝐿𝐿𝐶𝐶2)

 
𝑗𝑗𝜔𝜔𝑀𝑀𝐼𝐼𝑝𝑝

𝑅𝑅2 + 𝑅𝑅𝐿𝐿 + 𝑗𝑗(𝐿𝐿2𝜔𝜔 − 1
𝐶𝐶2𝜔𝜔

)
 

𝑗𝑗𝜔𝜔𝑀𝑀(1 + 𝑗𝑗𝑅𝑅𝐿𝐿𝐶𝐶2𝜔𝜔)𝐼𝐼𝑝𝑝
𝑅𝑅𝐿𝐿+(𝑅𝑅2 + 𝑗𝑗𝜔𝜔𝐿𝐿2)(1 + 𝑗𝑗𝜔𝜔𝑅𝑅𝐿𝐿𝐶𝐶2)

 

𝐼𝐼2 𝐼𝐼𝑆𝑆 1
1 + 𝑗𝑗𝑅𝑅𝐿𝐿𝐶𝐶2𝜔𝜔

𝐼𝐼𝑆𝑆 𝐼𝐼𝑆𝑆 1
1 + 𝑗𝑗𝑅𝑅𝐿𝐿𝐶𝐶2𝜔𝜔

𝐼𝐼𝑆𝑆 

𝐼𝐼𝐶𝐶2 𝐼𝐼𝑆𝑆 𝑗𝑗𝑅𝑅𝐿𝐿𝐶𝐶2𝜔𝜔𝐼𝐼2 𝐼𝐼𝑆𝑆 𝑗𝑗𝑅𝑅𝐿𝐿𝐶𝐶2𝜔𝜔𝐼𝐼2 

𝑉𝑉𝐶𝐶2 𝐼𝐼𝑆𝑆
𝑗𝑗𝜔𝜔𝐶𝐶2

 
𝐼𝐼𝐶𝐶2
𝑗𝑗𝜔𝜔𝐶𝐶2

 
𝐼𝐼𝑆𝑆

𝑗𝑗𝜔𝜔𝐶𝐶2
 

𝐼𝐼𝐶𝐶2
𝑗𝑗𝜔𝜔𝐶𝐶2

 

𝑉𝑉𝐿𝐿 𝑅𝑅𝐿𝐿𝐼𝐼2 𝑉𝑉𝐶𝐶2 𝑅𝑅𝐿𝐿𝐼𝐼2 𝑉𝑉𝐶𝐶2 
 

3.5 Electromagnetic field formulations and theorems 

Considering most of the designed CPT coupling modules are structured based on 

solenoid-type of geometry, the fundamental formulations derived from basic solenoid 

considerations in this section can apply to the real-situation windings later in the 

implementations. Some theoretical formulas defined for principle understanding and 

concept structuring may differ from practical computation methods for measurements and 

actual calculations in analytical designs and implementations.  

3.5.1 Self-inductance and mutual inductance for solenoid-type of coils 

According to Faraday’s law, there will be an induced electromotive force (e.m.f.) 

generated when the current 𝐼𝐼 in the solenoid changes in the coil, which is in physics 

supposed to oppose the change of current:  

V = −𝑑𝑑Φ
𝑑𝑑𝑑𝑑

= −𝑢𝑢0𝑁𝑁2𝜋𝜋𝑟𝑟2𝑙𝑙 𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑

= −L 𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑

.                         (3.9) 
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When the relation between total flux Φ and current 𝐼𝐼 is nonlinear or the total flux 

generation is activated by an alternating current, the total flux has an unproportionate 

relation with self-inductance and current through the coil, which is expressed as below 

[151],    

L = 𝑑𝑑Φ
𝑑𝑑𝑑𝑑

.                                                  (3.10) 

If the solenoid is an asymmetric and long one with the total flux proportional to the current, 

the self-inductance of the coil can be defined as equation (3.12):  

L = 𝑢𝑢0𝑁𝑁2𝜋𝜋𝑟𝑟2𝑙𝑙,                                                 (3.11) 

L = Φ
𝑑𝑑
.                                                     (3.12) 

In terms of mutual inductance, similarly based on two solenoids, an e.m.f. 𝑉𝑉2 can be 

induced in the secondary coil when the total flux Φ2 changes caused by varying primary 

current 𝐼𝐼1:   

𝑉𝑉2 = ∮ 𝐸𝐸 ∙ 𝑑𝑑𝑙𝑙 = −𝑑𝑑Φ2
𝑑𝑑𝑑𝑑

.
𝑆𝑆2 .                                      (3.13a) 

The induced voltage 𝑉𝑉2  can be expressed as below if the total flux Φ2 via a mutual 

inductance is not proportional to the primary current I1,  

𝑉𝑉2 = −𝑑𝑑Φ2
𝑑𝑑I1

∙ 𝑑𝑑I1
𝑑𝑑𝑑𝑑

= −M 𝑑𝑑I1
𝑑𝑑𝑑𝑑

.                               (3.13b) 

The incremental mutual inductance defined by M = 𝑑𝑑Φ2
𝑑𝑑I1

 for CPT system coils with cores 

depends upon the B-H curve for the specific core material [150]. Besides, the actual value 

of mutual inductance in CPT systems is generally smaller than that in industrial 

transformers and ideal transformers due to a variable existence of coupling coefficient k 

in real world coupling applications. In practical tests, equation (3.14) is more often to be 

used for analysing performance of CPT systems,  

M = k�𝐿𝐿1𝐿𝐿2.                                                 (3.14) 
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In magnetic coupling phenomena, the total flux in each coil is a sum of the flux of self-

inductance and the flux of mutual inductance. Each flux linkage will be varying 

depending on whether a varying current exists in each winding-made inductor. For better 

theoretical understanding, there are constitutive relations for a pair of magnetic coupling 

coils between induced voltages 𝑢𝑢1,𝑢𝑢2 and currents 𝑖𝑖1, 𝑖𝑖2 as expressed below,  

�
𝑢𝑢1 = 𝐿𝐿1

𝑑𝑑𝑖𝑖1
𝑑𝑑𝑑𝑑

± 𝑀𝑀 𝑑𝑑𝑖𝑖2
𝑑𝑑𝑑𝑑

𝑢𝑢2 = 𝐿𝐿2
𝑑𝑑𝑖𝑖2
𝑑𝑑𝑑𝑑

± 𝑀𝑀 𝑑𝑑𝑖𝑖1
𝑑𝑑𝑑𝑑

.                                       (3.15) 

It is necessary to mention that, in most of the implementation cases in the studies in this 

thesis, the total flux has nonlinear relation with current due to the deployment of 

ferromagnetic materials in the coupler and the changing current during initial periods of 

waveform establishments before steady status. Therefore, depending on magnitude of 

alternating current and its angular frequency 𝜔𝜔, the incremental self-inductance needs to 

be defined by L = 𝑑𝑑Φ
𝑑𝑑𝑑𝑑

. In order to work out the values of self-inductance of real-world 

coils, a mathematical integration needs to be undertaken over the current filaments 

constituting the current in the winding wire. Nonetheless, after the designed CPT system 

tends to be stabilized, which can be illustrated by periodic waveform generations of 

electrical parameters and magnetic field parameters, the values of self-inductance on both 

coils can be calculated with equation (3.12). Further computations and analyses will be 

implemented in following chapters.  

3.5.2 Energy storage in magnetic field 

(a) Energy density 

Considering nonlinear materials from electromagnetic field point of view, the field terms 

can be expressed as derivatives of energy density functions in terms of electric energy 

density 𝑊𝑊𝑅𝑅  and magnetic energy density 𝑊𝑊𝑚𝑚 . The power energy supplied to the unit 

volume can be written as 𝑊𝑊𝑅𝑅(𝐷𝐷), a time derivative of electric flux density vector D. Then 

the electric energy density and magnetic energy density can be defined and illustrated in 

Figure 3.12.  
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Figure 3.12: Single-valued constitutive laws indicating (a) electric energy density and (b) 

magnetic energy density [150].  

By the integral, the function of the electric energy stored per unit volume can be expressed 

as:  

𝑊𝑊𝑅𝑅(𝐷𝐷) = ∫ 𝐸𝐸𝐸𝐸𝐷𝐷 =𝐷𝐷
0 ∫ 𝑑𝑑𝑑𝑑𝐸𝐸 𝜕𝜕𝐷𝐷

𝜕𝜕𝑑𝑑
𝑑𝑑
−∞ .                           (3.16) 

If the magnetic field intensity vector H has a single-valued relation with the magnetic 

flux density vector B, then 𝑊𝑊𝑚𝑚 can be formularized [188]:  

𝜕𝜕𝑊𝑊𝑚𝑚
𝜕𝜕𝑑𝑑

= 𝑯𝑯 ∙ 𝜕𝜕𝐁𝐁
𝜕𝜕𝑑𝑑

,                                            (3.17) 

𝑊𝑊𝑚𝑚 = 𝑊𝑊𝑚𝑚(𝐵𝐵) = ∫ 𝐻𝐻𝐸𝐸𝐵𝐵𝐵𝐵
0 .                                 (3.18) 

By definition and constitutive laws, the total of the electric energy and magnetic energy 

densities represents the total energy density of the nonlinear material-based field as 

equation below despite its different integral expressions in terms of Maxwell equations 

later.  

W =  𝑊𝑊𝑅𝑅 +  𝑊𝑊𝑚𝑚.                                         (3.19) 

(b) Energy conservation of a coupled-coil system 

As for more realistic two coupled coils based system, relations of flux linkages and self-

inductances for a linear system can be simply expressed as:  

�𝜆𝜆1𝜆𝜆2
� = �𝐿𝐿11 𝐿𝐿12

𝐿𝐿21 𝐿𝐿22
� �𝑖𝑖1𝑖𝑖2

�,                                        (3.20) 

d𝜔𝜔𝑚𝑚 = 𝑖𝑖1𝑑𝑑𝜆𝜆1 + 𝑖𝑖2𝑑𝑑𝜆𝜆2.                                        (3.21) 

If the roles of 𝑖𝑖1 and 𝑖𝑖2 are reversed along a path for all the integrations, then it is known 

that 𝐿𝐿12 = 𝐿𝐿21 = 𝑀𝑀, and equation (3.20) turns into: 

(a) (b) 
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�𝜆𝜆1𝜆𝜆2
� = �𝐿𝐿1 M

M 𝐿𝐿2
�.                                            (3.22) 

For nonlinear systems, the co-energy conservation in a two-coil system in terms of flux 

linkages is defined as [188], [189]:  

d𝜔𝜔𝑚𝑚 = 𝑑𝑑(𝑖𝑖1𝜆𝜆1 + 𝑖𝑖2𝜆𝜆2) − 𝜆𝜆1𝑑𝑑𝑖𝑖1 − 𝜆𝜆2𝑑𝑑𝑖𝑖2,                       (3.23a) 

dω𝑚𝑚
′ = 𝜆𝜆1𝑑𝑑𝑖𝑖1 + 𝜆𝜆2𝑑𝑑𝑖𝑖2,                                   (3.23b) 

therefore 

ω𝑚𝑚
′ = (𝑖𝑖1𝜆𝜆1 + 𝑖𝑖2𝜆𝜆2) − 𝜔𝜔𝑚𝑚.                              (3.23c) 

Substitution for equation (3.20) can now give the total energy conservation of the system 

by equation (3.24) [136] when energy transfer coupler has the energy stored in a unity-

coupled system, meaning ω𝑚𝑚
′ = 𝜔𝜔𝑚𝑚:  

W = 1
2
𝐿𝐿1𝑖𝑖12 + 𝑀𝑀𝑖𝑖1𝑖𝑖2 + 1

2
𝐿𝐿2𝑖𝑖22.                                 (3.24) 

It is necessary to mention that the CPT prototypes in the thesis studies may comply with 

the nonlinear material based formulations and derivatives as two-coils coupling systems 

for analytical modelling and understanding.  

3.5.3 Maxwell equations 

It is worth introducing Maxwell equations and field fundamentals since any 

electromagnetic field must be governed by relations between field vectors E, D, B and H 

in electromagnetics, in which E represents the electric field intensity vector, D represents 

the electric flux density vector, B stands for a magnetic flux density vector and H 

represents the magnetic field intensity vector. The constitutive equations [152], [153]:  

∇ ∙ 𝐃𝐃 = ρf,                                                  (3.25a) 

∇ ∙ 𝐁𝐁 = 0,                                                    (3.25b) 

∇ × 𝐄𝐄 = −𝜕𝜕𝐁𝐁
𝜕𝜕𝑑𝑑

,                                                (3.25c) 
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∇ × 𝐇𝐇 = 𝐉𝐉𝑓𝑓 + 𝜕𝜕𝐃𝐃
𝜕𝜕𝑑𝑑

.                                            (3.25d) 

There is a constitutive relation between B and H shown as below for saturable materials 

like ferromagnetic cores in the magnetic field describing the behaviour of electromagnetic 

materials, as a supplement for the above field equations:  

𝐁𝐁 = μμ0𝐇𝐇                                                 (3.26) 

where μ is magnetic relative permeability and 𝜇𝜇0 is permeability of free space.  

While the constitutive relations for the related electric fields are [151], [190]:  

𝐉𝐉 = σ𝐄𝐄,                                                    (3.27) 

𝐃𝐃 = εε0𝐄𝐄,                                                 (3.28) 

where, ∇ × is curl operator; ∇ ∙ is divergence operator; 𝑱𝑱𝑓𝑓 = conduction current density; 

𝜌𝜌𝑓𝑓 = free charge density; 𝐉𝐉 = total current density vector; ε = relative permittivity; 𝜀𝜀0 = 

permittivity of free space; σ  = electric conductivity. Additionally, definitions and 

introductions of the divergence and curl of a vector field can be found in Appendix A 

[191].  

There are a number of other representations regarding the problem of entire domain Ω in 

addition to the original Maxwell equations above, which however will be introduced 

along with other detailed magnetic theorems in the following subsections in terms of 3D 

electromagnetic field magnetic vector potential methods when implementing 

computations for the investigations over the designed CPT prototypes in the thesis.  

3.6 Simulations and field calculations based on 3D FEM 

In order to analytically develop and assess the output performance of the designed CPT 

systems, the sophisticated modelling in fields is required to be undertaken using finite-

element method (FEM) based electromagnetic simulation tools in the frequency domain 

or using finite-difference time-domain (FDTD) [192] method. FEM based platforms have 

been utilized for the electromagnetic simulations in the implementations of the thesis as 
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well as in numbers of studies in the literature due to main advantages of FEM [193]–[196] 

such as numerical stability, computational efficiency, ability of obtaining solution 

uniqueness, EMF analysis robustness, etc.  

As two leading high-performance iterative software packages using FEM  to solve electric 

and electromagnetic problems, the MagNet platform developed by Infolytica corporation 

and the ANSYS 3D Maxwell platform have been deployed for modelling and simulation 

implementations in the CPT technology investigations in this thesis.  

With 2D FEM in MagNet environment, in order to solve the magnetic potentials, regions 

of problems are divided into a mesh of triangular elements, which are approximated by a 

coordinate function numerically and iteratively. For 3D problems in MagNet, the 

Newton-Raphson method or successive substitution were chosen to calculate and update 

the element permeability values when considering the method of permeability calculation 

and models containing nonlinear magnetic materials.  

With assistance of ANSYS Maxwell software package, the electromagnetic field 

problems are worked out by solving Maxwell equations in a finite region of space 

enclosing a fundamental unit of finite unit which is known as a tetrahedron, with specific 

initial conditions and appropriate boundary conditions based on the solver chosen from 

magnetic transient, magnetostatic, electrostatic and eddy current solvers. By breaking an 

arbitrary geometry into simple pieces of tetrahedron as finite elements, the solution is 

numerically obtained with FEM. In general, a desired field in each element in 3D ANSYS 

Maxwell is approximated with a 2nd order quadratic polynomial function expressed as:  

𝐻𝐻𝑥𝑥(𝑥𝑥,𝑦𝑦, 𝑧𝑧) = 𝑎𝑎0 + 𝑎𝑎1𝑥𝑥 + 𝑎𝑎2𝑦𝑦 + 𝑎𝑎3𝑧𝑧 + 𝑎𝑎4𝑥𝑥𝑦𝑦 + 𝑎𝑎5𝑦𝑦𝑧𝑧 + 𝑎𝑎6𝑥𝑥𝑧𝑧 + 𝑎𝑎7𝑥𝑥2 + 𝑎𝑎8𝑦𝑦2 + 𝑎𝑎9𝑧𝑧2. (3.29) 

In order to obtain the basis functions, the field quantities are calculated for 10 points of 

vertices and edges in each tetrahedron element in 3D simulation. Two matrix solution 

techniques are normally used as Maxwell solution methods such as the direct solver and 

the ICCG iterative solver, in which the former one is a default solver meaning a method 

of sparse Gaussian elimination and the latter one is a method of incomplete Choleski 

conjugate gradient for special cases.  
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Generally, the accuracy [197] of the solution in FEM based software packages relies on 

three factors: the nature of the field itself, the size of the elements defined and the element 

order. Higher accuracy requires smaller elements or higher element orders since the 

direction and magnitude of the field is changing or alternating rapidly in the regions [198]. 

Iterative method is the basic but powerful technique for solving EMF constitutive 

equations numerically.  

3.6.1 Field equations 

To investigate and analyse the CPT system outputs with its expected electromagnetic 

coupling performance, the electric current density 𝐉𝐉 induced on the secondary side of the 

coupler model is required to be determined. Hence, the Maxwell equations constitutively 

expressed by Ampere’s law in equation (3.30a), Gauss’ law in equation 

(3.30b), Faraday’s law in equation (3.30c) and the B-H curve relation in equation (3.30d) 

are required to be solved: 

∇ × 𝐇𝐇 = 𝐉𝐉,                                                (3.30a) 

∇ · 𝐁𝐁 = 0,                                                 (3.30b) 

∇ × 𝐄𝐄 = −∂𝐁𝐁
∂t

 ,                                             (3.30c) 

𝐁𝐁 = µ𝐇𝐇,                                                 (3.30d) 

where 𝐇𝐇 is the magnetic field strength in ampere per meter (A/m), 𝐁𝐁 is the magnetic flux 

density in tesla (T), 𝐄𝐄 is the electric field strength in volt per meter (V/m), and µ is the 

permeability non-linearly depending on local value of 𝐁𝐁 in 𝐁𝐁 = f(𝐇𝐇). The electric current 

density 𝐉𝐉 is in ampere per square meter (A/m2).   

To determine the magnetic flux density B in electromagnetic field, according to Maxwell 

equations and electromagnetic theory, the expression of the flux density B in terms of 

vector A can be given as:  

𝐁𝐁 = ∇ × 𝐀𝐀,                                              (3.31) 



72 

 

where A is the magnetic vector potential. Note that ∇ × 𝐀𝐀  is a vector, also written 

as Curl 𝐀𝐀  equal to 𝒂𝒂𝒙𝒙 �
𝝏𝝏𝑨𝑨𝒛𝒛
𝝏𝝏𝝏𝝏

− 𝝏𝝏𝑨𝑨𝝏𝝏
𝝏𝝏𝒛𝒛
� + 𝒂𝒂𝝏𝝏 �

𝝏𝝏𝑨𝑨𝒙𝒙
𝝏𝝏𝒛𝒛

− 𝝏𝝏𝑨𝑨𝒛𝒛
𝝏𝝏𝒙𝒙
� + 𝒂𝒂𝒛𝒛 �

𝝏𝝏𝑨𝑨𝝏𝝏
𝝏𝝏𝒙𝒙

− 𝝏𝝏𝑨𝑨𝒙𝒙
𝝏𝝏𝝏𝝏
�  in Cartesian 

coordinates. Curl 𝐀𝐀 is often called the rotation of 𝐀𝐀. ∇ × 𝐀𝐀 is read as ‘del cross 𝐀𝐀’.                                                      

Simultaneously with Ohm’s law in electromagnetics by equation (3.32) and material 

equations of Pouillet’s law by equation (3.33), the 3D finite-element method (FEM) is 

adopted to numerically solve Maxwell equations above and the relative material 

equations, using the methods of discretizing the modelled 3D space by tetrahedrons, 

translating the differential equations into algebraic equations [186]. The methods of semi-

iterative conjugate gradient for each magnetic vector potential 𝐀𝐀 [197], based on the 

initial B-H curve, constant values of µ can be selected for each finite element depending 

on local nonlinear value of B for the beginning. The flux density 𝐁𝐁 values afterwards can 

be computed according to the calculated magnetic vector potential A by equation (3.31) 

derived from Gauss’ law of equation (3.30b). Repeatedly, the numerical computations 

can be completed until the convergence of the element permeability. It is known that:  

𝐉𝐉 = 𝛔𝛔𝐄𝐄,                                                  (3.32) 

𝐑𝐑 = 𝛒𝛒 𝐥𝐥
𝐂𝐂
 ,                                                 (3.33) 

where  𝝈𝝈  is the material-dependent parameter conductivity.  𝝆𝝆  is the resistivity of the 

windings. R is known as electric resistance of the wire material. 𝒍𝒍 is the total length of 

the wire. C is the cross-sectional area of the wire.  

3.6.2 FEM with numerical solution 

FEM is a powerful numerical technique for dealing with complex geometries-based 

problems such the targeted topics of electromagnetics in the thesis although FEM has an 

origin in the field of structural analysis. The systematic generality of this FEM analysis 

provides with a possible method to construct general-purpose computer programs for 

solving a wide variety of problems. The basic FEM includes discretizing the targeted 

solution region into finite number of subregions or elements; deriving governing 

equations for a typical element; assembling of all elements in the solution region and 

solving the system of equations obtained [199].  
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As known, many real-life situations have no symmetry that simply allows a description 

to be made in terms of two, instead of three, independent space coordinates. These 

practical arrangements need to be specified with three independent coordinates with a full 

3D consideration, which inevitably requires the methods of analysis involving the 

division of three-dimensional space into finite elements. Of course, the discretization with 

a specified accuracy in 3D case requires correspondingly quite large amount of central 

storage and processing time in computer manipulation.  

In the general electromagnetics scenarios with time variation, as well as based on the 

differential form of Ampere’s law, the fact of the enclosed curves of magnetic flux lines 

and all the equations above, the full set of variables represented by equations (3.30a) and 

(3.31) turns into equations (3.34) and (3.35), respectively, and equation (3.35) allows 

time-varying problems.  

∇ × �1
µ
∇ × 𝐀𝐀� = 𝐉𝐉,                                             (3.34) 

∇ × 𝐀𝐀 = −µε 𝜕𝜕∇
𝜕𝜕𝑑𝑑

 .                                              (3.35) 

Together with Faraday’s law and Lorenz gauge vector potential by equation below [200], 

𝐄𝐄 = −∇ϕ − ∂𝐀𝐀
∂t

 ,                                              (3.36) 

by using 3D FEM computations, the magnetic flux density 𝐁𝐁, the electric field strength 𝐄𝐄 

and the magnetic field with values of magnetic flux ϕ in weber can be numerically solved 

and determined.   

Regarding the numerical solution in terms of non-linear materials in numerical technique-

based simulation software, equation (3.34) is essential to be solved to specify the 

magnetic vector potential A, for which the numerical solver developed in the simulation 

software is required. To work out the field parameters, firstly, constant values of 

permeability µ are selected for each element based on the initial slope of the B-H curve 

of the non-linear magnetic material. Secondly, by using the semi-iterative conjugate 

gradient method, the magnetic vector potential A can be solved numerically with the 

resulting linear equations. Thirdly, the flux density B can be calculated from values of 
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magnetic vector potential A with equation (3.31), which then are used to calculate new 

values for the permeability of each element. Repeatedly, the numerical technique and 

process are to be executed until the element permeability values have converged.  

3.6.3 Inductance calculation and flux linkage 

In magnetic fields, inductance matrices can be normally expressed in terms of flux linkage 

and current. Values of inductance are given in henry. For nonlinear materials, the 

definition of inductance requires additional details when compared to linear cases. There 

are commonly three inductance values and concepts used for applications, which are 

illustrated in Figure 3.13 [201], [202].  

 
Figure 3.13: Current i vs flux linkage λ for nonlinear inductance. 

In ANSYS Maxwell used in the thesis, apparent inductance is used to calculate flux 

linkage as a function of the independent variables as it will vary with current values due 

to the material properties varying. The slope of any line in Figure 3.13 has unit in henry 

and any enclosed area on the plot represents unit of energy in joule when the magnetic 

flux is in weber and current in ampere.  

From a perspective of the nonlinear inductance graph, the three inductances have different 

definitions. Initial inductance 𝐿𝐿𝑖𝑖𝑖𝑖𝑖𝑖𝑑𝑑  applies to magnetic materials with a ‘toe’ in the 

magnetization curve, which in value is the tangent to the curve at the origin; Incremental 

(differential) inductance 𝐿𝐿𝑖𝑖𝑖𝑖𝑖𝑖 = 𝑑𝑑𝑑𝑑
𝑑𝑑𝑖𝑖

, a line tangent to the curve at the operating point, is 

evaluated using an operating point determined from a DC solution and is used in time 

domain system simulations. Incremental inductance relates to differential permeability 
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defined as 𝑑𝑑𝐵𝐵
𝑑𝑑𝑑𝑑

; Importantly in ANSYS Maxwell, apparent inductance is well-suited for the 

state equation or basis function approach to the time domain simulations as due to the 

total flux linkage in terms of current from the origin to the operating point. Although 

apparent inductance can be used to calculate energy, the calculated results cannot 

perfectly represent the stored energy since the actual path of the nonlinear curve is ignored 

by defined calculation of apparent inductance. In time domain simulations, apparent 

inductance varies with varying current shown in Figure 3.13, which can be able to track 

the characteristic nonlinear curve of the material by varying resulted value [136], [201].  

From the practical magnetic coupling field point of view, in order to determine the self-

inductance values of L in henry produced by the electromagnetic field on the both sides 

of the CPT system, the relations between the coil current values of 𝑖𝑖 and the flux linkage 

λ satisfy:  

λ1 = N1ϕ1 = L1𝑖𝑖1,                                         (3.37a) 

λ2 = N2ϕ2 = L2𝑖𝑖2,                                         (3.37b) 

L = λ
𝑖𝑖
 .                                                     (3.37c) 

3.6.4 Magnetic field energy storage in terms of fields B and H 

It is necessary to introduce and explain the transformed forms of expressions of magnetic 

field energy in terms of magnetic fields B and H, despite of the formularized expressions 

of magnetic field energy in terms of current 𝑖𝑖 and flux linkage λ that are described before 

in last subsections.  

For a single long solenoid-type of winding coil, the total energy stored in the magnetic 

field is: 

        𝑊𝑊𝑑𝑑𝑡𝑡𝑑𝑑𝑡𝑡𝑡𝑡 = 1
2
𝐿𝐿𝐼𝐼2 = 1

2
𝑢𝑢0𝑁𝑁2𝜋𝜋𝑟𝑟2𝑙𝑙𝐼𝐼2,                             (3.38) 

where the 𝑁𝑁 is the turns per unit length, each of radius 𝑟𝑟 has a current 𝐼𝐼 flowing and the 

winding is  𝑙𝑙 long in the field. 𝑩𝑩 = 𝑢𝑢0𝑁𝑁𝐼𝐼 and 𝑯𝑯 = 𝑁𝑁𝐼𝐼 are field magnetic density and field 



76 

 

strength intensity inside the solenoid-type of winding [150]. Thus, equation (3.38) turns 

into the form: 

                     𝑊𝑊𝑑𝑑𝑡𝑡𝑑𝑑𝑡𝑡𝑡𝑡 = 1
2
𝐵𝐵𝐻𝐻𝒱𝒱 = 1

2 ∫𝑩𝑩 ∙ 𝑯𝑯𝑑𝑑𝑑𝑑,                                 (3.39) 

where 𝒱𝒱 is the volume of the solenoid, the integral is taken over all space. The energy 

stored in a magnetic field may be considered to be distributed with an energy density 1
2
𝑩𝑩 ∙

𝑯𝑯 and the total energy is stored in the whole field.  

In 3D FEM field solutions for cases of linear material properties, the integrals of magnetic 

energy of a system are expressed simply. In linear materials, permeability 𝑢𝑢 is constant 

so that values of the magnetic energy and co-energy are identically equal, namely 𝑊𝑊 =

𝑊𝑊𝑖𝑖, as shown in Figure 3.14(a). The field energy and co-energy is given: 

𝑊𝑊 = 𝑊𝑊𝑖𝑖 = 1
2 ∫𝑩𝑩 ∙ 𝑯𝑯 𝑑𝑑𝑑𝑑.                                      (3.40) 

 
Figure 3.14: Energy and co-energy. (a) Linear materials; (b) Nonlinear materials. 

However, in nonlinear materials-based fields like the proposed CPT system in this thesis, 

the field energy stored is given by equation (3.41) and the co-energy is mathematically 

expressed by equation (3.42).  

𝑊𝑊 = ∫𝑤𝑤 ∙ 𝑑𝑑𝑑𝑑 = ∫(∫ 𝑯𝑯 ∙ 𝑑𝑑𝑩𝑩𝐵𝐵
0 )𝑑𝑑𝑑𝑑,                               (3.41) 

𝑊𝑊𝑖𝑖 = ∫𝑤𝑤𝑖𝑖 ∙ 𝑑𝑑𝑑𝑑 = ∫(∫ 𝑩𝑩 ∙ 𝑑𝑑𝑯𝑯𝑑𝑑
0 )𝑑𝑑𝑑𝑑.                              (3.42) 

3.6.5 RMS real powers and efficiencies 

In addition, based on RLC circuit theories [136], [203] and circuit resonance conditions  

[204], [205], the approximate natural resonant frequency for the designed coupling 
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system in this paper can be determined in order to specify power source operating 

frequencies, which then is for analysis and optimization of the actual system performance.  

To study the actual inductive magnetic coupling outcomes and electromagnetic field 

performance represented and reflected by the numerical vectors and scalars above, the 

actual RMS power generations given by equation (3.43) and the efficiencies given by 

equation (3.44) and (3.45) from the front end to the load end of the CPT system are 

required to be calculated, compared and analysed. cos φ is the power factor (PF) caused 

by phase difference 𝜑𝜑 between the induced voltage and current waveforms. 

P𝑅𝑅𝑀𝑀𝑆𝑆 = V𝑅𝑅𝑀𝑀𝑆𝑆 I𝑅𝑅𝑀𝑀𝑆𝑆│cos φ│,                                (3.43) 

η𝐶𝐶𝑡𝑡𝐶𝐶𝑝𝑝𝑡𝑡𝑅𝑅𝐶𝐶 =
PRMS𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 𝑆𝑆𝑆𝑆𝑐𝑐𝑐𝑐

PRMS𝑃𝑃𝑆𝑆𝑐𝑐𝑚𝑚𝑆𝑆𝑆𝑆𝑆𝑆 𝑆𝑆𝑆𝑆𝑐𝑐𝑐𝑐
 ,                                 (3.44) 

η𝑂𝑂𝑂𝑂𝑅𝑅𝐶𝐶𝑡𝑡𝑡𝑡 𝑠𝑠𝑠𝑠𝑠𝑠𝑑𝑑𝑅𝑅𝑚𝑚 = P𝐿𝐿𝑆𝑆𝑆𝑆𝑆𝑆
PRMS𝑃𝑃𝑆𝑆𝑃𝑃𝑆𝑆𝑆𝑆 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑐𝑐𝑆𝑆

 .                             (3.45) 

𝑓𝑓𝑖𝑖𝑡𝑡𝑑𝑑𝐶𝐶𝐶𝐶𝑡𝑡𝑡𝑡 𝐶𝐶𝑅𝑅𝑠𝑠𝑡𝑡𝑖𝑖𝑡𝑡𝑖𝑖𝑑𝑑 = 𝜔𝜔0
2𝜋𝜋

= 1
2𝜋𝜋√𝐿𝐿𝐶𝐶

.                                (3.46) 

3.7 Chapter conclusions  

This chapter describes the fundamental computation methods by setting forth the main 

electromagnetic theories and formulas that are to be essentially deployed in the thesis.  

In the main simulation-based studies in the thesis, the designed coupling models and 

computations are solved by 3D FEM, in which the series of integral equations mentioned 

above in this chapter are adopted. Nonetheless, the practical experiments by laboratory 

setup prototypes in the thesis are investigated and calculated using actual output data 

acquisition, data processing and theoretical calculations based on real-world waveform 

generated in terms of magnitudes and angular phases, which will be further studied in the 

following four chapters of design implementations, result analysis and laboratory 

experiments.    
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Chapter 4 Implementations for optimizing 

the basic designs of CPT coupler 

4.1 Coupler design improvements with ferrite cores for CPT of EVs  

As mentioned in Chapters 2 to 3, the comparatively up to date CPT technologies for EVs 

charging and the project methodology need to be investigated from the aspects of 

maximizing the charging system efficiency, power transfer rating levels and air gaps of 

charging coupling coils. Until present, the different coil designs, ferrite core deployments, 

operating frequencies and airgaps are acting as the main investigation factors regarding 

producing transfer efficiencies and power ratings on the load side.  

In section 4.1, by modelling and simulating the electromagnetic field couplings with the 

simplified inductive transmitting system in 3D finite-element methods based environment, 

an Axis-to-Axis (Coaxial) rectangular coil CPT system and an Axis-Parallel (Non-coaxial) 

rectangular coil system have been modelled and quantitatively compared. Besides, an 

axis-parallel coil system and a C-Type rectangular coil system deploying ferrite cores 

with a 50 mm air gap have been analysed, resulting in output system efficiencies of over 

85% and 74%, respectively. In addition, the effectiveness of using a ferrite core to 

improve the flux linkage and magnetic flux density can be noticed. From the perspective 

of electromagnetic field, the contributions of evaluating and deploying natural resonant 

frequencies of transmitting ground side and vehicle chassis receiving side in terms of 

system efficiency, magnetic field strength generated and RMS actual power transfer 

rating have been described and discussed.  

4.1.1 Background 

Greenhouse gases caused by more than 100 years of gasoline engine vehicles and the 

rapidly increasing scarcity of fossil energy in the past decades have driven the research 

progress in the field of electric vehicles (EV), hybrid electric vehicles (HEV) and 

hydrogen fuel cell vehicles (FCV) to target at environmental friendly transportation. 

Although the plug-in and battery electric vehicles (PEV) have been proposed and become 
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more pervasive worldwide, the inherited drawbacks of plug-in charging system such as 

safety issues, inconvenience, inflexibility in some particular situations would be the 

obstacle in the development of EVs. Therefore, the imaginational idea of Nikola Tesla — 

Wireless Power Transfer (WPT) technology has been proposed to contribute to the 

contactless charging solutions for EVs, which is remarkable for the future transportations, 

based on the formulation of Maxwell’s equations in which Maxwell described radio wave 

phenomena in 1862 [33], and Poynting theorem in which Henry Poynting illustrated 

electromagnetic waves as an energy flow in 1884.  

CPT technologies have been believed to become a feasible alternative to deliver power 

for battery charging ranging from small low-powered devices to high-powered 

applications over the past decades due to the foreseen reliance and many other advantages 

as described in previous chapters. However, some issues and challenges of current CPT 

prototypes have not yet been adequately addressed and comprehensively resolved from 

theoretical levels to practical applications despite some immature contactless energy 

transmission techniques that have been applied to small devices nowadays. 

Reportedly in various technical publications, the stationary electromagnetic resonance 

coupling WPT operating at MHz range was proposed by WiTricity (MIT) theoretically 

in 2006 [120]. An IPT system (2009) in [206] is presented with a 5 kW power transfer 

rating operating at 38.4 kHz over an air gap of 150 mm. The authors in [207] focused on 

a system with a 10 mm air gap and 20 kHz operating frequency, which transfers 3 kW at 

80% efficiency. ORNL Laboratory tested with high-frequency inverter, misalignment 

effects, coil-to-coil efficiency and insertion loss of ground surface materials in the air gap 

were discussed in [107]. A 2 kW prototype with use of inductively coupled power transfer 

(ICPT) in Sallan’s research group [95] was deployed to check different compensation 

topologies and an efficiency of 82% with 15 cm charging distance was achieved in 2009. 

By 2012, Sallan and Villa’s team, using the same 2 kW prototype, found that a series-

parallel-series (SPS) combination compensation topology showed a suitable performance 

for the CPT system [170]. Misalignment conditions and charging gap variations were 

discussed in [208], a loosely coupled transformer (LCT) IPT system was tested when the 

air gap varies from 6 to 20 mm and the misalignment varies from 0 to 50 mm, in resulting 

an efficiency deviation of 3.5% for a proposed asymmetrical LCP prototype. Investigators 
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in [47] proposed a polarized coupler topology called double D couplers, using a flux pipe 

winding structure. A 1.5 kW CPT system with a core called H-shaped in paper [209] was 

developed to be more robust to misalignment conditions and more efficient, achieving an 

efficiency of over 90% with a charging distance of 70 mm. In addition, the H-shaped core 

winding previously mentioned was proved, by the same research group, that the H-shaped 

coil appears to have lower iron loss and copper loss than traditional solenoid coils in 

reference [210] in 2011. In [211], a DD pad design with Bi-polar was measured to have 

the same performance as a circular pad design via a series of the technical tests and 

comparisons between circular, solenoid and DD-DDQ/bi-polar coil architectures.  

 
Figure 4.1: A typical stationary CPT system with a geometric coupler design. 

 

4.1.2 Designs and results of proposed CPT systems with inductive coupling  

Based on methodology and formulations described in detail above in the previous chapter, 

stationary CPT systems can be analytically established and modelled for investigations 

from each aspect that are required to be focused on. With field equations, inductance 

calculation methods and advantages of using ferromagnetic cores introduced before, three 

types of models with ferrite cores (axis-to-axis, axis-parallel and C-type) are structured 

and operated in this Section 4.1 for investigations.  
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Figure 4.1 illustrates the typical comprehensive CPT system layout for stationary cases, 

which could also be equivalent to the schematic circuit with a selected S-S compensation 

shown in Figure 4.2. In most cases including the designs in this Section 4.1, S-S topology 

is supposed to optimally perform for CPT outputs based on the introduction in Section 

3.3 and 3.4.  

 
Figure 4.2: The equivalent circuit of a stationary CPT system with S-S compensation. 

 

(a) Axis-to-axis coils with ferrite cores 

In order to achieve high overall system efficiency, satisfactory power level delivered and 

larger air gap, the coil design can take a lead role to the objectives as it determines the 

electromagnetic field in between the primary coil and secondary coil. Considering the 

normal use of ferrite core in conventional transformers, the effectiveness of shaping the 

magnetic flux of deploying ferrite cores can also work for contactless power transfer 

applications to facilitate the inductive coupling performance.  

The basic design parameters: the air gap is 50 mm and voltage power source supplies 

sinusoidal AC 10 kV rms in the electromagnetic environment of MagNet 7.6, the series 

for primary side and series for secondary side 150 uF capacitors (S-S compensation 

method) are adopted as compensation topology. The coil turns are 1500 on both sides, the 

load is a 50 Ohm resistor.  
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Figure 4.3: Axis-to-axis coil models with 50 mm air gap at selected frequencies. (a) At 75 Hz. 
(b) At 2 kHz. (c) At 50 kHz.  

Therefore, the designed small-scale coils with ferrite cores of different shape and size 

have been undertaken and simulated in 3D finite-element method software. Figure 4.3(a) 

(b) 

(a) 

(c) 
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to Figure 4.3(c) selectively show the electromagnetic field statuses of the conventional 

axis-to-axis (coaxial) coils with square soft ferrite at 75 Hz, 2 kHz and 50 kHz.  

Table 4.1: Calculated main results for axis-to-axis coils system vs operating frequency range of 
75 Hz-50 kHz. 

Operating 
frequency (Hz) 

Calculated inductance 
L1 (H)  

Calculated inductance 
L2 (H) 

Power transferred 
to load (W) 

75 0.298168 0.1268340 21083.6 

150 0.296989 0.0620210 4446.0 

300 0.296735 0.0307398 1058.2 

800 0.296673 0.0112169 139.4 

2000 0.296702 0.0039281 16.9 

10000 0.296805 0.000304339 8.583e-2 

50000 0.296820 0.000027416 1.504e-4 
 

 
Figure 4.4: Efficiencies of axis-to-axis (coaxial) coils with ferrite cores vs operating frequencies 

(model with 50 mm air gap).  

By simulating MagNet prototypes with axis-to-axis coupler designs across the frequency 

range of 75 Hz to 50 kHz with 50 Ohm load and series-series compensation capacitance 

(S-S method), the computed field results can be output by using 3D finite-element method, 

as presented in Figure 4.3, Figure 4.4 and Table 4.1, which illustrate the system efficiency 

of about 29.34% and power transfer of about 21.08 kW. It can be observed that the 

magnetic flux density B when electromagnetically coupling is up to 2.78 teslas at the 

power supply operating frequency of 75 Hz. The effectiveness of using ferrite cores to 
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the CPT inductive coupling could be shown by the differences of fields the power 

transferred to the load side.  

To investigate the system performance from electromagnetic field point of view, three 

typical frequencies are selected to compare the actual fields and outputs via simulation 

raw RMS scalar results shown in Table 4.2 and also via vector results depicted in Figure 

4.3(a) to Figure 4.3(c). It can be noticed that the CPT system is able to deliver high ratio 

of secondary coil flux linkage and primary coil one, which reflects relatively satisfactory 

coil energy transmission efficiency. The magnetic field density can show a high value of 

over 8 teslas at an operating frequency of 2 kHz, however a low ratio between secondary 

and primary flux linkage can be seen. A higher and stronger magnetic energy generation 

and storage in field can be noticed at 2 kHz than 75 Hz and 50 kHz, while the highest 

power transferred to load is produced at 75 Hz, which also reflects sometimes higher field 

energy storage may not lead to higher transmission efficiency from the front end to the 

rear load end. There is supposed to be a comprehensive comparison and balance over 

choosing relatively accepted operation conditions towards overall targets from both 

electric and magnetic aspects.  

Table 4.2: Major outcomes of fields at selected frequencies at transient 60 ms.  

Operating 
frequency 
(Hz) 

Flux linkage 
primary  
(webers) 

Flux linkage 
secondary 
(webers) 

Magnetic 
energy 
(joules) 

Magnetic 
coenergy 
(joules) 

RMS field B 
maximum 
(teslas) 

75 10.1488 8.4151 367.6821 372.9431 2.7766 

2000 83.7845 19.4138 14167.48 18760.74 8.2838 

50000 19.7121 0.3512 648.6949 648.7873 2.6198 
 

(b) Axis-parallel coils with ferrite cores 

To further compare the different dimensions, coils positions and coupling performance 

with the flux shape effect of ferrite cores, the transmitting coil and receiving coil are 

adjusted to be in axis-parallel (non-coaxial), other geometric parameters are set the same 

as the previous axis-to-axis (coaxial) coils prototype. Then the simulation results appear 

to be changed and the maximum power transfer efficiencies are improved by at least 3% 

at 75 Hz, 150 Hz and 300 Hz as shown in Table 4.3 and Figure 4.6. It can be noticed, 

from Figure 4.5, that the maximum value of the field magnetic flux density in the 75 Hz 
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electromagnetic coupling is increased to about 5.76 teslas, which is significantly higher 

than 2.78 teslas in the axis-to-axis coils model in Section 4.1.2(a). This may also reflect 

the noteworthy effectiveness of this geometric improvement of the transmitting part of 

the CPT system when compared with the traditional axis-to-axis (coaxial) coil design. 

Also, the new axis-parallel (non-coaxial) coils with the ferrite cores model shows better 

capability to produce more optimistic actual power transfer to the load side, which is of 

help on the charging time for electric vehicles in service.  

  
Figure 4.5: Axis-parallel coils CPT prototype with its optimal efficiency performance at 75Hz, 

50mm air gap.  

Table 4.3: Calculated main results for axis-parallel coils system vs operating frequency range of 
24 Hz-50 kHz.  

Operating 
frequency (Hz) 

Calculated inductance 
L1 (H)  

Calculated inductance 
L2 (H) 

Power transferred 
to load (W) 

24 0.320270 0.48407 1941160.0 

35 0.307560 0.29793 246085.9 

75 0.298100 0.12683 24259.0 

150 0.296750 0.06202 5120.902 

300 0.296464 0.030740 1218.9675 

800 0.296393 0.112340 160.563 

2000 0.296430 0.003928 19.4744 

10000 0.296546 0.003043 9.8870e-2 

50000 0.296563 0.000027415 1.7325e-4 
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It also could be found that the calculated natural resonant frequency of primary side 

slightly changes, based on  𝑓𝑓𝑖𝑖 = 1
2𝜋𝜋√𝐿𝐿𝐶𝐶

, as calculated inductance L1 insignificantly 

changes. The calculated natural frequency of primary side keeps at about 23.9Hz. 

However, another finding is that the natural resonant frequency of secondary side can be 

influenced notably, as illustrated in Table 4.3, by changing the power source operating 

frequency. The natural resonant frequency of secondary side can nonlinearly vary from 

18.67 Hz to 2.48 kHz, depending on the different inductive coupling situations driven by 

different system operating frequencies.  

 
Figure 4.6: Efficiencies of axis-parallel (non-coaxial) coils with ferrite cores vs operating 

frequencies (model with 50 mm air gap). 

(c) Axis-parallel coils with ferrite cores and increased natural resonant frequencies as 

operating frequency 

 
Figure 4.7: Axis-parallel 150 nF S-S compensation CPT system with 10 kV rms at 930 Hz. 
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In order to increase the natural resonant frequencies of primary and secondary circuits to 

observe the CPT system performance and results, according to 𝑓𝑓𝑖𝑖 = 1
2𝜋𝜋√𝐿𝐿𝐶𝐶

, the series-

series compensation capacitors C1 and C2 have been decreased to 150 nF. In this set of 

simulation experiments, the natural resonant frequency of primary side is supposed to be 

escalated from previous 24 Hz to approximate 1.5 kHz for contrast analysis. The 

electromagnetic field simulation and calculated results can be presented in Figure 4.7, 

Figure 4.8 and Table 4.4.  

Table 4.4: Calculated main results for axis-parallel coils system with smaller C1, C2 vs 
operating frequency range of 300 Hz-10 kHz.  

Operating 
frequency (Hz) 

Calculated 
inductance L1 (H)  

Calculated 
inductance L2 (H) 

Power transferred 
to load (W) 

300 0.32599 1.879040 1.8350 

750 0.19368 0.302800 29.3019 

930 0.25790 0.197765 17087 

1500 0.28890 0.077270 129976.9 

10000 0.29642 0.001929 1.0115e-2 
 

 
Figure 4.8: Efficiencies of axis-parallel (non-coaxial) coils with ferrite cores and smaller C1, C2 

vs operating frequencies (model with 50 mm air gap).  

It can be seen that, when the operating frequency is set between 750 Hz and 930 Hz, the 

system efficiency can be over 85% with 29.3 W power transferred to the load. While the 

power level on the load is able to reach the highest, 129.9 kW, at 1500 Hz power source 

operating frequency as shown in Table 4.4, which is slightly outside of the natural 

resonant frequency range of primary transmitting side. From Figure 4.8, it also can be 
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found that the system efficiency reaches the maximum at around the natural resonant 

frequency of primary coil side although the power transferred to the load does not achieve 

its optimal value at the frequency. Therefore, the maximum value of power transferred to 

the load tends to occur when operating frequency is set around the resonant frequency 

range, which could mean faster charging for electric vehicles, but the energy losses would 

be a trade-off leading to the system efficiency of about 38%.  

From the aspect of magnetic field, the field performance of this axis-parallel model with 

higher natural resonant frequency appears to be fairly satisfactory due to optimistic results 

of its instantaneous magnetic energy, coenergy, primary flux linkage, secondary flux 

linkage and B field, with values of 3419.59 joules, 3422.65 joules, 46.70 webers, 9.20 

webers and 5.76 teslas, respectively. This may reflect the usefulness of escalating the 

natural resonant frequency of the same geometric model despite of the manufacturing 

challenges over the desired capacitors due to current material engineering limitations 

which would probably be tackled in a decade.  

(d) C-type coils with ferrite cores 

To achieve a higher secondary flux linkage as presented in equation (3.37b), (3.37c), and 

a stronger magnetic flux density as in equation (3.31), the ferrite cores could be designed 

like C-shape style as it is more capable to produce more flux lines through both coils and 

cores with better inductive coupling or even resonant performance. The transmitting coil 

and receiving coil are adjusted to be in axis-parallel (non-coaxial) again but the inner side 

surfaces of ferrite cores are shaped like in Figure 4.9, other geometric parameters are set 

the same as the axis-parallel (non-coaxial) coils prototype in Section 4.1.2(c) above. The 

air gap is 50 mm and the voltage power source supplies a sinusoidal AC of 10 kV rms, 

Series for primary side and series for secondary side 150 nF capacitors (S-S compensation 

method) are adapted as compensation topology. The windings are 1500 turns on both side, 

and the load is a 50 ohm resistor.  
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Figure 4.9: Electromagnetic fields of C-type cores at a variety of operating frequencies. (a) at 

150 Hz. (b) at 800 Hz. (c) at 30 kHz.   

 

(a) 

(b) 

(c) 



90 

 

Table 4.5: Calculated main results for C-type axis-parallel coils system vs operating 
frequencies.  

Operating 
frequency (Hz) 

Calculated inductance 
L1 (H)  

Calculated inductance 
L2 (H) 

Power transferred to 
load (W) 

60 0.58899 46.91279 0.64368e-3 

150 0.59960 7.50527 0.20788 

300 0.65382 1.87657 47.73737 

400 0.77028 1.05557 3723.97592 

800 0.32165 0.26411 46234.20821 

1000 0.38168 0.16912 1345.19544 

1200 0.40419 0.11752 407.52901 

1500 0.41924 0.075300 152.62980 

1700 0.42451 0.058680 98.54954 

2000 0.42934 0.042470 59.94127 

2500 0.43362 0.027263 32.91586 

3000 0.43584 0.019010 21.09762 

7000 0.43981 0.36880e-2 3.35692 

10000 0.44024 1.92297e-3 1.61871 

30000 0.44063 0.35952e-3 0.17741 

50000 0.44065 1.95996e-4 0.63798e-1 

100000 0.44067 9.35266e-5 0.15942e-1 

150000 0.44068 6.17841e-5 7.08514e-3 
 

It can be noticed, from Figure 4.9(b) and Table 4.5, that the new geometrically designed 

coil with a ferrite core generates up to 1.84 teslas of magnetic flux density B and 46.23 

kW system power when electromagnetically coupling at about the natural resonant 

frequency of 800 Hz. The maximum value of magnetic flux density and the system power 

rating to the load in the C-type inductive coupling model are much higher than those of 

axis-parallel models before, which is now along with the efficiency of 74%, in Figure 

4.10, could reflect that the improved C-type model can be able to produce better inductive 

coupling performance for contactless power transfer on electric vehicles. In addition, the 

stable and sustainably satisfactory system efficiencies can be achieved by a longer range 

of power source operating frequency.  
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Figure 4.10: Efficiencies of C-type axis-parallel (non-coaxial) coils with ferrite cores vs the 

operating frequencies (model with 50 mm air gap).  

Moreover, in this C-type coupler system, at the same transient time point, the 

instantaneous magnetic energy is 1471.36 joules. Its instantaneous coenergy is 1742.96 

joules. Its primary and secondary flux linkages are 37.66 webers and 6.97 webers, 

respectively. The RMS value of  the magnetic field density B is 3.88 teslas. It can be seen, 

by comparison with the previous axis-parallel model at resonant coupling condition or at 

maximum power output condition, that the peak power output and field performance of 

the C-type one when resonating at 800 Hz seem smaller than those of axis-parallel model 

at its resonant frequency of 1500 Hz, while the corresponding system efficiency of C-

type model with value of 74.30% is evidently far higher than 37.89% of axis-parallel 

model when at their own resonant condition, 800 Hz and 1500 Hz, respectively. This 

could indicate that satisfactory electromagnetic field generation may not determine better 

power electrical output when analytically comparing two different geometric coupler-

based CPT systems. Considering constant and sustainable outputs of power transfer 

ratings and overall system efficiency, the relatively longer range of frequency versus 

efficiency and output power by the C-type model shows more compatibility and 

capability for real-world CPT charging applications. Nonetheless, other flaws of the C-

type coupler model can be compromised by other less significant factors.  

4.1.3 Limitations and evaluations 

Conducting 3D FEM based simulations for coils with ferrite core materials is numerically 

complicated and computationally intensive, hence solving the simultaneous equations 

would not reduce computational inaccuracies which can depend on the mesh element size, 
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the characteristics of materials, the conjugate gradient tolerance, the polynomial order 

adopted, boundary conditions, etc.  

When considering the overall losses, the iron losses including hysteresis losses and eddy-

current losses are not taken into account in this Section 4.1, which depend on the 

hysteresis characteristics of materials, the specific resistance and frequency. In addition, 

the copper losses count on the total losses. The winding copper losses on both side have 

been taken into account while the loss of the system circuits has not, which may reduce 

the overall system efficiency.  

In real world application, the misalignment affects the electromagnetic coupling. The 

coils of the models in this section are ideally set towards each other. Whereas in reality, 

the misalignment degree could increase the reduction of power transfer efficiency 

depending on how the primary coil and secondary coil inductively couple by the actual 

flux linkage generated. Also, the different dimensions of the coil design on ground side 

and vehicle side would produce uncertainties regarding the effective distance of 

inductance. 

4.1.4 Summary 

The analytical CPT models deploying ferrite cores with 50 mm air gap have been 

proposed for charging EVs. An axis-to-axis (coaxial) rectangular coil CPT prototype, an 

axis-parallel (non-coaxial) rectangular coil CPT prototype and a C-type prototype have 

been built and analysed. Evidently, the effect of dimensions of coils with ferrite cores 

plays a significant role in a CPT system, determining the flux linkage and magnetic flux 

density in an electromagnetic field system generated by inductive coupling, which 

indirectly affects the maximum system efficiency, power transfer rating level to the load 

end. A couple of CPT models in electromagnetic field have been studied with 3D FEM 

techniques and series-series capacitance compensation configuration in this Section 4.1.  

Comparing the axis-to-axis (coaxial) coil CPT system with axis-parallel (non-coaxial) 

coil CPT system, the maximum power transfer efficiencies are improved by at least 3% 

at 75 Hz, 150 Hz and 300 Hz. The maximum value of the field magnetic flux density in 

the 75 Hz electromagnetic coupling is increased to 5.76 teslas, which can reflect the 
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noteworthy effectiveness of the newer geometric improvement of a coil-ferrite core to a 

CPT system. It has been seen that the inductance of primary coil could not be affected 

significantly by using different operating frequencies while the inductance value of 

secondary (vehicle) side can be noticeably influenced by varying power source 

frequencies.  

Setting higher natural resonant frequency by using smaller compensation capacitors and 

offering the system with an operating frequency that is in close proximity to the natural 

resonant frequency of primary side can contribute a high efficiency to the system and can 

boost the magnetic field density. The new geometrically designed C-type coils with ferrite 

cores can generates up to 1.84 teslas of the magnetic flux density and 46.23 kW of system 

power when operating at about the natural resonant frequency, maximizing the system 

efficiency and sustaining it between 56% to 74% within a fairly wide range of power 

source operating frequency. The results of C-type coil model with a ferrite core indicates 

the electromagnetic effectiveness of shaping the flux lines and strengthening the flux 

linkage by using the C-shaped ferrite core, which would be an optimal geometric option 

for the transmitting part of a CPT system for EVs in real applications. Also, in a real-

world application, some unavoidable compromises need to be considered, such as the 

trade-off between the maximum power transfer rating to the load end and the optimized 

overall system energy efficiency.  

From the perspective of electromagnetic field and inductive coupling, an axis-to-axis 

(coaxial) rectangular coil CPT, an axis-parallel (non-coaxial) rectangular coil CPT and 

an optimized C-type CPT system with ferrite cores have also been investigated and 

evaluated with electromagnetic field performance outputs. The limitations of the design 

optimization methods are discussed. Further investigations would remain on improving 

the power transfer rating, charging air gap and effective system efficiency in terms of iron 

losses, ohmic losses, energy stored in the electromagnetic field, misalignments and 

generated phase angles of induced currents and voltages on both sides of the actual CPT 

systems.  
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4.2 A novel H-shaped CPT system with soft ferromagnetic material 

cores and electromagnetic resonant coupling for EVs  

Section 4.2 describes a novel contactless power transfer (CPT) system with geometrically 

improved H-shape ferromagnetic cores and electromagnetically prospective modelling 

analysis methods for wireless power transmitting (WPT) applications of electric vehicles 

(EVs). A CPT prototype, using optimized H-shaped magnetic couplers and series-to-

series (SS) compensation, is proposed to address and ensure the maximization of system 

efficiency, power transfer ratings, and air gaps of coupling coils.  

By focusing on the main factors such as various system operating frequencies, different 

geometric designs of coils, changeable inductive coupling distances, electromagnetic 

field performances and actual phase angle deviations when the inductive coupling system 

tends to be stable with its waveforms, this small-sized H-shape CPT system has been 

analytically modelled in a finite-element method (FEM) environment, resulting in a 

maximum system efficiency of 59.5%, a coil transmitting efficiency of  83.8% and a 

maximum power output of 42.81 kW on the load end when the resonant coupling of CPT 

system tends to occur within a range of calculated resonant frequencies, with an air gap 

of 10 mm. Moreover, the system efficiency and coil transmitting efficiency can reach 

47.75% and 77.22%, respectively, and the highest RMS real power to load can achieve 

31.95 kW with an air gap of 20 mm. Besides, with an air gap of 30 mm, this H-shape CPT 

system is measured to output 20.39 kW RMS power, along with the maximum system 

efficiency and coil efficiency of 41.78% and 63.23%, respectively.  

Furthermore, the improvements of flux linkage, magnetic flux density regarding the 

actual electromagnetic performance produced and the issues on the calculated natural 

resonant frequencies have been studied by result analysis and comparison of 

electromagnetic field parameters generated. In addition, the current limitations and 

further design considerations have also been discussed in this section.  

4.2.1 Background  

Based on the wireless power transmitting (WPT) proposed by Nikola Tesla, the 

fundamental principles of Faraday’s law of induction and Maxwell’s equations [150], 
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[151] in the 19th century, the contactless power transfer (CPT) using loosely coupled 

inductive energy transfer or electromagnetic resonant coupling could show the main 

advantages such as wireless charging convenience and charging implementation safety 

especially in dusty or humid conditions. Numerous studies and industrial applications 

worldwide have been carried out in the past two decades. A 2 kW circular pads based 

inductive power transmitting (IPT) model with 700 mm diameter windings and 200 mm 

charging air gap was constructed and tested in 3D FEM software in [58], which examined 

that this circular pad modular can result in satisfactory outputs and that the result 

difference between the simulation and experiment tests was claimed within 10% despite 

no detailed discussions about RMS real power ratings.  

In order to cancel out the reactive power generation from inductive coupling system to 

increase the RMS real power to the load end, four basic capacitor compensation 

topologies have been introduced and studied, which are primary series to secondary series 

(SS), primary series to secondary parallel (SP), primary parallel to secondary series (PS) 

and primary parallel to secondary parallel (PP) circuits. In [212], a current source based 

SP compensation IPT system was built, resulting in an output of 200 W at 100 kHz with 

up to 88% excluding inverters. An innovative primary series-parallel to secondary series 

(SPS) combination compensation topology was proposed in a large sized IPT system with 

15 cm air gap [170] and was claimed to show a high tolerance to misalignment degree. 

To allow voltage source based inverters to produce constant AC current from the primary 

side of a CPT system, an inductor-capacitor-inductor (LCL) network was embedded with 

an SP compensation, which was reported to achieve a constant current waveform 

independent of the load end value variations [213] and to minimize the reactive currents 

in the pickup coil [46]. A larger dimension stationary CPT system model in laboratory 

was designed in [139] with width of 200 cm and length of 100 cm, which was reported to 

acquire an output power of 15 kW with an air gap of 15 cm and a lateral displacement 

tolerance of 40 cm. The study in [95] compared the four compensation performances with 

a 2 kW model and suggested that the SS compensation method has lower copper loss than 

the other three methods, which also attempted to identify an optimal system configuration 

for the designed CPT application and obtained an efficiency of about 80% using the 

rectangular coil based inductive battery charging system. To improve power transfer 

capability and efficiency, a dual side control IPT scheme was proposed in [109] based on 
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decoupling and primary track current control [214], validating a 7% efficiency 

improvement with 813 mm diameter circular power transmitting pads and each winding 

of 1300 strands.  

To improve inductive power transfer performance and produce higher coupling 

misalignment tolerance, conventional flat circular coils were adopted for the energy 

pickup CPT system designed in [130], [183]. The experiments in [212] verified a coreless 

spiral coil IPT system using current-source-supply series-to-series (I-SS) and series-to-

parallel (I-SP) compensation schemes, by which the 200 W IPT model achieved an 

efficiency of up to 88% excluding its inverter at a non-magnetic coupling frequency, 100 

kHz, as reported. Generally, the larger the effective coupling area is, the higher mutual 

inductance value is, a large circular coupler IPT system was built with a coil diameter of 

700 mm and a coupling charging distance of 200 mm, which was reported to yield a 

transfer power of 2 kW [47], [215].  

In this Section 4.2, the H-Shaped magnetic couplers with a series-to-series (SS) 

compensation has been fabricated and implemented in order to address the main 

challenges of maximizations of the system efficiency, power transfer ratings, and air gaps 

of coupling coils. By analysis and comparison on the experimental results and system 

performance, firstly, the improvements of the flux linkage, magnetic flux density and flux 

line distribution can be noticed due to the contributions of using soft magnetic material 

core Steel1010 and the effectiveness of its high permeability for the overall system 

electromagnetic performance enhancement. Secondly, the specifically designed H-

shaped cores could be of significant help on facilitating magnetic strengths at critical 

points in the formed inductive electromagnetic field by shaping the flux line trajectories, 

which, from the perspective of electromagnetics, utilizes the most of the stored magnetic 

field energy leading to higher induced currents and magnetic fluxes through the secondary 

coil. Thirdly, it can be found that the maximum system efficiency and power transfer to 

load could be reached when the system operating frequency is set close to, but not exactly 

to, the calculated resonant frequency of the primary coil. Nevertheless, in some cases of 

near-field coupling such as the models with 10 mm and 20 mm coupling distances in this 

section, the maximum system efficiency and power rating can be achieved twice at two 

peaks, respectively, which could be caused by the combined effects of the superposed 
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fields from two coils and by the actual real-time power factors (PF) resulting in various 

RMS real powers. Furthermore, as the secondary coil resonant frequency is increasing in 

terms of higher strengthened coupling, approximating the system operating frequency to 

the calculated secondary coil resonant frequency may contribute to the second peak 

values of efficiency and power.  

4.2.2 System overview 

(a) System structure 

Regarding the actual overall performance of a CPT system and the electromagnetic field 

characteristics generated in real world applications, the inductive coupling modular could 

play a significant role whilst the wireless energy transmitting phenomenon occur due to 

the contributions of the continual magnetic flux generations and the effectiveness of 

inductive coupling within the non-linear ferromagnetic core materials and in between the 

coupler coils.  

By optimally shaping the flux line trajectories and forming the flux distributions using H-

shape soft magnetic cores, the actual flux linkages and induced currents can be indices to 

enhance the inductive coupling performance in real-world CPT scenarios. Specifically, 

the high permeability and low core loss of soft ferromagnetic materials could contribute 

to flux linkage and magnetic flux density in order for the CPT system to produce an 

optimized electromagnetic field performance especially when the electromagnetic 

resonant coupling tends to occur at specific conditions [75]. A stationary CPT system 

layout using the designed H-shape coupler with four compensation topologies (series-to-

series, series-to-parallel, parallel-to-series and parallel-to-parallel) has been shown in 

Figure 4.11. A series-to-series (SS) compensation has been selectively adopted to 

implement the investigations in the study through this section.  

 

 
Figure 4.11: The system structure for the CPT prototype using an H-shaped coupler. 
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To analyze the inductive coupling performance of the proposed CPT system, based on 

the RLC circuit theories, the impedance matching principle and the initial system tests 

with calculations for conditions of approaching electromagnetic resonant coupling, the 

designed system circuit parameters have been configured with both the compensation 

capacitors set as 150 nF. The load is set with a resistor of 50 ohm and a voltage source 

with an RMS value of 5 kV has been adopted as the system power supply.  

 (b) Geometric design for couplers 

As mentioned above, the particularly shaped soft ferromagnetic core with analytical 

geometry design and characteristics of high permeability and low core loss can be able to 

form the magnetic flux paths as expected in order to facilitate the generations of flux 

linkage, magnetic flux density and field strength. Therefore, the Steel1010 with a relative 

permeability μ of 1000 is employed as the ferromagnetic core material in this coupling 

modular built in the software package ANSYS 3D Maxwell as shown in Figure 4.12.  

            
Figure 4.12: The H-shape coupler prototyped in 3D FEM environment. (a) An overview of 

the coupler. (b) Details of windings.   

Besides, considering the benefits of proximity effects mitigation, skin effects reduction 

and high frequency application capability, Litz wire is adopted for the windings in this 

prototype. The geometric model design parameters of the small sized magnetic coupler 

have been specified in Table 4.6 below.  

Table 4.6: The geometric specifications of the designed H-shape couplers for the CPT system.  

Parameters Values 

Winding size 100 mm x 100 mm x 20 mm 

Soft magnetic core size 150 mm x 150 mm x 20 mm 

H-shaped core bar size of each side 150 mm x 15 mm x 20 mm 

Primary winding number of turns 80 turns 

Secondary winding number of turns 80 turns 

Air gaps of the CPT charging system 10 mm, 20 mm and 30 mm 

(b) (a) 
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4.2.3 Results and analyses 

It is well-known that the charging distance affects the inductive coupling performance in 

applications by flux line distributions and effects in between the intermediates. In this 

Section 4.2.3, in order to investigate the actual resulted relation between the air gap 

change and the overall system outputs, a 30 mm, a 20 mm and a 10 mm air gap CPT 

model have been built and implemented for analysis.  

(a) EMF performances with analytical comparisons 

 Field of 30 mm air gap H-shape model based on electromagnetic metrics  

By shaping the magnetic flux lines enclosed through the both coils and air space in 

between the transmitter side and receiver side with particularly shaped ferromagnetic 

material cores, the magnetic resonant coupling status of the coupler tends to occur when 

the system is supplied with operating frequencies being approximated to the calculated 

natural resonant frequency. With the electric circuit parameters predefined and an initial 

set of tests for tracking the approximate value of self-inductance 𝑳𝑳𝟏𝟏  [75] in order to 

manually approximate the derivation of the natural resonant frequency of the primary coil 

side [134], [166], thereby the formal simulations versus a range of operating frequencies 

can be carried out and statistically recorded.   

 
Figure 4.13: The electromagnetic field overlays for the designed H-shape couplers for the CPT 

system at the operating frequency of 8000 Hz, with an air gap of 30 mm. 
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Figure 4.14: The front (a), left (b) and top (c) views of the field for the designed H-shape 

couplers for the CPT system at the operating frequency of 8000 Hz, with an air gap of 30 mm.  

At about the calculated resonant frequency of 8 kHz, the CPT system appears to operate 

at a very high degree of proximity to its magnetic resonant coupling status as the 

generated electromagnetic field strongly tends to be producing peak RMS values of each 

alternating output parameters. As can be seen in Figure 4.13 and Figure 4.14, the 30 mm 

air gap CPT coupler shows satisfactory EMF outputs at this condition, with a magnetic 

flux density 𝐁𝐁 of 0.47 teslas and a magnetic field strength 𝐇𝐇 of 10.07 kA/m at some 

specific positions in the field space, by which highly reshaped and contoured EMF flux 

distributions throughout the air region and both the windings are to be established. It can 

be seen that the H shape cores form the flux line trajectories and field vectors as 

significantly expected, which witnesses the effectiveness of the geometrically enhanced 

design and utilization of the ferromagnetic material.    

 Field of 20 mm air gap H-shape model based on electromagnetic metrics  

It can been noticed that the actual electromagnetic field performance has been 

significantly promoted in terms of the magnetic field strength 𝐇𝐇 and the magnetic flux 

density 𝐁𝐁 in Figure 4.15 and Figure 4.16.  

(a) (b) 

(c) 
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Figure 4.15: The electromagnetic field overlays for the designed H-shape couplers for the CPT 

system at the operating frequency of 7000 Hz, with an air gap of 20 mm. 

        

  
Figure 4.16: The front (a), left (b) and top (c) views of the field for the designed H-shape 

couplers for the CPT system at the operating frequency of 7000 Hz, with an air gap of 20 mm.   

Compared with the generated values in Figure 4.13 of the 30 mm air gap model, similarly 

when the entire modular magnetic field with its output waves tend to be stable after a few 

transient periodic times of operation, the maximum magnetic flux density 𝐁𝐁 has risen to 

a peak value of 0.88 teslas at the H-shape edge sides in Figure 4.16(a)-(c) at about the 

natural resonant frequency of 7000 Hz, which is much higher than 0.47 tesla in the 30 

mm distance model shown in Figure 4.13. Moreover, the maximum value of the magnetic 

field strength 𝐇𝐇 in the 20 mm distance model is also markedly improved to 23.14 kA/m, 

which is more than a double of the peak value of the 30 mm air gap model.  

(a) (b) 

(c) 
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 Field of 10 mm air gap H-shape model based on electromagnetic metrics  

 
Figure 4.17: Electromagnetic field overlays of the CPT coupler with an air gap of 10 mm, at 

8000 Hz.        

            

  
Figure 4.18: The front (a), left (b) and top (c) views of the field for the designed H-shape 

couplers for the CPT system at the operating frequency of 8000 Hz, with an air gap of 10 mm.  

As presented in Figure 4.18, by the effects of flux line forming of the H-shape cores, both 

the vector arrows of magnetic flux density 𝐁𝐁 and magnetic field strength 𝐇𝐇 tend to be 

able to reach their peak magnitude values at the edged corner of the very end points of 

the H-shape cores, with maximum scalar values of 0.94 teslas and 126.08 kA/m, 

respectively, at about the natural resonant frequency of 8000 Hz.  

Along with the 10 mm air gap field overlay views presented in Figure 4.8 (a) to (c), it can 

be found that the magnetic flux density 𝐁𝐁 in the primary core and winding seems much 

(a) (b) 

(c) 
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higher than those in Figure 4.13 of 30 mm one and Figure 4.15 of 20 mm one. 

Furthermore, the magnetic field strength 𝐇𝐇 values shown from Fig. 8 (b) and (c) in both 

primary and secondary windings appear to be very strong especially at the bar sides of 

the H-shape cores towards each other. This effect reflects the effectiveness of using H-

shape ferrite cores, in addition to manipulating a closer charging distance and 

approximating the calculated resonant frequency of the system towards improving the 

magnetic field outputs, both of which indirectly facilitates the electric power generations 

and efficiencies.  

 Optimized flux linkage and currents – 10 mm air gap 

To investigate the optimally actual electromagnetic field system performance of the CPT 

coupler proposed, the flux linkage λ and coil current 𝑖𝑖 are required to be addressed. Based 

on Faraday’s law of induction in electromagnetics and equation (3.37a)-(3.37c), the 

changing magnetic flux ϕ that causes electromotive force (e.m.f.) and flux linkage λ is 

determined by the electric field strength  𝐄𝐄 and the magnetic field density 𝐁𝐁 . Thus, 

analyzing the actual changing status of the system in electromagnetic field in Figure 4.17 

and observing the flux linkage waveforms in Figure 4.19, with reference to the induced 

current waveforms in Figure 4.20, can be proper methods to evaluate an optimal CPT 

system’s characteristics with a 10 mm air gap at about the natural resonant frequency, 

8000 Hz, of this specific prototype.  

 
Figure 4.19: Flux linkage waveforms of the 10 mm air gap CPT system at 8000 Hz.  
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From Figure 4.19, it can be found that both the alternating flux linkage waveforms of two 

coils tend to be stable sinusoidal AC waveforms since about 0.5 ms onwards, which 

means the CPT system electromagnetic stability is able to be immediately established 

after only 4 periods. Once the outputs tend to be AC stable, the amplitudes of the flux 

linkages have been measured to be 0.10 Wb and 0.12 Wb for the primary coil and 

secondary coil, respectively, which are corresponding to RMS values of 0.07 Wb and 

0.08 Wb.  

From the current waveforms presented in Figure 4.20, similarly, both the primary coil 

and secondary coil currents tend to be AC stable after 4 periodical waveforms, reaching 

amplitudes of 34.57 A and 41.73 A, corresponding to RMS values of 24.44 A and 29.5103 

A, respectively.     

Based on the Figure 4.19 and Figure 4.20, compared to the long-time need of a full 

charging cycle for the EV batteries, 0.5 ms is time transient and can be negligible. In other 

words, this 10 mm air gap H-shape CPT system could accomplish a fast inductive 

coupling matching towards constant stable AC power transfer for EVs once the vehicle 

receiving side is started for CPT charging.   

 
Figure 4.20: Current waveforms of the 10 mm air gap CPT system at 8000 Hz.  

Besides, it can be noticed that the RMS flux linkage of the secondary coil is higher than 

the primary coil by 0.01 Wb and the RMS current of the secondary coil is 5.07 A higher 

than the primary coil as well, which could be mainly due to the contributions of SS 

compensation capacitors and the alternating field energy stored in the space since the 
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initial coupling of about 0.3 ms. Nevertheless, when considering the phase differences of 

actual real-time voltages and currents on both sides, the calculated RMS power of the 

secondary side is lower than the primary side due to the power factor (PF)  cos φ 

corresponding to the reactive power’s sinφ that is for the continually establishing and 

sustaining the optimistic electromagnetic field of the CPT system.   

(b) Analysis on flux linkages and currents for different air gaps versus various 

operating frequencies 

In this investigation, the H-shape coupler CPT prototypes with 10, 20 and 30 mm air gaps, 

across various ranges of operating frequency, have been implemented and analyzed. The 

system performances at electromagnetic resonant coupling conditions have also been 

emphasized in each model by peak values and characteristic trends.  

 
Figure 4.21: Flux linkages, currents vs operating frequencies for the 10 mm air gap model.  

From Figure 4.21, it could be seen that the secondary coil current could have two peak 

values at 8 kHz and 11 kHz, which are 29.57 A and 29.52 A, respectively. The primary 

coil current reaches its maximum value of 33.84 A at the operating frequency of 11 kHz. 

However, both the primary and secondary flux linkages show decreasing tendencies when 

the operating frequency supply increases although there is one salient point with value of 

0.07 Wb for the primary linkage at 11 kHz.  
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Figure 4.22: Flux linkages, currents vs operating frequencies for the 20 mm air gap model.  

For the 20 mm air gap CPT model, in Figure 4.22, both the primary and secondary coil 

currents tend to have stably high values between 7 to 10 kHz while the secondary coil 

current shows its maximum value of 25.23 A at 8 kHz and the primary coil current reaches 

its maximum of 28.24 at 9 kHz. It can be seen from Figure 4.22 that the values of 

secondary flux linkage could stay optimistic when the operating frequency is between 7 

to 8 kHz.  

 
Figure 4.23: Flux linkages, currents vs operating frequencies for the 30 mm air gap model. 

In Figure 4.23, it could be seen that the secondary coil current reaches its maximum of 

20.29 A at 8 kHz where the primary coil current almost drops to its bottom value. There 
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is a maximum salient point at 6 kHz for the secondary flux linkage however the primary 

flux linkage shows two sharp knee points at 6 and 7 kHz.  

(c) Real powers and efficiencies 

Due to the different power factors (PF) and various electromagnetic field parameters in 

the CPT models with changeable air gaps, the RMS real power generations on each 

modular of the system could be different, which can lead to different efficiency on every 

two circuitry elements selected for analysis. In the 10, 20 and 30 mm air gap CPT models, 

the coil transmitting efficiency, the overall system efficiency from the power source front 

end to the load rear end have been analyzed and compared in Figure 4.24 to Figure 4.26. 

In each figure, the system input power, primary coil power, the secondary coil power and 

the system output power against the operating frequency have also been presented.  

 
Figure 4.24: Efficiencies, RMS real powers vs operating frequencies for the 10 mm air gap 

model.  

As can be seen from Figure 4.24, both the system efficiency and the coil efficiency show 

the two peak values at two operating frequency points. The system efficiency reaches 

57.41% at 7 kHz and 59.53% at 11 kHz. The coil efficiency reaches 79.28% at 7 kHz as 

well and 83.81% at 10 kHz. The overall system output power RMS values on load could 

stay satisfactory from 8 kHz to 11 kHz, with a maximum value of 42.81 kW at 8 kHz.   
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Figure 4.25: Efficiencies, RMS real powers vs operating frequencies for the 20 mm air gap 

model. 

As shown in Figure 4.25, the 20 mm air gap system can produce stably high coil 

efficiency over 68% across the operating frequency range of 7 kHz to 10 kHz, with a 

maximum point of 77.22% at 10 kHz. The system overall efficiency shows a wide range 

of high efficiency over 40% across the operating frequency of 7 kHz to 10 kHz, with a 

peak value of 47.75% at 7.6 kHz. It also can be seen that the system output power to the 

load achieve its maximum of 31.95 kW at 8 kHz. The secondary coil and the system load 

could show stable real power generations within a wide range of operating frequency in 

Figure 4.25.  

 
Figure 4.26: Efficiencies, RMS real powers vs operating frequencies for the 30 mm air gap 

model.  



109 

 

It can be found, from Figure 4.26, that the system efficiency and coil efficiency share 

almost the same trend against the operating frequency. The coil efficiency reaches its 

peak value of 63.23% at 8 kHz, at which the system efficiency reaches its maximum of 

41.78%. Similarly, both the secondary coil power and the output power on load achieve 

their maximum values of 25.75 kW and 20.39 kW, respectively, at the operating 

frequency of 8 kHz.  

 (d) Calculated natural resonant frequencies and calculated inductances 

As found and concluded in [75], the natural resonant frequencies of primary side and 

secondary side of the CPT system could be varied directly depending on the generated 

inductance L, based on 𝑓𝑓𝐶𝐶𝑅𝑅𝑠𝑠𝑡𝑡𝑖𝑖𝑡𝑡𝑖𝑖𝑑𝑑 = 1
2𝜋𝜋√𝐿𝐿𝐶𝐶

. Fundamentally, the magnetic flux ϕ and flux 

linkage λ in equations (3.36) and equation (3.37) are subject to the actual coupler’s 

geometric design, which then determines the inductances on both coils.   

Therefore, it is necessarily required to investigate and analyze the relations between the 

increasing operating frequencies and the changeable resonant frequencies of primary and 

secondary sides by tracking and approximating the natural resonant frequency using 

various operating frequencies, in addition to the different air gaps against the system 

performance parameters in sections above.  

 
Figure 4.27: Calculated resonant frequencies, calculated inductances vs operating frequencies 

for the 10 mm air gap CPT prototype. 
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From Figure 4.27, it can be noticed that the primary side’s calculated natural resonant 

frequency tends to fall within a range of 8.2 to 8.5 kHz, which means the natural resonant 

frequency of the primary side could be independent of increase of the operating frequency 

supply when the CPT system air gap is 10 mm. This could be due to the stably flat values 

of calculated inductance of the primary side at about 0.0024 H, across the operating 

frequency of 8 to 13 kHz. On the other hand, the electromagnetic resonant coupling for 

optimized CPT system outputs could be approximated by feeding the operating frequency 

of 8.2 to 8.5 kHz, which has also been observed by the flux linkage, induced current, 

RMS power and system efficiency values in previous subsections.  

However, compared with the primary side, the calculated natural resonant frequency of 

the secondary side keeps increasing versus the operating frequency, with nearly a 

proportional relation of a gradient of 1, which could be mainly caused by the constantly 

decreasing inductance of the secondary side, based on Figure 4.27.   

 
Figure 4.28: Calculated resonant frequencies, calculated inductances vs operating frequencies 

for the 20 mm air gap CPT prototype.  

It can be found from Figure 4.28 that the calculated resonant frequency of the primary 

side tends to achieve stable values of around 7.5 kHz. Whereas, the calculated resonant 

frequency of the secondary side keeps rising, in terms of feeding higher operating 

frequency. Regarding the calculated inductance values of two sides, the primary side’s 

calculated inductance tends to be stable at about 0.0028 H whilst the secondary side’s 
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calculated inductance keeps gradually decreasing when the system operating frequency 

is set growing over 12 kHz.  

 
Figure 4.29: Calculated resonant frequencies, calculated inductances vs operating frequencies 

for the 30 mm air gap CPT prototype. 

In Figure 4.29, it can be seen that there exists a knee point at 6 kHz for the curve of 

calculated resonant frequency of primary side, which could be caused by the dramatic 

dropped value of primary coil flux linkage shown in Figure 4.23. And the calculated 

resonant frequency of primary side tends to stabilize at 6.7 kHz. Similar to the trend in 

Figure 4.28, the secondary side’s calculated resonant frequency keeps increasing due to 

constantly descending inductance.     

4.2.4 Discussion  

From the perspectives of electromagnetics, due to the positive contributions of employing 

ferrite material with high permeability and H-shape effects, the designed CPT model has 

shown the improvements on the flux linkage, magnetic flux density, magnetic field 

strength and flux line distribution based on the analyses in the previous sections. 

Especially, the specifically designed H-shape soft ferromagnetic cores have demonstrated 

its significance on facilitating the magnetic strength and flux density at critical points and 

positions of the couplers such as the external edges and corners of the H-shape cores with 

expected maximum scalar values and vector directions representing the optimally formed 

flux distributions and trajectories.  
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Importantly, the maximum system efficiencies and maximum power transfer ratings of 

each model coupling scenario can be achieved by approximating the operating frequency 

to the range of calculated natural resonant frequencies of the primary side. In other words, 

all the CPT models tend to have an approximate resonant frequency range for the primary 

side rather than the secondary, as shown in Figure 4.27 to Figure 4.29, the optimal system 

performance including the maximum system efficiencies and maximum power transfer 

ratings can be reached when the system tends to perform at magnetic resonant coupling 

although there would be necessary trade-offs between the optimal efficiency and the 

optimal power ratings within the corresponding frequency range for electromagnetic 

resonance in each model as these two optimal values may not occur at the same time. 

After comparing the proposed three models, obviously the 10 mm air gap CPT system 

demonstrates the best coupling performance with the strongest magnetic strength and flux 

density. In the meantime, the 10 mm air gap system shows two optimal system efficiency 

points not only at its original calculated natural resonant frequency of about 7 kHz of the 

primary side, but also at 11 kHz, which may be a consequence caused by the combined 

effects of the superposed fields induced from both coils, especially the highly strong 

resonant coupling from the secondary side. Besides, the positive effect from 

compensation capacitor and the lowest reactive power on the secondary side may occur 

at 11 kHz to lead to highest system efficiency and RMS power to load for the secondary 

time during the wide range of frequency.  

In terms of the RMS real powers, the phase differences between AC voltages and currents 

play a vital role in working out not only the real power for energy transfer to the load but 

also the reactive power for establishing and sustaining the electromagnetic field with 

stored field energy. Thus, the actual phase difference produced in real-time couplings is 

essentially to be studied and tuned when necessary by adjusting compensation capacitors 

to an optimal condition at the fixed optimal range of operating frequency. This would be 

a good topic for further investigations since the stored field energy contributes to the 

overall system performance and efficiency calculations.  

In order to further improve and optimize the flux distributions, the electromagnetic field 

shielding could be considered in the future research. By using different shielding 

materials and shapes, the optimal designs towards electromagnetic field performance 
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could be investigated. Furthermore, more potentially optimal core shapes could also be 

proposed and studied in the future research. 

4.2.5 Limitations 

In the 3D FEM model built in 3D ANSYS Maxwell, regarding the boundary conditions, 

an open boundary is supposed to be established as a satisfactory approximation in order 

to be equivalent to real world CPT applications. However, there must be existing traces 

of flux escaping from the investigated model in real scenarios, for which about 15 times 

the coupler model has been implemented in this section to sufficiently simulate the CPT 

charging cases. Besides, due to the flux line imperfection and element meshing limits of 

finite element methods, the boundary conditions for this designed prototype from an 

electromagnetic point of view could not be hundred percent flawless, which may affect 

the final computed results to some extent in this investigation.  

In terms of materials, the air region employed in this model has a relative permeability of 

1.0000004. The ferrite core material is a steel1010 type with a nonlinear relative 

permeability and B-H curve. As for the losses, the core loss, eddy-current loss and iron 

hysteresis losses are not considered in this model due to the computationally intensive 

and numerical complications in the specific CPT system. Moreover, the main losses are 

contributed by the winding Litz wires with a copper relative permeability of 0.999991.  

In addition, the misalignment tests and considerations have not been taken into account 

in this section study. The misalignment degree in the experiments in Section 4.2 has been 

ideally set up and misalignment tolerance has not been undertaken and evaluated. In real 

application, depending on how the vehicle users park the cars, the actual lateral and 

longitudinal displacements would significantly affect the inductive coupling performance 

due to more imperfect electromagnetic field generations. The misalignment experiments 

will be looked into in the following Section 4.5.  

Importantly, the copper losses from the circuit and winding as the main energy loss in the 

entire CPT system are also required to be profoundly considered as a tradeoff criterion 

when the maximum RMS power transferred to the load is required. Besides, the actual 

phase differences and delays in the waves generated would be difficult to control for a 
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very satisfactory power factor (PF) of every single module of the CPT system, which 

could be another subtopic and challenge towards overall system enhancement purposes.  

Moreover, the model size in this section’s simulations is not sufficiently large to be 

equivalent to a real application for a vehicle chassis due to the considerations on 

computational complexity and accuracy in the selected 3D FEM environment. In the 

future investigations, all limitations mentioned above will be supposed to be addressed, 

along with an industrially scaled-up larger coupler for the CPT system. It is believed that 

more accurate and profound results could be gained and larger air gap charging distance 

can be guaranteed once the coupler size is exactly suitable and compatible to be mounted 

on a real-world vehicle chassis.  

4.2.6 Summary 

To address and achieve the maximizations of the system efficiency, the power transfer 

ratings, and the air gaps of coupling coils, a novel small sized CPT prototype using a 

geometrically optimized H-shaped magnetic coupler and a series-to-series (SS) 

compensation has been analytically modelled and investigated in terms of operating 

frequency, varying air gaps, electromagnetics metrics, RMS powers and efficiencies.  

The methodology on studying CPT topics in this section has been presented with 

emphasis from perspective of electromagnetics. The actual electromagnetic indices and 

magnetic coupling parameters generated have been evaluated, which could provide some 

different insights into the integrated system analysis methods for both electronic and 

magnetic field criteria towards inductive coupling based CPT questions.  

Three CPT models with 10, 20 and 30 mm air gaps have been investigated in this Section 

4.2. It can be found that the 10 mm air gap H-shape soft ferromagnetic coupler CPT 

system, as an optimal prototype, could produce a maximum system efficiency of 59.5%, 

a coil transmitting efficiency of 83.8% and a maximum power output of 42.81 kW on the 

load end when the resonant coupling of CPT system tends to occur within a range of 

calculated resonant frequencies of the primary side. The enhancements of RMS flux 

linkage, magnetic flux density and magnetic field strength in terms of the actual 

electromagnetic performance produced have been demonstrated. In addition, the resonant 
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couplings for the designed CPT systems relating to the calculated inductance and natural 

resonant frequency have been studied by result analyses and comparisons.  

4.3 Chapter conclusions 

This chapter analytically proposed a series of CPT models with specifically designed 

groups of comparisons to address the overall system performance metrics for paths of 

optimizing using electromagnetic resonant coupling, from aspects of both power 

electronics outputs and electromagnetics.   

Section 4.1 reports an axis-to-axis rectangular core-based model, an axis-parallel 

rectangular core-based model and an enhanced C-type coupler model, with design 

emphases on geometric structure of coupling modular and on effectiveness of using ferrite 

material as cores in order to form the EMF flux distributions more advantageously. 

Configuring appropriate natural resonant frequencies for coils on each model has also 

been proved to be one of approaches to resonant coupling optimization. By comparison 

between all the performance outputs of these models, the newly geometrically designed 

C-type coupler with ferrite cores appears to be an optimal solution from a perspective of 

most metrics despite limitations of design method and simulation condition remaining in 

this set of study.  

A novel small-sized H-shaped coupler CPT system has been systematically built and 

assessed in Section 4.2 considering the main influential factors such as coil geometric 

design, changeable air gaps, actual system operating frequencies, phase angles of 

electronic outputs in real-time electromagnetic field scenarios. Different coupling 

distances as main variables with resulting in divergent system outputs such as flux 

linkages, B-field, H-field, induced currents, calculated natural resonant frequencies, 

maximum efficiencies and RMS real powers have been analysed in the section in details. 

Besides, Section 4.2 provides an insight into the flawless outcomes of the 3D FEM-based 

models from many perspectives like ferromagnetic material characteristics, winding types, 

misalignment impacts, energy loss, etc. 
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Chapter 5 Implementations and 

investigations on shielding designs 

5.1 Design and analysis with tests of different shielding materials   

In Section 5.1, a CPT system using a novel geometrically enhanced energy transfer 

coupler with three different shielding materials has been built and analysed, along with 

the evaluations from aspects of electromagnetics and RMS power transmission based on 

electromagnetic resonant coupling. A CPT system design improvement with the proposed 

H-shape ferromagnetic cores and the combined semi-enclosed passive electromagnetic 

shielding methods have been investigated in terms of generated electromagnetic field 

characteristics, system power transfer ratings, system efficiency optimization and 

performances of shielding materials. The results have shown that, across the range of 

operating frequency of the CPT system, aluminium shielding as a metallic material 

method could deliver better overall CPT system performance than other two 

ferromagnetic materials, steel1010 and ferrite. In addition, coupler prototype design 

limitations, misalignment tolerance and passive shielding design considerations including 

distance between windings and inner surfaces of shielding shells have been discussed.  

5.1.1 Background 

A conventional flat circular coils based contactless energy transmitting design was 

proposed for electric vehicles (EV) battery charging in [7], with introduction to 

inductively coupled technology. The compensation topologies have been evaluated in 

[170], which concluded that the series-series (SS) topology could perform the best. 

Among the proposed wireless energy transfer technologies, most of the studies regarded 

the CPT system issues as near-field transformer problems and analysed their models from 

equivalent circuits and electronics points of view. However, the CPT inductive coupling 

via air space or cores could be nonlinear scenarios due to permeability μ and B-H relations 

of the specific materials used within the coupling module, which causes that the mutual 

inductive coupling unit cannot be equivalent to a fixed electronic circuit like that of 

conventional ideal transformers.  
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In this section, considering the changeable flux linkage and variable magnetic coupling 

against different operating frequencies, shielding materials and other factors in real CPT 

situations, the modelling and analysis based on electromagnetic field and 3D FEM have 

been implemented in order to evaluate the three different shielding methods using 

ferromagnetic materials and conductive metallic materials. From aspects of both the 

electromagnetics and power electronics, the flux linkage, magnetic flux density, magnetic 

field strength and flux line distribution in real-time field have been investigated, along 

with power electronics indices which are induced currents, system output RMS real 

power, and system power transfer efficiency and so on. By comparisons of using 

steel1010, ferrite and aluminium as shielding materials for the designed small-sized CPT 

system, the aluminium shielding appears to yield the highest overall system performance 

within these three shielding methods.  

5.1.2 CPT system design 

(a) System overview 

An electromagnetic resonant coupling based CPT system consists of AC power supply, 

rectifier, high frequency inverter, capacitance compensation topology, magnetic coupler, 

high frequency rectifier, voltage regulator and load end. In order to optimize the RMS 

real power transfer and efficiency of the CPT system, the design of the magnetic coupling 

coil modular called coupler acts as a highly significant part in the overall system when 

the effectiveness of a constantly satisfactory magnetic flux generation and inductive 

coupling tend to occur at resonant conditions in between the space of coupler coils and 

ferromagnetic cores as studied in Section 4.2. In addition to the important role of the 

coupler, an efficient power electronic circuit including soft switching and active rectifier 

devices could also highly contribute to the CPT system performance [140], [142], [216].  
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Figure 5.1: The H-shape coupler CPT system configuration with combined semi-enclosed 

shielding. 

Within the space of inductive coupling, optimally shaping the flux line trajectories and 

forming the flux distributions using H-shape ferrite cores could expectedly improve the 

actual flux linkages and induced currents in real-world CPT scenarios which have been 

proved and studied in previous sections. Practically, the high permeability and low core 

loss of ferrite materials could contribute to flux linkage and magnetic flux density in order 

for the CPT system to produce an optimized electromagnetic field performance especially 

when the electromagnetic resonant coupling tends to occur at specific conditions [75].  

A stationary CPT system layout using the designed H-shape coupler with four 

compensation topologies (series-to-series, series-to-parallel, parallel-to-series and 

parallel-to-parallel) has been shown in Figure 5.1. To achieve the magnetic resonance 

when the proposed CPT system tends to be stably operating, an appropriate capacitance 

compensation topology could be utilized to maximize energy transmitting capability 

between inductively coupled coils mounted on the designed H-shaped ferrite cores and 

as well as to minimize the magnitude of the real time values of reactance in the coupler.  

In order to analyse the inductive coupling performance of the proposed CPT system, 

based on RLC circuit theories, impedance matching principle and initial system tests with 

calculations for conditions of approaching electromagnetic resonant coupling, the 

designed system circuit parameters have been configured, in which both the SS  

compensation capacitors are set with 150 nF, the load is set with a resistor of 50 ohm and 

a voltage source with an RMS value of 5 kV has been adopted as the system power supply.  

 (b) Geometric modelling for CPT coupler with semi-enclosed shielding 

Since the physical and geometric implementation of the coupling modular for the CPT 

system can definitively determine a maximum efficiency and highest transferred real 
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power, the actual coupler design is important in the system configuration as well as 

considering the coupler size as one of the criteria.  

To promote the magnetic flux density, flux linkage, mutual inductance and field strength, 

the specifically proposed H-shape core using steel1010 as ferromagnetic core material is 

designed to guide the magnetic flux along the expected paths. On the other hand, 

preventing energy loss in surrounding air [217] and conductive materials on the chassis 

of vehicle and reducing the magnetic field flux leakage can be also contributive to overall 

CPT system performance, which could be achieved by using passive magnetic shielding.  

Due to the effects of high permeability and relative low eddy current loss of using 

ferromagnetic or conductive materials, the magnetic flux could be guided and formed by 

passive magnetic shielding methods [159]. Therefore, steel1010, ferrite and aluminium 

have been utilized as the shielding materials in the ANSYS 3D Maxwell platform based 

experiments in this section. The Steel1010, as a ferromagnetic material, has nonlinear B-

H curve. The ferrite adopted in this study has a relative permeability μ of 1000. The 

aluminium has a relative permeability μ of 1.000021.  

Table 5.1: The geometric characteristics of the H-shape coupler with passive shielding. 
  

Parameters Values 

Winding size 100 mm x 100 mm x 20 mm 

Core size 150 mm x 150 mm x 20 mm 

H-shaped core bar size of each side 150 mm x 15 mm x 20 mm 

Primary winding number of turns 80 turns 

Secondary winding number of turns 80 turns 

Air gaps of the CPT charging system 10 mm 

Shielding size 400 mm x 400 x 30 mm 

Shielding thickness 10 mm 

Inner distance between shielding and coil 5 mm 

Passive magnetic shielding materials Steel1010, Ferrite and Aluminium 
 

In this section, the H-shape coupler and the combined semi-enclosed passive shielding 

have been prototyped as presented in Figure 5.2. The three different shielding materials 

are utilized to the CPT system coupler to output the performance results, respectively. 
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Litz wire is selected for the windings in this model due to its skin effects reduction, 

proximity effects mitigation and capability for high frequency application. The small-

sized magnetic coupler is designed as the geometric parameters given in Table 5.1.    

  

 

  

Figure 5.2: The H-shape coupler with the combined semi-enclosed shielding built in 3D FEM 
platform. (a) The CPT system coupler overview. (b) Detailed view of the windings and cores. 

(c) Left view of the system. (d) Top view of the system.  

5.1.3 Results and analyses 

(a) Flux linkage and currents with different shielding materials 

In this investigation in terms of different ferromagnetic and conductive metallic shielding 

materials, the proposed H-shape coupler CPT system performance has been investigated 

across the major significant range of operating frequency and has been emphasized on 

the characteristic trends, from both the electromagnetics and electronics points of view. 

Theoretically, the flux linkage in electromagnetics and the induced current in power 

electronics have relatively reflective relations to the system performance based on 

Maxwell equations and induction principles.  

From Figures 5.3(a), (b) and (c), it can be seen that both the primary and secondary values 

of flux linkage for three shielding materials tend to decrease against the increase of 

system’s operating frequency. Similarly, the primary and secondary coil currents for 

steel1010 and ferrite in Figure 5.3(a) and (b) show the decreasing trends. However, the 

values of primary and secondary coil currents tend to increase after 6000 Hz in Figure 

5.2(c), which may reflect better inductive capability of aluminium to produce satisfactory 

coupling for the system than steel1010 and ferrite as passive shielding material.  

(a) (b) 

(c) (d) 
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Figure 5.3: The flux linkage and current values of the designed CPT system versus system 
operating frequency. (a) Steel1010 as shielding material. (b) Ferrite as shielding material. (c) 

Aluminium as shielding material.  

In terms of the characteristic values, the flux linkage of primary and secondary coils for 

steel1010 have shown relatively stable values of about 0.1257 Wb and 0.0258 Wb, 

respectively, corresponding to frequency range of 6000 to 8000 Hz in Figure 5.3(a), after 

which these two values gradually tend to decrease. In the meantime, the induced currents 

of primary and secondary coils have the similar tendency like the corresponding flux 

linkages. It could be noticed that the values of primary and secondary currents tend to 

stabilize at about 19.13 A and 8.25 A, respectively, when the system operating frequency 

is supplied between 6000 Hz to 8000 Hz, in Figure 5.3(a).  

(b) (a) 

(c) 
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Regarding the flux linkage and current values for ferrite shielding in Figure 5.3(b), both 

the values of the flux linkage of primary and secondary sides have a gradually moderating 

trend from 0.1890 Wb and 0.1195 Wb at 4000 Hz, respectively, down to 0.0703 Wb and 

0.0054 Wb at 12000 Hz. While the primary coil current shows stable trend before 6000 

Hz, after which a sharp drop can be seen against the operating frequency. However, the 

secondary coil current shows a peak value of 15.39 A at 6000 Hz, which is also the 

calculated optimal resonant coupling point for ferrite as shielding material.  

With regard to shielding using conductive metallic material, aluminium shielding for the 

designed CPT system can be initially seen as a proper shielding method according to 

Figure 5.3(c). The overall values of primary and secondary flux linkage are higher than 

steel1010 and ferrite despite the similar downward tendency. It could be seen that, after 

8000 Hz, flux linkage values of primary and secondary sides show gradually decreasing 

change until 0.0581 Wb and 0.0384 Wb, respectively, at 12000 Hz, which is higher than 

the final and lowest values of steel1010 and ferrite.  

(b) RMS real powers and efficiencies with different shielding materials 

As indispensable indices for evaluating the CPT system performance, the RMS real 

power and efficiency across a range of system operating frequency could reflect the 

design effectiveness for the energy transmitting purpose of a system in real-world 

applications.  In this section regarding the three different shielding materials, the actual 

values of real transferred power and efficiency on both coil sides of the designed coupler 

are compared and analyzed.  

The actual electromagnetic field parameters generated are variable and the real-time 

phase angle differences are changeable in terms of various system operating frequencies 

[75], as well as the different shielding materials proposed in this paper, which determines 

the RMS real power and efficiency. Based on the actual power factor (PF) generated and 

original waveforms acquired after the CPT system outcomes stabilize at each testing 

operating frequency, the resulted values of RMS real power and efficiency can be worked 

out and analyzed.  

From Figure 5.4(a), it can be seen that the coil energy transfer efficiency could reach a 

peak value of 74.76% at 8000 Hz, at which point the system efficiency also reaches a 
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maximum of 6.67%. The system input power significantly drops from 138.62 kW to 32.51 

kW while the system output power on the load also reduces by about 10 times from 5.92 

kW to 0.59 kW. It is noticeable that the primary coil power decreases to a lowest value 

of 7.51 kW at 8000 Hz whilst the secondary coil power could produce a second highest 

value on its curve, which causes the peak values 74.76% and 6.67%, respectively, for the 

coil efficiency and system efficiency.  

  

 

Figure 5.4: The RMS real powers and efficiencies of the designed CPT system versus system 
operating frequency. (a) Steel1010 as shielding material. (b) Ferrite as shielding material. (c) 

Aluminium as shielding material.  

Figure 5.4(b) depicts almost the same trend for the coil efficiency like in Figure 5.4(a), 

whilst the overall system efficiency show a stably higher range of values over 6% across 

the operating frequency range between 6000 Hz to 10000 Hz. The overall system 

efficiency reaches its maximum of 6.77% at 6000 Hz. Importantly, it can be noticeably 

seen that the system input power, system output power on load, primary coil power and 

(c) 

(b) (a) 
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secondary coil achieve their maximum values of 175.19 kW, 11.85 kW, 112.11 kW and 

19.11 kW, respectively, at the calculated magnetic resonant coupling frequency of about 

6000 Hz.  

Regarding the performance of aluminium shielding, it can be noticed that almost all the 

results of the system could show improvements in Figure 5.4(c). Significantly, the overall 

system efficiency could reach a peak value of 27.48% at 10000 Hz and could also stay at 

stably satisfactory values of over 20% when the operating frequency is supplied with 

6000 Hz and above.  The system output power on load end achieves a maximum of 42.90 

kW at 10000 Hz.  

Therefore, the aluminium shielding performs with the highest results of criteria within 

the three shielding materials, which indicates satisfactory power transfer rating, efficiency 

in addition to acceptable electromagnetic field flux distributions and coupling 

performance.  

(c) Analysis on main results with different shielding materials based on EV charging 

In addition to graphic trend analysis for each model with different shielding methods 

above, Table 5.2 below could indicate the major critical results for comparing and 

evaluating the CPT system outcomes and performance. As known, the load current could 

firstly reflect the effectiveness of inductive coupling phenomena, by which it can been 

seen that the CPT system with aluminium could produce highly effective inductive 

coupling for electric vehicle contactless charging applications than systems with 

steel1010 and ferrite shielding according to numerical comparisons in Table 5.2.   

Generally, electric vehicles (EV) could gain faster charging depending on higher CPT 

system output real power rating. From Table 5.2, the system output power of steel1010 

shielding is unable to deliver a rating value of over 1 kW, while the ferrite shielding CPT 

system can produce 11.85 kW system output power on load at its resonant coupling status 

with the calculated natural resonant frequency of about 6000 Hz. Noticeably, the CPT 

system with aluminium shielding could generate relatively high system output real power 

across a wider range of operating frequency, which contributes to a maximum value of 

42.90 kW when the CPT system performs to stabilize, at the resonant coupling frequency 

of about 10000 Hz. When considering the energy use efficiency from the power supply, 
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the overall system efficiency could be of reference. By comparison, the aluminium 

shielding CPT system is able to produce relatively high system efficiency especially at 

10000 Hz as presented in Table 5.2.  

Table 5.2: Main numerical results of the H-shape coupler CPT system with threes passive 
shielding materials.  

Oper. 
Freq. 
(Hz) 

CPT system with Steel1010 
Shielding 

CPT system with Ferrite Shielding CPT system with Aluminium 
Shielding 

Load 
Current 
(A) 

System 
Output  
Power (W) 

Overall 
System η 

Load 
Current 
(A) 

System 
Output 
Power(W) 

Overall 
System η 

Load 
Current 
(A) 

System 
Output 
Power (W) 

Overall 
System η 

4000 10.88 5921.64 4.27% 11.08 6140.19 4.45% 10.64 5659.80 5.60% 

6000 8.25 3406.86 4.88% 15.39 11852.41 6.77% 21.16 22389.69 21.34% 

8000 8.26 3411.47 6.67% 8.13 3303.67 6.49% 21.77 23704.41 23.21% 

10000 5.08 1244.71 3.09% 5.03 1262.48 6.05% 29.29 42899.59 27.48% 

12000 3.44 593.27 1.82% 3.88 752.37 1.99% 25.81 33008.59 22.91% 
 

 (d) Analysis on a selected CPT system model with aluminium shielding method based 

on electromagnetic field  

 
Figure 5.5: The flux linkage waveforms of the designed H-shape coupler CPT 

system with aluminium passive shielding, at the operating frequency of 10000 Hz.  

Based on comparisons and analysis in previous sections, it can be found that the H-shape 

coupler CPT system with aluminium shielding could provide highest power electronic 

performance in the three shielding methods. Thus, the CPT system with aluminium 

shielding, at its optimal performance frequency of 10000 Hz, has been selected to be 

analysed from aspects of the electromagnetics. 

As can be seen from Figure 5.5, the alternating flux linkage waveforms of the primary 

and secondary coils are able to be sinusoidally stable since the sixth period, which means 

the CPT system could tend to perform immediately with electromagnetic coupling 
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stability within 1 ms after the system is activated to be magnetically coupled. Once the 

electromagnetic stability is established, the RMS values of the primary and secondary 

flux linkage could be 0.0689 Wb and 0.0581 Wb, corresponding to the measured 

amplitude values of 0.0974 Wb and 0.0822 Wb, respectively. Besides, it also could be 

computed that the phase difference between the two AC flux linkages tends to be about 

108 degrees when the system reaches an AC stable and magnetic resonant coupling.   

    

 
    

Figure 5.6: The electromagnetic field of the designed H-shape coupler CPT system with 
aluminium passive shielding at 1 ms, indicating the magnetic field strength 𝑯𝑯 and the 

magnetic flux density 𝑩𝑩, at 10000 Hz. (a) 𝑩𝑩 vector in the field. (b) Dimitric view of the field. 
(c) Left view of the field. (d) Top view of the field.  

In terms of the electromagnetic field parameters and performance, the CPT system with 

aluminium shielding at the operating frequency of 10000 Hz has been selected to be 

investigated as a typical magnetic resonant coupling scenario. As shown in Figure 5.6(a), 

the vector arrows of the magnetic flux density 𝐁𝐁 show the expected directions, mostly 

concentrating at the external edges and corners of the designed H-shaped core, along with 

maximum scalar magnitude of 1.7975 teslas, In the meantime, the magnetic field strength 

𝐇𝐇 reaches its peak value of 7.2468 x 105 A/m at the ending point of the external corners 

of the core, which also indicates the effectiveness of the geometric H-shape design for 

shaping and guiding the flux lines. 

(c) 

(a) (b) 

(d) 
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According to Figures 5.6(b), (c) and (d), the vector field 𝐁𝐁 and 𝐇𝐇 are established to be 

alternatively varying within the combined semi-enclosed air space by the effects of 

aluminium passive magnetic shielding, which can prove that the shielding does prevent 

the magnetic field flux distributions from spreading and leaking to the remote surrounding 

space. In real-world applications, this effect may consequently reduce energy losses to 

the air, to the surrounding conductive elements of electric vehicle chassis or even to the 

human driver as a potential EMI issue when in a high frequency range.  

5.1.4 Discussion 

As demonstrated and illustrated in the electromagnetic field of the designed H-shape 

coupler CPT system, the ferromagnetic material as the core with high permeability and 

H-shape can produce and form the magnetic flux distribution as expected, especially 

facilitating the magnetic flux density and magnitude field strength at the external corners 

and edges of the H-shape core. The optimally guided and formed flux vector trajectories 

and field distribution can be utilized and has been proved to promote the CPT system 

coupling performance from perspectives of electromagnetics.  

By comparing the obtained power transfer ratings and system efficiency values of three 

shielding methods using different ferromagnetic and conductive materials, it can be found 

that deploying aluminium as shielding material could output relatively more satisfactory 

CPT system performance. The H-shape coupler CPT system using aluminium shielding 

enables to deliver a maximum overall system output RMS real power of 42.90 kW and to 

produce a peak system efficiency of 27.48% at about the natural resonant frequency of 

10000 Hz. Besides, at higher range of operating frequencies, the CPT system with 

aluminium shielding appears to generate sustainable satisfactory system efficiency, 

transfer power rating on load and flux linkage, which could be of advantage for real-world 

electric vehicle contactless charging applications.  

With regard to limitations, the distance between the windings and inner shielding surfaces 

in this prototype may be too small, which would probably have caused distribution of the 

ultimately optimal magnetic field flux to be restricted and optimum flux linkage values 

to be achieved, to some degree. In future investigations in this field, the distance between 

the windings and inner shielding surfaces is supposed to be enlarged from 5 mm to 15 
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mm under the preconditions of expected shielding functions and limited space usage, to 

find out the optimized inner shielding distance for the CPT system.  

In real-world applications, the actual electromagnetic field performance and inductive 

coupling quality can be significantly affected by how the electric vehicle is parked over 

the ground side power transmitting module with longitudinal and lateral misalignments, 

which should be counted as system tolerance to parking misalignment. In addition, the 

module size of CPT system will have to be optimized to be completely suitable to real-

world vehicle chassis for installation and application.  
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5.2 Various inner shielding distance tests for a CPT system using 

electromagnetic resonant coupling and aluminium shielding  

5.2.1 Methods and focuses  

Section 5.2 focuses on passive magnetic shielding, which acts as one of the major factors 

mainly determining the overall CPT system performance when discussing 

electromagnetic field flux distribution and its real-time effects on magnetic resonant 

coupling. As a well-performance conductive metallic material, aluminium has been 

adopted to be a passive shielding material in the designed novel H-shape coupler CPT 

system in this section, in order to evaluate and find out the optimal inner shielding 

distance in between the coil and the inner shielding shell. Three inner shielding distances 

are applied and analyzed across a critical range of system operating frequency, by which 

the actual CPT system performance differences from perspectives of electromagnetics 

and power electronics have been illustrated and compared.  

As a result, it can be noticed that the 15 mm inner shielding gap CPT model is able to 

yield an optimal system performance with a maximum system efficiency, peak system 

output RMS power of over 36% and 22 kW, respectively, which also shows an optimal 

capability to address major concerns over electric vehicle contactless charging. Besides, 

along with the electromagnetic field parameters generated in the model, such as actual 

real-time values of flux linkage, magnetic flux density and field strength, it can be found 

that the 15 mm inner shielding gap prototype is able to achieve better overall magnetic 

field performance than 5 mm and 25 mm inner shielding distance CPT models.  

In this section, considering inductive coupling via air space or cores could be nonlinear 

scenarios due to permeability μ and B-H relations of the specific materials used within 

the coupling module, a proposed H-shape coupler CPT system with aluminium shielding 

method is then introduced to analyze and evaluate the system performance differences in 

terms of inner shielding distance changes, based on electromagnetics and 3D FEM. Thus, 

the induced currents, system output RMS real power, and system power transfer 

efficiency as power electronics indices, along with the flux linkage, magnetic flux density, 

magnetic field strength and flux line distribution have been investigated in this section. 
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The overall system performances of 5 mm, 15 mm and 25 mm inner shielding gap CPT 

models have been analyzed and compared.   

5.2.2 CPT system design 

Based on the effectiveness of high permeability and low core loss of soft ferromagnetic 

materials mentioned before, the geometrically improved H-shape soft magnetic core 

coupler is proposed to form magnetic flux line trajectories and enhance flux distributions 

within the inductive coupling space in and between the cores and coils, which can lead to 

optimal CPT system coupling performance especially at electromagnetic resonant 

coupling status [75]. Figure 5.7 presents a stationary contactless power transfer system 

deploying H-shape ferromagnetic cores with a relative permeability μ of 1000, semi-

enclosed combined alumininium shielding and four compensation topologies connecting 

to both sides of the coupling modular. Due to contributions of minimizing reactance 

magnitude, the S-S compensation topology has been adopted again in the designed CPT 

system in this section.  

 
Figure 5.7: The CPT system configuration with H-shape coupler and combined semi-enclosed 

shielding.  

 
Figure 5.8: The designed coupler indicating the CPT air gap and the inner shielding distance. 

In order to properly produce constantly satisfactory magnetic flux generation with 

electromagnetic resonant coupling occurring at specific conditions, the innovatively 

proposed semi-enclosed combined alumininium shielding method has been utilized to 

further guide and form the actual magnetic flux due to its effects of preventing energy 

loss in surrounding air [217] and reducing magnetic field flux leakage to the infinite air 
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space [159]. Moreover, different system outcomes of the proposed CPT system with 

various inner shielding distances, 5 mm, 15 mm and 25 mm, have been delivered and 

analyzed from both the electromagnetics and power electronics points of view. The 

designed coupler modular with inner shielding gap and air gap is presented in Figure 5.8. 

And the detailed design characteristics of the small-sized H-shape coupler CPT system 

with aluminium passive shielding are given in Table 5.3.  

It is necessary to mention that, in order to simulate better scenarios for more accurate and 

convincing analysis, the power supply here in this set of CPT models has been reduced 

to RMS 5 kV, which is half the RMS 10 kV in previous prototypes and is more equivalent 

to common real-world medium power distribution levels [218] after stepping down from 

power network lines but before final substation for domestic consumptions of 230 V [219], 

[220]. Objectively, both the EMF and electronic outputs in this section study would be 

relatively lower than those in Section 4.1 to 5.1, which is nonetheless more feasible and 

realistic for real-world CPT charging of EVs.  

Table 5.3: The specifications of the designed CPT system for inner shielding tests. 

Parameters Values 

Winding size 100 mm x 100 mm x 20 mm 

Core size 150 mm x 150 mm x 20 mm 

H-shaped core bar size of each side 150 mm x 15 mm x 20 mm 

Primary winding number of turns 80 turns 

Secondary winding number of turns 80 turns 

Air gaps of the CPT charging system 10 mm 

Winding material Litz wire 

Shielding size 400 mm x 400 x 30 mm 

Shielding thickness 10 mm 

Passive magnetic shielding materials Alumimium 

Relative permeability μ of core material 1000 

Relative permeability μ of shielding material 1.000021 

S-S compensation capacitors 150 nF 

Load resistor 50 ohm 

Voltage power supply RMS 5 kV 

Inner shielding distance between coil and shell 5 mm, 15 mm and 25 mm 
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5.2.3 Results and analyses 

(a) Flux linkage and currents with different inner shielding gaps 

In Section 5.2, the proposed H-shape coupler CPT systems with aluminium shielding 

method and three different inner shielding gaps have been investigated across the major 

significant range of system operating frequency. By emphasizing on the flux linkage in 

electromagnetics and the induced current in power electronics, it can be seen that the 5 

mm, 15 mm and 25 mm inner shielding gap based prototypes produce different 

characteristic trends against operating frequency.   

  

  

Figure 5.9: The flux linkage and current values of the designed CPT system with aluminium 
shielding versus system operating frequency. (a) 5 mm inner shielding gap. (b) 15 mm inner 

shielding gap. (c) 25 mm inner shielding gap.  

The results in terms of flux linkage and current have been depicted in Figure 5.9. It can 

be seen, from Figure 5.9(a), that both the flux linkages of primary and secondary coils 

(c) 

(a) (b) 
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tend to drop down against operating frequency despite a more gradual decrease after the 

frequency point of 8 kHz. In the meantime, the primary coil current shows a slight 

decrease before 6 kHz and then tends to rise up to a peak value of 31.28 A at 10 kHz. The 

secondary coil current shows an increasing tendency before 10 kHz as well, reaching its 

maximum of 29.29 A. However, the secondary coil current appears to drop down after 10 

kHz point, which could be corresponding to the maximum system performance point 

along with the calculated resonant frequency for the 5 mm inner shielding gap model.   

By comparing Figure 5.9(b) and (c), it can be noticed that both the 15 mm and 25 mm 

inner shielding gap models show very similar tendencies upon flux linkages and coil 

currents, which may reflect that 15 mm for inner shielding distance could be a critical 

point due to no further significant differences regarding flux linkage and current against 

operating frequency with other parameters kept the same in the designed CPT system. 

Nevertheless, the primary coil currents of both 15 mm and 25 mm inner shielding gap 

models appear to show maximum values of 24.28 A and 24.30 A at 10 kHz. While, the 

secondary coil currents of both the 15 mm and 25 mm inner shielding gap models tend to 

achieve optimal values between 6 kHz to 8 kHz, which can reflect that inductive 

couplings with satisfactory induced currents to secondary side of the system could be 

reached during this frequency range in order to produce higher real power on the load end.  

(b) Efficiencies and RMS real powers with different inner shielding gaps 

The actual real-time phase angles of induced currents and voltages are changeable in both 

sides of the system, which determines different real-time power factors (PF) and generates 

variable RMS real power results [75], [165]. After each CPT system model tends to 

produce AC stabilized output waveforms, the results of RMS power and efficiency can 

be computed based on equation (3.43)-(3.45) in order to be analyzed.  

As indispensable indices to evaluate and reflect the CPT system performance, as shown 

in Figure 5.10, three different inner shielding gaps based models yield different RMS 

powers and efficiencies. From Figure 5.10(a), it can be seen that the overall system 

efficiency shows an increasing tendency to reach a maximum value of 27.48% at 10 kHz. 

At the same operating frequency, the system output power achieves its peak value of 

42.90 kW, which indicates the magnetic resonant coupling status tends to occur at its 

approximate calculated natural resonant frequency of 10 kHz.  
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Regarding the 15 mm inner shielding gap CPT model, it can be noticed, from Figure 

5.10(b), that the overall system efficiency shows a sharp peak point at operating frequency 

of 8 kHz, which indicates a maximum value of 36.26%. Nevertheless, the peak value of 

the system output power is produced at 6 kHz, which is 22.63 kW. Significantly, it can 

be found that, across a wide range of operating frequency after 6 kHz, the system output 

power is able to stay highly satisfactory and sustainable with values of over 20 kW, which 

reflects that the acceptable electromagnetic field flux distributions and resonant coupling 

performance in this 15 mm inner shielding gap model enable stable and satisfactory power 

transfer ratings and overall system efficiencies for CPT applications to electric vehicles.  

  

 

Figure 5.10: The RMS real powers and efficiencies of the designed CPT system with aluminium 
shielding versus system operating frequency. (a) 5 mm inner shielding gap. (b) 15 mm inner 

shielding gap. (c) 25 mm inner shielding gap.  

(c) 

(b) (a) 
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In terms of the outcomes of the 25 mm inner shielding gap CPT prototype depicted in 

Figure 5.10(c), the overall system efficiency tends to be achieved at 8 kHz with a resulted 

value of 23.25%. In the meantime, the system output power reaches its peak value of 

23.68 kW at 8 kHz. By comparison, it can be also found that the average values of overall 

system efficiency against each operating frequency are almost slightly lower than those 

of the 5 mm inner shielding gap CPT prototype. Significantly the maximum system 

efficiency of the third model is much lower than the performance of the 15 mm inner 

shielding gap CPT prototype, by about 13%, which can reflect and prove that the 15 mm 

inner shielding gap between coil and inner shell surface can be the optimization for an 

aluminium passive shielding method.   

(c) Analysis on main results and field performance with different inner shielding gaps 

In addition to graphic tendency comparison and analysis, the detailed major numerical 

results computed based on theories and equations in previous sections have been 

illustrated in Table 5.4 for comprehensive evaluations.  

Table 5.4: Main numerical results of the CPT system with three inner shielding distances. 

Oper. 
Freq. 
(Hz) 

System with 5 mm inner shielding 
gap 

System with 15 mm inner 
shielding gap 

System with 25 mm inner 
shielding gap 

System 
Output 
Power 
(W) 

Coil η Overall 
System η 

System 
Output 
Power 
(W) 

Coil η Overall 
System η 

System 
Output 
Power 
(W) 

Coil η Overall 
System η 

4000 5659.80 2.26% 5.60% 6093.50 6.64% 5.96% 5802.16 6.46% 5.70% 

6000 22389.69 52.74% 21.34% 22626.49 55.68% 22.16% 22734.28 53.42% 21.61% 

8000 23704.41 53.62% 23.21% 22526.44 51.81% 36.26% 23676.08 52.38% 23.24% 

10000 42899.59 28.34% 27.48% 20566.49 57.51% 20.99% 20612.58 79.14% 17.00% 

12000 33008.59 47.01% 22.91% 14401.91 32.94% 13.06% 15617.56 38.69% 14.91% 
 

As can be seen, the overall system efficiency of 15 mm inner shielding gap model shows 

the best outcomes within these three different inner shielding gap models although the 

maximum system output power of the 15 mm inner shielding gap model is about 20.27 

kW lower than the 5 mm inner shielding gap model, which could illustrate and reflect 

that the latter model can deliver faster charging due to its higher output real power on 

load. Nevertheless, the 15 mm inner shielding gap model seems more able to produce 

better efficiency of energy utilization with 36.26% as a peak point. On the other hand, the 

25 mm inner shielding gap model tends to generate slightly weaker performance than the 
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15 mm one, which could also mean that 15 mm can be the optimal inner shielding gap 

for the designed CPT system from system efficiency point of view.  

From the perspective of electromagnetics, the magnetic field strength 𝐇𝐇 in A/m and the 

magnetic flux density 𝐁𝐁 in tesla can reflect the field performance of a system based on 

Maxwell’s equations. As can be seen from Figure 5.10 to Figure 5.13, different field flux 

distributions and parameters are shown to be analyzed. The 5 mm inner shielding gap 

system can produce maximum 𝐇𝐇  and 𝐁𝐁  values of 7.25 x 105  A/m and 1.80 teslas, 

respectively, at some crucial surface edges and corners of the coupling modular when the 

system efficiency reaches its maximum of 27.48%. The 15 mm inner shielding gap system 

can generate maximum 𝐇𝐇 and 𝐁𝐁 values of 3.93 x 105 A/m and 1.4026 teslas, respectively, 

when the system tends to be magnetically resonant coupled at 8 kHz as presented in 

Figure 5.12 and Table 5.4. From Figure 5.13, it can be seen that the peaks of 𝐇𝐇 and 𝐁𝐁 

field can be 3.45 x 105 A/m and 1.40 teslas, respectively. Comprehensively, the overall 

vector values throughout the entire coupling space of the 15 mm inner shielding gap CPT 

system can be found to be optimized although its 𝐇𝐇 and 𝐁𝐁 maximum points are slightly 

weaker than those of the 25 mm inner gap model. Therefore, the 15 mm inner shielding 

gap can be an optimization from perspective of electromagnetics.  

 
Figure 5.11: The EMF distributions of the H-shape coupler CPT system with 5 mm inner 

shielding gap and aluminium passive shielding at approximate resonant coupling status as an 
optimization, at 1 ms,. (a) Top view. (b) Left view.  

(a) (b) 
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Figure 5.12: The EMF distributions of the H-shape coupler CPT system with 15 mm inner 

shielding gap and aluminium passive shielding at approximate resonant coupling status as an 
optimization, at 1 ms,. (a) Top view. (b) Left view. 

 

Figure 5.13: The EMF distributions of the H-shape coupler CPT system with 25 mm inner 
shielding gap and aluminium passive shielding at approximate resonant coupling status as an 

optimization, at 1 ms,. (a) Top view. (b) Left view.  

5.2.4 Analysis and discussion from the aspect of waveform characteristics  

In order to investigate both the EMF performance and electronic outputs, analysing 

waveforms seems to have certain reference values when some subtle differences and 

variations exist between control groups. In this study, waveforms generated and captured 

can show some delicate characteristics such as angular phases in terms of resulted RMS 

values and ratios between coils or elements.  

In real-world applications, tiny positioning misalignments, supply offsets or frequency 

deviations may determine large variations in system outcomes like field distributions and 

output signals. Hence, it is necessary and meaningful to conduct insights into the actual 

real-time waveforms produced during the initial coupling establishment before a 

(a) (b) 

(a) (b) 
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stabilization tends to occur at some certain time point for the CPT system operation 

maximization.  

Selectively, the 15 mm inner shielding gap CPT modular with semi-enclosed shells has 

been emphasized for flux wave and circuitry wave investigations despite inner shielding 

gap-based control groups of RMS flux linkage values versus frequencies graphed 

statistically before in section 5.2.3(a), which preliminarily, along with section 5.2.3(b) 

and (c), tends to conclude that the 15 mm inner shielding gap model can be the optimal 

one within these three groups. Therefore, it has a point in studying the 15 mm inner 

shielding gap model further from waveform characteristics point of view in section 5.2.4, 

in which all the raw data and results are based on ANSYS Maxwell outputs and then 

plotted with MATLAB for numerical statistics in Table 5.5.  

(a) Sinusoidal flux linkage waveforms 

  

Figure 5.14: Flux linkage waveforms of primary and secondary coils, with 15 mm inner 
shielding gap at a variety of operating frequencies. (a) At 4 kHz. (b) At 6 kHz. (c) At 8 kHz. (d) 

At 10 kHz. (e) At 12 kHz.  

(a) 

(b) 

(c) 

(d) 

(e) 
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From Figure 5.14, it can be found that most of the sinusoidal flux linkage waves tends to 

stabilize after their third or fourth period at frequency range of 4 kHz to 12 kHz, with 

angular phases and peaks tending to show stabilizations, which means the coupling 

system has fast response ability to achieve stable inductions for energy transmission 

within several hundreds of microseconds since initiating the power supply and also means 

possible capability of achieving fast and resilient CPT charging for EVs since the initial 

stages.  

It can be probed from Figure 5.14(a) and noticed that the secondary induced flux tends to 

stabilize with a magnitude of 0.1721 Wb while the primary flux tends to have a peak 

value of about 0.2035 Wb when the 4 kHz inductive system approaches the stable 

coupling status after 600 microsecond. By calculating the phase angle difference 

using  ∆φ = (𝑑𝑑2−𝑑𝑑1)×10−6
1
𝑓𝑓

× 360° , the phase difference ∆𝜑𝜑  between the primary and 

secondary coils is 172.8°, with a phase lead by the secondary side.  

In the same way of observing and calculating, in the 6 kHz system in Figure 5.14(b), it 

can be found that the magnitudes of both two flux waves become slightly lower with 

secondary and primary values of 0.1558 Wb and 0.1591 Wb, respectively, than those of 

4 kHz one. The secondary flux waveform has a phase lead of 151.2° in terms of phase 

angle of primary flux.  

Similarly, the 8 kHz model shows peak values of 0.0940 Wb and 0.1021 Wb for the 

secondary flux wave and the primary, with phase difference of 144° of the secondary 

leading the primary flux. The 10 kHz system appears to have a lower magnitudes of flux 

waveforms with values 0.0620 Wb and 0.0891 Wb corresponding to the secondary and 

primary flux linkages, and has a phase difference of 108° of the primary wave lagging the 

secondary again. In the 12 kHz flux waves, it can be seen that the secondary flux wave 

and the primary tend towards stability with magnitudes of 0.0404 Wb and 0.0775 Wb, 

respectively. A phase difference of 129.6 is computed in the 12 kHz 15 mm model in 

Figure 5.14(e) indicating the secondary flux AC leading the primary as well.  

By comparing the results and tendencies in Figure 5.14, it can be noticed that both the 

two sides of flux linkages tend to have decreasing magnitudes in terms of increasing 
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operating frequencies and the secondary flux has a phase lead when compared to the 

primary flux wave at each operating frequency. In addition, the phase angle difference 

tends to be decreased by performances of flux waves although the phase difference shows 

a slightly upward value in the 12 kHz model. The phase angle status per se may not 

directly reflect the entire EMF strength but may indirectly determine the induced current 

on the secondary coil by induced magnetic field varying with phase varying.  

(b) Main sinusoidal quantities of the circuit system outputs  

Major sinusoidal quantities of the system include real-time flux linkage waves, voltages 

and currents on main elements. By comparisons over waveforms in terms of a variation 

of operating frequency, some subtle differences can be observed to draw conclusions such 

as angular phases. The signal waveforms of 15 mm inner shielding model are studied in 

terms of operating frequency range of 4 kHz to 12 kHz within 1000 microseconds, 

according to Figure 5.15 to Figure 5.19 and Table 5.5.  

  

Figure 5.15: Acquired waveforms of the 15 mm inner shielding gap coupler at 4 kHz. (a) Waves 
of primary coil voltage and currents. (b) Waves of secondary coil induced voltage and currents. 

(c) Rear-end load voltage and front-end source voltage.  

From Figure 5.15(a)-(c), it can be found that the magnitudes of primary voltage Vp, 

primary current Ip, secondary induced voltage Vs, and secondary induced current Is are 

39.80 A, 5.19 kV, 15.89 A and 4.13 kV, respectively, when all the 4 kHz waves tend to 

be sinusoidally stable. The peak values of source voltage Vsource and load end voltage 

Vload acquired are 7.06 kV and 0.79 kV, respectively. Besides, by analysing angular 

(a) 

(b) 

(c) 
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phases in each graph of Figure 5.15, it can be noticed that the primary voltage has a phase 

lead ∆𝜑𝜑𝑝𝑝 of 72° when compared with primary current wave, which contributes to a PF of 

0.3090 in Table 5.5. The secondary induced current leads the secondary voltage by 86.4°, 

resulting in a PF of 0.0628. The power supply voltage wave has a phase lag of 14.4°.  

Furthermore, by comparing three pairs of graphs in terms of time axis in Figure 5.15 

rather than analysing each pair separately, a finding can be recognized about the phase 

differences, which is that the Ip leads Is and Vs by 28.8° and 115.2°, respectively. This 

finding makes sense from perspectives of Faraday’s law, which verifies that the power 

source voltage produces current Ip through the primary coil winding, generating EMF 

flux linkages and making coupling effects on the secondary coil which induces current Is 

and Vs. The order here obeys the induction principle and Faraday’s law.  

 
Figure 5.16: Acquired waveforms of the 15 mm inner shielding gap coupler at 6 kHz. (a) Waves 
of primary coil voltage and currents. (b) Waves of secondary coil induced voltage and currents. 

(c) Rear-end load voltage and front-end source voltage.  

As can be calculated with curves for 6 kHz in Figure 5.16(a)-(c) and Table 5.5, the Ip 

with a peak of 31.13 A has a phase lag of 43.2° than Vp with a peak of 5.94 kV, resulting 

in a PF of 0.7289; the Ip with a magnitude of 30.08 A has a phase lead of 64.8° than Vp 

with a peak of 5.86 kV, contributing to a PF of 0.4258; the Vload with a peak value of 

7.06 kV has a phase lag ∆𝜑𝜑' of 86.4° than Vsource with a peak of 1.504 kV. Again, it can 

be found that the Ip has phase leads than Is and Vs by 108° and 172.8°, which proves the 

effects and rules of Faraday’s law and inductive coupling.  

(a) 

(b) 

(c) 



142 

 

 
Figure 5.17: Acquired waveforms of the 15 mm inner shielding gap coupler at 8 kHz. (a) Waves 
of primary coil voltage and currents. (b) Waves of secondary coil induced voltage and currents. 

(c) Rear-end load voltage and front-end source voltage. 

In Figure 5.17, the primary coil current Ip with a magnitude of 32.66 A has a phase lead 

∆𝜑𝜑𝑝𝑝 of 28.8° than the primary coil voltage Vp with a peak of 4.989 kV, resulting in a PF 

of 0.8763. The secondary coil current Is with a magnitude of 30.85 A leads the secondary 

voltage with a peak of 4.76 kV by 57.6°, which determines a PF of 0.5359, as calculated 

and shown in Table 5.5. The wave of voltage source leads the load voltage by 115.2°.  

 
Figure 5.18: Acquired waveforms of the 15 mm inner shielding gap coupler at 10 kHz. (a) 

Waves of primary coil voltage and currents. (b) Waves of secondary coil induced voltage and 
currents. (c) Rear-end load voltage and front-end source voltage.  

(a) 

(a) 

(b) 

(b) 

(c) 

(c) 
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At 10 kHz in Figure 5.18, the waveform characteristics of all signals seem to have similar 

angular phase relations between each pair of them like at 6 kHz to 10 kHz. It can found 

that the Ip and Vp have peaks of 34.17 A and 5.50 kV, respectively, with Ip lagging Vp 

by 72°, which leads to a PF of 0.3090. On the secondary side, the magnitudes of Is and 

Vs are 28.57 A and 3.79 kV with Is phase-leading Vs by 36°, resulting in a PF of 0.8090. 

As for the waves of Vsource and Vload, it can be noticed that Vload with a peak value of 

1.43 A has 180° opposite phase difference and lag to Vsource with 6.73 kV this time.   

 
Figure 5.19: Acquired waveforms of the 15 mm inner shielding gap coupler at 12 kHz. (a) 

Waves of primary coil voltage and currents. (b) Waves of secondary coil induced voltage and 
currents. (c) Rear-end load voltage and front-end source voltage. 

In the same way analyzing the waveforms for the 12 kHz operation within 0.1 ms, it can 

be seen that the Ip with a stable peak value of 33.06 A has a phase lag than Vp with a 

peak of 5.86 kV by 43.2°, according to Figure 5.19(a). Since the third period, it can be 

seen that the secondary coil current Is and voltage Vs have a phase difference of 43.2° 

with Is leading Vs again. Is shows a peak of 25.01 A and Vs shows a 2.95 kV. For the 

two ends of the circuit, the Vload presents a stable peak value of 1.25 kV lagging the 

Vsource of 7.06 kV by 172.8°. The phase difference ∆𝜑𝜑' between Vload and Vsource 

again tends to have a completely opposite angular relation, which can be found much 

larger than 14.4° at 4 kHz and the ∆𝜑𝜑' keeps increasing against the increase of operating 

frequency.  

(a) 

(b) 

(c) 



144 

 

Table 5.5: Waveform characteristics of the 15 mm inner shielding distance model.  

Oper. 
Freq. 
(Hz) 

𝑰𝑰𝒑𝒑  

(A) 

𝑽𝑽𝒑𝒑  

(kV) 

∆𝝋𝝋𝒑𝒑 𝑷𝑷𝑷𝑷𝒑𝒑 𝑰𝑰𝒔𝒔  

(A) 

𝑽𝑽𝒔𝒔  

(kV) 

∆𝝋𝝋𝒔𝒔 𝑷𝑷𝑷𝑷𝒔𝒔 𝑽𝑽𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔 

(kV) 

𝑽𝑽𝑳𝑳𝒔𝒔𝒂𝒂𝑳𝑳 

(kV) 

∆𝜑𝜑' 

4000 39.81 5.19 72.1 ˚ 0.31 15.89 4.31 86.4 ˚ 0.06 7.06 0.79 14.4 ˚ 

6000 31.13 5.94 43.2 ˚ 0.73 30.08 5.86 64.8 ˚ 0.43 7.06 1.51 86.4 ˚ 

8000 32.66 4.99 28.8 ˚ 0.88 30.85 4.76 57.6 ˚ 0.54 6.95 1.54 115.2 ˚ 

10000 34.17 5.51 72.1 ˚ 0.31 28.57 3.79 36.1 ˚ 0.81 6.73 1.43 180 ˚ 

12000 33.06 5.86 43.2 ˚ 0.73 25.01 2.95 43.2 ˚ 0.73 7.06 1.25 172.8 ˚ 

Overall, by statistically comparing major data-acquired and calculated results in Table 

5.5, there are several findings to be addressed. Firstly, as mentioned in analysis according 

to Figure 5.15, all other graphs from Figure 5.16 to Figure 5.19 also witness that the 

primary voltage has a phase lead than primary current, then the primary current leads the 

secondary induced current, secondary induced voltage and finally the load by phase 

differences in order. This phenomenon applying to all pairs of signal quantities reflects 

the effectiveness of electromagnetic coupling corresponding to Faraday’s law and 

induction when it comes to relations between generating electromagnetic fields and 

inducing electricity via changing current. Secondly, it can be noticed that, at 8000 Hz, the 

system produces the optimal phase difference ∆𝜑𝜑𝑝𝑝 on the primary coil, meaning high coil 

energy available for transmission; on the secondary side, the induced current appears to 

be the highest with 30.85 A and also the voltage on the load reaches its highest with 1.54 

kV, which together means an optimal power level transferred to load can be achieved at 

8000 Hz when the CPT system tends to resonate for the optimized induced current and 

voltage at its resonant condition approximated to 8000 Hz. Although the coil efficiency 

at 8000 Hz is seen not the highest with 51.81%, the overall system efficiency can be seen 

to reach its highest with 36.26% when compared with those at other operating frequencies, 

according to Table 5.4. Thirdly, it is apparent that the received coil RMS power 

approximates to its highest when the resonant coupling phenomena tends to occur around 

the calculated resonant frequency, which in this model scenario is about the range from 

6000 Hz to 10000 Hz especially at about 8000 Hz, according to results in Table 5.4 and 

Table 5.5. This is of help when it comes to considering secondary coil power received as 

a metric of testing a CPT charging dock system in practical applications for EVs.  
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These findings regarding field metrics, power outputs and angular phase performance that 

are all considered as conclusions also prove that the optimization of the H- shape coupler 

CPT system with 15 mm inner shielding distance and 10 mm air gap at 8000 Hz can be 

significantly achieved.  

5.3 Chapter conclusions 

In Section 5.1, a small-sized geometrically improved H-shape coupler CPT system and 

the basic principles of electromagnetic resonant coupling model have been presented, 

along with the analysis and discussion on RMS power transfers, CPT system efficiencies, 

generated electromagnetic field characteristics and performances of using three passive 

shielding materials. It can be found that the magnetic field flux distributions have been 

optimally formed by the designed ferromagnetic H-shape core. By using aluminium 

passive shielding to facilitate the field flux paths, the CPT system could output a 

maximum overall system efficiency of 27.48% and a peak RMS real power of 42.90 kW 

on the system load end, at about 10000-Hz operating frequency when the CPT system 

tends to perform with magnetic resonant coupling status.   

Section 5.2 presented a small-sized geometrically improved H-shape coupler CPT system 

and analyzed performances of using three different inner shielding distances. By focusing 

on RMS power transfers, CPT system efficiencies, generated electromagnetic field 

characteristics, it can be found that the 15 mm inner shielding gap can be an optimal 

shielding method with maximum outputs when considering system power transfer, 

system efficiency and electromagnetic coupling performance. The 15 mm inner shielding 

gap CPT system can produce a maximum system efficiency of 36.26%, a peak system 

output power of 22.63 kW, satisfactory values of magnetic field strength and flux density 

throughout the coupling modular at about the magnetic resonant frequency. Analyses and 

comparisons regarding angular phase relations have also been proposed and discussed as 

another support for this optimization of the specifically designed model from a waveform 

characteristics point of view.  
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Chapter 6 Misalignment tests for prototype 

with inner shielding distance  

Chapter 6 focuses on investigating a range of lateral and longitudinal misalignment 

variations of the transmitting modular and receiving modular, with corresponding actual 

effects and impacts on system performance of a specific CPT model proposed and 

optimized by previous sections, from a series of research perspectives such as power 

electronics outcomes and EMF performance. Besides, a proactively optimal frequency 

tracking method is proposed to address the shortcomings caused by coupling 

misalignment behaviours of an imperfectly aligned and coupled CPT system.  

6.1 Background 

One of the most challenging difficulties and shortcomings that need to be highlighted 

even from a long-term perspective, as briefly introduced and discussed before, is coupling 

misalignment issue. CPT coil misalignments are normally caused by improper parking 

position of the EV from the customer side, which would result in displacements in lateral, 

longitudinal directions and also angular deviations for transmitting and receiving coil 

modules. Any degree or amount of misalignments will lead to a degraded magnetic 

coupling performance due to the nature of electromagnetic field alternating and varying 

which are fairly dependent upon the real-time operating frequency actually required by 

an optimal CPT system [221], [222]. As a result, the imperfectly aligned and coupled 

CPT system may appear to operate with much lower energy efficiency, reduced power 

transmission rating and unexpected longer battery charging time of a full cycle. On the 

other side, misalignment of coupled coils could lead to an increase of heat dissipation in 

switching losses from the front-end switching circuit, which largely impacts the system 

efficiency and operation performance [223].  

Therefore, investigating the misalignment tolerance of a prototyped CPT system in order 

to keep the transferred power, efficiency and field performance within acceptable limits 

or even at optimally constant rates has also become a challenging sub-divisional topic in 

Chapter 6 of this thesis.  
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6.2 System design and control groups 

As emphasized a lot in previous sections, an optimal CPT system is fairly dependent upon 

its coupler module designs and specifications as how the produced electromagnetic field 

distribution in between the coils inductively determines the actual power electronics 

outcomes and EMF results, which therefore addresses the significance of coupling 

modular design and real-time operation when implementing performance variations in 

terms of other main factors.  

               

                       

Figure 6.1: Illustrations of designed coupler with misalignments. (a) Lateral misalignment left 
view. (b) Longitudinal misalignment top view. (c) Dimetric view. (d) A sketch to illustrate 

longitudinal displacement.  

Based on taking advantages of ferromagnetic materials as cores and semi-enclosed 

shielding design as studied before, the specific CPT coupler prototyped in Section 5.2 has 

been utilized to build control groups in this section in order to investigate the 

misalignment topic. As illustrated in Figure 6.1, the upper receiver side corresponding to 

the secondary coil module may not be properly aligned with the primary coil module in 

lateral and longitudinal directions, which simulates the actual microscopic scenarios in 

real-world vehicle parking manoeuvres. In this section, the displacement on X axis is 

called lateral misalignment while the displacement on Y axis is called longitudinal 

misalignment as indicated in Figure 6.1(a)-(d). The passive shielding ferromagnetic 

material adopted and the inner shielding distance between coil and shell in this section 

(c) 

(a) (b) 

(d) 
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are set up according to the optimization studies conducted in Section 5.1 and 5.2. The 

specifications of the entire CPT coupling module have been presented in Table 6.1 for 

the establishment of control groups in terms of various misalignments and supplied 

operating frequencies. The inner shielding shell-to-coil distance is specifically set as 15 

mm in the studies of Chapter 6 based on optimization tests and evaluations from previous 

chapter.  

Table 6.1: The specifications of the designed CPT system for misalignment tests. 

Parameters Values 

Winding size 100 mm x 100 mm x 20 mm 

Core size 150 mm x 150 mm x 20 mm 

H-shaped core bar size of each side 150 mm x 15 mm x 20 mm 

Primary winding number of turns 80 turns 

Secondary winding number of turns 80 turns 

Air gaps of the CPT charging system 10 mm 

Inner shielding distance between coil and shell 15 mm 

Winding material Litz wire 

Shielding size 400 mm x 400 x 30 mm 

Shielding thickness 10 mm 

Passive magnetic shielding materials Alumimium 

Relative permeability μ of core material 1000 

Relative permeability μ of shielding material 1.000021 

S-S compensation capacitors 150 nF 

Load resistor 50 ohm 

Voltage power supply RMS 5 kV 

Range of operating frequency 4000 to 14000 Hz 

Lateral misalignment variations 5 mm, 10 mm and 15 mm 

Longitudinal misalignment variations 5 mm, 10 mm and 15 mm 

Without a perfect alignment between coils in real-world applications, the knowledge and 

methods built to achieve a high misalignment tolerance are needed as a compensation on 

the other hand in order for a CPT system to operate at an acceptable proximity to a 

resonant optimum state. It seems necessary to make a very precise control on resonant 

frequency supply for the system, while the perfectly exact operating frequency of each 

CPT operation scenario cannot be tracked and provided at all times as every coupling 
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scenario can be different depending upon the varying magnetic field and its RMS real 

values that are generated over time at the initial stage before reaching a stability when 

inductively coupling.  

Nevertheless, by preliminarily studying the misalignment behaviours for a specific CPT 

system in terms of main ranges of operating frequency and main scopes of directional 

displacements, it is more likely to know how a degree of misalignment requires an 

accordingly approximate interval of optimal operating frequency as an alternative 

solution addressing low coupling coefficients, mutual inductances and unacceptable 

magnetic field outcomes, which can be called an optimum frequency retuning or 

proactively optimal frequency tracking method in this section. In this way, three lateral 

displacements and three longitudinal displacements against an operating frequency range 

of 4 kHz to 14 kHz have been tested for a small-sized laboratory-scale CPT coupling 

modular in ANSYS 3D Maxwell to explore the misalignment behaviours.  

6.3 Results and analyses for various lateral misalignments  

6.3.1 RMS Flux linkages and currents  

As two raw matrices used to measure how a magnetic field system performs, flux linkage 

and current with the nature of their nonlinear relation also reflect the misalignment 

behaviours in Section 6.3. Based on equations (3.37a) to (3.37c), simulating and tracking 

the characteristic nonlinear relationships of RMS flux linkage versus operating frequency 

and of RMS current versus operating frequency are essential for a CPT system to be 

assessed.  

From Figure 6.2(a), it can be seen that the primary flux linkage of the 5 mm lateral 

misalignment CPT system shows a steady value of 0.0723 Wb at 6000 and 8000 Hz, after 

which the curve gradually decreases. In the meantime, the secondary flux linkage appears 

to have a similar trend and also stabilizes at 6000 to 8000 Hz with a value of 0.0677 Wb. 

Regarding the primary coil current, an upward peak can be seen at 10000 Hz with a value 

of 24.4860 A. On the other hand, the secondary coil current increases from 10.6561 A at 

4000 Hz to its peak at 8000 Hz with a value of 21.7627 A.  
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Figure 6.2: RMS flux linkages and currents versus operating frequencies for lateral 
misalignment tests. (a) 5 mm lateral misalignment. (b) 10 mm lateral misalignment. (c) 15 mm 

lateral misalignment.  

As for the 10 mm lateral misalignment behaviours on flux linkage shown in Figure 6.2(b), 

the primary flux linkage shows a continuously decreasing curve against operating 

frequency from 0.1294 Wb at 4000 Hz to 0.0513 Wb at 14000 Hz, which is different from 

the trend observed in Figure 6.2(a). The secondary flux linkage shows a sharp upward 

peak of 0.1103 Wb at 6000 Hz and then turns to descend until the lowest at 14000 Hz. 

However, both the primary and secondary currents can be noticed to have fairly similar 

tendencies as those in Figure 6.2(a) with peak values of 25.6855 A and 21.2811 A at 

10000 Hz and 8000 Hz, respectively.  

From Figure 6.2(c), it is apparent that all the flux linkages and currents appear to have 

similar trends as those four curves in Figure 6.2(a). The flux linkages of primary and 

secondary coils show steady results between 6000 and 8000 Hz with values of about 

0.0779 Wb and 0.0668 Wb, respectively. The primary current stabilized across a long 

(a) (b) 

(c) 
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frequency, which shows a good tolerance to lateral misalignment. The secondary current 

has relatively steady results between 6000 and 8000 Hz with values of around 21.1132 A.  

By comparing these three misalignment behaviours, it can be found that the operating 

frequency range between 6000 and 8000 Hz is more able to ensure acceptable and stable 

flux linkage outputs, which could be the relatively optimal and narrow frequency tuning 

range for lateral misalignment scenarios for CPT applications. On the other side, the 

primary and secondary coil currents appear to produce satisfactory RMS values over the 

operating frequency range of 6000 to 10000 Hz for all the three lateral misalignment tests.  

6.3.2 Efficiencies and RMS real powers  

    

 

Figure 6.3: Efficiencies and RMS real powers versus operating frequencies. (a) 5 mm lateral 
misalignment. (b) 10 mm lateral misalignment. (c) 15 mm lateral misalignment. 

Based on equations (3.44) and (3.45), the coil efficiency and overall system efficiency 

can be calculated to analyse and compare the impacts of lateral misalignment variations 

on a CPT coupling system. According to equation (3.43) and the angular phase 

(c) 

(b) (a) 
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differences observed from raw waveforms, the RMS values of real power on every two 

circuit elements of the CPT system have been worked out and plotted in the three 

subgraphs of Figure 6.3 for analysis.  

Comparing the three graphs of Figure 6.3 in terms of efficiency, it can be observed that 

the 5 mm lateral misalignment system has the highest value of overall system efficiency 

of 23.433%, while the 10 mm and 15 mm lateral misalignment systems present 22.453% 

and 20.741%, respectively. All these three peaks occur at around 8000 Hz for each test, 

indicating the resonant frequency effectiveness applies to similarly designed CPT system 

despite some variations of displacement on X axis and reflecting the optimal operating 

frequency tolerance to lateral misalignments. On the other hand, it can be found from 

Figure 6.3(a) to (c) that an optimal overall system efficiency state may not mean the most 

satisfactory coil efficiency between transmitting side and receiving side.  

In terms of coil power ratings in the three lateral misalignment tests according to Figure 

6.3(a) to (c), it can be seen that every test appears to show RMS peak value of primary 

coil power at 10000 Hz, with 78.116 kW, 83.977 kW and 100.550 kW, respectively for 5 

mm, 10 mm and 15 mm lateral tests. In the meantime, both the secondary induced powers 

of 5 mm and 15 mm lateral tests appear to reach their peaks at 6000 Hz with 50.790 kW 

and 50.129 kW, respectively. However, the 10 mm lateral misalignment test shows its 

highest secondary coil power at 10000 Hz with 42.147 kW, which is similar to the values 

of other two tests at 10000 Hz point.  

As for the system output power ratings on load, it can be found that all the highest RMS 

output powers tend to present at the calculated natural resonant frequency point of 8000 

Hz of the specifically designed model, with values of 23.681 kW, 23.287 kW and 22.623 

kW, respectively. From electric vehicle charging point of view, the highest power rating 

achieved at load end means fastest and optimal energy transmission for battery charging. 

Therefore, based on the study on lateral misalignment, when the priority about EV 

charging is about fast charging or high energy efficiency, the 8000 Hz operating 

frequency as supply condition with an unavoidable and smallest misalignment is 

supposed to be reached for a resonant coupling charging.  
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6.3.3 Calculated resonant frequency and calculated inductance 

Based on natural resonant frequency equation (3.46) and equation (3.37c) about flux 

linkage and current, it is necessary to analyse the variable trend of operating frequency 

supply versus variable calculated resonant frequency at each coupling condition and to 

observe the relation between the stability of calculated resonant frequency variation and 

the operating frequency that is fed to the system as a frequency probe for tuning purpose 

towards an optimal electromagnetic resonant coupling state of the entire CPT system for 

a contactless energy transmission optimization.  

  

 

Figure 6.4: Calculated resonant frequencies, inductances versus operating frequencies. (a) 5 mm 
lateral misalignment. (b) 10 mm lateral misalignment. (c) 15 mm lateral misalignment.  

Numerical results that are accurate to four decimal places have also been gathered in 

Table 6.2 for more detailed and subtler comparisons in addition to the visual graphs 

depicting approximate tendencies and relations in Figure 6.4(a) to (c).  

(b) (a) 

(c) 
(c) 
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Table 6.2: Calculated inductances and resonant frequencies versus operating frequency for 
lateral misalignments.  

Operating 
frequency  

(Hz) 

 5 mm lateral misalignment  

Calculated 
inductance – 
primary (mH) 

Calculated 
inductance – 
secondary (mH) 

Calculated 
resonant freq. – 
primary (Hz) 

Calculated 
resonant freq. – 
secondary (Hz) 

4000 4.9850 10.9890 5820.2778 3920.0824 

6000 3.0722 3.1851 7413.9953 7281.3473 

8000 3.0791 3.1108 7405.5948 7367.7784 

10000 2.5933 2.1685 8069.4988 8824.6216 

12000 2.2987 1.6547 8571.1149 10102.2623 

14000 2.3899 1.3122 8405.8563 11344.1403 

  10 mm lateral misalignment  

 Calculated 
inductance – 
primary (mH) 

Calculated 
inductance – 
secondary (mH) 

Calculated 
resonant freq. – 
primary (Hz) 

Calculated 
resonant freq. – 
secondary (Hz) 

4000 4.7869 11.3579 5939.4201 3855.8956 

6000 4.7456 5.2458 5965.2519 5673.7101 

8000 3.0958 3.1138 7385.6748 7364.2183 

10000 2.5345 2.1723 8162.5970 8816.9507 

12000 2.4528 1.6972 8297.3745 9974.9659 

14000 2.4122 1.2776 8367.0036 11496.5885 

  15 mm lateral misalignment   

 Calculated 
inductance – 
primary (mH) 

Calculated 
inductance – 
secondary (mH) 

Calculated 
resonant freq. – 
primary (Hz) 

Calculated 
resonant freq. – 
secondary (Hz) 

4000 4.4377 11.2028 6168.7068 3882.4912 

6000 3.0891 3.1639 7393.6142 7305.7247 

8000 3.0186 3.1215 7479.4449 7355.1159 

10000 2.6052 2.1730 8051.0703 8815.3722 

12000 2.4655 1.6535 8276.0296 10105.9084 

14000 2.4136 1.3006 8364.4815 11394.6496 
 

By analysing and comparing numerical results in Table 6.2 and the three graphs of Figure 

6.4, it can be found that the secondary calculated resonant frequency of each test model 

tends to be linearly increasing after 8000 Hz tuning test. Nevertheless, both the secondary 

calculated resonant frequencies of 5 mm and 15 mm lateral tests show a stable range 
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across 6000 Hz to 8000 Hz, which may reflect a relatively constant resonant coupling 

state over feeding operating frequency and power input. As for the primary calculated 

resonant frequency, all the three tests basically show upward tendencies over the tested 

operating frequency range, while the 5 mm and 15 mm lateral tests tend to present a slow 

increasing since 6000 Hz point, which is relatively earlier than that of 10 mm lateral test.  

Comparing all the primary and secondary calculated resonant frequency curves, a 

significant finding is that the primary calculated resonant frequency of each test seems 

able to reach a relatively constant stability after about 10000 Hz, which means the CPT 

system can show a satisfactory tolerance to lateral misalignment effects as a long range 

of frequency supply can be utilized to resonate the secondary receiving coil transmitting 

energy to the load. However, the secondary side shows a more linear relation when 

retuning and tracking its natural resonant frequency, which reflects a difficulty in 

pursuing a satisfactory resonant state for the secondary coil to enhance wireless energy 

transmission performance from the front coupling side.  

From the calculated inductance point of view, it also can be seen that the stabilization 

state of resonant coupling in terms of frequency is able to occur over the frequency range 

between 6000 Hz to 8000 Hz according to all the three groups of results from Table 6.2. 

Furthermore, the relatively constant stability of both coils’ calculated inductance values 

after 6000 Hz is of help when monitoring and predicting the actual winding-produced 

inductance value in mH level based on stabilized proximity in order for the lateral 

misalignment behaviours of this kind of designed coupler to be further evaluated.  

6.3.4 Analysis on EMF performance and field distribution with a close proximity to 

electromagnetic resonant coupling  

To observe and investigate the electromagnetic field distributions and major performance 

indices, 3D finite-element method is used to undertake numerical computations to solve 

Maxwell equations (3.25) and field equations (3.30) to (3.42) in terms of magnetic flux 

density B, magnetic field strength H, electric current density J and energy stored in field. 

It is necessary to introduce and illustrate the main concepts in EMF as below.  
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Figure 6.5: Illustration of magnetic flux density B in a field. (a) View of vectors. (b) Scalars.  

As illustrated in Figure 6.5, the magnetic flux density B in tesla can be represented by 

vector arrows passing through both the lower and upper ferromagnetic cores in Figure 

6.5(a) or can be depicted by scalar layers in Figure 6.5(b).  

  

Figure 6.6: Illustration of magnetic field strength H in a field. (a) View of vectors. (b) Scalars.  

In Figure 6.6(a), the magnetic field strength H in ampere per meter is represented by 

vector arrows distributed at points in space excluding model cores and coupler materials. 

In Figure 6.6(b), scalars that appear to be like cloud layers can also be used to describe 

magnetic field strength. Both vectors and scalars of the H values are of help to analyse 

the magnetic field distribution in directions and performance in numerical values at 

specific points.  

 
Figure 6.7: Illustration of electric current density J in a field. 

(a) (b) 
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From Figure 6.7, it can be noticed the electric current density only describes the density 

in windings, which accords with the electric field concepts applied to wire itself only and 

discussed within wire cross sections or surfaces.  

 
Figure 6.8: Illustration of energy stored in a field. 

Energy stored in field can be seen in Figure 6.8, in which it can be noticed that energy 

storage as a metric in EMF is calculated and illustrated in air space only, meaning that a 

state of field energy is being stored in air region instead of solid model materials.  

Regarding analysis and comparison, in the major part of this subsection below, the field 

performance of each lateral misalignment test at 1 millisecond is selectively observed as 

the system tends to reach a noticeable stabilization and optimal resonant coupling state 

with most EMF and power electronic outputs approaching maximums. Each of the three 

lateral tests are to be compared visibly and numerically according to the field distributions 

transiently captured and the RMS values of main field metrics computed in 3D Maxwell, 

which are presented in left, top and dimetric views in Figure 6.9 to Figure 6.11.  

By observing the details of field distributions and comparing the maximum scalar values 

of four major indices in entire field from Figure 6.9 to Figure 6.11, there can be several 

significant findings required to be emphasized.  

Firstly, the 10 mm misalignment in lateral direction may be a threshold point for this 

specific model since the maximum scalars of H field, B field, current density J can be 

seen to be increased from the 5 mm to 10 mm lateral misalignment tests while these 

scalars of the 15 mm test appear to drop below the values of 5 mm one. These phenomena 

about scalar variations of major field outputs could witness a critical point or ‘tipping 

point’ for this model to perform within a satisfactory range of lateral misalignment EMF 

behaviours.  
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Figure 6.9: The 5 mm lateral misalignment test - Field distributions and illustrations of each 
metric of EMF performances at 8 kHz. (a) Left view. (b) Top view. (c) Dimetric view.  

    

 
 

Figure 6.10: The 10 mm lateral misalignment test - Field distributions and illustrations of each 
metric of EMF performances at 8 kHz. (a) Left view. (b) Top view. (c) Dimetric view. 

(c) 

(b) (a) 

(c) 

(b) (a) 
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Figure 6.11: The 15 mm lateral misalignment test - Field distributions and illustrations of each 
metric of EMF performances at 8 kHz. (a) Left view. (b) Top view. (c) Dimetric view. 

Secondly, an intuitively and visibly ‘stronger’ electromagnetic field may not definitely 

signify that this system would result in better RMS outputs from power electronics point 

of view. Along with numerical evidences over flux linkages, currents and RMS powers 

from curves in Figure 6.2 and Figure 6.3, it can be noticed that the primary flux linkage, 

primary coil power and primary currents tend to increase at 8000 Hz, which fairly accords 

with the increases of H value and B value from 5 mm to 10 mm lateral misalignments. 

Nonetheless, the most key system outputs such as the overall system efficiency, RMS 

power output are not seen to increase from 5 mm to 10 mm lateral misalignment 

fundamentally due to the actual angular phase deviations between the two sides leading 

to eventual differences on RMS results of the system.  

Thirdly, the maximum scalar values need to be analysed along with actual tendencies of 

each EMF vectors at different coordinates in field and sometimes the directions of vector 

arrows play a more important and determinant role for a field distribution and a system 

power electronics performance of outputs. Based on Figure 6.9 to Figure 6.11, it can be 

found that the arrows of H vectors and B vectors at critical points like corners and external 

edges of the H-shape cores in the 5 mm lateral misalignment field appear to be 

significantly much stronger and more concentrated than the 10 mm and 15 mm ones, 

(c) 

(b) (a) 
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especially for the vectors shown on the secondary side. This finding may explain the 

reason why the 5 mm lateral misalignment test produces better overall system 

performance than the 10 mm and 15 mm ones despite of sometimes lower satisfactory 

results about maximum EMF scalar values in figure legends.  

6.4 Results and analyses for various longitudinal misalignments  

In accordance with the analysis methods in Section 6.3, this Section 6.4 is to analyse the 

raw results and calculated results in terms of operating frequency and to describe the 

electromagnetic field distribution and performance at about magnetic resonant coupling 

conditions for a group of longitudinal misalignment models.  

6.4.1 RMS Flux linkage and currents  

    

 

Figure 6.12: RMS flux linkages and currents versus operating frequencies for longitudinal 
misalignment tests. (a) 5 mm longitudinal misalignment. (b) 10 mm longitudinal misalignment. 

(c) 15 mm longitudinal misalignment.  

(c) 

(b) (a) 
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The trends of flux linkages in longitudinal misalignment tests in terms of operating 

frequency in Figure 6.12 can be noticed to be different from flux linkages of lateral 

misalignment tests in Figure 6.2 before. From Figure 6.12(a) to (c), all the three graphs 

of primary RMS flux linkage show constantly decreasing trends versus operating 

frequency while the secondary flux linkages have an upward peak at 6000 Hz after which 

the curves start to drop. However, previously in Figure 6.2(a) and (c), both primary and 

secondary flux linkages appear to stabilize within a range of operating frequency of 6000 

Hz to 8000 Hz. This difference between lateral and longitudinal tests may reflect a better 

tolerance of this coupler in a lateral direction than in longitudinal direction, which would 

lead to impacts on EMF characteristics and power outputs afterwards.  

By comparing within these three longitudinal misalignment tests and with Figure 6.2 

regarding tendencies of coil currents, it can be seen that almost all these trends about coil 

currents on both sides present to have fairly similarities in directions and in values with 

minor deviations. In Figure 6.12(a) to (c), all the three primary coil currents tend to show 

stable variations across the entire operating frequency range and reach the peaks at 10000 

Hz with values of 24.8219 A, 24.8315 A and 24.9887 A, respectively.  Regarding the 

secondary coil currents, the measured RMS peak values of each test are 21.7621 A, 

21.3269 A and 21.2814 A, respectively, at about an approximate resonant frequency point 

of 8000 Hz, which accords with the theoretical relation of ‘the larger misalignments, the 

smaller secondary induced currents produced’.  

6.4.2 Efficiencies and RMS real powers  

    (a) (b) 
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Figure 6.13: Efficiencies and RMS real powers versus operating frequencies for longitudinal 
misalignment tests. (a) 5 mm longitudinal misalignment. (b) 10 mm longitudinal misalignment. 

(c) 15 mm longitudinal misalignment. 

After comparing coil efficiencies in Figure 6.13(a) to (c), it is apparent that the 5 mm 

longitudinal misalignment model shows a long and stable range of efficiency across 4000 

Hz to 10000 Hz, which highlights a better tolerance in terms of operating frequency in 

longitudinal direction with an optimal value of 54.625% at 10000 Hz when compared 

with the 10 mm and 15 mm longitudinal displacement model tests. This finding may 

signify the acceptable tolerance in longitudinal direction is a maximum of 5 mm.  

In terms of overall system efficiency rates, it can be found that the 5 mm test shows a 

peak at 8000 Hz with value of 23.572%, the 10 mm test shows a peak at 6000 Hz with 

value of 19.480% and the 15 mm test has a peak at 10000 Hz with value of 20.645%. The 

optimal operating frequency of peak of each misalignment test slightly increases in terms 

of the increase of longitudinal displacements from 5 mm to 15 mm.  

As for RMS real powers, all the three longitudinal tests have peaks of secondary induced 

power at 10000 Hz with values of 43.345 kW, 42.823 kW and 42.632 kW, respectively. 

The trends of primary coil powers can be seen to vary especially after 6000 Hz operating 

frequency. Importantly, the maximums and trends of system output power of three 

longitudinal tests appear to be fairly similar to each other and tend to show relatively 

sustainable variations versus changes of operating frequency, despite significant 

variations of powers of other parts of the system. It can be found that the three longitudinal 

test models demonstrate the maximums of system output power on load at about operating 

frequency of 6000 Hz to 8000 Hz, with peak values of 23.679 kW, 22.732 kW and 22.645 

(c) 
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kW, respectively. These particular trends are also similar with those in previously lateral 

misalignment tests, which reflects that both the lateral and longitudinal displacements 

when parking may lead to similar rates or extents of impacts onto the eventual RMS 

system output power in terms of operating frequency.  

6.4.3 Calculated resonant frequency and calculated inductance 

As introduced and discussed in previous Chapters 4 to 5 of the thesis, studying the 

variation trends of the calculated inductance and calculated resonant frequency can be of 

help in further knowing how delicately and subtly the minor changes of coupling status 

could impose influences on a CPT system from magnetic resonant coupling point of view.  

    

 

Figure 6.14: Calculated resonant frequencies, calculated inductances versus operating 
frequencies for longitudinal misalignment tests. (a) 5 mm longitudinal misalignment. (b) 10 mm 

longitudinal misalignment. (c) 15 mm longitudinal misalignment.  

By tracking the calculated resonant frequency and regarding it as an optimal but 

changeable operation condition, the trends of actual inductance in values inductively 

(c) 

(b) (a) 
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produced on coil windings can reflect how the misalignments impact on coupling and 

flux generation, which could indicate a regular pattern at some point or an approximate 

range of optimized resonant coupling status in terms of manoeuvring and providing the 

most appropriate operating frequency to make the system to resonate the most for both 

EMF and power electronic results.  

Table 6.3: Calculated inductances and resonant frequencies versus operating frequency for 
longitudinal misalignments.  

Operating 
frequency  

(Hz) 

 5 mm longitudinal misalignment  

Calculated 
inductance – 
primary (mH) 

Calculated 
inductance – 
secondary (mH) 

Calculated 
resonant freq. – 
primary (Hz) 

Calculated 
resonant freq. – 
secondary (Hz) 

4000 5.0085 11.0725 5806.5814 3905.2732 

6000 4.8836 5.2228 5880.3408 5686.2086 

8000 3.1019 3.1109 7378.3361 7367.6768 

10000 2.5703 2.1805 8105.5348 8800.2322 

12000 2.3830 1.6578 8418.0446 10092.7370 

14000 2.3455 1.2861 8485.0583 11458.9620 

  10 mm longitudinal misalignment  

 Calculated 
inductance – 
primary (mH) 

Calculated 
inductance – 
secondary (mH) 

Calculated 
resonant freq. – 
primary (Hz) 

Calculated 
resonant freq. – 
secondary (Hz) 

4000 4.8120 11.0311 5923.9521 3912.5888 

6000 4.7634 5.1963 5954.0980 5700.6809 

8000 3.1339 3.0853 7340.6525 7398.1889 

10000 2.5895 2.1834 8075.5199 8794.3987 

12000 2.4550 1.6297 8293.6639 10179.2281 

14000 2.4475 1.2908 8306.4624 11437.9621 

  15 mm longitudinal misalignment   

 Calculated 
inductance – 
primary (mH) 

Calculated 
inductance – 
secondary (mH) 

Calculated 
resonant freq. – 
primary (Hz) 

Calculated 
resonant freq. – 
secondary (Hz) 

4000 4.7953 10.6387 5934.2781 3984.0944 

6000 4.6898 5.1958 6000.6116 5700.9803 

8000 3.1148 3.0825 7363.0744 7401.5500 

10000 2.5892 2.1707 8075.9606 8820.0675 

12000 2.4254 1.6607 8344.0888 10084.0055 

14000 2.4659 1.3033 8275.2918 11383.0998 
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Based on both the graphic curves in Figure 6.14 and the numerical results with four digits 

after the decimal point in Table 6.3, there are several findings that can be noticed and 

stressed.  

Firstly, the 5 mm longitudinal misalignment test produces relatively higher primary and 

secondary inductances than the 10 mm and 15 mm tests at the same operating frequency 

points despite the fairly similar trends of curves of inductances plotted in Figure 6.14(a) 

to (c). Secondly, for each test, it can be found that the primary coil inductance shows a 

stable trend before 6000 Hz in each graph but tends to gradually increase towards a 

relative stability with value at about 8000 Hz to 8500 Hz since operating frequency point 

of 8000 Hz. However, the secondary coil inductance continuously shows an 

approximately linear rise in terms of operating frequency rise, which means that the 

secondary side of the system may not be able to reach a stabilization of satisfactory 

magnetic resonance. Nonetheless, the performance of the primary coil along with power 

electronics outputs convincingly prove that the entire system can still achieve the 

optimized operation status with the primary coil side magnetically resonating at specific 

frequencies and coupler designs. Thirdly, comparing both the longitudinal and lateral 

groups of tests in Figure 6.4 and Figure 6.14 regarding calculated resonance frequency 

and calculated inductance, it can be found that the specific CPT system tends to reach a 

proximity of optimized magnetic resonance at about 8000 Hz to 8500 Hz with both the 

longitudinal and lateral misalignments. Misalignments of 5 mm in lateral and longitudinal 

directions may be the accepted limits or tolerance in terms of overall power outputs, 

system efficiency and EMF performance.  

6.4.4 Analysis on EMF performance and field distribution with a close proximity to 

electromagnetic resonant coupling 

When the CPT system tends to resonate at approximate magnetic resonant frequency, the 

electromagnetic field distribution parameters appear to be fairly strong, which can be 

observed by zooming in for analysing each parameter performance. The transient CPT 

coupling status at 1 ms when operating at AC stabilization with a close proximity to 
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electromagnetic magnetic resonance at 8 kHz has been selected for analysis and 

comparison over longitudinal misalignment behaviours below.  

    

 
 

Figure 6.15: The 5 mm longitudinal misalignment test - Field distributions and illustrations of 
each metric of EMF performances at 8 kHz. (a) Left view. (b) Top view. (c) Dimetric view.  

From Figure 6.15 of the 5 mm longitudinal misalignment EMF behaviours, it can be seen 

that the B field vectors especially those ‘thick and yellow’ arrows witness satisfactory 

and expected magnetic flux density vector paths and trajectories through the specifically 

designed H-shape cores, which reflects the effectiveness of the overall design of the 

coupler along with the scalar maximums of H field, B field and field energy shown in the 

figure legends.  

Compared with the 5 mm longitudinal misalignment EMF behaviours in Figure 6.15, it 

is obvious that the B field scalar maximum drops from previous 1.4578 teslas to 1.1658 

teslas of the 10 mm test in Figure 6.16, which is basically proportional to the 

misalignment rise and makes sense from magnetic flux density generation point of view.  

(b) (a) 

(c) 
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Figure 6.16: The 10 mm longitudinal misalignment test - Field distributions and illustrations of 
each metric of EMF performances at 8 kHz. (a) Left view. (b) Top view. (c) Dimetric view. 

However, as depicted by all the views in Figure 6.16 regarding magnetic field strength H, 

it can be seen that the H field scalar maximum 3.93 x 105 A/m of the 10 mm longitudinal 

test is significantly larger than that of the 5 mm one with scalar maximum 2.34 x 105 

A/m, which seems controversial and illogical but actually is reasonable since the vectors 

may not always have high scalar values at every coordinate of every trajectory and the 

scalar maximum may not always represent the actual effectiveness of vectors in effective 

directions in field, contributing to a high overall system performance by comprehensively 

affecting other parameters and a series of calculations when it comes to discussing active 

power results and reactive power results via finding out phase differences and power 

factor ratios.  

 

(c) 

(b) (a) 
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Figure 6.17: The 15 mm longitudinal misalignment test - Field distributions and illustrations of 
each metric of EMF performances at 8 kHz. (a) Left view. (b) Top view. (c) Dimetric view. 

Based on each parameter of the electromagnetic field shown in legends of Figure 6.17 for 

the 15 mm longitudinal misalignment test, most of scalar maximums are similar with or 

slightly weaker than the 10 mm longitudinal misalignment test while the scalar layers of 

H field can be seen to have wider extension in space within the shielding shells than 

previous two test despite insignificant maximum point deviations in values.  

Besides, a finding is that the upper receiving side of the coupler in Figure 6.17 and Figure 

6.16 seem to have stronger B field and H field behaviours than the lower transmitting side 

at transient 1 ms. This phenomenon also seems more significant than the 5 mm tests in 

Figure 6.15. After the analysis according to graphs of powers and efficiency in Figure 

6.13(b) and (c), it can be seen that the decline of primary power between about 6000 Hz 

to 12000 Hz is the major reason causing the coil efficiencies of the 10 mm and 15 mm 

tests appear to be higher than the 5 mm test, which also leads to a stronger EMF behaviour 

on the secondary side of the system.  

Overall, from the perspective of electromagnetics, the strong EMF behaviour on the 

secondary receiving side may mean a high reactive power that is strongly established by 

inductive field energy to ensure a satisfactory magnetic-to-electric energy conversion. 

Therefore, at some transient time points of an alternatively stable coupling system, the 

(c) 

(b) (a) 
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secondary side field behaviour would seem stronger than the primary side. Nonetheless, 

when it comes to overall power electronic outputs, the angular phase angles and active 

power RMS values must be taken into account so that the RMS real power in kW may be 

not that high and system efficiency may not be as high as the transient EMF behaviours 

presented to visibility and observation, which is apparently proved by numerical and 

graphic results in Sections 6.4. Further discussions in depth will be conducted in 

following Sections 6.5 and 6.6.  

6.5 Analyses and comparisons on field performances with EMF 

results of lateral and longitudinal misalignment test variations  

In order to study and analyse EMF results and field behaviours more comprehensively 

across a long range of testing frequency, the plotted numerical results of scalar maximums 

of both lateral and longitudinal misalignments over H field, B field, electric current 

density and energy of storage in field are gathered in this Section 6.5, in addition to the 

selected frequency and relatively optimal misalignment status for visually observable 

comparisons on electromagnetic field distributions in previous Sections 6.3 and 6.4.  

There is unavoidably a limitation in Sections 6.3 and 6.4, which is that the figure views 

captured may not be able to profoundly reflect and comprehensively depict the entire field 

generation processes over time since only the whole 1 ms animations of each tests can 

indicate and stress the actual varying field characteristics with refined field vector arrows 

at critical positions such as some edges and corners in the geometric space. In the chapter, 

these transiently captured images of electromagnetic fields are mainly for basic 

demonstration purpose, as subsidiary presentations.  

Therefore, in order for further delicate and overall investigations to be conducted, all 

series of RMS numerical results and power electronic outputs across all range of tested 

operating frequencies are plotted in this Section 6.5 for more ‘holistic’ analyses and 

comparisons on lateral and longitudinal misalignment behaviour variations.   
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6.5.1 Magnetic field strength - H field 

  

Figure 6.18: Magnetic field strength H maximum scalar values versus operating frequencies. (a) 
Lateral misalignment variations. (b) Longitudinal misalignment variations.  

A noticeable finding is that both the 10 mm lateral and longitudinal displacements in 

Figure 6.18(a) and (b) tend to show interestingly better H field outcomes than the 5 mm 

displacements in both displacement directions, which may mirror that a more optimal 

magnetic field strength generation per se would be yielded with an slightly imperfect 

position-aligned coupling to some extent when discussing and studying the H field only, 

excluding considering other major determinant parameters to overall system outcomes.  

Another finding based on all three misalignments of each direction is that the 10 mm 

misalignment distance may be the critical point of displacement tolerance for EMF 

behaviors on both X and Y axes, since both the 15 mm lateral and longitudinal 

misalignments present lower H field scalar maximums for the CPT coupling model.  

Besides, by comparison on the 5 mm misalignments in Figure 6.18(a) and (b), it can be 

found that this designed CPT coupler may appear to have better tolerance of magnetic 

field strength H to lateral misalignments along X axis than longitudinal ones on Y axis 

when displacement is below 5 mm, since every H field scalar maximum in 5 mm lateral 

displacement behaviors can be seen higher than in 5 mm longitudinal displacement 

behaviors. 

(a) (b) 
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6.5.2 Magnetic flux density - B field  

  

Figure 6.19: Magnetic flux density B maximum scalar values versus operating frequencies. (a) 
Lateral misalignment variations. (b) Longitudinal misalignment variations. 

As is known, magnetic flux density B has relations with magnetic field strength H in 

magnetic field in saturable materials like ferromagnetic cores as described in equation 

(3.30d) and also in solenoid-type windings in terms of magnetic field energy storage and 

volume integral as described in equation (3.41) and Figure 3.14. Nevertheless, in a 

complicated nonlinear magnetic field system like the one designed and investigated in the 

thesis, the B field could show nonlinear and uncommon tendency against testing 

operating frequency, by which the magnetic relative permeability μ could be calculated 

but it is not quite necessary to discuss the nonlinearly varying μ in the thesis.  

From Figure 6.19(a) and (b), it can be noticed that the B field scalar maximums of the 5 

mm longitudinal misalignments show higher values than 10 mm and 15 mm ones, which 

seems reasonable and logical. However, the B field scalar maximums at most testing 

frequency present as the lowest in all the lateral misalignment tests, which means that the 

maximized magnetic flux density scalars may not definitely appear at every transient time 

intervals when the displacement on X axis is minimized and when the overall system 

power electronics RMS outputs are maximized. Along with the previous numerical results 

and studies, a finding here is that the maximum scalar of B field at some spatial 

coordinates may not absolutely signify the overall coupling system tends to present 

maximized magnetic flux density vectors and scalars at every single spatial points and 

edges all the times in the field including cores and air region.  

(a) (b) 
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6.5.3 Electric current density - J 

  

Figure 6.20: Electric current density J in field values versus operating frequencies. (a) Lateral 
misalignment variations. (b) Longitudinal misalignment variations. 

As expressed in equations (3.30a) and (3.32), the electric current density J has relations 

with electric field strength E and magnetic field strength H but needs to be worked out by 

Maxwell equations established for the specific field. The electric current density in 

ANSYS Maxwell is only solved for conductive materials like the copper litz wires in the 

prototype of the thesis.  

Since the maximum scalar or vector values cannot completely reflects the overall RMS 

real values of the system parameters, the electric current density maximums plotted in 

Figure 6.20 could not definitely witness the optimal electromagnetic resonance but could 

be observed to approximately estimate and compare the coupling states by induced 

currents per square meter.  

As can be seen in Figure 6.20(b), the electric current density maximum of 10 mm 

longitudinal misalignment model tends to be much higher that other two test at 6000 Hz, 

which may mirror a strongly optimized magnetic resonant coupling status is achieved 

when compared with other displacements. By combined analysis with Figure 6.12(b) in 

Section 6.4(a), it can be noticed that the secondary induced current appears to reach a 

peak for the system with a 10 mm longitudinal displacement at 6000 Hz.  

(a) (b) 
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6.5.4 Energy stored in field 

  

Figure 6.21: Energy versus operating frequencies. (a) Lateral misalignment variations. (b) 
Longitudinal misalignment variations. 

Based on equation (3.41) regarding magnetic field energy storage, the transient nonlinear 

material-based energy stored in field can be computed by finite-element methods in 

ANSYS Maxwell and the accumulated total field energy storage when a coupling system 

stabilizes can also be calculated. Figure 6.21(a) and (b) depict the RMS total energy stored 

in field for variations of misalignments versus different testing operating frequency.  

As can be seen from Figure 6.21(a) and (b), both the lateral and longitudinal misalignment 

behaviours appear to show upward maximum values at 8000 Hz, which corresponds to 

the closest states of coupling to the optimal magnetic resonance according to previous 

studies. After the 8000 Hz point, the curves of energy stored in field turn to drop, which 

accords with the RMS power outputs, induced currents and EMF parameter performances 

reasonably.  

The upward peaks at the calculated resonant frequency point of 8000 Hz for this CPT 

model with nearly all the tested types of misalignment may also reflect the electric-

magnetic energy conversion optimum states and the optimal electromagnetic resonant 

coupling conditions. According to theories of field establishment, reactive power and 

active power, the magnetic field behaviours could reach the relatively optimized resonant 

stabilization at 8000 Hz despite bearable misalignments and the CPT system efficiency 

could be determined more by higher satisfactory PF which facilitates the active power 

(a) (b) 
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from the primary side to be transferred to the load side with more satisfactory induced 

RMS real power.  

In conclusion, therefore, a finding can be that the energy stored in field may be a relatively 

straightforward observable for rough analyses and tests on how and what an operating 

frequency could drive the CPT coupling system to a most approximate optimization of 

electromagnetic resonant coupling and to a most satisfactory power electronics outcomes, 

in spite of slight misalignments.  

6.6 Discussions from waveform characteristics point of view 

6.6.1 Sinusoidal flux linkage waveforms - Selected 8 kHz misalignments 

For analysis and comparison on magnitudes and angular phase behaviours, the raw 

sinusoidal flux linkage waves of both lateral and longitudinal misalignments for coupler 

coils at 8 kHz as an optimal operating frequency condition have been acquired and shown 

in Figure 6.14 to Figure 6.16. 

    

Figure 6.22: 5 mm misalignment flux linkage waves at 8 kHz. (a) Lateral. (b) Longitudinal.  

From Figure 6.22, the raw signal waves of flux linkages can witness very few differences 

between the 5 mm lateral and 5 mm longitudinal displacements from waveform 

characteristics point of view, which could mean that fairly slight misalignment below 5 

mm on X and Y axes may not be a huge determinant to differences of flux linkage 

generations for a CPT coupling operation. Besides, the angular phases between the lateral 

and longitudinal tests here seem fairly similar.  

RMS Flux - Primary coil: 0.0723 Wb 

RMS Flux - Secondary coil: 0.0677 Wb 

RMS Flux - Primary coil: 0.0724 Wb 

RMS Flux - Secondary coil: 0.0677 Wb 

(a) (b) 
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Figure 6.23: 10 mm misalignment flux linkage waves at 8 kHz. (a) Lateral. (b) Longitudinal. 

Some visible and comparable differences can be seen in Figure 6.23, which is about the 

RMS flux linkage magnitudes between the lateral and longitudinal misalignment flux 

behaviours. The primary RMS flux linkage in the lateral misalignment model is 0.001 

Wb smaller than that in the longitudinal one while the secondary RMS flux linkage of the 

lateral misalignment model is 0.0014 Wb higher than that in the longitudinal one. 

Difference about phases can be seen negligible between the lateral and longitudinal 

misalignment flux linkage signal behaviours. 

A finding is that the secondary flux linkage performance can directly indicate the system 

power electronics outputs and overall efficiency, based on the relations in Figure 6.23 and 

results in Figure 6.3(b) and Figure 6.13(b) at 8000 Hz point. The secondary flux linkage 

of the 10 mm lateral misalignment test is relatively stronger than the longitudinal one, 

and the RMS system output power of the 10 mm lateral misalignment test is 23.287 kW 

while the 10 mm longitudinal model has 22.732 kW RMS output power. The system 

efficiencies are 22.453% and 19.480%, respectively, for this pair of comparison.  

    

Figure 6.24: 15 mm misalignment flux linkage waves at 8 kHz. (a) Lateral. (b) Longitudinal. 

RMS Flux - Primary coil: 0.0746 Wb RMS Flux - Primary coil: 0.0756 Wb 

RMS Flux - Secondary coil: 0.0672 Wb RMS Flux - Secondary coil: 0.0658 Wb 

(a) (b) 

(a) (b) 

RMS Flux - Primary coil: 0.0765 Wb RMS Flux - Primary coil: 0.0757 Wb 

RMS Flux - Secondary coil: 0.0664 Wb RMS Flux - Secondary coil: 0.0656 Wb 
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Compared with the previous two groups of tests, both the 15 mm lateral and longitudinal 

misalignments show weaker RMS flux linkages on the secondary coil with 0.0664 Wb 

and 0.0656 Wb, respectively. However, the primary coil flux linkage presents the 

strongest magnitude with 0.0765 in all the three groups of tests, but this seems not to lead 

to higher satisfactory RMS power output and system efficiency rate according to previous 

analysis in Figure 6.3(c). On the other side, the secondary coil flux linkage of the 15 mm 

longitudinal misalignment model is expectedly the weakest within the 5 mm, 10 mm and 

15 mm tests, which ‘logically’ corresponds to the least satisfactory power and efficiency 

performance of this model test based on results in Figure 6.13(c).  

To summarize, a finding is that the misalignments in both X and Y axes would not have 

fundamental impacts on the angular phase performance of flux linkages, according to all 

the waveforms and phase characteristics in this section.  

Another finding, comprehensively based on all the three pairs of tests and waves from 

Figure 6.22 to Figure 6.24, is that the secondary coil flux linkage performance could be 

more able to directly determine the overall effectiveness of the CPT system performance 

while the primary coil flux linkage waveform magnitude may not be able to reflect the 

actual coupling status and the eventually overall system outputs especially in imperfect-

alignment scenarios like the studies in this Section 6.6.1.  

6.6.2 Sinusoidal quantities of the circuit system outputs, angular phase differences and 

power factors  

Major sinusoidal quantities such as currents and voltages fundamentally determine how 

the electrical power outputs of a circuit system would be produced. For the CPT systems, 

the calculations of RMS powers and system efficiency are essential for overall system 

performance evaluations and enhancement modifications. Thus, the actual behaviours of 

angular phases and power factors need to be accurately observed and computed for 

analysis and comparison on variations of systems in terms of variables such as 

misalignments in Chapter 6.  
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Figure 6.25: Waveforms of lateral misalignment tests at selectively 8 kHz with a close 

proximity to electromagnetic resonant coupling.   

From Figure 6.25, it can be found, by selectively analysing the raw waveforms of voltages 

and currents of the CPT system at about magnetic resonant coupling condition of 8000 

Hz, that the three lateral misalignment tests present exactly the same angular phases at 

8000 Hz operating frequency, which correspond to a 28.8˚ phase angle difference on 

primary coil, a 57.6˚ phase angle difference on secondary coil and a 28.8˚ phase angle 

difference on the input power source.  

In the result comparison of lateral misalignments, it can be noticed that the calculated 

primary coil RMS real power is proportional to the increase of lateral misalignment 

distance while the secondary coil RMS real power shows a reverse relation with the 

increase of X-axis displacement, which leads to a reverse proportion relation between coil 

efficiency and X-axis displacement for the CPT coupler. Besides, it can be seen that the 

system input RMS power slightly varies in terms of X-axis displacement in Figure 6.25, 

which does not affect and change the reverse relation between overall system efficiency 

and lateral misalignment according to previous Figure 6.3.  
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Figure 6.26: Waveforms of longitudinal misalignment tests at selectively 8 kHz with a close 

proximity to electromagnetic resonant coupling.   

Regarding the longitudinal misalignment raw waveforms of main sinusoidal quantities 

depicted in Figure 6.26, the angular phase behaviours can be seen slightly impacted by 

Y-axis displacement variations.  

The magnitudes of primary coil voltages and currents can be seen increased in terms of 

increase of Y-axis displacement, however, the RMS real power of primary coil tends to 

decrease due to slightly descending power factor caused by rise of phase difference on 

the primary side. For the secondary coil side, the current magnitude is seen decreases 

from 30.78 A to 30.60 A against increasing longitudinal misalignment from 5 mm to 15 

mm according to Figure 6.26. Along with analysis on Figure 6.13 before, it can be found 

the coil efficiency per se for CPT systems with longitudinal misalignments is in 

proportion with Y-axis displacement, however, the overall system efficiency does not 

show the same relation and trend due to more imperfect coupling states and higher ohmic 

losses throughout the both sides of the CPT system.  

Table 6.4 and Table 6.5 are built for investigating the relations between angular phase 

differences and operating frequencies for both lateral and longitudinal misalignment 

system behaviours.  
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Table 6.4: Angular phases and differences for lateral misalignment tests.  

Operating 
frequency 

 5 mm lateral misalignment 

Primary coil 
phase angle 
difference 

PF Secondary coil 
phase angle 
difference 

PF Input system 
phase angle 
difference 

PF 

4000 72 ˚ 0.3090 86.4 ˚ 0.0628 43.2 ˚ 0.7289 

6000 43.2 ˚ 0.7289 43.2 ˚ 0.7289 0 ˚ 1 

8000 28.8 ˚ 0.8763 57.6 ˚ 0.5358 28.8 ˚ 0.8763 

10000 36 ˚ 0.8090 36 ˚ 0.8090 0 ˚ 1 

12000 43.2 ˚ 0.7289 43.2 ˚ 0.7289 0 ˚ 1 

14000 50.4 ˚ 0.6374 20.4 ˚ 0.9373 0 ˚ 1 

  10 mm lateral misalignment 

 Primary coil 
phase angle 
difference 

PF Secondary coil 
phase angle 
difference 

PF Input system 
phase angle 
difference 

PF 

4000 72 ˚ 0.3090 72 ˚ 0.3090 43.2 ˚ 0.7289 

6000 43.2 ˚ 0.7289 64.8 ˚ 0.4258 21.6 ˚ 0.9298 

8000 28.8 ˚ 0.8763 57.6 ˚ 0.5358 28.8 ˚ 0.8763 

10000 36 ˚ 0.8090 36 ˚ 0.8090 0 ˚ 1 

12000 43.2 ˚ 0.7289 43.2 ˚ 0.7289 21.6 ˚ 0.9298 

14000 50.4 ˚ 0.63742 50.4 ˚ 0.63742 30.6 ˚ 0.8607 

  15 mm lateral misalignment 

 Primary coil 
phase angle 
difference 

PF Secondary coil 
phase angle 
difference 

PF Input system 
phase angle 
difference 

PF 

4000 72 ˚ 0.3090 72 ˚ 0.3090 57.6 ˚ 0.5358 

6000 43.2 ˚ 0.7289 43.2 ˚ 0.7289 0 ˚ 1 

8000 28.8 ˚ 0.8763 57.6 ˚ 0.5358 28.8 ˚ 0.8763 

10000 18 ˚ 0.9511 36 ˚ 0.8090 36 ˚ 0.8090 

12000 43.2 ˚ 0.7289 43.2 ˚ 0.7289 21.6 ˚ 0.9298 

14000 50.4 ˚ 0.6374 50.4 ˚ 0.6374 25.2 ˚ 0.9048 
 

With detailed and precise calculated results of phase angle performances in Table 6.4 for 

lateral misalignment tests, it can be found that the operating frequencies around 8000 Hz 

are relatively sensitive for the primary coil power factor (PF) performance and tolerant to 

slight misalignments such as 5 mm and 10 mm lateral displacements. However, the 
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secondary power factors appear to be fluctuating against testing operating frequency and 

variations of displacement.  

There are a couple of findings from the lateral misalignment tests. The calculated natural 

resonant frequency of 8000 Hz seems applicable and effective for the primary side of 5 

mm and 10 mm lateral misalignment systems as the both power factors tend to reach 

maximums of 0.8763. However, the 15 mm lateral misalignment system shows a 

maximum PF of 0.9511 at 10000 Hz instead of 8000 Hz anymore, which may prove that 

larger lateral misalignments would determine higher resonant frequency of primary side 

and mean that the CPT system would need to be adjusted and tuned up the operating 

frequency from the voltage power supply in order to fit a new real-time natural resonant 

frequency for a newly imperfect alignment after EV parking maneuverer. This viewpoint 

and discussion have been proposed once with insufficiently quantitative results in the 

limitation part, namely Section 4.25 before in the thesis. Another finding regarding the 

lateral misalignment tests is that the PF of input AC power supply tends to deviate from 

its optimal maximum of 1 when the misalignment is getting larger and when the coupling 

system tends to deviate from optimal magnetic resonance such as the numerical 

comparisons in Table 6.4.  

Table 6.5: Angular phases and differences for longitudinal misalignment tests. 

Operating 
frequency 

 5 mm longitudinal misalignment 

Primary coil 
phase angle 
difference 

PF Secondary coil 
phase angle 
difference 

PF Input system 
phase angle 
difference 

PF 

4000 72 ˚ 0.3090 57.6 ˚ 0.5358 43.2 ˚ 0.7289 

6000 43.2 ˚ 0.7289 64.8 ˚ 0.4257 10.8 ˚ 0.9822 

8000 28.8 ˚ 0.8763 57.6 ˚ 0.5358 28.8 ˚ 0.8763 

10000 36 ˚ 0.8090 36 ˚ 0.8090 18 ˚ 0.9510 

12000 43.2 ˚  0.7289 43.2 ˚ 0.7289 21.6 ˚ 0.9297 

14000 50.4 ˚ 0.6374 50.4 ˚ 0.6374 25.2 ˚ 0.9048 

  10 mm longitudinal misalignment 

 Primary coil 
phase angle 
difference 

PF Secondary coil 
phase angle 
difference 

PF Input system 
phase angle 
difference 

PF 

4000 72 ˚ 0.3090 72 ˚ 0.3090 64.8 ˚ 0.4257 

6000 43.2 ˚ 0.7289 64.8 ˚ 0.4257 11.0 ˚ 0.9815 
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8000 57.6 ˚ 0.5358 57.6 ˚ 0.5358 0 ˚ 1 

10000 54 ˚ 0.5877 36 ˚ 0.8090 18 ˚ 0.9510 

12000 43.2 ˚ 0.7289 43.2 ˚ 0.7289 21.6 ˚ 0.9297 

14000 50.4 ˚ 0.6374 25.2 ˚ 0.9048 25.2 ˚ 0.9048 

  15 mm longitudinal misalignment 

 Primary coil 
phase angle 
difference 

PF Secondary coil 
phase angle 
difference 

PF Input system 
phase angle 
difference 

PF 

4000 72 ˚ 0.3090 72 ˚ 0.3090 43.2 ˚ 0.7289 

6000 43.2 ˚ 0.7289 64.8 ˚ 0.4257 10.8 ˚ 0.9822 

8000 57.6 ˚ 0.5358 57.6 ˚ 0.5358 0 ˚ 1 

10000 36 ˚ 0.8090 36 ˚ 0.8090 36 ˚ 0.8090 

12000 43.2 ˚ 0.7289 43.2 ˚ 0.7289 21.6 ˚ 0.9297 

14000 50.4 ˚ 0.6374 50.4 ˚ 0.6374 25.2 ˚ 0.9048 
 

Some findings in terms of longitudinal misalignments can be extracted and understood 

based on PF results in Table 6.5. First, the peak PF of secondary side corresponds to the 

maximum of system efficiency and maximum of power transferred to load for all the 

longitudinal misalignment tests according to Figure 6.13 and Table 6.5. Second, it can be 

found that the longitudinal misalignment PF behaviour would be the same as the lateral 

misalignment when the displacements on both X and Y axes are the same, for instance, 

the PF results of the 5 mm longitudinal misalignment perform exactly the same as those 

of the 5 mm lateral misalignment tests versus operating frequency while the PF of larger 

longitudinal misalignments appear to differ from the 5 mm one further and further.  

Overall, the primary side PF performance of both lateral and longitudinal misaligned CPT 

system plays a determinant role in the overall system behaviour. Mostly when the primary 

coil reaches its optimum of resonant coupling via a maximized PF at corresponding 

natural resonant frequency, the entire system will yield the most satisfactory power 

electronics outputs and produce the most optimistic electromagnetic field distributions 

with well-performed field parameters. The findings and viewpoints from analysis of 

angular phases and PF are mathematically anticipated and electromagnetically reasonable 

based on EMF energy transmission theories and efficiency equations in Chapter 3. 
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6.7 Chapter conclusions 

Any degree or amount of misalignments in lateral and longitudinal directions will 

unavoidably determine a degraded electromagnetic induction and resonant coupling, 

which is one of the most challenging obstacles to reaching an optimal operation state of 

CPT coupling. Therefore, Chapter 6 accentuates the impacts from EV parking 

displacements in X and Y axes and emphasizes the CPT system misalignment behaviours 

based on results and analyses of groups of lateral and longitudinal misalignment tests 

using a previously prototyped CPT system with a 15 mm inner shielding shell-to-coil 

distance.  

Optimizing the imperfectly aligned CPT system with proactively optimal frequency 

tracking method, along with the variations of misalignment towards proximities of 

resonant coupling optimum, has been adopted to investigate the system misalignment 

behaviours and the relative tolerances to directional displacements. By simulating models, 

raw data processing and analysing the results from perspectives of electromagnetics and 

power electronics, the groups of system performances have been quantitatively studied 

and a range of findings have been concluded in each section.   

In addition to major system performance metrics such as RMS flux linkages, RMS 

currents, calculated resonant frequencies, calculated inductances, efficiencies and RMS 

powers against testing operating frequency and misalignment variations, this article also 

focuses on EMF result analyses such as H field scalar results, B field scalar results, 

electric current density results and field energy storage results, as well as on comparisons 

for the actual magnetic fields of the optimized CPT systems for EVs.   

Moreover, a series of newly-concerned emphases on studying raw waveform 

characteristics of the flux linkage, the electric circuit outputs and the power factors with 

angular phases of main quantities have been implemented in Chapter 6 in order for the 

lateral and longitudinal misalignment system behaviours to be sophisticatedly 

investigated, in consideration of the lack of actual research focus in depth in the previous 

sections of the thesis over misalignment issues, and also in consideration of the obvious 

gaps between misalignment-related studies so far in the literature and contemporary 

industrialized small-sized wireless energy transmission applications.  
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Chapter 7 Laboratory prototypes, 

experiments and model validations 

Chapter 7 reports the characteristics and performances of a various CPT designs, which 

are axis-parallel coil coupler CPT with ferrite cores, planar circular coil based CPT 

coupler and H-shaped core CPT coupler. Data acquisition (DAQ) with Measurement 

Computing USB-1208-HS-2AO DAQ board, digital signal processing using FFT 

spectrum analysis with MATLAB are mainly used to analyse the root mean square results 

and overall system performance of each CPT model in the laboratory experiments of this 

chapter.  

7.1 The context of this chapter 

In practical EV charging apparatus, the conventional plug-in charging method could 

accidentally generate sparks causing electric shock and poor contact over time due to 

exposed plug-type conductors, which unavoidably and potentially produce safety hazard 

to EV users especially when it comes to relatively extreme weather conditions. Also, the 

current wire-contact charging approaches may not be sufficiently suitable for all EV 

charging circumstances such as outdoor airport shuttle vehicles and even further pursuit 

of dynamic EV charging. Therefore, contactless power transfer (CPT) charging is 

supposed to tackle the inherited drawbacks of plug-in charging and will broaden the 

prospects of wireless energy transmission applications.  

Compared with currently popular wireless energy transfer modular design and output 

performance particularly in low-powered small device charging applications, a CPT 

system for EVs is much more high-power required and complex from either system 

performance or equipment installation point of view. Based on the previous system 

prototype design and simulation experiments and the same methodology proposed in 

Section 3.2, this chapter is to practically implement a couple of lab prototypes for analysis 

and comparison over the actual performance metrics and also for model validations 

corresponding to the similarly designed simulation models with Infolytica MagNet and 

ANSYS Maxwell throughout Chapters 4 to 6. All practical prototypes in the thesis are 
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small-sized lab-level versions and are proportionally scaled down for considerations on 

limitations of materials usage, feasible sine voltage supply, instrument budgets, etc.  

7.2 Axis-parallel coil coupler with ferrite cores 

7.2.1 Laboratory setup and prototype design 

Considering the chassis layout and space of real-world EVs and the significance of 

geometric design of charging coils as accentuated throughout the thesis, a handcrafted 

small-sized axis-parallel coil coupler with rectangular ferrite cores is set up and utilized 

for the CPT experiments as shown in Figure 7.1.  

                

Figure 7.1: A 15 mm air gap axis-parallel coil CPT prototype with rectangular ferrite cores. (a) 
A lab setup and signal outputs at 15 kHz. (b) The axis-parallel core with litz-wire winding 

measured with inductance of 1.186 mH.  

The small-scaled axis-parallel CPT system has been built based on the performance and 

limitations of the DAQ board sampling rates, signal generator frequency limit and other 

measurement instruments. Details of the system is indicated in Table 7.1. According to 

the methodology in Section 3.2 and principle of resonant coupling, it is preliminary to 

calculate the anticipated approximate range of natural resonant frequency of the 

handcrafted coils by using a digital LCR tester first. Then tuning and approximating the 

operating frequency of the voltage power supply to approach the maximum currents of 

the two sides or one of the two sides can be implemented to narrow the targeted frequency 

range. In order to achieve the maximum of the entire system resonance or one side 

resonance, the inductance of the windings are tested as shown in Figure 7.1(b) and Table 

(a) (b) 
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7.1, which lead to two calculated theoretical natural resonant frequencies of this specific 

system with values of 20.668 kHz for closed-circuit status and 14.614 kHz for open-

circuit status. This theoretically means that the electromagnetic resonant coupling may 

most likely occur during about 14 kHz to 21 kHz. Therefore, the experiments and results 

can be implemented and generated effectively for analysis and comparison in terms of 

optimal operating frequency and major performance metrics in the following subsection.  

Table 7.1: Specifications of the axis-parallel rectangular core CPT lab prototype. 

Parameters Values 

Winding size 120 mm x 58 mm x 23 mm 

Core size 125 mm x 55 mm x 20 mm 

Primary winding number of turns 93 turns 

Secondary winding number of turns 93 turns 

Air gaps of the CPT charging system 15 mm 

Winding material Litz wire 

Relative permeability μ of core material 1000 

Compensation topology adopted Primary-Series to Secondary-Series (SS) 

Compensation capacitors 0.1 uF 

Load resistance 470 ohm resistor 

Impedance matching resistors 100 ohm 

Voltage power supply 11 V magnitude sine wave 

Measured inductance of each winding (Open-
circuit) Around 1.186 mH 

Range of operating frequency 10 kHz to 45 kHz 

Shielding  No shielding applied 

Lateral misalignment  0 mm 

Longitudinal misalignment  0 mm 
 

7.2.2 Results, analysis and frequency spectra of waveforms at optimal resonant coupling 

condition 

According to natural resonant frequency equation and the actual inductance value 

measured by LCR tester in Figure 7.1(b) when open-circuited, the theoretical resonance 

condition of a single coil side can be found at about 14.614 kHz. Based on the 

methodology proposed in the thesis, proper observations on resonant currents and 
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voltages of the system in practical applications need to be implemented as an initial and 

preliminary step to approach the optimally anticipated operation status of the CPT system.  

Therefore, by tuning, adjusting the operating frequency from about 10 kHz and by 

observing the real-time waveform and magnitudes of induced voltages and currents 

varying on oscilloscope display and multimeter illustrated in Figure 7.1(a) across a long 

range of operating frequency, the relative maximums of waveform magnitudes can be 

found and measured when the entire system or half side of the inductive coupling system 

is approximated to operate at around magnetic resonant coupling states, which can be 

called a tuning and tracking method as already proposed and deployed in previous 

chapters for investigating a specifically prototyped CPT system with performance 

optimization using electromagnetic resonant coupling phenomenon.  

Accordingly, the main outputs and results of the system as performance assessment 

metrics are to be illustrated and analyzed in the following subsections. Besides, the 

waveform information of both sides of the system are obtained and the corresponding 

spectra are presented by data acquisition implementations and digital signal processing 

coded in MATLAB.  

(a) Main system outputs and performance results 

 

Figure 7.2: Voltages of the axis-parallel coil 
CPT system vs operating frequency. 

 

Figure 7.3: Currents of the axis-parallel coil 
CPT system vs operating frequency. 

From Figure 7.2, it can be seen that the calculated resonant frequency of about 15 kHz 

literally determines the highest voltage on the primary coil with 8.054 V and the second 

highest for the secondary coil with 2.776 V, which both directly reflect the effects of 
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approximating an electromagnetic resonant coupling for a CPT system by operating at 

about calculated natural resonant frequency. Nevertheless, it is noticeable that the load 

voltage reaches its peak value of 2.629 V in an operating system at 20 kHz which is about 

4.4 kHz higher than the 14.6 kHz resonant frequency calculated based on the LCR tester 

measured inductance value when open-circuited. This phenomenon accords with the 

finding and conclusion in Section 4.1 to Section 5.2 regarding coil resonance leading to 

maximum values for primary coil but not always for secondary coil side performance.  

It can be found factual in Figure 7.3 that the maximum current on the secondary coil side 

occurs at 20 kHz corresponding to the maximum voltages of the secondary coil and of 

the load end whilst the primary current is as well highly satisfactory at 20 kHz with value 

of 76.1 mA in spite of the 82.3 mA peak value of the primary coil current occurring at 15 

kHz which is rounded up from the previously calculated coil natural resonance frequency 

14.614 kHz.  

 

Figure 7.4: RMS powers of the axis-parallel 
coil CPT system vs operating frequency. 

 

Figure 7.5: Efficiencies of the axis-parallel 
coil CPT system vs operating frequency. 

Regarding the RMS real powers of the entire system, it can be known that the primary 

coil expectedly approaches the maximum power of 293.32 mW, after which the RMS 

value presents a downward trend until 45 kHz in Figure 7.4. The RMS power on the 

power supply input front end shows a lowest point at 20 kHz with 45.23 mW and tends 

slightly upward to be stable between 30 kHz to 45 kHz, which may indicate a potentially 

high energy transmission rate and an overall system efficiency to be determined. 

Importantly, both the load and secondary coil reach their maximums at 20 kHz with 

values of 7.69 mW and 14.71 mW, respectively.  
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This phenomenon over RMS powers indicates again that the calculated natural resonance 

frequency derived from individually tested inductance of coils may not lead to the optimal 

RMS power values on the load end and the secondary coil for specific CPT prototypes, 

which also suggests that the preliminary system characteristic tests are significantly 

necessary for CPT prototypes before applying to practical scenarios.  

In terms of results of efficiency shown in Figure 7.5, it is apparent that both the system 

efficiency to load and coil energy transmission efficiency can reach maximums at 20 kHz 

with values of 32.523% and 3.006%, respectively. However, the coil efficiency decreases 

rapidly after 20 kHz to tend to stabilize after 30 kHz. In the meantime, the overall system 

efficiency seems relatively stable across almost entire range of operating frequency with 

values around 2%. These percentage results for the system may not be a significant 

advantage without a reference system in real-world applications and, for comparisons, a 

lab-level circular coil prototype system and an H-shaped coupler prototype system will 

be introduced and analysed in Section 7.3 and Section 7.4 for more comprehensive 

investigations over system performance in terms of different coupling modular designs.  

 
Figure 7.6: Calculated power factors of the axis-parallel coil CPT system vs operating 

frequency based on DSP and FFT. 

By implementations of data acquisition (DAQ) and digital signal processing (DSP) with 

ADC board and FFT algorithm in MATLAB, angular phase information of each signal 

waveform can be acquired and analyzed in order to work out the power factors (PF) 

between alternating voltage and current waves. From Figure 7.6, it can be seen that both 

the power factors of two coil sides appear to show maximum points at operating 

frequency of 25 kHz with values of 0.9516 and 0.8707, respectively. It is noteworthy that 

the system does not present particular trend characteristics by values of primary and 
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secondary coil sides at 15 kHz and 20 kHz. However, the power supply front end appears 

to have a sharp downward minimum point at 20 kHz with value of 0.2768, which directly 

leads to the lowest power of system power supply input corresponding to the value of 

45.23 mW in Figure 7.4 and indirectly indicates that a large amount of energy from the 

power supply front end, known as reactive power, may be deployed to establish the 

strongest and highly intensive electromagnetic field in terms of EMF metrics when the 

coil system tends to magnetically resonate at about 15 kHz. The reactive power in EMF 

is not any type of loss but an essentiality of building a magnetic field.  

 (b) Waveform characteristics and spectral analysis  

Considering the following factual phenomena at operating frequency of 20 kHz from 

Figure 7.2 to Figure 7.6: the coil efficiency and system efficiency can reach the 

maximums; power on the load end and power on secondary coil tend to be maximized; 

almost all the voltages and currents of both sides especially the primary coil side could 

show nearly highest results, here in this subsection, frequency spectra of main waves at 

20 kHz are selected and used to observe the signal behaviours and to derive out the 

angular phases in order to study the waveform characteristics a little further.  

As the one of most significant parts of CPT systems, a coupling module, namely a 

magnetic coupler in the thesis, can most directly determine how the electromagnetic field 

actually operates in real-time scenarios in terms of H field and B field resulting in final 

power electronics outputs via performance of inductive coupling or intensive 

electromagnetic resonance, here the signal data of voltages and currents of the two coil 

sides have been acquired with Measurement Computing’s analog-to-digital converter 

DAQ board and analysed in MATLAB.  

For the primary coil, Figure 7.7 and Figure 7.8 depict the actual voltage and current waves 

over one second when the system has reached an AC stable status with a performance-

based relatively optimal operating frequency of 20 kHz and the figures also present the 

signal waveforms with triangular window by default and with Hamming window for 

executions of FFT. The MATLAB codes for applying Hamming window, FFT and 

calculating power factors based on DAQ data can be seen in Appendix B of the thesis. 

The codes in Appendix B can be an example of processing the primary coil raw data and 

are also amended for secondary coil data DSP processing for the following subsections.  



190 

 

The fundamental purpose a Hamming window is introduced into the waveform analysis 

is to minimize and contain the spectral leakage or smearing across the spectrum. Data 

acquired from an ADC is prone to endpoint discontinuities due to a limited time block of 

signal and data amplitude not being shaped [224]. The discontinuity between the transient 

rectangular-windowed data end points needs a suitable windowing function in order to 

attenuate the values at the beginning and end of the recorded data for reduction of 

discontinuities and spectral leakage in the digital Fourier transform (DFT) spectrum [225].  

 Primary coil - transmitting side 

 

 
Figure 7.7: Primary coil voltage waveform by DAQ at 20 kHz and the spectrum with Hamming 

window and FFT for the axis-parallel coupler system.  

The primary coil waveforms at the performance-based relatively optimal 20 kHz 

operating frequency have been presented in Figure 7.7 and Figure 7.8, along with 

corresponding frequency spectra before and after applying Hamming window for 

illustrative comparison and accuracy purpose. The effectiveness of adding a Hamming 

window can be seen: the side lobes in the originally rectangular windowed FFT spectrum 

have been reduced a lot when compared to the spectrum with Hamming window function 

in the right-hand side of both Figure 7.7 and Figure7.8; The center frequency can be seen 

more accurately accentuated in corresponding Hamming windowed spectra; eventually it 
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is more accurate for angular phases derivations with the effects of FFT after Hamming 

windowing on the primary voltage and current ADC-acquired waveforms.  

 

 
Figure 7.8: Primary coil current waveform by DAQ at 20 kHz and the spectrum with Hamming 

window and FFT for the axis-parallel coupler system.  

The numerical magnitude values of the primary coil side voltage and current have been 

found to be 7.5317 V and 76.1 mA, respectively, from Figure 7.7 and Figure 7.8. After 

processes of DSP on the raw data sampled by Measurement Computing USB-1208-HS-

2AO DAQ board, it can be found from the left-hand side waves of Figure 7.7 and Figure 

7.8 that the phase of primary coil current lags the voltage by about 26.8617˚, which results 

in a power factor (PF) of 0.8921 for the RMS power calculation which is 255.66 mW on 

the primary transmitting coil.   

 Secondary coil - receiving side  

For the secondary coil voltage and current, Figure 7.9 and Figure 7.10 indicate the 

originally rectangular windowed waveforms, Hamming windowed waveforms and FFT 

spectra without and with Hamming window function.  

The magnitudes of induced secondary coil voltage and current at 20 kHz can be seen to 

be 3.1421 V and 6.4 mA, respectively. By using Hamming windowed FFT algorithm, the 
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PF over the secondary coil is worked out with the value of 0.7644 and the voltage wave 

leads the current wave by about 40.1464˚, which results in an RMS power of 7.69 mW.  

 

 
Figure 7.9: Secondary coil voltage waveform by DAQ at 20 kHz and the spectrum with 

Hamming window and FFT for the axis-parallel coupler system.  

 
Figure 7.10: Secondary coil current waveform by DAQ at 20 kHz and the spectrum with 

Hamming window and FFT for the axis-parallel coupler system.  
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7.2.3 Summary  

Section 7.2 presents a small-sized axis-parallel coil coupler CPT lab prototype with ferrite 

cores and reports the results in terms of voltages, currents, RMS powers, efficiencies and 

power factors of the system across a range of operating frequency. With focus on the 

preliminary measurement-based resonant frequency of coils, it can be found that the 

calculated natural resonant frequency of about 15 kHz (rounded up from 14.6 kHz) 

appears to produce highly satisfactory voltages and currents. But in fact, overall system 

efficiency,  the coil efficiency, RMS real power transferred to the load and secondary coil 

RMS power are optimally maximized at 20 kHz with values of 32.523%, 3.006%, 4.69 

mW and 14.71 mW, respectively.  

Hamming window as a DSP technique has also been introduced into the method of 

investigating the waveform characteristics of the coils at its relatively optimal operating 

frequency of 20 kHz, in order to observe the actual angular phase performances and power 

factors that indirectly contributes to the RMS real powers via the magnetic field 

establishing and sustaining. This section also provides a method of testing a specifically 

designed CPT lab prototype for studies in the following sections.  
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7.3 Planar circular coil based CPT model 

7.3.1 Laboratory setup and prototype design  

In order to compare the overall performance between the conventional no-core circular 

coil-based CPT system and the ferromagnetic core-based axis-parallel rectangular coil 

CPT system, a planar circular coil-based lab prototype has been designed and the 

characteristics of this setup has been reported in this Section 7.3. The geometric space 

occupation of this circular coil system can be approximately equal to the axis-parallel 

core system of the previous section from coupler geometric size point of view. All 

practical prototypes in the thesis are scaled-down versions for limited materials-usage and 

feasible power supply and budget reasons as already mentioned and explained before.  

  

  

Figure 7.11: A 15 mm air gap circular coil coupler CPT lab setup. (a) An operating CPT 
prototype. (b) Geometric indication of primary and secondary circular copper coils with no 

ferromagnetic cores. (c) Inductance measured to be 106.9 uH for primary coil. (d) Inductance 
measured to be 146 uH for secondary coil.  

Outwardly, a planar circular coupler seems more compact and convenient to be mounted 

under an EV chassis, but from overall system performance and EMF efficiency point of 

views, an alliance of a circular coil-based charging system and an EV chassis may not be 

an optimal design and option. Therefore, a 15 mm air gap planar circular coil-based CPT 

(a) (b) 

(c) (d) 
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system is built to be studied and tested from perspectives of power electronic outputs and 

main waveform spectra. The detailed systematic specifications are indicated in Table 7.2 

and Figure 7.11.  

Table 7.2: Specifications of the planar circular coil CPT lab prototype. 

Parameters Values 

Primary coil size  External radius 105 mm; Internal radius 20 mm 

Secondary coil size External radius 70 mm; Internal radius 20 mm 

Primary coil number of turns 40 turns 

Secondary coil number of turns 40 turns 

Air gaps of the CPT charging system 15 mm 

Coil material Copper wire 

Relative permeability μ of core 
material No cores applied 

Compensation topology adopted Primary-Series to Secondary-Series (SS) 

Compensation capacitors 0.1 uF 

Load resistance 470 ohm resistor 

Impedance matching resistors 100 ohm 

Voltage power supply 11 V magnitude sine wave 

Measured inductance of primary coil 
(Open-circuit) 106.9 uH 

Measured inductance of secondary coil 
(Open-circuit) 146 uH 

Range of operating frequency 30 kHz to 80 kHz 

Shielding  No shielding applied 

Lateral misalignment  0 mm 

Longitudinal misalignment  0 mm 
 

7.3.2 Results, analysis and frequency spectra of waveforms   

Based on the natural resonant frequency probe, test and tracking method as proposed in 

the methodology chapter and adopted in all experiments of the thesis, the primary and 

secondary coils of this no-core planar circular coil coupler CPT prototype have been 

measured with inductance values of 106.9 uH and 146 uH, respectively, using LCR tester 

as shown in Figure 7.11(c) and (d). The expected and calculated natural resonant coupling 
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frequency of the two coil sides of the system can be then worked out with values of around 

48.7 kHz and 41.7 kHz.  

It is necessary to mention that the testing frequency range for this specific system is set 

from 30 kHz to 80 kHz due to the sampling frequency maximum limit of 166 kHz of the 

DAQ board used in the thesis, which may unavoidably lead to lack of frequency coverage 

and missing results when some outcome information of the system tends to potentially 

appear at out-of-range high frequencies. This concern partially happens to the case of this 

circular coil system but could be neglected since the basic trends of most result curves 

have been estimated and also the power rating levels that yields in the system circuit can 

be observed with several-mW values. Nonetheless, the sustaining low-power level results 

over a long range of frequency as illustrated in Figure 7.12 to Figure 7.15 may sufficiently 

reflect the overall system performance to a large extent. Details about main performance 

outputs can be analyzed from the following part.  

(a) Main system outputs and performance results 

 

Figure 7.12: Voltages of the circular coil 
CPT system vs operating frequency. 

 

Figure 7.13: Currents of the axis-parallel coil 
CPT system vs operating frequency. 

From Figure 7.12, it can be seen that the voltages of primary coil, secondary coil and load 

end show increasing trends against operating frequency, in which the secondary coil and 

the load present very similar gradients at each frequency point. It can be known from the 

curves that the primary coil voltage starts with 1.289 V at 30 kHz to rise until 3.562 V at 

80 kHz, during which the primary coil voltage at 48 kHz (the rounded-up approximation 

of the calculated primary coil resonant frequency based on Figure 7.11) appears to be 
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2.295 V and it obviously does not evolve to be a maximum point with an anticipated 

resonant coupling phenomenon. This may represent a different characteristic of this no-

core coupler system when it comes to estimating and expecting magnetic resonant 

coupling.  

It also can be found from Figure 7.12 that both the secondary coil voltage and load end 

voltage increase from 0.515 V and 0.491 V to 1.543 V and 1.423 V, respectively, across 

the operating frequency of 30 kHz to 80 kHz. The gradients of the secondary coil voltage 

and load end voltage can be seen lower and lower in terms of operating frequency. 

Likewise, the voltages of secondary coil and load end do not appear to maximize at about 

48 kHz, meaning the optimal resonant coupling does not occur within the testing 

frequency range. In the meantime, the system input end as the power supply presents a 

downward voltage curve in terms of frequency before 55 kHz and gradually increases 

until 80 kHz, during which the power supply end voltage shows a minimum value of 

1.604 V at 55 kHz.  

From Figure 7.13, it can be noticed that the current magnitudes of primary coil and 

secondary coil start from 13.0 mA and 1.0 mA to 35.7 mA and 3.0 mA, respectively, over 

the testing frequency range. Likewise, the maximum points of currents does not occur at 

about 48 kHz and 42 kHz, which again means the system tends to present fairly different 

resonance characteristics when compared with a core-based system like the axis-parallel 

core based CPT system in Section 7.2.  

 

Figure 7.14: RMS powers of the axis-parallel 
coil CPT system vs operating frequency. 

 

Figure 7.15: Efficiencies of the axis-parallel 
coil CPT system vs operating frequency. 
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In terms of RMS powers, from Figure 7.14, it can be found that the primary coil real 

power shows an increasing trend that starts from 7.27 mW at 30 kHz to 56.96 mW at 80 

kHz, with 23.09 mW at 48 kHz. The RMS real power of secondary coil appears to 

increase, with an extremely low gradient, from 0.21 mW to 1.95 mW across frequency 

range of 30 kHz to 80 kHz, in which a real power of 0.75 mW is produced at 48 kHz. 

Likewise, the real power on the load end increases from 0.26 mW to 2.16 mW with 0.86 

mW at 48 kHz. However, the system power supply front end presents a maximum value 

of 21.15 mW at 40 kHz, which is very close to 41.7 kHz, namely the calculated natural 

resonant frequency of secondary coil as measured and computed before. Nonetheless, the 

upward curve with an existence of peak point for the system input power supply RMS 

power in Figure 7.14 may reflect some characteristics in terms of calculated resonant 

frequencies of LCR-measured open-circuited inductance of coils. Moreover, when 

compared with the tens-of-mW power transferred to load end from the axis-parallel core-

based CPT prototype in Section 7.2, the power rating level yielded on load end in this 

planar circular coil prototype seems fairly unsatisfactory with only about 2 mW. Once the 

prototypes are scaled up with all industrial scale components onto real-world applications, 

the comparisons and performance difference between an axis-parallel core-based system 

and a circular coil no-core system could be apparent.  

According to Figure 7.15, the coil efficiency can be seen fairly stable at about 3.2% and 

has slightly increase from 2.853% at 30 kHz to 3.526% at 80 kHz. Meanwhile, the overall 

system efficiency keeps increasing versus operating frequency from 1.399% at 30 kHz to 

40.738% at 80 kHz, which is fundamentally caused by the fast reducing RMS power 

rating of system input supply end rather than by any actual RMS power rise from the load 

end illustrated in Figure 7.14. On the other hand, the power transferred to load appears to 

be only several-mW level although the overall system efficiency keeps rising, which still 

indicates a pessimistic performance when it comes to charging EVs with satisfactory 

power for a pursuit of fast charging instead of energy saving only.  
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Figure 7.16: Calculated power factors of the circular coil CPT system vs operating frequency 

based on DSP and FFT. 

Figure 7.16 illustrates relations of the three main power factors against variations of 

operating frequency based on FFT method for identifying angular phases. It can be seen 

that both the primary coil and secondary coil appear to show fairly slightly increase while 

the power supply front end tends to rise first and drop down in terms of operating 

frequency with a peak of 0.9999 at 48 kHz. The decreasing PF of power supply front end 

could be another reason that leads to the eventually increasingly high overall system 

efficiency in Figure 7.15. Two coils present relatively stable PFs versus testing frequency.  

(b) Waveform characteristics and spectral analysis  

 Primary coil - transmitting side  

MATLAB codes used to undertake FFT and process all DAQ data for phase difference 

identifications of this section are adjusted based on Appendix B which was originally for 

Section 7.2. By calculating the angular phases of voltage and current waveforms with 

FFT in MATLAB, the 48 kHz waveforms have been selected to be analyzed from 

spectrum perspectives, as illustrated for of the primary coil side in Figure 7.17 and Figure 

5.18. Side lobes are effectively reduced by applying Hamming windows. The power 

factor on the primary coil is calculated with a value of 0.8788 at 48 kHz. The magnitudes 

of primary coil voltage and current of this planar circular coil no-core system are about 

2.29 V and 22.9 mA, respectively, which are found much smaller than results of the axis-

parallel core system, 7.53 V and 76.1 mA in Section 7.2.   
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Figure 7.17: Primary coil voltage waveform by DAQ at 48 kHz and the spectrum with 

Hamming window and FFT for the circular coil coupler system. 
 

 

Figure 7.18: Primary coil current waveform by DAQ at 48 kHz and the spectrum with 
Hamming window and FFT for the circular coil coupler system.  
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The primary coil voltage wave can be found to lead the current wave by about 28.5021˚ 

at the 48 kHz operation status, which is slightly bigger than 26.8617˚ of the previous axis-

parallel rectangular core-based prototype. Along with results shown in Figure 7.12 to 

Figure 7.15, it can be proved again that this circular coil no-core prototype does not appear 

to characteristically reach an approximation of magnetic resonance at about anticipated 

48 kHz or 42 kHz, which seems different from the characteristics of core-based axis-

parallel studied before.  

 Secondary coil - receiving side  

Based on waveforms in Figure 7.19 and Figure 7.20 with FFT analysis, the phase 

difference between the voltage and current waves of secondary coil can be derived out as 

32.9126˚, corresponding to a PF of 0.8395 at 48 kHz. This secondary phase difference is 

smaller than that of the previous axis-parallel core system which is 40.1464˚ at its 

approximate resonant coupling state.  

 
Figure 7.19: Secondary coil voltage waveform by DAQ at 48 kHz and the spectrum with 

Hamming window and FFT for the circular coil coupler system.  



202 

 

 

Figure 7.20: Secondary coil current waveform by DAQ at 48 kHz and the spectrum with 
Hamming window and FFT for the circular coil coupler system. 

The magnitudes of secondary coil voltage and current of this planar circular coil no-core 

system are about 0.94 V and 1.9 mA, respectively. It can be found that the axis-parallel 

core-based system in Section 7.2 is able to present better secondary side performance 

with voltage and current peaks of 3.14 V and 6.4 mA, respectively, when it tends to 

achieve electromagnetic resonant coupling status at the calculated natural coil resonant 

frequency of about 20 kHz.  

7.3.3 Summary 

Overall, the laboratory experiments on the planar circular coil no-core CPT prototype not 

only individually reports the main system performance outputs in terms of operating 

frequencies, but also provides insights of searching for optimal coupling conditions 

despite much less obvious approaches to a satisfactory electromagnetic resonant coupling 

state by estimating, tuning and tracking with operating frequency. Moreover, the analysis 

and comparison between the previous axis-parallel core-based CPT prototype and the 

circular coil no-core CPT prototype have been implemented in this Section 7.3, from 

power electronics outputs and waveform characteristics perspectives.  
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A finding is that the planar circular coil CPT system without ferromagnetic cores could 

not reach an obvious resonant coupling state within available testing operating 

frequencies. Nevertheless, the coil efficiency of this system tends stabilize with a value 

of around 3.5% against operating frequency while the steadily-performed RMS power 

transferred to load can be only up to about 2 mW, which is much less acceptable than the 

power output performance of the axis-parallel rectangular core-based CPT system in 

previous section.  

Apart from the quantitative output performance, another finding is that the planar circular 

coil no-core system would present completely different waveform performance 

characteristics, which may indicate different evaluation methods and optimization 

approaches when the CPT systems are to be categorized into with-core and without-core 

types. This could be further sub-topics for the future research in this area.  
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7.4 H-shaped core CPT models - Without and with aluminium 

shielding tests  

7.4.1 Laboratory setup and prototype design 

As a common experimental prototype with the coupler made of ferromagnetic cores and 

litz-wire windings, the high-power H-shaped coupler CPT model has been investigated 

from many aspects in the simulation-based Chapters 4 to 6 and has presented a series of 

advantages in relatively ideal operation environment. Section 7.4 reports implementations 

of a non-industrial level scaled-down H-shaped ferrite core based CPT prototype without 

and with passive shielding in terms of variations of operating frequency.  

Figure 7.21: A 10 mm air gap H-shaped coupler CPT lab setup. (a) An operating CPT 
prototype. (b) Geometric design of the coupler windings, ferrite cores without shielding. (c) 

Coupling in operation with aluminium shielding.  

 

(c) (b) 

(a)
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In order to facilitate the actual overall performance of a CPT system and EMF 

characteristics generated in practical scenarios, the geometrically improved inductive 

coupling module, namely a handcrafted H-shaped couplers made of a couple of ferrite 

cores as illustrated in Figure 7.21 along with low core loss and high permeability of soft 

ferromagnetic materials as material advantages, can be beneficial to approaching an 

optimal flux line trajectories and magnetic field flux distributions especially when a CPT 

system approximates to states of electromagnetic resonant coupling. Notwithstanding, 

there exist some predicted limitations from imperfect setup, links of cores in the 

handmade production process and from calculation inaccuracies introduced by 

instruments when measuring for low-power application experiments, which may be 

negligible in this section’s evaluations but could be regarded as subtopics for further 

discussions in the future studies.  

Table 7.3: Specifications of the H-shaped core coupler CPT prototype, without and with 
aluminium shielding.  

Parameters Values 

Winding size 125 mm x 80 mm x 28 mm 

Core size 125 mm x 75 mm x 28 mm 

H-shaped core bar size of each side 125 mm x 20 mm x 28 mm 

Primary winding number of turns 98 turns 

Secondary winding number of turns 98 turns 

Air gaps of the CPT charging system 10 mm 

Inner shielding distance between coil and shell 15 mm 

Shielding thickness 3 mm 

Passive magnetic shielding materials Alumimium 

Winding material Litz wire 

Relative permeability μ of core material 1000 

Relative permeability μ of shielding material 1.000021 

Shielding aluminium material grade RS 6082 

Compensation topology adopted Primary-Series to Secondary-
Series (SS) 

Compensation capacitors 0.1 uF 

Load resistance 470 ohm resistor 

Impedance matching resistors 100 ohm 

Voltage power supply 11 V magnitude sine wave 
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Measured inductance of primary coil (Open-circuit), 
with no shielding  3.97 mH 

Measured inductance of secondary coil (Open-circuit) , 
with no shielding  3.90 mH 

Measured inductance of primary coil (Open-circuit) , 
with shielding 3.66 mH 

Measured inductance of secondary coil (Open-circuit) , 
with shielding 3.57 mH 

Range of operating frequency 4 kHz to 14 kHz 

Lateral misalignment  Approximately 0 mm 

Longitudinal misalignment  Approximately 0 mm 

 

The geometric specifications and major initial system setup parameters are set out in 

Table 7.3, in which the power electronic circuit design parameters are generically 

likewise the same as the axis-parallel core system in Section 7.2 and the planar circular 

coil no-core system and thus the main variables in Section 7.4 are derived from the overall 

coupling modular design. The methodology and initial step of investigating this specific 

prototype is the same as throughout Chapter 7.  

7.4.2 Results, comparisons and analyses  

To address the core-based H-shaped coupler system performances without and with 

presence of shielding effect, the major performance metrics such as induced voltages, 

currents, RMS powers, efficiencies, power factors are depicted in Figure 7.22 to Figure 

7.26 for comparative analysis in terms of shielding effect and variations of tested 

operating frequency.  

The methodology of undertaking the lab prototype tests and the preliminary natural 

resonant frequency probe and anticipation method have both been originally proposed 

since Chapter 3 and applied to experiments since Chapter 4. The results in Section 7.4.2 

are again based on the same methodology of the thesis.  
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Figure 7.22: Voltages vs operating frequency 
for the H-shaped coupler CPT system with 

and without shielding. 

 

Figure 7.23: Currents vs operating frequency 
for the H-shaped coupler CPT system with 

and without shielding. 

In Figure 7.22, it can be seen that the primary coil voltage Vp without shielding reaches 

its peak of 9.236 V at its preliminarily calculated natural resonant frequency of about 8 

kHz, while the primary coil voltage Vp with shielding similarly shows a maximum of 

9.563 V at its preliminarily calculated natural resonant frequency of about 8.4 kHz. Since 

10 kHz onwards, voltage values of the two coils tend to be fairly close. As for the 

secondary coil voltage magnitudes without and with shielding, it can be found in Figure 

7.22 that Vs without shielding reaches its maximum of 5.148 V at 8 kHz expectedly, and 

the Vs with shielding maximizes at 8.4 kHz with value of 6.655 V, after which Vs with 

shielding appears to perform better than Vs without shielding across the operating 

frequency range. Likewise, the load voltage shows a highly similar comparative trends in 

terms of shielding presence and operating frequency range, with peak values of 4.736 V 

and 5.869 V for Vload without and with shielding, respectively.  

From Figure 7.23, the primary current and secondary induced current regarding presence 

of shielding effect are presented by result plots. For the primary coil side, Ip without 

shielding shows mostly higher magnitudes than Ip with shielding across frequency range, 

while the peak of Ip without shielding is 92.3 mA at 8 kHz and the peak of Ip without 

shielding is slightly higher with value of 95.6 mA. On the secondary coil side, it can be 

noticed that the Is without shielding presents less satisfactory results than the Is with 

shielding as the maximum of Is without shielding is 10.2 mA while the maximum of Is 

with shielding is 12.5 mA. The plots after resonant frequency points tend to reflect the 
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better induced current output with shielding than without shielding, which implies the 

stronger inductive coupling caused by presence of a shielding shell.  

 

Figure 7.24: RMS powers vs operating 
frequency for the H-shaped coupler CPT 

system with and without shielding. 

 

Figure 7.25: Efficiencies vs operating 
frequency for the H-shaped coupler CPT 

system with and without shielding. 

In terms of RMS real powers in Figure 7.24, it can be seen that primary coil RMS powers 

without and with shielding reach maximums of 375.40 mW and 390.42 mW, respectively. 

On the other side, the secondary coil induced RMS powers without and with shielding 

appear to be maximized with 16.11 mW and 26.27 mW, respectively, at 8 kHz and 8.4 

kHz. On the load end side, the Pload with shielding with peak of 36.65 mW can be found 

significantly higher than Pload without shielding with 23.86 mW. Besides, Pload with 

shielding performs apparently better than without shielding across the frequency range, 

which evidently reflects the effectiveness of deploying an aluminium shielding shell. 

Regarding the RMS system input power, by results in Figure 7.24, it can be known that 

the shielding deployment indirectly facilitates the results of the power supply front end, 

which leads to higher active power than results without shielding and contributes to 

overall system performance when undertaking calculations. 

With regard to efficiency as one of the most important performance metrics, the system 

without and with shielding yields fairly comparative results as plotted in Figure 7.25. 

Evidently, it can be seen that the overall system efficiency with shielding presents two 

peaks of 56.588% at 10 kHz and 52.376% at 12 kHz. The overall system efficiency with 

shielding tends to show slightly better results compared to that without shielding across 

most of the frequency range, despite a sharp spike maximum of 82.374% of the overall 
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efficiency without shielding occurring at 10 kHz. Meanwhile, the coil efficiency with 

shielding obviously presents better results than without shielding over the entire test 

frequency range, with maximums of 9.138% and 6.585%, respectively.  

 
Figure 7.26: Power factors vs operating frequency for the H-shaped coupler CPT system with 

and without shielding. 

Figure 7.26 illustrates all the power factors (PFs) of the specific CPT system operation 

without and with shielding. It can be know that the primary coil PF without shielding 

appears to be higher than with shielding by average of about 0.2. The secondary coil PF 

without shielding can be found lower than with shielding regardless similar curve trends 

with maximum values of 0.8488 and 0.8534, respectively. On the power supply front end, 

the PF without shielding in Figure 7.26 shows less satisfactory values than with shielding 

since 7 kHz, which corresponds to the calculated RMS powers of the front power input 

end in Figure 7.22.  

Overall, almost all the results and trends of main performance metrics from Figure 7.22 

to Figure 7.26 evidently reveal the significant effectiveness of using shielding for a ferrite 

core-based H-shaped coupler CPT system outcomes from power electronics output aspect. 

Detailed findings and conclusions from the results are to be addressed in the summary 

part of Section 7.4.  

7.4.3 Spectral analysis of selected waveforms at optimal resonant coupling conditions 

In order to make the CPT system approximate to operate at around magnetic resonant 

coupling status fast and accurately, a preliminary natural resonant frequency probe test as 
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proposed in the methodology and utilized throughout the thesis is needed to narrow the 

targeted operate frequency range for rapidly approaching optimizations of the formal 

system operation performance.   

Without or with shielding effects fundamentally affects the EMF flux trajectories and 

final system performance via magnetic field distribution variations and different resonant 

coupling conditions when the studied system tends to reach an AC stabilization for 

executing contactless energy transmission in optimal ways. Selectively, the Section 7.4.3 

is to analyse the waveform characteristics of main signals of the system at optimal 

resonant coupling conditions without and with aluminium shielding, and to observe the 

angular phase behaviours against shielding effects since the actual phase differences in 

real-time operation scenarios play a significant role when it comes to RMS real power 

and efficiency calculations as accentuated many times before in previous chapters.  

On the other hand, the topic about phase differences as a determinant towards CPT system 

performance variations has not been addressed sufficiently in the literature. Thus, all the 

subsections regarding waveform phase analysis including this Subsection 7.4.3 can be 

regarded as another perspective of investigating CPT system behaviours facing external 

factors of influence. MATLAB codes used to undertake FFT and process all DAQ data 

for phase difference identifications of this section are again adjusted based on Appendix 

B which was originally for Section 7.2.  

(a) Electromagnetic resonant coupling at 8 kHz for the prototype without shielding  

    

Figure 7.27: H-shaper coupler inductance values measured by LCR tester when open-circuited, 
without shielding. (a) Primary winding, 3.97 mH. (b) Secondary winding, 3.90 mH. 

Figure 7.27 illustrates the measured inductance values of the two coil windings before the 

sinusoidal voltage supply is formally fed to the system, by which the primary winding is 

(a) (b) 
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measured in milli-henry with value of 3.97 mH and the secondary winding is measured 

to be 3.90 mH, corresponding to 7987.7576 Hz and 8059.1238 Hz, respectively, based on 

natural resonant frequency equation in RLC circuit theory. For ease of operating 

frequency adjustment and orderly span considerations, the approximate resonant 

frequency based on calculations for this specific CPT system is rounded up at about 8 

kHz. By analysing the results from Figure 7.22 to Figure 7.26, it is apparent that this 

system without shielding tends to produce relatively optimal overall system performance 

at the calculated fixed natural resonant frequency of 8 kHz, which indeed accords with 

the anticipation from preliminary inductance and frequency probes in Figure 7.27.  

Hamming-windowed signals and spectra with FFT for both the primary and secondary 

coils without shielding are presented from Figure 7.28 to Figure 7.31 in order for 

waveform characteristics and angular phase information to be accurately computed and 

observably analysed.  

 Primary coil - transmitting side  

 
Figure 7.28: Primary coil voltage waveform by DAQ at 8 kHz and the spectrum with Hamming 

window and FFT for the H-shaped coupler system, without shielding.  
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For the primary coil, Figure 7.28 and Figure 7.29 along with phase angle difference 

computations and identifications by spectral analysis in MATLAB reveal that the primary 

coil voltage leads current by about 28.8721˚, corresponding to a power factor of 0.8757 

on the primary coil. The peak values of primary coil voltage and current at 8 kHz are 

found to be 9.2358 V and 92.3 mA, respectively, resulting in a 373.25 mW RMS real 

power for the primary winding.   

 
Figure 7.29: Primary coil current waveform by DAQ at 8 kHz and the spectrum with Hamming 

window and FFT for the H-shaped coupler system, without shielding.  
 

 Secondary coil - receiving side  

According to the raw rectangular waveforms and Hamming-windowed signals in Figure 

7.30 and Figure 7.31, the secondary coil can be found to by spectral analysis have a power 

factor of 0.5831 and the current is found to lag the voltage wave by about 54.3311˚. The 

maximum magnitudes of the secondary winding voltage and current are 5.4175 V and 

10.2 mA, respectively, resulting in a real power of 16.11 mW which is a peak RMS power 

result across the operating frequency and also represents an optimal system status at about 

the calculated resonant coupling frequency.  
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Figure 7.30: Secondary coil voltage waveform by DAQ at 8 kHz and the spectrum with 

Hamming window and FFT for the H-shaped coupler system, without shielding.  
 

 
Figure 7.31: Secondary coil current waveform by DAQ at 8 kHz and the spectrum with 

Hamming window and FFT for the H-shaped coupler system, without shielding. 
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 (b) Electromagnetic resonant coupling at 8.4 kHz for the prototype with shielding 

    

Figure 7.32: H-shaper coupler inductance values measured by LCR tester when open-circuited, 
with shielding. (a) Primary winding, 3.66 mH. (b) Secondary winding, 3.57 mH. 

With effects from aluminium shielding, Figure 7.32 shows the preliminarily LCR-

measured inductance values of the two windings differ from those in the system without 

shielding, which may evidently witness that the presence of shielding panels introduces 

impacts on the original windings with cores from inductance point of view. Based on the 

measured inductance values in Figure 7.32, the calculated natural resonant frequencies of 

the two coupling side can be found to be escalated to be 8319.1624 Hz and 8423.3728 

Hz, respectively, which indicates a rise of about 400 Hz when compared with the system 

without shielding in Figure 7.27 before.  

Again, the hamming-windowed signals and spectra with FFT for both the primary and 

secondary coils of the system with shielding are presented from Figure 7.33 to Figure 

7.36 in order for waveform characteristics and angular phase information to be analysed.  

 Primary coil - transmitting side  

With regard to the primary winding, Figure 7.33 and Figure 7.44 describe the raw 

rectangular waveforms and Hamming-windowed waveforms of the voltage and current 

signals at 8.4 kHz. The power factor of the primary winding can be worked out by spectral 

analysis to be 0.8541. The voltage wave leads the current by about a phase angle 

difference of 31.3396˚, which is larger than the 28.8721˚ of the system without shielding, 

on the primary coil winding.  

(a) (b) 
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Figure 7.33: Primary coil voltage waveform by DAQ at 8.4 kHz and the spectrum with 

Hamming window and FFT for the H-shaped coupler system, with shielding.  

 
Figure 7.34: Primary coil current waveform by DAQ at 8.4 kHz and the spectrum with 

Hamming window and FFT for the H-shaped coupler system, with shielding. 

The peak magnitude of primary voltage and current waves can be found to be 9.5630 V 

and 95.6 mA for the system with shielding, which both are higher than the voltage and 
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current of the system without shielding. These three metrics mean that at least the primary 

coil resonant coupling behaves better than the system without shielding when both 

systems operate at respective optimization status.  

 Secondary coil - receiving side  

 

 
Figure 7.35: Secondary coil voltage waveform by DAQ at 8.4 kHz and the spectrum with 

Hamming window and FFT for the H-shaped coupler system, with shielding. 

On the secondary winding at 8.4 kHz, after the CPT system tends to stabilize, the voltage 

and current signals are sampled by DAQ and plotted in Figure 7.35 and Figure 7.36, along 

with Hamming-windowed FFT spectra shown on the right hand side of the figures. By 

analysing and calculating based on spectral information, the secondary winding power 

factor can be found to be 0.6316 with the current wave lagging the voltage wave by 

50.8317˚, which is smaller than 50.8317˚ of the secondary side of the system without 

shielding before.  
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Figure 7.36: Secondary coil current waveform by DAQ at 8.4 kHz and the spectrum with 

Hamming window and FFT for the H-shaped coupler system, with shielding. 

The magnitudes of the secondary voltage and current are found from the waveform data 

to be 6.6553 V and 12.5 mA, respectively, which are both higher than those results of the 

system without shielding by about 1.24 V and 2.3 mA, respectively. These improvements 

of magnitudes may indicate that the system with shielding effects appears to produce 

enhanced inductive coupling behaviours despite a slightly declined power factor 

compared with the previous system without shielding. Nonetheless, the results of power 

transferred to load for the system without shielding and with shielding are calculated to 

be 23.86 mW at 8 kHz and 36.65 mW at 8.4 kHz, respectively, which evidently reveals 

the output power enhancement when the CPT system tends to reach an optimal 

electromagnetic resonant coupling status with effectiveness of aluminium shielding.  

7.4.3 Summary  

To summarize, a scaled-down, small-sized and low-power H-shaped ferrite core-based 

CPT prototype has been tested in terms of presence of shielding effects in the system. 

With the enhancement effects of the specific geometric design and ferromagnetic core 

deployment, the groups of experiments without and with aluminium shielding panels have 

been implemented in Section 7.4. Results and comparisons have been analysed with 
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techniques of DSP, FFT transform and spectral analysis with Hamming windowing, from 

perspectives of power electronics outputs and optimal magnetic inductive coupling 

behaviours.  

A couple of findings can be concluded for Section 7.4. Firstly, at calculated natural 

resonant frequency, namely 8 kHz and 8.4 kHz of the system without and with shielding, 

the powers transferred to load end achieve maximums, corresponding to optimized 

secondary currents, which proves the effectiveness of approximating electromagnetic 

resonant coupling states and validates the methodology of the thesis; Secondly, by 

comparisons, the optimal load power in the system with shielding can be seen at 8.4 kHz 

with value of 36.65 mW, which is more satisfactory than the system without shielding 

with maximum of 23.99 mW at 8 kHz and is also apparently much better than the axis-

parallel core system in Section 7.2 with maximum of 14 mW; Thirdly, both the coil 

efficiency and overall system efficiency of the H-shaped core coupler system with 

shielding significantly show better results than the axis-parallel core system by at least 

45% and 7%, respectively, which proves the efficacy of using H-shaped geometry design 

improvement and the effectiveness of adopting shielding shell as an enhancement to 

ensure better EMF inductive coupling; Fourthly, by gathering and comparing PFs, it can 

be found that the shielding effects indeed help facilitate the active powers, namely RMS 

powers of secondary coil, for instance, the secondary PF at 4 kHz without shielding is 

extremely low with value of 0.0382 while the value with shielding is drastically increased 

to 0.6006. These better PFs over all range of frequency on secondary coil indicates the 

positive effects by using aluminium shielding, which determines better coil energy 

transmission efficiency and then lead to higher inductive electric energy for load end. 

Fifthly, the optimal power transferred to load and the maximized system efficiency would 

not always be achieved at the same frequency point, which may reveal a trade-off between 

pursuing the optimizations of efficiency and RMS real power from the overall perspective 

for a CPT system. In real-world applications for EV charging, depending on the fast 

charging with higher power or on the energy economic-based consideration with higher 

system efficiency, EV users may need to make a compromise or compromises on 

pursuing optimizations of CPT system performance metrics.  
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In addition, the sampled data by DAQ board with Hamming window function in 

MATLAB at later stage of DSP process and spectral analysis can be found more accurate 

and solid for working out the angular phases than without Hamming window application. 

As mentioned before, data in these lab experiments is collected in fixed samples from 

ADC and is not a waveform after being illustrated, which needs applying a windowing 

function to attenuate and shape the values on the two sides of the originally transient data 

record in order to reduce the discontinuity for a better confined frequency spectrum with 

less side lobe distortion effect and more accurate performance.  

As the actual PF values in real-time CPT applications contribute a lot to the RMS real 

power outputs, the appropriate windowing function such as Hamming window applied to 

raw data acquired by DAQ board in the range of FFT transforms of these experiments 

evidently provides more precise angular phase analysis results based on better frequency 

spectra with more sufficient side lobe suppression and less spectral leakages.  
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7.5 Evaluations and validations 

In order to validate the typical models proposed and implemented in simulation 

environment in Chapter 7, the lab prototypes designed in Chapter 7 are tested despite a 

series of inevitable and foreseen limitations due to laboratory, material, instrument 

budgets, etc. A range of small-sized low-power CPT systems are practically evaluated in 

open-loop operation tests, producing relations between the specific prototype designs and 

major variables from Section 7.2 to Section 7.4, in spite of most results evaluated from 

aspects of power electronics outputs only. However, previously in Chapters 4 to 6, most 

simulation models are assessed and analysed from both perspectives of power electronics 

outputs and electromagnetics metrics, which are on the other hand the advantageous 

investigation methods of this thesis since few studies in the literature were conducted 

considering the factors and effects from EMF and actual coupling phenomenon aspects.  

Chapter 7 reports four lab prototypes with result analyses and comparisons, in which three 

prototypes are supposed to correspond to the typical simulation models implemented in 

Chapters 4 to 6 for verification purpose. Although the power supply voltage sources 

between the corresponding simulation models and lab prototypes differ, the geometric 

sizes, air gaps, capacitance compensation topology methods, shielding material and inner 

shielding distances are basically the same for feasible validations on coil efficiency and 

overall system efficiency.  

The axis-parallel core-based CPT lab prototype in Section 7.2 produces a 32.52% overall 

system efficiency and a 3.01% coil transmission efficiency at its optimal calculated 

natural resonant frequency for primary coil of 20 kHz. Meanwhile, for the axis-parallel 

core coupler CPT simulation model previously in Section 4.1, an overall system 

efficiency of 37.89% at calculated resonant frequency for primary coil of 1500 Hz is 

yielded despite a maximum spike of 85.13% at 750 Hz point; the coil efficiency is found 

to be 37.9% at 1500 Hz despite a peak of 85.89% at 930 Hz point. Therefore, an average 

of over 30% for overall system efficiency can be regarded as an acceptable verification 

from efficiency point of view for the axis-parallel type of coupler design, in spite of a 

difference between the coil efficiency curves of the simulation and lab model experiments.  
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In terms of the no-shielding H-shaped core coupler based CPT models, the simulation 

model in Section 4.2 produces an overall system efficiency of 57.4% at its calculated 

natural resonant frequency of 7 kHz despite a maximum of 59.5% at 11 kHz point. The 

corresponding lab prototype’s experimental results in Section 7.4 show that the H-shaped 

coupler no-shielding system outputs a 19.92% system efficiency at its calculated natural 

resonant frequency of about 8 kHz, despite an upward sharp peak point of 82.37% at 10 

kHz, and importantly, the curve shows a stability of system efficiency across a long 

operation frequency range with average of 40-50 percent. This may reflect the acceptable 

validation on the overall system efficiency for the no-shielding H-shaped coupler.   

The third pair of simulation and lab models to be validated can be the H-shaped core 

coupler with 15 mm inner shielding distance and aluminium shielding. In Section 5.2, the 

simulation model yields a 36.3% system efficiency maximum at its calculated natural 

resonant frequency of 8 kHz, while the lab prototype produces a system efficiency of 

30.59% at 8.4 kHz despite a maximum of 56.59% at 10 kHz. This is able to verify the 

system efficiency output performance of this type of CPT system design with close results 

at calculated natural resonant frequency of around 8 kHz and with magnetic resonance 

coupling effects such as maximized induced currents simultaneously taking place at this 

frequency point for both the simulation model and lab prototype tests.  

Nonetheless, there still exist limitations and inaccuracies caused by predictable factors 

and unconfirmed uncertainties in this thesis as challenges for accomplishing more refined 

evaluations and verifications on many other performance metrics such optimal resonant 

frequency points, output PMS powers, coil transmission efficiency, misalignment 

behaviours, etc., which are required to be further investigated as subtopics in future 

research of this field.  
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7.6 Chapter conclusions 

This chapter outlines and reports the overall designs and implementations of an axis-

parallel core-based coupler CPT prototype, a planar circular coil no-core CPT prototype 

and an H-shaped ferrite-core based CPT prototype without and with aluminium shielding. 

Characteristics and actual performance of each prototype system have been analysed and 

compared from perspectives of power electronics outputs, electromagnetics and 

waveform characteristics with spectral analysis. Main CPT system performance metrics 

such as air gaps, optimal natural resonant frequency tracking, output RMS powers, coil 

efficiencies, overall system efficiencies have been considered throughout the sections of 

this chapter, despite some foreseen limitations and drawbacks from lab setup, instrument 

measurement to data processing as highlighted in Section 7.4.  

Nevertheless, the designed variety of small-sized low-power CPT lab-level prototypes in 

Chapter 7 provide an overview of a number of inductive coupling-based system 

performance especially from a power electronics output point of view for real-world 

applications. Particularly, the H-shaped ferrite core coupler CPT prototype with 

aluminium shielding in Section 7.4 has been found to be an optimal model with a 

maximum system efficiency of 56.59% at 10 kHz, maximum coil efficiency of 9.14% at 

11 kHz, RMS power to load of 36.65 mW at 8.4 kHz and relatively more stable 

performance outputs compared with other three prototype tests. Detailed findings based 

on this optimized prototype have been listed and concluded in Section 7.4.3, addressing 

the significant CPT design and analysis techniques such as coil coupler geometric design, 

core material utilization, shielding material deployment, inner shielding distance 

optimizations, DSP technique for accuracy, etc., from this specific model in order for 

ensuring the overall performance optimization and accordingly for verifying the 

methodology effectiveness based on both the simulation model experiments and lab 

prototype tests throughout Chapter 4 to Chapter 7.  
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Chapter 8 Discussions  

8.1 Methodology development  

In order to establish a reliable, effective and feasible evaluation system for achieving 

optimal or comparatively satisfactory outcomes from a CPT system, the proposed 

methodology in Figure 3.1 of Section 3.2 has analytically depicted a wide range of aspects 

that are required to be taken into account to develop the methodology in details with not 

only generic performance metrics but also emphasized techniques.   

For high-power magnetic resonant coupling based applications like EV charging in real 

world, the entire CPT system performance outputs are eventually expected to include 

promising output RMS powers and system efficiencies with characteristic system 

capacities like tolerance to all-directional displacements, optimum coil charging distances, 

optimal operating frequency range, under limited hardware conditions like CPT ground-

side power source voltage levels, compensation capacitor availabilities, transmitting 

modular size, effectiveness of adopted coupling module ferromagnetic materials, passive 

shielding materials, thermal materials, etc.  

In the concise methodological architecture in Figure 3.1 of Chapter 3, a contributively 

specific technique is originally proposed for this thesis, which is called the preliminary 

natural resonant frequency probe and anticipation method for effective tracking and 

tuning purposes towards reaching an optimal electromagnetic resonant coupling state of 

the system. It is noteworthy to mention that, the development of this technique was not 

put forward at once in the beginning of this research work but raised, revised and 

improved time and again during these years, based on the findings and observations 

throughout the thesis over the relation between the stability of calculated resonant 

frequency variation and the suitability of operating frequency that is fed to the system. As 

a preliminary frequency probe test for a parameters-configured CPT model using RLC 

circuit resonance, this technique has been proved throughout these chapters as a fast way 

to narrow the frequency range and then anticipate the optimally suitable operating 

frequency points, which is called the calculated natural resonant frequencies for each 

specific case in the thesis, before practically implementing, tuning and approximating the 
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front supply end frequency towards a holistic system performance optimization 

realization with necessary minor adjustments on other system conditions and factors.  

Besides, the geometric structure designs and optimizations of coil coupler module are 

also a contributed strategy in the methodology as the actual electromagnetic field 

characteristics in each CPT scenario crucially play fundamental roles in determining EMF 

results and power electronic outputs, which has been accentuated in each chapter. By 

focusing on coupler designs and selections according to comparisons of system 

performance results, findings have been concluded based on each group of both 

simulation and lab experiments in the thesis.  

Furthermore, EMF analysis can be also considered as another methodological technique 

for this thesis. By analysing electromagnetic metrics of each control group of models, 

some advantages based on behaviours of EMF performance like magnetic flux density, 

magnetic field strength, electric field strength, magnetic vector potential can be worked 

out using 3D FEM on Maxwell equations to be able to indicate the complex relation 

between electromagnetic field distributions and electronic outcomes for more 

comprehensive considerations when pursuing design optimizations of CPT systems.  

Moreover, a waveform characteristic analysis and a frequency spectral characteristic 

analysis method based on ADC-acquired output signals from DSP point of view have 

been used in the investigations to derive out the angular phase relations for accurately 

identifying PFs and calculating RMS real powers, with assistance of Hamming 

windowing functions and FFT in MATLAB.  

With these techniques adopted and methods proposed in the methodology, the 3D FEM 

based simulation models and lab-level small-scaled prototypes are designed, tested and 

analysed in the thesis. Findings and contributions arising from each group of experiments 

are summarized in the end of each section.  

8.2 Limitations  

CPT technologies have been believed to become a feasible alternative to deliver power 

for battery charging ranging from small low-powered devices to high-powered 
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applications over the past decades due to the foreseen reliance and many other advantages 

as described in previous chapters. However, some issues and challenges of current CPT 

prototypes have not yet been adequately addressed and comprehensively resolved from 

theoretical levels to practical applications despite some immature contactless energy 

transmission techniques that have been applied to small devices nowadays.  

There always exist emerging obstacles and challenges during developing a technology 

towards a mature status in commercialization and industrialization. Likewise, the CPT 

technologies investigated in this thesis have witnessed and will encounter more technical 

difficulties and practical challenges. This subsection summarizes and briefly discusses 

the major challenges that have been stressed throughout the previous chapters from a 

global view of the technology improvement.  

Numerical complication and computational intensity in solving 3D FEM-based 

simulations in Infolytica MagNet and ANSYS Maxwell inevitably would cause 

inaccuracies of results, which can be dependent of characteristics of adopted materials, 

mesh element size, polynomial order and boundary condition setting. Particularly, the 

boundary condition settings of about 15 times the coupling module size have been built 

to be considered as an equivalent to real-world magnetic coupling scenarios rather than 

an hundred percent open boundary in this thesis, which could be a limitation to a perfect 

flux traces' meshing and simulation especially for those flux lines that are generically 

escaping from the field into space by nature. This imperfection leads to inaccuracies on 

computed results and more or less impacts analysis over each subtopic of CPT technology 

development.  

Regarding challenges from losses, the models in the thesis have been considered with 

copper losses while core losses have been neglected and not been taken into account when 

solving the 3D FEM simulations. Nonetheless, core losses consist of hysteresis loss, eddy 

current loss, which are proportional to frequency and square of frequency, respectively. 

In HF applications like the industrial scaled-up prototypes of those from this thesis in the 

future, thereby the core losses need to be carefully considered and calculated in terms of 

increasingly high operating frequencies for high power transfer purposes in more 

sophisticated future studies. On the other hand, copper losses generally include circuit 

wire loss and winding loss. Whilst winding loss comprises skin effect loss and proximity 
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effect loss, which are caused by alternating currents concentrating in the surface layer of 

conductors and introduced by eddy currents in adjacent multi-layer conductors, 

respectively, especially at high frequencies. Thus, further discussions over all aspects of 

losses in the future are required to address core losses at very high frequencies.  Copper 

losses from the circuit and winding as the main energy loss in the entire CPT system are 

also required to be profoundly disintegrated and considered as a trade-off criterion when 

the maximum RMS power transferred to the load is required as a priority for a rapid 

charging option from customer end in the real-world high-frequency oscillation and high-

power EV CPT applications.  

In terms of ferromagnetic materials and permeability, the air region employed in the 

simulation models has a relative permeability of 1.0000004 H/m. The ferrite core material 

is a steel1010 type with a nonlinear relative permeability of about 1000 to 18000 H/m in 

its B-H curve. The main losses as mentioned above are also contributed by the winding 

Litz wires with a copper relative permeability of 0.999991 H/m. The higher permeability 

of core materials, the higher B field could be induced as the magnetic field density B is 

dependent of permeability μ when the exciting magnetic field strength H is constant. By 

generating more satisfactory magnetic field density on primary coil side, most EMF 

performance parameters in the field and on the secondary coil side are induced and 

enabled based on field equations for overall better system outputs from both perspectives 

of power electronics and electromagnetics. The limitations on selections of ferromagnetic 

materials for cores and even shielding shells are subject to development of material 

science in the future considerations.  

When it comes to safety concerns, the foreign matters and interfering media issues in 

between the electromagnetic coupling space include foreign metallic objects and live 

objects, which may lead to critical flaming hazard, explosive risk, dangers of death to 

animals and may also reduce CPT efficiency outputs by eddy current effects on objects 

and overheating. Within the high flux density electromagnetic field, high AC flux can 

induce different levels of eddy currents circulating in any unintended components, 

thereby internal temperature of theses interfered objects by conduction losses would 

increase and some circuit damages may be caused to lead to entire system faults or failure 

if the temperature growth considerably exceeds a safety concern level. Thus foreign 
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objects and thermal detection technologies will be necessary for real-world applications 

in the future.   

From modelling point of view, the model sizes in the simulations and lab tests are not 

sufficiently large to be equivalent to a real-world application for an EV chassis since 

unavoidable computational complexity and inaccuracy in the selected 3D FEM 

environment have to be minimized in the studies. Hopefully, industrial scaled-up and 

completely geometry-equivalent simulation models and lab prototypes would be built for 

more accurate and convincing analysis in more powerful simulation environment and 

more advanced laboratory if possible. 

The inner shielding distances, namely the gap in between windings and inner shielding 

surfaces, in the prototype of Section 7.2 might be too small and inadequate to reflect an 

optimization design in terms of this variable and system performance. This limitation and 

insufficient variable-driven testing groups probably have caused distribution of the 

ultimately optimal magnetic field flux to be restricted and optimum flux linkage scalar 

values at space points to be achieved. To fill the gap of this subtopic, future tests and 

implementations against this variable are supposed to be enlarged and scaled up to tens 

of centimetre levels to simulate real-world space underneath EV chassis in order to 

empirically identify the optimum inner shielding distances accordingly for varying CPT 

charging rear ends due to types of vehicles and receiving module protocols. On the other 

hand, in practical lab tests of the thesis, B field and H field were not practically tested in 

the real-time real-world electromagnetic field in each test due to limits of lab 

measurement instrument budgets that could not afford a suitable AC Gauss tester, which 

was an obstacle to EMF result analysis for lab prototypes tests and model validations to 

some extent.  

Axial misalignments in lateral and longitudinal directions have been considered in limited 

ranges by Chapter 6, in spite of angular displacement and complex blended misalignment 

scenarios having not been tested more comprehensively. In real-world applications, 

depending on how the vehicle users park and align the cars over the CPT charging dock 

every time, the actual angular, lateral and longitudinal displacement degrees would 

significantly affect the inductive coupling performance due to more imperfect 
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electromagnetic field generations. This limitation needs to be addressed in the future 

investigations.  

Extended mileage goal, as a mid-to-long term challenge for any battery-based EVs, will 

have been the main subtopic to be covered in the future, which will continue introducing 

more research trends in advancement of material science, in development of high energy-

density battery and in emerging dynamic charging research as a further derivative long-

term objective and solution for an ultimate EV driving range.  

Conventional transportations and power cord-based plug-in EVs in many industrial 

sectors are believed and expected to be replaced by CPT technologies-based EVs in the 

next half a century despite technical challenges as discussed above, policy-related 

difficulties, commercial recognitions and integral feasibilities.  

8.3 Contributions and discussions with key findings  

The overall system performance objectives, as accentuated in the methodology and the 

thesis contents, mainly consist of maximizing system efficiency, RMS power transfer 

rating, optimizing air gap of coupling coils and tolerance to misalignments, etc. Whereas 

a range of emphasized technical performance metrics, according to the observations and 

findings throughout the experiments of the thesis, have been considered as key 

determinants or indirect factors, which are operating frequency for electromagnetic 

resonant coupling, ferromagnetic coupler core material, shielding material, inner 

shielding distance, EMF flux distribution, RMS flux linkage, actual inductance in field, 

magnetic flux density, magnetic field strength, field energy, power factors of system 

outputs, output waveform characteristics, etc.  

Key contributions and findings from the thesis are to be discussed as follows in spite of 

detailed contributions and evaluations corresponding to each result analysis and section 

summary of Chapter 3 to Chapter 7.  

 Inductance values of coils towards magnetic resonant coupling status. Inductance 

value of primary coil could not be influenced noticeably in terms of varying operating 

frequency whereas the inductance value of secondary coil (vehicle chassis receiving side) 
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can be significantly altered by change of power source operating frequency. Accordingly, 

the natural resonant frequency of primary coil is able to tend to be relatively stable in 

terms of operating frequency for achieving magnetic resonance, however the calculated 

natural resonant frequency of secondary coil is most likely not to be considered as 

constant, meaning unlikely resonance status to be reached for secondary side of CPT 

systems. This finding has been observed based on 3D FEM simulations in both Infolytica 

MagNet and ANSYS Maxwell through Chapter 4 to Chapter 6, which is also contributing 

to further studies on optimization designs using electromagnetic resonant coupling.  

 Higher natural resonant frequency in terms of CPT performance outputs. It has been 

found that setting a higher natural resonant frequency by adequately changing 

compensation capacitors for a magnetic resonant coupling CPT system could be 

beneficial to induce higher magnitudes of currents and voltages, and could lead to a higher 

system efficiency when the operating frequency is properly tuned and approximated to 

the new natural resonant frequency point of primary coil side. This finding verifies the 

theoretical magnetic resonance advantages for inductive coupling with higher resonant 

frequency resulting in more satisfactory electric energy transmission behaviours despite 

some limitations over compensation capacitors from material point of view in real-world 

system configurations.  

 Lateral misalignments in terms of pursuing satisfactory resonance. In terms of lateral 

misalignments, comparing the primary and secondary calculated resonant frequency 

curves, a significant finding is that the primary calculated resonant frequency of each test 

seems able to reach a relatively constant stability after about 10 kHz, which means the 

CPT system can show a satisfactory tolerance to lateral misalignment effects as a long 

range of frequency supply can be utilized to resonate the secondary-side energy 

eventually to the load. However, the secondary side shows a more linear relation when 

re-tuning and tracking its natural resonant frequency, which may reflect a difficulty in 

pursuing a satisfactory resonant state for secondary coil to enhance wireless energy 

transmission performance by front coupling side tuning maneuverers.  

 5 mm lateral and longitudinal misalignments as general maximum tolerance in terms 

of EMF performance. Comparing both the longitudinal and lateral groups of tests 

regarding calculated resonance frequency and calculated inductance, it can be found that 
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the specific H-shaped coupler CPT system with shielding tends to reach a proximity of 

optimized magnetic resonance at about 8000 Hz to 8500 Hz with both the longitudinal 

and lateral misalignments. Therefore, a misalignments of 5 mm in lateral and longitudinal 

directions may be considered as the accepted limits or general maximum tolerance in 

terms of overall power outputs, system efficiency and EMF performance. From the H 

field performance perspectives only, it is interestingly found that a more optimal magnetic 

field strength, namely H field generation per se, would be yielded with a slightly 

imperfect position-aligned coupling.   

 Angular phases behaviors and PFs in terms of flux linkages and system outputs. As 

for phase angle differences and optimization of PFs, it is empirically found from the 

waveform analyses of the thesis that mostly when the primary coil reaches its optimum 

of resonant coupling via a maximized PF at corresponding natural resonant frequency, 

the entire system will yield the most satisfactory power electronics outputs and produce 

the most optimistic electromagnetic field distributions with well-performed field 

parameters. Besides, the maximum PF of secondary side can normally correspond to the 

maximum of system efficiency and maximum of power transferred to load for all the 

longitudinal misalignment tests. Another finding is that a larger lateral displacement 

would determine higher resonant frequency of primary side of the system. However, for 

angular phases, the misalignments in both X and Y axes would not have fundamental 

impacts on the angular phase performance of flux linkages, according to all the 

waveforms and phase characteristics in Section 6.6. By flux linkage waveforms of 

Chapter 6, it is found that the secondary flux linkage performance can directly indicate 

and can be more able to determine the overall effectiveness of system performance 

including power electronics outputs and efficiency rates.  

 Optimized ‘threshold’ inner shielding distance and air gap exist, instead of a 

minimized inner shielding shell-to-coil gap and coupler air gap absolutely leading to 

maximized system performance. Regarding optimizing the air gap, namely the charging 

distance, it has been found that a smaller air gap generally leads to relatively better system 

efficiency and RMS power transferred to load. Nonetheless, a finding from the 

experiments of the thesis is that there exist optimal threshold points for charging distance 

and for inner shielding distance to reach a holistic CPT performance optimization for 
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specific models, which could be explained from EMF point of view that an existence of 

optimal closed-loop flux line paths and flux linkage distributions within a limited field in 

between shielding shell and couplers may determine an optimum air gap of a magnetic 

resonant coupling CPT system. This optimum air gap for each system in real-world EV 

charging applications is required to be practically measured and tested for an accurate 

identification under conditions of any other variables and factors remaining unchanged. 

Likewise, the inner shielding distance also needs to be assessed and evaluated by an 

adequate amount of empirically practical tests for any newly designed model towards an 

optimal lateral, longitudinal or angular misalignment tolerance as required in actuality.  

 Operating at exact natural resonant frequency point may not always lead to an overall 

system performance optimization, while setting the system in close proximity to an edge 

of anticipated natural frequency would achieve optimizations of most required 

performance metrics. Through the investigations and experiments, a finding is that the 

output RMS power and system efficiency of any specific CPT system markedly hinge 

upon the actual real-time magnetically inductive coupling performance via how the actual 

operating frequency supply is adopted based on anticipated resonance status and 

calculations. In practical cases, it has been found that approaching the approximated 

resonant frequency of primary coil may not always determine a maximum of RMS power 

on load or system efficiency or even both maximizations at the same time subject to many 

internal and external factors. In some cases, the most adequate and suitable operating 

frequency point or points particularly need to be set tens of kilohertz away from the 

exactly central anticipated natural resonant frequency point or be in close proximity to an 

edge of resonant frequency range in order to achieve an overall system satisfaction 

considering most performance metrics optimizations such as RMS power rating, 

efficiency, total loss, EMF intensity, air gap, etc. Thus, these relatively complicated 

coupling cases based on reality-parking manoeuvres need to be measured, calculated and 

tested more empirically rather than idealistic simulations and insufficient amount of lab-

based experiments.  

 Satisfactory sustainability and capacity of operating at optimized status across long 

frequency range can be reliable and important for real-world EV charging in addition 

to major performance metrics maximizations. Nonetheless, several designed CPT 
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models in the thesis also indicate that, within some particular frequency ranges, different 

models tend to appear to be sustainably and stably capable of producing relatively highly 

satisfactory overall system efficiency as well as RMS power onto load in spite of peaks 

of the two key performance criteria not necessarily taking place at the same operating 

frequency, which can also reflect how the holistic compatibility, usability, reliability, 

suitability of the designed CPT model would be when the microscopic magnetic coupling 

cases vary due to change of EMF situations caused by different vehicle parking 

manoeuvres from EV user end.  

 The preliminary natural resonant frequency probe and anticipation method. For 

effective tracking and tuning purposes towards reaching an optimal electromagnetic 

resonant coupling state of the system fast and effectively, the methodological flowchart 

in Figure 3.1 of the beginning of Chapter 3 has depicted major constructive elements, 

factors and considerations for a high-performance CPT system. All the focuses from pre-

design to post-evaluation are included in this uniquely developed methodological 

structure for this thesis, in which the power electronics, EMF metrics and overall targeted 

outputs are addressed in order to achieve an optimized CPT system design. Furthermore, 

this methodological system can be more specific and derived towards further improved 

CPT system realizations.  

 Trade-off considerations between maximizing system efficiency and RMS power 

transfer in practical CPT implementations for EV charging. A critical finding is that an 

inevitable trade-off may need to be carefully considered between pursuits of RMS power 

transfer maximization and optimized overall system efficiency, even when using the 

proposed optimal CPT model in Chapter 6. According to the experiments in the thesis, an 

optimization of overall system efficiency is definitely meaningful from energy saving 

point of view for EV development but may not simultaneously occur with high-power 

output on load as required especially for real-world demand of fast EV charging, and vice 

versa. This compromise is subject to differently adopted CPT system characteristics and 

also depend on how the aimed preferences would be among all the CPT objectives from 

the EV user end. In other words, varied technical or user experience demands such as 

preference or acceptance on the charging gap optimization range, the fastest time of 

charging and the most energy-saving option would lead to and correspond to different 
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optimum operating frequency supply determinations according to a pre-evaluated 

empirical performance characteristics for the specific CPT coupler module mounted on 

the specific EV chassis. On the other hand, an optimal CPT coupling modular design with 

an optimal schematic from power supply front end to load rear end may not be the 

ultimate solution towards CPT charging optimizations for EVs and, in contrast, 

sufficiently empirical and practical test-based CPT systems are required for considering 

and covering most CPT coupling scenarios in order for a holistic CPT charging 

optimization solution to be achieved in the near future.   
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Chapter 9 Concluding remarks and future 

work 

9.1 Conclusions 

By analytically designing and implementing various CPT simulation models and 

laboratory prototypes based on the particularly proposed research methodology, this 

thesis investigates the output characteristics of the proposed CPT systems towards holistic 

system performance optimizations and maximizations from analysis perspectives of 

power electronics results and electromagnetic field behaviours.  

The geometric design improvements of coil coupler with effectiveness of using H-shaped 

ferromagnetic cores have been accomplished, which can be found to play a significant 

role in enhancing CPT system performance by forming flux line trajectories as expected 

and strengthening magnetic flux density of the targeted magnetically inductive coupling 

field, through the computer simulations in Infolytica MagNet and ANSYS Maxwell in 

the thesis.  

An axis-to-axis (coaxial) rectangular coupler CPT model, an axis-parallel (non-coaxial) 

rectangular coupler CPT model and a C-type coupler CPT model have been established, 

analysed and compared according to the power electronics outputs and electromagnetic 

behaviours, by which it can be evidently found that the C-type coupler CPT system with 

a 10 kV RMS voltage supply is able to result in more satisfactory overall performance 

than the former three, with a peak coil efficiency of 74.23%, a maximized overall system 

efficiency of 74.3% and a maximized output RMS power of 46.23 kW at its calculated 

natural resonant frequency of 800 Hz.  

A novel small-sized CPT prototype based on a further geometrically improved H-shaped 

magnetic coupler with a 5 kV RMS voltage supply using SS compensation topology and 

electromagnetic resonant coupling has been modelled and investigated. This specific 

prototype is found to be an optimal CPT system design solution after evaluating overall 

system performance towards major objectives, with a maximized coil efficiency of 83.8% 
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at 10 kHz, a maximized system efficiency of 59.5% at 11 kHz and a maximized 42.8 kW 

RMS power to load at 8 kHz. This particular H-shaped ferromagnetic core based coupler 

considered as a coupling module optimization has been then applied to most of the model 

variations for further investigations.  

In terms of shielding design for CPT systems with better tolerance to misalignments, the 

groups of system designs using different shielding materials in ANSYS Maxwell have 

been carried out, which have witnessed that the specifically prototyped semi-enclosed 

passive shielding using aluminium material with an optimized inner shielding distance of 

15 mm can result in a maximized overall system efficiency of 36.3% at 8 kHz, a 

maximized coil efficiency of 57.5% at 10 kHz and a peak RMS output power of 22.63 

kW at 6 kHz. This specifically prototyped semi-enclosed passive shielding CPT model is 

found to be able to deliver a relatively optimal overall system performance including 

tolerance to lateral and longitudinal misalignments, EMF characteristics, efficiency and 

RMS power to load, etc., when compared with other tested designs.  

Different shielding materials tests, various inner shielding distance tests and 

misalignments tests have been implemented for investigations, by which results in terms 

of each significant determinant and emphasis from perspectives of power electronics and 

electromagnetics have been quantitatively analysed for exploring optimization 

approaches with improved methodology for CPT technologies applied on EV charging. 

Misalignment tests could witness that different specifications and directional 

misalignments of laboratory CPT prototypes may have variable critical threshold points 

of displacement in terms of performing a satisfactory series of outputs with acceptable 

EMF behaviours. Lateral misalignment tolerance of a system could be more satisfactory 

than longitudinal one when evaluating both electromagnetic field metrics and electronics 

results.  

An axis-parallel coil coupler model with ferrite cores, a planar circular coil CPT model 

without ferrite cores and an H-shaped core coupler CPT model (with and without 

shielding) have been tested in laboratory. Main system outputs, performance results, 

waveform characteristics including spectra analysis have been compared and evaluated, 

which evidently proves and validates that the advantageous outcomes and holistic 

performance of the scaled-down low-power H-shaped core CPT model setup with 15 mm 
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inner-distance aluminium shielding indeed stand out of all the three tested laboratory-

based prototypes using electromagnetic resonant coupling, with system efficiencies of 

56.6% at 10 kHz and 30.6% at its calculated natural resonant frequency of 8.4 kHz.  

Electromagnetic resonant coupling CPT technologies based on this thesis and the studies 

until present are promising for real-world implementations with highly optimized 

performance in the next decades. In order to reach more general optimizations for wider 

applicable CPT scenarios including high-power charging for EVs, the design of magnetic 

coupler as an emphasis to perform longer energy transfer distance and to deliver 

optimized high-power transfer at higher frequencies with reduced system losses against 

unavoidable external limits and conditions still needs to be further innovatively developed 

and effectively improved.  

9.2 Further scope of research 

In real-world CPT applications, some unverified patterns and possible influences on 

induced currents, voltages, power factors of coils via alternating EMF flux linkages, along 

with other external uncertainties, might also determine the overall CPT system output 

characteristics, which requires further analytical model studies and quantitative 

experiment-based investigations in order to draw more comprehensively empirical 

conclusions for CPT optimization solutions in the future research.  

In addition to CPT system performance optimizations addressing the main objectives and 

challenges that have been investigated in this thesis, it is undoubted that the evolution of 

CPT technologies for EVs will have been tending to be developed towards safe, light-

weighted, geometric-compact for installation, low manufacturing and maintenance cost, 

low cost of long-term use, in-motion charging, eco-friendly use of materials, etc. The 

future work in the wider CPT domain will also tend to be extended onto more advanced 

biomedical implants, smart electronic devices, unmanned aerial vehicles (UAVs), 

automated guided vehicles (AGVs) for complex logistics warehouse, underwater 

instruments and robots, etc.  
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Appendix A 
∇= 𝐢𝐢 𝜕𝜕

𝜕𝜕𝑥𝑥
+ 𝐣𝐣 𝜕𝜕

𝜕𝜕𝑠𝑠
+ 𝐤𝐤 𝜕𝜕

𝜕𝜕𝜕𝜕
 is the operator called ‘del’ which is a vector differential operator. 

The divergence ∇ ∙ of a vector field:  

Div 𝐅𝐅 or ∇ ∙ 𝐅𝐅 is defined as the divergence of 𝐅𝐅 in the vector field 𝐅𝐅(x, y, z) = 𝐹𝐹1𝒊𝒊 + 𝐹𝐹2𝒋𝒋 + 𝐹𝐹3𝒌𝒌, and ∇ ∙ 𝐅𝐅 ≡ 𝝏𝝏𝐹𝐹1
𝝏𝝏𝒙𝒙

+ 𝝏𝝏𝐹𝐹2
𝝏𝝏𝝏𝝏

+ 𝝏𝝏𝐹𝐹3
𝝏𝝏𝒛𝒛

 is a scalar 

depending on position in field. Alternatively, the divergence of 𝐅𝐅 can be written as a full result with ∇ and 𝐅𝐅 in components: ∇ ∙ 𝐅𝐅 =
(𝒊𝒊 𝝏𝝏

𝝏𝝏𝒙𝒙
+ 𝒋𝒋 𝝏𝝏

𝝏𝝏𝝏𝝏
+ 𝒌𝒌 𝝏𝝏

𝝏𝝏𝒛𝒛
) ∙ (𝐹𝐹1𝒊𝒊+ 𝐹𝐹2𝐉𝐉 + 𝐹𝐹3𝐤𝐤) where 𝒊𝒊 ∙ 𝒊𝒊 = 1, 𝐢𝐢 ∙ 𝐣𝐣 = 0.  

The geometric meaning of the divergence is: 

Consider a point r and consider a small closed surface surrounding that point, if the divergence div 𝐅𝐅 is positive at r, then on 
average the vector field 𝐅𝐅 is point ‘away’ from the point and out of the surface; if the divergence is negative, then on balance the 
vector field 𝐅𝐅 is pointing towards the point and into the surface.  

 

The curl ∇ × of a vector field:  

∇ × 𝐅𝐅 = �𝝏𝝏𝐹𝐹3
𝝏𝝏𝝏𝝏
− 𝝏𝝏𝐹𝐹2

𝝏𝝏𝒛𝒛
� 𝒊𝒊 + �𝝏𝝏𝐹𝐹1

𝝏𝝏𝒛𝒛
− 𝝏𝝏𝐹𝐹3

𝝏𝝏𝒙𝒙
� 𝒋𝒋 + �𝝏𝝏𝐹𝐹2

𝝏𝝏𝒙𝒙
− 𝝏𝝏𝐹𝐹1

𝝏𝝏𝝏𝝏
�𝐤𝐤 is defined as the curl of a vector field 𝐅𝐅 , in which curl 𝐅𝐅 or  ∇ × 𝐅𝐅  is vector 

depending on position in field. With writing out the determinant in full, the original definition can also be equivalent to ∇ × 𝐅𝐅 =

�

𝒊𝒊 𝒋𝒋 𝒌𝒌
𝝏𝝏
𝝏𝝏𝒙𝒙

𝝏𝝏
𝝏𝝏𝝏𝝏

𝝏𝝏
𝝏𝝏𝒛𝒛

𝐹𝐹1 𝐹𝐹2 𝐹𝐹3

�.  

The geometric meaning of the curl is: 

If at some point in space the component of the curl in the n direction is positive, it means that in the vicinity of the point and in a 
plane normal to n, the vector field tends to go round in an anti-clockwise direction if one looks along vector n; if the component of 
the curl is negative, it would mean that the vector field tends to go round in a clockwise direction. 

 

Appendix B 
  
clear all; close all; 
load 15mm_20kHz_11VPk_Air_Gap_AxisParallel_20200717.mat 
  
[N,M]=size(data); 
T=N/40000; 
dT=1/40000; 
t=dT:dT:T; 
  
 
figure(20200806); 
x=data(:,2); 
  
subplot(2,2,1); 
plot(t,x); 
axis([ 0 T/5  1.2*min(x) 1.2*max(x)]); 
xlabel('t (sec)','fontsize',14,'fontweight','bold'); 
ylabel('Vpri. (V)','fontsize',14,'fontweight','bold'); 
grid on; 
set(gcf,'color','w') 
  
subplot(2,2,2); 
X=fft(x); 
f=1:N;f=f/T; 
stem(f,abs(X)); 
xlabel('f (Hz)','fontsize',14,'fontweight','bold'); 
axis([0 N/2*1.2 0 max(abs(X))*1.2]); 
 
ylabel('FFT spectrum modular','fontsize',14,'fontweight','bold'); 
grid on; 
set(gcf,'color','w') 
  
subplot(2,2,3); 
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for n=1:N 
w(n)=0.54+0.46*cos((2*n-N+1)*pi/N); 
end; 
x1=x'.*w; 
  
plot(t,x1); 
axis([ 0 T  1.2*min(x1) 1.2*max(x1)]); 
xlabel('t (sec)','fontsize',14,'fontweight','bold'); 
ylabel('Hamming-windowed Vpri. (V)','fontsize',14,'fontweight','bold'); 
grid on; 
  
subplot(2,2,4); 
X1=fft(x1); 
stem(f,abs(X1)); 
xlabel('f (Hz)','fontsize',14,'fontweight','bold'); 
ylabel('Hamming-windowed FFT spectrum modular','fontsize',14,'fontweight','bold'); 
axis([0 N/2*1.2 0 max(abs(X1))*1.2]); 
grid on; 
set(gcf,'color','w') 
 
 
figure(202008061); 
y=data(:,3)/100; 
  
subplot(2,2,1); 
plot(t,y); 
axis([ 0 T/5  1.2*min(y) 1.2*max(y)]); 
xlabel('t (sec)','fontsize',14,'fontweight','bold'); 
ylabel('Ipri. (A)','fontsize',14,'fontweight','bold'); 
grid on; 
set(gcf,'color','w') 
  
subplot(2,2,2); 
Y=fft(y); 
f=1:N;f=f/T; 
stem(f,abs(Y)); 
xlabel('f (Hz)','fontsize',14,'fontweight','bold'); 
axis([0 N/2*1.2 0 max(abs(Y))*1.2]); 
  
ylabel('FFT spectrum modular','fontsize',14,'fontweight','bold'); 
grid on; 
set(gcf,'color','w') 
  
subplot(2,2,3); 
for n=1:N 
w(n)=0.54+0.46*cos((2*n-N+1)*pi/N); 
end; 
y1=y'.*w; 
  
plot(t,y1); 
axis([ 0 T  1.2*min(y1) 1.2*max(y1)]); 
xlabel('t (sec)','fontsize',14,'fontweight','bold'); 
ylabel('Hamming-windowed Ipri. (A)','fontsize',14,'fontweight','bold'); 
grid on; 
  
subplot(2,2,4); 
Y1=fft(y1); 
stem(f,abs(Y1)); 
xlabel('f (Hz)','fontsize',14,'fontweight','bold'); 
ylabel('Hamming-windowed FFT spectrum modular','fontsize',14,'fontweight','bold'); 
axis([0 N/2*1.2 0 max(abs(Y1))*1.2]); 
grid on; 
set(gcf,'color','w') 
  
  
phi1=atan2(imag(X1(19919)),real(X1(19919))); 
phi2=atan2(imag(Y1(19919)),real(Y1(19919))); 
d_phi=phi1-phi2; 
cos(d_phi) 
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