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ABSTRACT 

Recently, there is emerging demand for safe and convenient conductive chargers, hence wireless 

charging systems are predicted to be efficient and sufficient option for satisfying this demand 

whereas the maturity status of this technology that is accompanied with wide range of applications 

of wireless chargers, specifically within changing the trend in transportation toward electrified ones 

has induced change toward higher power, power density, modularity, and scalability of designs  

Various methods classified in various categories are used in such a technology. They can be cate-

gorized by either range or the physical principle it uses to transfer the electric energy. A comparison 

between their advantages and disadvantages has been discussed in this work. 

In addition to increasing concerns for the safe and convenient power supply, there is a rapid-in-

creasing interest in wireless power transfer (WPT) for industrial devices, consumer electronics, and 

electric vehicles (EVs). As the resonant circuit is one of the cores of both the near-field and far-field 

WPT systems, it is a pressing need for researchers to develop a high-efficiency high-frequency reso-

nant circuit, especially for the mid-range near-field WPT system. 

The modern attempts in magnetic and capacitor couplers designs, compensation networks, 

power electronics converters, are tackled. Wireless charging systems are considered where serious 

variations in their designs and applications are highlighted. On that basis, the comparisons between 

different solutions and design considerations are stated as the essential elements and technology 

roadmap that will be necessary to support large-scale deployment of high-power wireless charging 

systems.  

While Resonant Inductive Power Transfer (RIPT) charging is a substantially resilient concept with 

the possibility of charging at any opportunity and is highly versatile for vehicles of all sizes. It faces 

some major problems, especially in regard to misalignment that may affect Mutual Inductance and 

Resonance Frequency, this work analyses this problem and the effect it may cause. 

Moreover, Resonant Converters has been categorised and illustrated in detail. Selecting the 

most useful one in the process, with a proposed modification on the topology and a tuning method 

that they increase the efficiency of the conventional setting. 

Keywords: Coupling, Mutual Inductance, Compensation, Frequency, Converters. 
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SOMMARIO 

Recentemente è emersa una domanda di caricabatterie conduttivi sicuri e convenienti, per cui si 

prevede che i sistemi di ricarica senza fili siano un'opzione efficiente e sufficiente per soddisfare que-

sta domanda, mentre lo stato di maturità di questa tecnologia, accompagnato da un'ampia gamma 

di applicazioni dei caricabatterie wireless, in particolare nell'ambito del cambiamento della tendenza 

dei trasporti verso quelli elettrificati, ha indotto un cambiamento verso una maggiore potenza, den-

sità di potenza, modularità e scalabilità dei progetti.  

In questa tecnologia vengono utilizzati diversi metodi classificati in varie categorie. Possono es-

sere classificati in base alla portata o al principio fisico utilizzato per trasferire l'energia elettrica. In 

questo lavoro è stato discusso un confronto tra i loro vantaggi e svantaggi. 

Oltre alle crescenti preoccupazioni per un'alimentazione sicura e conveniente, l'interesse per il 

trasferimento di energia senza fili (WPT) per i dispositivi industriali, l'elettronica di consumo e i vei-

coli elettrici (EV) è in rapido aumento. Poiché il circuito risonante è uno dei fulcri dei sistemi WPT in 

campo vicino e in campo lontano, è urgente per i ricercatori sviluppare un circuito risonante ad alta 

efficienza e ad alta frequenza, soprattutto per il sistema WPT in campo vicino di fascia media. 

Vengono affrontati i moderni tentativi di progettazione di accoppiatori magnetici e condensa-

tori, reti di compensazione e convertitori elettronici di potenza. Vengono presi in considerazione i 

sistemi di ricarica wireless, per i quali sono state evidenziate le gravi variazioni nei progetti e nelle 

applicazioni. Su questa base, il confronto tra le diverse soluzioni e le considerazioni progettuali sono 

indicate come gli elementi essenziali e la roadmap tecnologica che sarà necessaria per supportare la 

diffusione su larga scala dei sistemi di ricarica wireless ad alta potenza.  

La ricarica con trasferimento di potenza induttivo risonante (RIPT) è un concetto sostanzial-

mente resiliente, con la possibilità di ricaricare in qualsiasi momento e altamente versatile per veicoli 

di tutte le dimensioni. Il presente lavoro analizza questo problema e l'effetto che può avere sulla fre-

quenza di risonanza e sull'induttanza reciproca. 

Inoltre, i convertitori risonanti sono stati classificati e illustrati in dettaglio. La selezione di quello 

più utile è stata effettuata con una proposta di modifica della topologia e un metodo di regolazione 

che aumenta l'efficienza dell'impostazione convenzionale. 

Parole Chiave: Accoppiamento, Induttanza Reciproca, Compensazione, Frequenza, Convertitori. 
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1 INTRODUCTION 

1.1 HISTORY 
Wireless Power Transfer (WPT) is not a brand-new notion. In ref [1], the author categorized the 

history of WPT into three main periods.  

First period was related to Maxwell and Hertz. Maxwell first proposed an equation for the trans-

mission of electromagnetic energy in free space in 1873. Hertz tested and verified Maxwell's hypoth-

eses and the existence of electromagnetic radiation between 1885 and 1889. 

Second period is dedicated to Nikola Tesla and his futuristic vision of having WWS (World Wire-

less System) in which he desired to transfer energy to any point on our earth by using our earth and 

its atmosphere as a conductor [1]. He began experimenting with the potential around the end of the 

19th century [2] [3], with the use of microwaves. However, his tests, like the one shown in Figure 

1.1, entailed unwelcomely large electric fields. [4]. 

Third period is the current era, which started during World War II, in that time researchers used 

curved reflectors to concentrate energy into one small area. With time, this technology evolved into 

a viable alternative to cable charging methods. According to Figure 1.2, this technology has the abil-

ity to replace the plug-in interface with transmitters and receivers, enabling electricity to flow in a 

contactless manner via electromagnetic or static waves. Through power electronic converters, the 

receiver in WPT systems transfers power to the batteries or desired system. 

The main drawback of wireless charging system is its charging time. That can be resolved by dif-

ferent changes in the system. Another concern with WPT is its leakage EMF radiation at higher fre-

quencies. This radiation is restricted by using proper shielding to make it safer [5]. 

 

Figure 1.1 Diagram Of One Of Tesla’s Wireless Power Experiments With The Original Handwritten 

Notes [6] 

 

Figure 1.2 Basic Structure Of Wireless Power Transfer 

Power 
Source

Transmitter Receiver Load
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1.2 METHODS 
The different methods of WPT can be divided either based on the range of their transmission, or 

by the principles upon which they are realized. Which will be further discussed in 2.2 below. 

This research will be concerned about Magnetic Resonance Coupling and the possible options 

available of keeping track of the resonance frequency of the circuit. 

1.3 APPLICATIONS 

1.3.1 Charging Medical Implants 

Designing a WPT system in the presence of living things necessitates taking into account how the 

system interacts with biological tissue, which might change the field distributions and have an im-

pact on the magnetic link. Because biological tissue conducts electricity differently than air or vac-

uum, WPT systems' high frequency magnetic fields can cause eddy currents to form inside the tissue. 

In order to minimize harmful thermal (energy absorption in biological tissue) and non-thermal 

(nervous system stimulation) health impacts and meet safety criteria, additional design limits must 

be placed on a system. These design techniques are especially important when creating WPT sys-

tems that transmit power to implantable medical devices by using a power receiver coil inside the 

body of the patient. 

Currently, embedded batteries are used to power the majority of implanted medical equipment 

and sensors. WPT technology reduces the requirement for an embedded power source and a hard-

wired power network, enabling these medical devices to operate on their own. 

The particular wireless charging system is still being developed for use in powering implanted 

medical equipment such pacemakers, infusion pumps, left ventricular assist device (LVAD) cardiac 

assist pumps, Figure 1.3 and others. By employing a resonant coupling technique through the skin 

with an operational range substantially greater than the skin thickness, such implanted medical 

equipment and sensors can be effectively activated. As a result, the WPT system really eliminates 

the need for a driver to enter the human body, allowing for the delivery of energy to devices im-

planted deep within the body. 

 

Figure 1.3 Application Of Resonant Coupled WPT In Medical Devices: (A) LVAD And (B) Pacemak-

ers .[7] 
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1.3.2 Charging Household Appliances 

Figure 1.4 shows how Wireless Power Transfer provides practical ways to charge home equip-

ment. Some traditional plug-and-socket applications, such as a blow-dryer in a bathroom, are dan-

gerous when used in a household setting. WPT is appealing because it offers a charging technique 

that electrically isolates the two transmitter and receiver circuits from one another, creating safer 

operating situations. 

 

Figure 1.4 Witricity System [8] 

1.3.3 Charging Electric Vehicles 

There is a growing demand for non-fossil fuel based and safe electric vehicles. These vehicles 

bring high investment in fast-charging applications [5]. WPT as a way to charge electric vehicles 

promises more independence from the cost and the inconvenience of the battery and its charging. 

The future outlook is even more ambitious. WPT systems are considered for the charging of EVs 

on-the-go. To extend the cruising range, some portion of the road needs to be equipped with trans-

mitter (Tx) pads [9]. 

 

Figure 1.5 Electric Vehicle Charging By Witricity [10] 

1.4 PROBLEMS WITH WIRELESS POWER TRANSFER SYSTEMS 
WPT systems, are much more complicated systems than the traditional plug-and-socket cable 

charging solutions, WPT suffer from lower efficiency, greater costs, restricted flexibility, and safety 

problems due to the current magnetic fields, in addition to this equivalent complexity [11]. 

More problems are listed as follows: 
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1.4.1 Foreign And Live Objects (FO/LO) 

The possibility of the electromagnetic field being absorbed by close foreign (metallic) or live 

items exists when the idea of transporting power via air using magnetic fluxes is considered. Not 

only does this result in losses by requiring the primary to transmit higher levels of power, but the risk 

these scenarios can introduce is in the considerable heating of the intrusive bodies [12].Even sys-

tems of power transmission of as low as 5W can heat objects to levels unaccepted by the ISO safety 

standard levels [13]. 

1.4.2 Misalignment 

Receiving coils must not only be close to transmitter coils but also properly aligned with them in 

order for magnetic fluxes to be picked up in order for proper power transfer to take place. Misalign-

ment is a major issue in WPT [6],[14],[15], and introduces considerable losses to the system. A meas-

ure of the effectiveness of the coupling between the coils is the mutual inductance between them, 

denoted 𝑀. 

This problem will be illustrated in details in 3.1.4 below, showing the effects of both Vertical and 

Horizontal Misalignments. 

1.4.3 Interoperability 

WPT systems are continuously being researched, and approaches to improve their performance 

are a hot area of study. One path for this optimization is the geometry of the coils, as certain shapes 

could offer the possibility of better tolerance to misalignment [16] 

1.5 THESIS OBJECTIVE 
To investigate the ins and outs of wireless power transfer methods and to select the most effec-

tive topology among the different options available for power converters, all along with problems 

that may arise from the misalignment between transmitter and receiver. 

1.6 THESIS LAYOUT  
Introduction in which a brief preview of the history, applications and problems facing the con-

cept is introduced. 

Chapter 2: Wireless Power Transfer  discusses the various methods of the phenomena in details 

and a comparison between near field technologies is conducted. 

Chapter 3: Resonant Inductive Coupling  elaborates the compensation topologies, in addition to 

the effect of misalignment on frequency, mutual inductance, power and efficiency. 

Chapter 4: Power Converter explains the power electronics switches that are used in the reso-

nant networks in detail, as well as a proposed control method as found in the literature; which is-

used to tune the frequency of the most useful converter in the author’s opinion. 

Conclusion And Future Work presents a deduction of the thesis, and an insight of what can be 

done towards improving this work in the future. 
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2 CHAPTER 2: WIRELESS POWER TRANSFER  

2.1 DEFINITION 
Wireless Power Transfer (WPT) is a way of transferring electrical energy from one source to an-

other over an air gap without the direct physical contact [17]. WPT technology has a higher applica-

tion ease and versatility than traditional conductive power transfer. It is weather resistant and van-

dalism proof, and it eliminates the need for bulky charging lines and connectors[9]. Furthermore, be-

cause the power supply and the powered device are connected by a magnetic field, wireless charg-

ing systems provide a high level of operational flexibility, allowing the item to be charged at any time 

and from any location, even while the vehicle is moving [18]. 

Contact friction insulation and worn conductor causes concerns in a range of severe settings, in-

cluding underwater, underground, and aerospace, which greatly enhances the safety and reliability 

of charging systems [19] 

In ref [5], the main characteristics of the WPT system are described as the following: 

• The WPT system can be classified into several types based on the transmitting power 

ranges. WPT systems span a low power range of < 1 kW, a medium range of 1-100 kW, 

and a high-power range of > 100 kW. 

• Power can be transferred unidirectionally and bidirectionally in a WPT system.  

• We can transfer power over short distances to vast distances, ranging from a few centi-

metres to kilometres 

• Power can be transferred through a variety of methods. 

2.2 PRINCIPLES 
The WPT system can be implemented using a variety of physical concepts. The WPT technology 

is classified into different categories, the categorisation can be based on distance, frequency, or 

power level. In this work categorisation based on distance is adopted. 

According to [5], there are two main categories for the WPT: Far-field (Radiative) and Near-field 

(Coupling). Radiative System can be categorized into two types: microwave and optical, while Cou-

pling system can be further categorized into Inductive Coupling, Capacitive Coupling and Resonance 

Inductive Coupling. 

2.2.1 Radiative (Far Field) 

Radiative WPT coupling, which uses electromagnetic radiation for far-field transmission, like mi-

crowave or laser, and it is not particularly convenient for transferring very huge power. However, 

because of its omnidirectional behaviour, its efficiency is low, making it considerably more useful to 

transfer information than power [6], [20] 

2.2.1.1 Microwave Power Transfer (MPT) 

A microwave based WPT technology in a far-field context [18], [21]. With minor tweaks, this ap-

proach can also be used in the Radiofrequency (RF) range. RF converter is fed by a voltage source, 

which then generates microwave signal. The microwave signal created by the antenna is sent out 

and received by the receiving antenna. Rectenna is another name for this receiving antenna. As 

shown in Figure 2.1, this rectenna comprises of a receiver that includes a matching network and a 

rectifier that transforms the signal to desired output[5]. 
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Figure 2.1 Diagram Of WPT Based On Microwave Technology. 

2.2.1.2 Optical WPT 

Optical WPT or Laser-based power transfer emits electromagnetic waves, however they are in 

the THz range and hence appear as light. The transmitter in this technology consists of a laser diode 

that creates a light beam with a specific Power and wavelength. Beam director is used to regulate 

the direction of the light beam by adjusting the laser diode. A Photo-Voltaic (PV) cell and a rectifier 

make up the secondary side. The PV cell receives light and turns it into a power signal. The rectifier 

converts the power signal to a DC signal. The DC signal is used to charge a load or a battery[5]. The 

block diagram of optical WPT is shown in Figure 2.2. 

A High Intensity Laser Power Beam (HILPB) system should ideally be capable of transferring 

power to any place. The system's performance is limited by practical constraints such as conversion 

efficiencies. The design of the PV cell plays a vital role in the HILPB system for effective conversion of 

laser power to electricity. For this, the dynamics of laser power, such as wavelength, temperature, 

and PV cell materials, should be carefully examined [22]. 

 

Figure 2.2 Block Diagram Of An Optical WPT. 

2.2.2 Coupling (Near Field) 

WPT via near-field magnetic coupling is the most widely studied and employed WPT method. 

The magnetic inductive (Inductive Power Transfer IPT) and magnetic resonance coupling (Resonance 

Inductive Power Transfer RIPT), the concept is that the magnetic field generated by the high-fre-

quency current in primary coils (Transmitter) is picked up by the secondary coil (Receiver), which 

converts it to dc current. While on the other hand, Field-coupled electric WPT systems, also known 

as capacitive power transfer (CPT) systems, use two sets of plates to create an analogous capacitor 

for power transfer. 

2.2.2.1 Inductive Power Transfer (IPT) 

A near-field transmission technology which uses a magnetic field to transfer power over an air 

gap. Transformers, electrical machines, and wireless charges are electrical devices that uses this 

technology as well.  

Strong magnetic coupling between the coils is required for efficient power transfer. Because ax-

ial and angular misalignment between the coils drastically weakens the coupling, IPT is primarily 

used for high-power transmission over short distances (compared to the dimensions of the coil) [14]. 

Figure 2.3 shows the reference model. Inductive power transfer (IPT) happens when a primary 

coil of an energy transmitter generates predominantly varying magnetic field across the secondary 

coil of the energy receiver within the field, generally less than a wavelength. The near-field magnetic 

power then induces voltage/current across the secondary coil of the energy receiver within the field. 

The operating frequency of inductive coupling is typically in the kilo Hertz range [23]. Tuning of sec-

ondary coil frequency equal to operating frequency enhance the efficiency of the system [6]. 
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Figure 2.3 Inductive Coupling [23] 

2.2.2.2 Capacitive Power Transfer (CPT) 

Field-coupled electric field WPT systems, also known as capacitive power transfer (CPT) systems, 

use two pairs of plates to create an equivalent capacitor for power transfer in the form electrostatic 

energy. A CPT system can transfer power through the metallic medium since a capacitor is formed 

from each conductor plate to the metallic surface. Compared to IPT, the CPT system applicable for 

both low current and high voltage systems. Additional inductors added to capacitor plates on each 

side to reduce impedance. This is also called as inductive compensation; it enables soft switching op-

eration and increases power transfer efficiency. Exited voltage in secondary side is altered to Direct 

Current (DC) by rectifier circuit [24].  

In Figure 2.4, the electric field lines generated from a primary-side plate links to a secondary-side 

plate and vice versa. According to [25], theoretically, the capacitive coupling exists between any two 

conductive objects and a proper excitation voltage would cause power exchange. Therefore, insert-

ing a pair of coupling plates in an AC loop is the most straightforward way to use capacitive coupling. 

 

Figure 2.4 Capacitive Coupling [26] 

2.2.2.3 Magnetic Resonance Coupling RIPT 

Similar to other WPT systems, existed grid voltage is transformed to the High Frequency AC 

(HFAC) by utilizing power electronics converters. The HFAC signal delivered to the coupler coil. The 

secondary coupler coil generates voltage by linked magnetic fields. Generated voltage is converted 

to DC for the powering the battery through power electronics converters and filter circuitry [27].  
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Compared to IPT system, Compensation networks (capacitors/inductors or both) added in the 

series or/and parallel formations to both transmitter and receiving side of the coils to form the reso-

nant condition. That helps improve efficiency by reducing additional losses [5] 

Magnetic resonance coupling [23], as shown in Figure 2.5, is based on evanescent wave coupling 

which generates and transfers electrical energy between two resonant coils through varying or oscil-

lating magnetic fields. As two resonant coils, operating at the same resonant frequency, are strongly 

coupled, high energy transfer efficiency can be achieved with small leakage to non-resonant exter-

nalities. 

 

Figure 2.5 Magnetic Resonance Coupling [23] 

2.2.3 Comparison Between Principles 

With the intention of selecting the most suitable option among different principles; pros and 

cons should be considered, check Table 2.1. Also, the possibility of applying the topology in accord-

ance with frequency regulation of the system needed, the range of frequencies can be found in Fig-

ure 2.6. 

Short and medium ranges are the core of this study. Hence, they will be further analysed 

throughout the research. Their ability to transfer higher power densities make them useful in appli-

cations that require high power transfer between transmitters and receivers. 

 

Figure 2.6 Operation Range And Frequency Of Different Wpt Methods [5] 
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Principle Type Advantages Disadvantages   

Microwave 

Power Transfer 

(MPT) 

Far 

Field 

• Power can be transferred 

up to several km. 

• Dynamic power transfer is 

possible (for moving 

loads). 

• Possible to transfer power 

up to several kilowatts 

power. 

• Higher efficiency 

achieved at beam forming. 

• Compatibility with exist-

ing communication sys-

tem 

• Low efficiency compared to in-

ductive and capacitive methods. 

• Very difficult to implement. 

• Unidirectional power flow. 

• Unsafe for living things when ex-

posed to microwave beam. 

• Size of the antennas increases 

with power transfer capability in-

creases. 

 

Optical Power 

Transfer 

Far 

Field 

• Effective gap in kms 

• Dynamic power transfer is 

possible (for moving 

loads). 

• Capacity to transfer sev-

eral kilowatts power. 

• Transmitter size is small 

compared to MPT. 

 

• Low efficiency (around 20% de-

pends upon air gap). 

• Unidirectional power flow. 

• Difficult to operate. 

• No obstacles allowed in way of 

light beam. 

• Unsafe operation for living be-

ings, if exposed to radiation. 

 

Inductive Power 

Transfer (IPT) 

Near 

Field 

• Implementation is simple. 

• Galvanic isolation pro-

vided. 

• Simple control. 

• High efficiency in low air 

gap (typically less than a 

coil diameter). 

• Safe operation compared 

to resonant mode. 

• Bi-directional power 

transfer possible. 

 

• Short air gap few millimetres to 

centimetres. 

• EMI shielding is needed. 

• Very low efficiency at larger air 

gaps. 

• Heating effect in the presence of 

metal objects. 

• Tight alignment needed between 

transmitter and receiver to 

achieve good efficiency. 

 

Capacitive 

Power Transfer 

(CPT) 

Near 

Field 

• Offers Medium power 

transfer (several kilo-

watts) 

• Power transfer possible 

through metallic objects. 

• Cheap because of relies 

on aluminium plates for 

power transfer. 

• Suitable for air gap up to 

10 cm. 

• Restricted electric field: 

shielding not needed for 

EMI control. 

• Power transfer capabilities de-

pend upon the gap between trans-

mitter and receiver. 

• Parasitic capacitance forms. 

• Efficiency around 70-80%. 
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Principle Type Advantages Disadvantages   

Magnetic Reso-

nance Coupling 

(RIPT) 

Near 

Field 

• Offers High power trans-

fer compared to other 

methods. 

• Commercialized technol-

ogy for EV charging. 

• Able to transfer power in 

misaligned conditions. 

• Provides galvanic isola-

tion. 

• Bi-directional power 

transfer possible. 

 

• Cost of the system increases with 

power. 

• Extremely sensitive to the obsta-

cles in between coupler coils. 

(Especially the metallic ones). 

• Shielding is needed for EMI. 

 

Table 2.1 Principles Comparison Of Wireless Power Transfer As Discussed In [5] 

2.3 NEAR FIELD WIRELESS POWER TRANSFER 

2.3.1 Inductive Power Transfer IPT 

According to [26]Since an inductive WPT system behaves like a loosely coupled transformer, the 

resultant flux in the primary-side core can be approximated as the magnetizing flux generated by the 

primary-side coil. If the primary-side coil generates a magnetizing flux 𝜙, the flux density in the pri-

mary-side core can be expressed as: 

B =
ϕ

√𝐴𝑡
 

2.1) 

 

Figure 2.7 Inductive Wpt Coupler With Primary-Side And Secondary-Side Coils (The Ferrite Block 

On The Secondary-Side Is Not Shown For The Purpose Of Clarity) [26] 

Where 𝐴 is the area of the square-shaped core, and 𝑡 is the thickness of the core, as shown in 

Figure 2.7. To analyse power transfer in an inductive WPT system, the dc input voltage, inverter and 

primary-side matching network is modelled as a Thevenin-equivalent ac voltage source 𝑣𝑡ℎ in series 

with a Thevenin impedance 𝑍𝑡ℎ and the secondary-side matching network and rectifier and the load 

are modelled as another impedance 𝑍𝑠𝑒𝑐  as shown in Figure 2.8. 
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Figure 2.8 Thevenin Equivalent For IPT [26] 

For simplicity of the analysis, let us assume that all the reactive compensation is provided by the 

primary-side matching network, and hence, the impedance looking from the secondary-side of the 

coupler is purely resistive (i.e., 𝑍𝑠𝑒𝑐 = 𝑅𝑠𝑒𝑐 + 𝑗0). Then the voltage generated across the secondary-

side coil is given by: 

𝑉𝑠𝑒𝑐 = 𝑁2 |
𝑑ϕs
𝑑𝑡
| = 2𝜋𝑓𝑖𝑝𝑡𝑁2ϕs 

2.2) 

Where 𝑁2 is the number of turns in the secondary-side coil, 𝑓𝑖𝑝𝑡 is the operating frequency of 

the system, and ϕ𝑠 is the portion of the flux generated by the primary-side coil that is linked to the 

secondary side. Using 2.1) and (2.2) the maximum power transfer capability of the inductive WPT 

system can be expressed as: 

𝑃𝑖𝑝𝑡,𝑚𝑎𝑥 =
𝑉𝑠𝑒𝑐,𝑚𝑎𝑥
2

𝑅𝑠𝑒𝑐
=
4𝜋2𝑓𝑖𝑝𝑡

2 𝐴𝑡2𝜅2𝐵𝑚𝑎𝑥
2 𝑁2

2

𝑅𝑠𝑒𝑐
 

2.3) 

With 𝜅 being the coupling coefficient that represents how much fraction of the primary-side 

generated flux is linked to the secondary side. 

2.3.1.1 Models 

Inductive Power Transfer-as shown in Figure 2.9-is based on the idea that an electric current 

driven through a coil induces an electromotive force in an adjacent coil due to the created magnetic 

flux [5]. 

Different perspectives exist for understanding WPT systems: 

• At the early developing stage of WPT systems, capacitors are deployed on both sides of 

a loosely coupled WPT coupler, and the operating frequency is tuned to approach the 

resonance frequency. However, the physical essence of magnetic resonance is not intui-

tive from a circuit point of view, and the mathematical derivation of a resonator is not 

straightforward [9] 

• Another view considers WPT systems as a conventional resonant converter that utilizes 

the resonance of an inductor and a capacitor to produce zero-crossing conditions, which 
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facilitates the device soft-switching [28]. However, the WPT resonant network is typi-

cally composed of multiple L and C elements, resulting in multiple resonant modes, 

which is different from conventional ones that only contain a single LC resonance [9]. 

• Given the variety of models and methodologies used to describe the system, a simple 

and straightforward model is required to unify the system's understanding and deter-

mine the physical meaning of WPT. 

According to [9], there are three models that are used to describe the IPT systems in the time 

domain, each model has favourable use depending on the application. 

 

Figure 2.9 A Circuit Scheme Of An IPT System, Used As A Means Of Wireless Power Transfer [29] 

2.3.1.1.1 Transformer Model 

In the mode analysis of resonant converters, the transformer model is often utilized. The circuit 

is represented on both sides by a magnetizing inductance, physical turns' ratio, and leakage induct-

ance, as shown in Figure 2.10. It greatly simplifies the analysis of compensation relationships be-

tween passive components, allowing for the creation of new compensation topologies that address 

various design goals. A different type of transformer model is shown in Figure 2.11, in which all pa-

rameters are reflected to the primary side. Equivalent leakage, magnetizing inductance, and turns' 

ratio are represented by the letters 𝐿𝑘, 𝐿𝑚𝑒, and 𝑁𝑒, respectively. This is frequently observed in the 

analysis of resonant converters based on ordinary transformers, such as the series resonant LLC con-

verter. Because this model has a small number of elements, choosing the compensation topology 

and component value is simple. 

2.3.1.1.2 Mutual Inductance Model (Coupled Coils’ Model) 

The mutual inductance model is the most widely used in wireless charging systems, in which the 

T-type transformer is changed into a two-port network, with the mutual inductance 𝑀 representing 

the coupling between the primary and secondary sides, as shown in Figure 2.12, It is more simple 

than the transformer model because it eliminates the leakage inductance and the turn ratio from 

the equation, reducing the number of variables. 

The following circuit equations can be used to express the mutual inductance model: 

[
𝑉𝑖𝑛𝑣
0
] = [

𝑍1 −𝑗𝜔𝑀
−𝑗𝜔𝑀 𝑍2

] [
𝐼1
𝐼2
] 

2.4) 
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Figure 2.10 Transformer Model Of Loosely Coupled Transformer That Includes The Primary Leak-

age, Secondary Leakage, And The Physical Turns’ Ratio [9] 

 

Figure 2.11 Transformer Model That Reflects All Leakage And Magnetizing Inductance To The Pri-

mary Side, And Ne Represents The Equivalent Turns’ Ratio [9] 

 

Figure 2.12 Circuit Diagram Of The Mutual Inductance Model [18] 

In which the primary-side impedance is simplified as 𝑍1 = 𝑅1 +  j(𝜔𝐿_ 1 −
1

𝜔

𝐶1
) , and the second-

ary-side impedance is  𝑍2 = 𝑅𝑒𝑞 + 𝑅2  + j(𝜔𝐿2 −
1

𝜔

𝐶2
) . Therefore, the input impedance of the reso-

nant tank can be solved as: 
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𝑍𝑖𝑛 =
𝑉𝑖𝑛𝑣
𝐼1

=
𝑍1𝑍2 + (𝜔𝑀)

2

𝑍2
= 𝑍1 +

(𝜔𝑀)2

𝑍2
 

2.5) 

The second term in 2.5) represents the reflected impedance from the secondary side to the pri-

mary side. Based on the abovementioned derivations, the equivalent mutual inductance model can 

be acquired as shown in shown in Figure 2.12, The reflected impedance 𝑍𝑟  and the secondary open-

circuit voltage 𝑉𝑜𝑐  represent the coupling effect of the primary and secondary sides. With this defini-

tion, the input power of the system and the power received by the load are given in the following, 

respectively: 

{
 
 

 
 

𝑃𝑖𝑛 = 𝑅𝑒 (
𝑉𝑖𝑛𝑣
2

𝑍𝑖𝑛
) = 𝑅𝑒(

𝑉𝑖𝑛𝑣
2

𝑍1 +
(𝜔𝑀)2

𝑍2

)

𝑃𝑜𝑢𝑡 = 𝑃𝑅𝑒𝑞 = |𝐼2
2|𝑅𝑒𝑞 =

𝑉𝑖𝑛𝑣
2 (𝜔𝑀)2𝑅𝑒𝑞

|𝑍1𝑍2 + (𝜔𝑀)
2|2

 

2.6) 

The apparent power between the primary side and the secondary side is expressed as: 

𝑆12 = |𝑉𝑜𝑐𝐼2| = |𝜔𝑀𝐼1𝐼2| = |
𝑉𝑖𝑛𝑣
2 (𝜔𝑀)2𝑍2

|𝑍1𝑍2 + (𝜔𝑀)
2|2
| =

𝑃𝑜𝑢𝑡|𝑍2|

𝑅𝑒𝑞
 

2.7) 

According to (2.7) only when the secondary side is fully compensated as 𝑍2  =  𝑅𝑒𝑞  +   𝑅﷩2, 

purely active power is transferred between two sides. Moreover, the primary side only provides 

active power when it is fully compensated. Hence, 2.6), and (2.7) present an analytical tool to 

evaluate the power transfer characteristics and efficiency. 

To derive the parametric relationship between two different models, the equivalence of the two 

models is used. The mutual inductance model and the transformer model can be converted mutually 

by using Kirchhoff's voltage law (KVL) on both sides and observing from the input and output ports. 

The following conclusion can be represented in terms of the relationship between self-leakage, and 

magnetizing inductances and turns' ratio: 

M-model to T-model as in Figure 2.10 

{

𝐿1  =  𝐿𝑙1  +  𝐿𝑚

𝐿2  =  𝐿𝑙2  +
𝐿𝑚
𝑁2

𝐿𝑚   =  𝑁𝑀

 

2.8) 

M-model to T-model as in Figure 2.11 

{
 
 

 
 𝑘 = 𝑀/√𝐿1𝐿2

𝐿𝑘 = (1 − 𝑘
2)𝐿1,   𝑁𝑒 = 𝑘√

𝐿1
𝐿2

𝐿𝑚𝑒 = 𝑘
2𝐿1

 

2.9)  
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2.3.1.1.3 Coupled-Mode Model 

The magnetic resonance WPT model was first proposed by Marin Soljacic's research group at the 

MIT School of Physics [30]. To accomplish WPT, the magnetic resonant system demonstrated uses 

two resonant coils with the same resonant frequency to establish a strong resonant coupling. Mag-

netic resonance WPT, which uses high-Q coils to compensate for the lack of coupling, is more suita-

ble for longer transmission distances when the frequency is increased to the MHz range. 

In terms of modelling the power transfer process, magnetic resonant WPT utilizes the coupled-

mode theory: 

𝑎̇𝑚(𝑡) =  −(𝑖𝜔𝑚  +  Г𝑚)𝑎𝑚(𝑡) ∑ 𝑖𝑘𝑚𝑛𝑎𝑛(𝑡) + 𝐹𝑚(𝑡)

𝑛≠𝑚

  

2.10) 

The subscripts 𝑚 and 𝑛 represent individual resonators.𝑎𝑚(𝑡) is defined as the energy in the 

mth resonator, 𝜔𝑚 represents the free resonant frequency of the resonator. Г𝑚 is the inherent at-

tenuation constant (related to ohmic and radiative losses), 𝑘𝑚𝑛 is the coupling between the resona-

tor 𝑚 and the resonator 𝑛. Finally, 𝐹𝑚(𝑡) is the excitation coefficient of the resonator 𝑚. 

Resonant frequency, damping factor (load condition), coupling factor, and excitation are all used 

to describe the energy within the resonators. As a result, it and the mutual inductance model have 

the same physical meaning. The coupled-mode theory is a mathematical representation of the same 

WPT process[9].  

2.3.1.2 Magnetic Couplers 

Non-radiative magnetic coupling WPT can be done using various coupler configurations [31], 

[32]. They are listed as follows: 

1. Circular non polarized Pad (CP) 

2. Flux Pipe / Solenoid 

3. Double-D polarised Pad (DDP) 

4. Double-D Quadrature polarised Pad (DDQP) 

5. Bipolar polarized Pad (BPP) 

6. Tripolar polarised Pad (TPP) 

The coupler consists of transmitter and receiver being the most important part of WPT. The de-

sired characteristics for coupling pads are high Coupling Coefficient 'k', Quality Factor 'Q', and high 

misalignment tolerance [32] 

2.3.1.2.1 Circular Non Polarized Pad (CP) 

As mentioned in [32], [33] these are the most commonly used coil structure since early 2000's 

and it became popular because of the single-sided magnetic field that enters and leave the coil only 

from the front side. 

The single sided nature of flux pattern helps in reducing leakage flux [32]. As shown in Figure 

2.13, ferrite bars are presented to the back of the coil pad to facilitate a low reluctant flux path and 

also reduce the flux leakage [31]. An aluminium plate is placed on the back of the whole coil in order 

to hold up the flux distribution. This topology gives the advantage that the structure is easy to build 

with the symmetric flux distribution around the centre but the flux height is proportional to half of 

the ferrite length is a quarter of pad diameter (𝑃𝑑/4) as mentioned in [33]. 



Page | 28  
 

 
Figure 2.13 Typical Layout Of A Circular Pad [33] 

 
Figure 2.14 Typical Field Generated In Circular Pad [33] 

But this configuration has lower tolerance to misalignment which can occur very easily while 

parking the vehicle and hence there were other configurations that got developed to improve the 

tolerance to misalignment and also improve the flux height. 

2.3.1.2.2 Flux Pipe / Solenoid 

The flux pipe consists of two coils positioned at ends of the midsection of a pad as shown in Fig-

ure 2.15. The Tx and Rx are the flux transmitting and receiving surfaces, both track and pickup pads 

are identical. The coils are electrically connected in parallel to lower the impedance and are con-

nected magnetically in series since flux from one coil passes through to the other. The mutual flux 

between coils links with the pickup pads to couple power [34]. They were developed and used in 

monorail automated guided vehicle in 90's [33]. 

Here the fundamental flux path is half of the length of the receiver pad and hence it is better 

than circular pad. The coefficient of coupling is also similar to the circular pad but the drawback of 

this design is that the quality factor and the efficiency of the system reduces when aluminium shield-

ing is used [32]. 
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Figure 2.15 Typical Layout Of Solenoid Pad [34] 

2.3.1.2.3 Double-D Polarised Pad (DDP) 

This is a polarised single-sided flux coupler that combines the advantage of both flux pipe as well 

as circular pad design [32]. The middle of the DD coil is similar to flux pipe as the coils are connected 

in series magnetically [32]. Here the coils are placed on top of ferrite and the aluminium shield is 

placed under the ferrite thus no loss in quality factor. Thus, this DDP design has higher coefficient of 

coupling, lower losses in aluminium shielding and lower leakage flux also flux height is proportional 

to half the length of the pad [32]. Therefore, it is a great improvement over the circular pad design. 

 

Figure 2.16 Simplified Model Of DD Pad [33] 

As a receiver pad the DD coil can only couple horizontal flux component when centred with a 

transmitter pad, whereas the circular pads can only couple vertical flux component when aligned 

centrally [33]; also this topology has poor interoperability characteristic when the receiver pad is 

centrally aligned with the transmitter pad, same goes for the CP topology [31], this led to the devel-

opment of DDQP pads which can overcome this interoperability issues. 

2.3.1.2.4 Double-D Quadrature Polarised Pad (DDQP) 

The DDQP topology was designed to generate both parallel and perpendicular magnetic field 

[31]. In this topology an additional coil is placed on DDP topology, which is shown in Figure 2.17. As 

the DDQP topology can generate both the polarized and nonpolarized field by regulating the coil cur-

rent, the flexibility of the system is high than any other topologies, hence higher tolerance to misa-

lignment. But the disadvantage is the increased number of coils, which leads to the increased cost of 

the topology [31]. This increase in coils is about three times with respect to circular pad [32]. 
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Figure 2.17 Typical Model Of DDQ Polarised Pad [31] 

2.3.1.2.5 Bipolar Polarized Pad (BPP) 

In this topology coil A and coil B are overlapped in such a manner so that they are mutually de-

coupled as shown in Figure 2.18. This topology overcomes the added coil structure of DDQP topol-

ogy hence the copper used here is around 25% to 30% lesser [32] than DDQP topology making this 

lesser expensive compared to DDQP. And this topology has similar performance to DDQP with re-

gard to misalignment tolerance and higher coefficient of coupling [32]. As per different operation of 

current direction, BPP can work as CP, single coil or DD mode and thus most suitable for multi-mode 

secondary pad design [31]. 

 

Figure 2.18 Typical Model Of Bipolar Polarised Pad [31] 

2.3.1.2.6 Tripolar Polarised Pad (TPP) 

Tripolar pad (TPP) is a three-coil coupler arranged in such a way that they are mutually decou-

pled as shown in Figure 2.19 [35]. This topology allows high tolerance to rotational misalignment of a 

non-polarized pad [35]. 

The three mutually decoupled coils are driven independently to achieve highest coupling factor 

which can be seen in block diagram. As in [35] in this topology allows an increase in effective coeffi-

cient of coupling with bipolar and circular pad as the secondary coil. This was accomplished by con-

trolling voltage magnitude and phase of the transmitter coil currents. The apparent power demand 

is reduced by 45% compared to the circular pad for an air gap of 150 mm [35]. The leakage magnetic 

field reported is also less. However, the need for three separate inverters to drive three mutually de-

coupled coils adds to its cost and increases complexity of control [35]. 
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Figure 2.19 A Typical A Tripolar Pad With Arrows Showing The Flow Of Current In Phase [35] 

2.3.1.3 Coil Topology Features  

In Table 2.2 features of each topology are discussed, showing the preferred use, flux generation 

and common comparison between selected options. 

Coil Topol-

ogy 

 
Features   

Circular Pad 

•  • Flux symmetric around CP centre 

• Non polarised perpendicular field pattern by CP 

• Commonly used in primary and secondary 

• Poor interoperability characteristics 

• Generate and couple perpendicular flux 

• Flexible application 

DD Pad 

•  • Single sided flux generation 

• Better performance of interoperability with different topologies 

• Commonly used in primary 

• Ferrite bars are easy to saturate at high power rate 

• No reverse flux to eliminate the unwanted rear flux 

DDQ 

•  • As a secondary the charge zone provide is three time of DD pad 

• Better performance than DD with different secondary topologies 

• Commonly used in secondary 

• Variable excitation modes 

• Versatile in central coil design to fit the air gap 

Bipolar Pad 

•  • Mutually decoupled partially overlapped structure 

• Almost same performance and identical power to DDQP 

• Uses lesser copper than DDQ 

• Commonly used in secondary. 

Tripolar Pad 

•  • High tolerance to rotational displacement. 

• All three coils mutually decoupled and overlapped, can be controlled individually. 

• TPP as primary maintains a high level of uncompensated power regardless of any rotational 

displacement. 

Table 2.2 Features Of Coil Topologies 
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2.3.2 Capacitive Power Transfer CPT 

In Figure 2.20, The couplers are square-shaped and occupy an area 𝐴 on both primary and sec-

ondary sides.  

  

Figure 2.20 CPT System With Primary-Side Plates And Secondary-Side Plates [26] 

In a capacitive WPT system, given an air-gap voltage 𝑉𝑎𝑔 and an air-gap length 𝑑, the electric 

field intensity in the air gap can be approximated by neglecting fringing effect as: 

𝐸 =
𝑉𝑎𝑔

𝑑
 

2.11) 

 

Figure 2.21 Equivalent Theveni Model Of CPT [26] 

In the capacitive WPT system of Figure 2.21, given an air-gap voltage 𝑉𝑎𝑔 the displacement cur-

rent through the air-gap 𝑖𝑎𝑔 can be expressed as: 

𝑖𝑎𝑔 = 2𝜋𝑓𝑐𝑝𝑡𝐶𝑠𝑉𝑎𝑔 =
2𝜋𝑓𝑐𝑝𝑡𝜖0𝐴

2𝑑
𝑉𝑎𝑔 

2.12) 

Where 𝑓𝑐𝑝𝑡 is the operating frequency of the system, and 𝐴 is the total area of the coupling 

plates on either the primary or the secondary side. Using 2.11) and 2.12), the maximum power trans-

fer capability of the capacitive WPT system can be expressed as: 

𝑃𝑐𝑝𝑡,𝑚𝑎𝑥 = 𝑖𝑎𝑔,𝑚𝑎𝑥
2 𝑅𝑠𝑒𝑐 = 𝜋

2𝑓𝑐𝑝𝑡
2 𝐴2𝜖0

2𝐸𝑚𝑎𝑥
2 𝑅𝑠𝑒𝑐  

2.13) 
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2.3.2.1.1 Models 

In Ref [36], A typical CPT system is shown in Figure 2.22 , which includes an inverter, a rectifier, 

and a properly compensated capacitive coupler. Through the coupling plates, the power is trans-

ferred from the TX plates (i.e., 𝑃𝑎 and 𝑃𝑏) to the RX plates (i.e., 𝑃𝑐  and 𝑃𝑑). 

 

Figure 2.22 Typical Cpt System Configuration [36] 

2.3.2.1.1.1 Six Capacitor Model  

The coupling mechanism is usually explained by a six-capacitor model as shown in Figure 2.23, 

and the coupling capacitance between each two plates are represented by 𝐶𝑎𝑏, 𝐶𝑎𝑐, 𝐶𝑎𝑑, 𝐶𝑏𝑐, 𝐶𝑏𝑑, 

and 𝐶𝑐𝑑[36]. 

 

Figure 2.23 Six Capacitor Model [36] 

2.3.2.1.1.2 Induced Current Source (ICS) 

In order to simplify the circuit analysis, the induced current source (ICS) model is developed as 

shown in Figure 2.24. 
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Figure 2.24 Ics Model [36] 

And it has: 

{
  
 

  
 𝐶𝑝1 = 𝐶𝑎𝑏 +

(𝐶𝑎𝑐 + 𝐶𝑎𝑑)(𝐶𝑏𝑐 + 𝐶𝑏𝑑)

𝐶𝑎𝑐 + 𝐶𝑎𝑑 + 𝐶𝑏𝑐 + 𝐶𝑏𝑑

𝐶𝑝2 = 𝐶𝑐𝑑 +
(𝐶𝑎𝑐 + 𝐶𝑏𝑐)(𝐶𝑎𝑑 + 𝐶𝑏𝑑)

𝐶𝑎𝑐 + 𝐶𝑎𝑑 + 𝐶𝑏𝑐 + 𝐶𝑏𝑑

𝐶𝑝𝑚 =
𝐶𝑏𝑑𝐶𝑎𝑐 − 𝐶𝑎𝑑𝐶𝑏𝑐

𝐶𝑎𝑐 + 𝐶𝑎𝑑 + 𝐶𝑏𝑐 + 𝐶𝑏𝑑

 

2.14) 

This model only needs a pair of self-shunt capacitance (𝐶𝑝1 and 𝐶𝑝2) and the ICS. With the help 

of 𝐶𝑝𝑚, the power is coupled between TX and RX plates based on the following state equations: 

[
𝐼𝑡𝑥
𝐼𝑟𝑥
] = [

𝑗𝜔𝐶𝑝1 −𝑗𝜔𝐶𝑝𝑚
−𝑗𝜔𝐶𝑝𝑚 𝑗𝜔𝐶𝑝2

] [
𝑉𝑎𝑏
𝑉𝑐𝑑

] 

2.15) 

Where 𝐼𝑡𝑥, 𝐼𝑟𝑥, 𝑉𝑎𝑏, and 𝑉𝑐𝑑are the terminal currents and voltages. Which are represented by 

the phasor form. 

Using the ICS model, the coupled power is the product of the induced current and its corre-

sponding voltage, i.e., 

𝑃 =  𝑅𝑒[𝑉𝑎𝑏(𝑗𝜔𝐶𝑝𝑚𝑉𝑐𝑑)
∗
 ] 

2.16) 

Where ∗ means the conjugate operation and 𝑅𝑒[ ] takes the real part. It shows the power trans-

fer capability is proportional to 𝐶𝑝𝑚 and terminal voltage. 

2.3.2.1.1.3 π Model 

In ref [25], the equivalent model of the capacitors is further simplified to a π shape, as shown in 

Figure 2.25. This model is suitable to simplify the parameter calculation in the circuit. It needs to be 

emphasized that the primary and secondary sides are not separated in the π shape model. 
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Figure 2.25 Simplified Equivalent Model Of Coupling Capacitors The π Model [25] 

Where 𝑉1 ≡ 𝑉𝑎𝑏 , 𝑉2 ≡ 𝑉𝑐𝑑 , 𝐼1 ≡ 𝐼𝑡𝑥 , 𝐼2 ≡ 𝐼𝑟𝑥 , 𝐶1 ≡ 𝐶𝑝1, 𝐶2 ≡ 𝐶𝑝2 𝑎𝑛𝑑 𝐶𝑀 ≡ 𝐶𝑝𝑚. Then equation 

(2.14) can be reduced into: 

{
𝐼𝑡𝑥  =  𝑗𝜔(𝐶𝑝1  −  𝐶𝑝𝑚 )  ·  𝑉𝑎𝑏  +  𝑗𝜔𝐶𝑝𝑚  ·  (𝑉𝑎𝑏  −  𝑉𝑐𝑑  )

𝐼𝑟𝑥  =  𝑗𝜔(𝐶𝑝2  −  𝐶𝑝𝑚 )  ·  𝑉𝑐𝑑  +  𝑗𝜔𝐶𝑝𝑚  ·  (𝑉𝑐𝑑  −  𝑉𝑎𝑏 )
 

2.17) 

Similar to that of the coils, the capacitive coupling coefficient 𝑘𝑐 of the plates is defined with the 

parameters from (2.13), as follows: 

𝑘𝑐 =
𝐶𝑝𝑚

√𝐶𝑝1𝐶𝑝2
 

2.18) 

2.3.2.1.2 Plates 

According on the power level and coupling space, many couplers have currently been created. 

The well-known coupling process 𝐶 =
𝜖𝐴

𝑑
 states that the overlapping area, medium dielectric con-

stant, and distance all affect the coupling capacitance between any two plates. There are two basic 

coupler structures that are frequently employed; they were created for the same coupling space 

that is described by 𝑙 and 𝑑. And since the distance 𝑑 is defined by the application, the only design 

freedom is to improve the mutual coupling is to enlarge the corresponding overlapping area. 

For either of the two, three types of coupling can be defined based on the six-capacitor model. 

𝐶𝑎𝑐  and 𝐶𝑏𝑑  represent the mutual coupling, and they are helpful for power transfer because a large 

𝐶𝑝𝑚 needs large 𝐶𝑎𝑐  and 𝐶𝑏𝑑  [refer to (2.14)]. 𝐶𝑎𝑏 and 𝐶𝑐𝑑  are the self-coupling, increasing which 

will help improve 𝐶𝑝1 and 𝐶𝑝2. Cad and 𝐶𝑏𝑐  are caused by the cross coupling, and their existence de-

preciate 𝐶𝑝𝑚. 

2.3.2.1.2.1 Horizontal Capacitive Couplers (HCC) 

When the same-side plates (such as 𝑃𝑎  and 𝑃𝑏) are placed horizontally, the mutual coupling is 

strong, and this structure is defined as HCC, refer to Figure 2.26. For the HCC, the only design varia-

ble is the distance (i.e., 𝑙𝑐) between 𝑃𝑎 and 𝑃𝑏. Such a structure does benefit 𝐶𝑝𝑚, but its 𝐶𝑝1 is too 

small [36]. 
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Figure 2.26 HCC Structure [36] 

In [37], a horizontal structure was used, the plates at the same side are placed 500 mm away, so 

the coupling capacitance 𝐶𝑎𝑏 and 𝐶𝑐𝑑  are both close to zero. Cross-coupling capacitances 𝐶𝑎𝑑  and 

𝐶𝑏𝑐  are also close to zero. As a result, the capacitive coupling coefficient is 𝑘𝑐 ≈ 1 [25]. 

The HCC almost maximizes the mutual coupling and has small cross coupling to ensure large 

𝐶𝑝𝑚, but its limited self-coupling will significantly depreciate 𝐶𝑝1[36]. An illustration to the coupling 

mechanism is given in Figure 2.27. 

 

Figure 2.27 Coupling Mechanism Of HCC [36] 

2.3.2.1.2.2 Vertical Capacitive Couplers (VCC) 

This coupler places same-side plates vertically, and thereby, is named as the Vertical Capacitive 

Coupling. For VCC, the clearance is ensured by dc = 3 mm, and the only design variable is the length 

of 𝑃𝑏, i.e., ls. As shown in Figure 2.28, 𝑙𝑠 affects 𝐶𝑝1 and 𝐶𝑝𝑚 at the same time. From the power 

transfer perspective, a design point is chosen to maximize 𝐶𝑝𝑚. Even though a maximized 𝐶𝑝𝑚 still 

exists, the VCC cannot fully utilize the coupling space like the HCC [36]. 
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Figure 2.28 VCC Structure [36] 

For the vertical structure shown in Figure 2.28, the plate distance 𝑑𝑐 is much smaller than the air 

gap distance 𝑑, so 𝐶𝑎𝑏 and 𝐶𝑐𝑑  are much larger than 𝐶𝑎𝑐  and 𝐶𝑏𝑑. As a result, the capacitive coupling 

coefficient 𝑘𝑐 ≪  1 , which means it is a loosely coupled CPT system [25]. 

The VCC enhance the self-capacitance 𝐶𝑝1 by increasing the coupling areas between plates 𝑃𝑎,𝑃𝑏 

as well as plates 𝑃𝑐,𝑃𝑑. Even though area between plates 𝑃𝑎, 𝑃𝑐  and Plates 𝑃𝑏, 𝑃𝑑  remains the same. 

𝐶𝑝𝑚 still decreases because of the decreased mutual coupling effect [36]. The coupling mechanism is 

explained in Figure 2.29. 

 

Figure 2.29 Coupling Mechanism Of VCC [36] 

2.3.2.1.2.3 Interleaved Capacitive Coupling (ICC) 

Reference [36] proposes an additional structure -combining the benefits of the HCC and VCC-

shown in Figure 2.30. Both TX and RX sides have four metal plates locating at two layers and all the 

plates are identical. For either side, the same-layer plates (like 𝑃𝑎1 and 𝑃𝑏1) are disconnected, and 

plates from different layers are connected through additional wire in an interleaved manner, such as 

𝑃𝑎1 and 𝑃𝑎2. 
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Figure 2.30 Interleaved Capacitive Coupler Stereogram [36] 

Compared to the VCC, the ICC has larger 𝐶𝑝1 due to its larger overlapping area of the same-side 

plates, because the middle two layers of the VCC is smaller [refer to Figure 2.28 and Figure 2.30]. As 

for 𝐶𝑝𝑚, the VCC must make a trade-off to maximize the 𝐶𝑝𝑚 [36].in VCC, the large 𝐶𝑝1 will sacrifice 

𝐶𝑝𝑚. However, the ICC will not have this concern when 𝐶𝑝1 is maximized by the additional plates. In 

the ICC, the cross-coupling capacitance is determined by:  

𝐶𝑎𝑑  =  𝐶𝑎1𝑑1  +  𝐶𝑎2𝑑2  +  𝐶𝑎1𝑑2  +  𝐶𝑎2𝑑1 

2.19) 

In this coupler, the clearance is ensured by 𝑙𝑐 and 𝑑𝑐[refer to Figure 2.30]. Like the HCC and VCC, 

the size parameters can be optimized for the ICC. The large 𝐶𝑝𝑚 and 𝐶𝑝1 is achieved simultaneously 

in the ICC because it can fully utilize the benefits of the HCC and VCC while avoid their downside 

[36]. The coupling mechanism of this coupler is described in Figure 2.31. 

 

Figure 2.31 Interleaved Capacitive Coupler Front View [36] 

2.3.3 Maximum Achievable Efficiency In Large Air-Gap Inductive And Capacitive Wpt Systems 

The topology of an inductive and a capacitive WPT system typically utilized in large air-gap appli-

cations such as EV charging is shown in Figure 2.32 and Figure 2.33 respectively. In the inductive 

WPT system, the pair of coupling coils form a loosely coupled transformer, with a primary-side self-

inductance 𝐿𝑝, a secondary-side self-inductance 𝐿𝑠 , and a mutual inductance 𝑀. In the capacitive 

WPT system, the two pair of coupling plates form two capacitances, shown as 𝐶𝑠 . Both the systems 

comprise resonant matching networks on each side of the coupler that compensate for the coupler’s 
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reactance. These compensations ensure that the impedance seen by the inverter stays near-resis-

tive, enabling effective power transfer with low circulating currents [26]. 

 

Figure 2.32 Topology Of IPT System [26] 

 

Figure 2.33 Topology Of CPT System [26] 

Although operating at a higher frequency increases power transfer capability of both inductive 

and capacitive WPT systems, it may impact their efficiencies differently [26]. 

2.3.3.1 Inductive Power Transfer (IPT) 

The major source of losses are its matching networks and coupling coils. Assuming that the 

losses in the inverter and rectifier transistors comparatively very small, and that the matching net-

work capacitors are much more efficient that the inductors [26], the maximum efficiency achievable 

in the inductive WPT system can be approximated as: 
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𝜂𝑖𝑝𝑡 ≈ 1 −

√
𝜋2𝑃𝑖𝑝𝑡
8𝑉𝐼𝑁𝑉𝑂𝑈𝑇

(𝜔𝑖𝑝𝑡𝑀)

𝑄𝐿,𝑖𝑝𝑡
−
2

𝑄𝐶
(
√𝑀

𝐿𝑝𝐿𝑠
)  

2.20) 

Where 𝑃𝑖𝑝𝑡  is the transferred power, 𝜔𝑖𝑝𝑡 = 2𝜋𝑓𝑖𝑝𝑡, and 𝑄𝐿,𝑖𝑝𝑡 is the unloaded quality factor of 

its matching network inductors, and 𝑄𝐶  if the unloaded quality factor of the coupling coils. The effi-

ciency expression of 2.20) is obtained by optimally distributing the required compensation among 

the matching networks. 

2.3.3.2 Capacitive Power Transfer (CPT) 

The losses in the coupling plates are typically very small compared to matching network losses 

[26]. Under this assumption and applying similar optimal design approach as IPT, the maximum effi-

ciency achievable in the capacitive WPT system can be approximated as: 

𝜂𝑐𝑝𝑡 ≈  1 −

√
𝜋2𝑃𝑐𝑝𝑡
8𝑉𝐼𝑁𝑉𝑂𝑈𝑇

(
1

𝜔𝑐𝑝𝑡
𝐶𝑠
2

) 

𝑄𝐿,𝑐𝑝𝑡
  

2.21) 

Where 𝑃𝑐𝑝𝑡 is the transferred power, 𝜔𝑐𝑝𝑡 = 2𝜋𝑓𝑐𝑝𝑡, and 𝑄𝐿,𝑐𝑝𝑡 is the quality factor of the 

matching network inductors. It can be seen from (2.20) and (2.21) that operating at a higher fre-

quency lowers the efficiency of an inductive WPT system but increases the efficiency of capacitive 

WPT system. This is because a higher frequency increases the coupler reactance of the inductive 

WPT system (𝜔𝑖𝑝𝑡𝑀), requiring more compensation, but decreases the coupler reactance of the ca-

pacitive WPT system ( 
1

𝜔𝑐𝑝𝑡 (
𝐶𝑠

2
 )

), requiring less compensation. 

2.3.4 Comparison Between IPT And CPT In Large Air-Gap 

2.3.4.1 Power Transfer Capability 

Reference [26] presents a comparison for ratio of the power transfer capability of an example 

capacitive WPT system to that of an example inductive WPT system with the same coupling area, as 

a function of the ratio of their operating frequencies; as shown in Figure 2.34. The systems having 

the same air-gap of 12 cm and the same coupling area 𝐴 of 0.5 m × 0.5 m (the thickness of ferrite 

slab is assumed to be 5 cm). 

As can be seen in Figure 2.34, the capacitive WPT system can achieve the same power transfer 

capability as the inductive WPT system by operating at about 900 times higher frequency. With the 

development of high-speed GaN transistors capable of efficiently switching at tens of MHz, and 

given that large air-gap inductive WPT systems typically operate at tens of kHz, capacitive WPT sys-

tems have the potential to operate at orders of magnitude higher frequencies, and achieve similar 

power transfer levels as inductive WPT systems [26]. 
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Figure 2.34 Ratio Of Power Transfer Capabilities Of An Inductive And A Capacitive WPT System 

Having The Same Air-Gap And Same Coupling Area [26] 

2.3.4.2 Achievable Efficiency 

In [26], the maximum efficiency of two example capacitive and inductive WPT systems, both 

having an air-gap of 12 cm, are shown below as a function of their power transfer density (defined as 

the power transferred per unit coupling area) for three different operating frequencies. The match-

ing network inductors of both the systems and the coupling coil of the inductive WPT system all are 

assumed have a quality factor of 500. 

The comparison is done for a system with 12 cm air-gap and 30 𝑐𝑚 ×  30 𝑐𝑚 plates as a func-

tion of their power transfer density for three different operating frequencies: 100 𝑘𝐻𝑧 [Figure 2.35], 

1 𝑀𝐻𝑧 [Figure 2.36] and 10 𝑀𝐻𝑧 [Figure 2.37]. 

As expected, with increasing frequency, the efficiency of the capacitive WPT system rises and 

that of the inductive WPT system falls. At 10 MHz, the capacitive WPT efficiency is higher than the 

inductive WPT efficiency for the whole range of power transfer density [26]. 

 

Figure 2.35 Efficiency Of An Inductive And A Capacitive Systems With 100 kHZ [26] 
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Figure 2.36 Efficiency Of An Inductive And A Capacitive Systems With 1 MHZ [26] 

 

Figure 2.37 Efficiency Of An Inductive And A Capacitive Systems With 10 MHZ [26] 
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3 CHAPTER 3: RESONANT INDUCTIVE COUPLING  

Resonance is a phenomenon where energy oscillates, generally, between two modes. In the case 

of an RLC circuit, energy oscillates between the electric field in the capacitor and the magnetic field 

in the inductor [38]. Matching the inductor's and capacitor's respective impedances allows an RLC 

circuit to operate in resonance. The values cancel out because they have the opposite signs, leaving 

the system with the lowest possible (pure resistive) impedance. The inductor and the capacitor or 

the circuit are resonating, the way the kinetic and potential energy in a pendulum resonate and 

empty into each other. 

In ref[39], a distinction Between IPT and Resonance Inductive Coupling RIPT is discussed by sum-

marizing their differences. It should be noted that they all conform to Faraday’s and Ampere’s law. 

So, the variations primarily include design approaches, system architectures, parameter selection 

and transfer characteristics. 

• In RIPT, a variety of system topologies are used, which can help with impedance match-

ing to improve system transfer properties. The coil's parasitic capacitance is typically 

used to generate an extremely high resonant frequency. IPT, in contrast, typically uses a 

system architecture with two coils, with the fundamental topologies being series-series, 

parallel-series, parallel-parallel, and series-parallel. To improve power transfer, the sec-

ondary coil of an IPT should be tuned at the operating frequency. The lumped capaci-

tance of the primary coil should be specifically built to compensate for both the primary 

self-inductance and the reflected impedance in order to eliminate the imaginary power 

in particular topologies [39]. Except for the series-series topology, the compensation ca-

pacitance of the primary coil in the other three topologies are all affected by either mu-

tual inductance values or load impedances [40]; 

• The operating frequency of RIPT is roughly in the MHz region since parasitic capaci-

tances are typically used for tuning. The quality factors are therefore quite high. These 

high-quality variables can lessen the dramatic fall in transfer efficiency that is brought on 

by the reduced coupling coefficient as the transfer distance rises, allowing for the reali-

zation of high transfer efficiency in the meter scope. In contrast to RIPT, IPT typically op-

erates in the KHz range, and ferromagnetic materials are frequently employed to en-

hance coupling and, hence, power transfer [39]. IPT quality factors are typically designed 

below 10 [40], [41] since higher quality factor values induce a sharp decline in transfer 

power [42]; 

• The frequency splitting phenomenon exists in both RIPT and IPT, but with different ob-

jectives. The former aims to maximize the transfer power, and the latter one aims to 

achieve a unity power factor [40]. AC sweep analysis results by executing Spice simula-

tions are showed in Figure 3.1 [39]. 𝑃𝑉𝑆, 𝑃𝑠 and 𝑃𝐿 represent the output power of the AC 

voltage source, the dissipation power of the source internal resistance and the load re-

sistance. 𝐴 and 𝐵 represent the frequency splitting points based on achieving the unity 

power factor, 𝐷 and 𝐸 represent the frequency splitting points based on maximizing the 

transfer power, 𝐶1 and 𝐶2 are at the resonant frequency point. Obviously, the frequency 

splitting phenomenon appears in Figure 3.1, and 𝐴 and 𝐷 (or 𝐵 and 𝐸) overlap with each 

other. But it should be noted that the premise is the equivalence between 𝑅𝑆 and 𝑅𝐿, 

once this assumption is not satisfied, the misalignment between 𝐴 and 𝐷 (or 𝐵 and 𝐸) 

will happen. 



Page | 44  
 

 

Figure 3.1 Frequency Splitting Phenomena in RIPT and IPT [39] 

3.1.1 Models 

3.1.1.1 Circuit Theory 

Based on mutual inductance, the model is straightforward. Parallel-parallel and series-series 

compensations are the basic structures which have been well discussed in the literature. and addi-

tionally, their analysis and design methods are elaborated in [43], [44]  Hence, as an example to 

demonstrate Circuit Theory; Series-Series SS topology is chosen. Figure 3.2 shows the equivalent cir-

cuit model of a system architecture with two coils, in which, 𝑅𝑆, 𝑅2(𝑅3) = 𝑍𝑝(𝑍𝑠), 𝐿2(𝐿3) = 𝐿𝑝(𝐿𝑠), 

𝐶2(𝐶3) = 𝐶𝑝(𝐶𝑠) , 𝑀23 = 𝑀 and 𝑅𝐿 = 𝑍𝐿 represent the internal resistance of the voltage source, the 

coil parasitic resistances, the coil self-inductances, the resonant capacitors, the mutual inductance 

and the load resistance, respectively.  

 

Figure 3.2 Equivalent Circuit Model Of System Architecture With Two Coils [39] 

To further simplify the circuit all Items can be referred to the primary as in Figure 3.3, then if the 

system is in the resonant state, the reflected impedance from the secondary coil to the primary coil, 

the transfer efficiency and the transfer power can be drawn as [43], [44]: 

𝑍𝑟 = 𝑅𝑟𝑒𝑓 =
𝜔2𝑀23

2

𝑍3
=
𝜔2𝑀2

𝑍𝑠
   

3.1) 
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𝜂 =
𝜔2𝑀23

2 𝑅𝐿
𝑅3 + [𝑅𝐿𝑀23

2 + (𝑅2 + 𝑅𝑠)(𝑅3 + 𝑅𝐿)]
 

3.2) 

𝑃𝐿 =
𝜔2𝑀23

2 𝑉𝑠
2𝑅𝐿

[𝑅𝐿𝑀23
2 + (𝑅2 + 𝑅𝑠)(𝑅3 + 𝑅𝐿)]

 

3.3) 

 

Figure 3.3 Simplified Circuit Model By Referring The Secondary Coil To Be The Equivalent Imped-

ance In The Primary Side [39] 

3.1.1.2 Coupled Mode Theory 

According to Coupled Mode Theory, the physical processes of power transferring from one reso-

nant object to another can be described in (2.10). If the intrinsic decay rate is not considered, the 

energy exchange between two resonant objects will be lossless. When considering the loss during 

the energy exchange, we use: 

{

𝑑𝑎𝑚(𝑡)

𝑑𝑡
= (𝑖𝜔𝑚 − Г𝑚)𝑎𝑚(𝑡) + 𝑖𝐾𝑚𝑛𝑎𝑛(𝑡) + 𝐹𝑚(𝑡)

𝑑𝑎𝑛(𝑡)

𝑑𝑡
= (𝑖𝜔𝑚 − Г𝑚 − Г𝐿)𝑎𝑛(𝑡) + 𝑖𝐾𝑛𝑀𝑎𝑚(𝑡)

 

3.4) 

Where 𝛤𝐿 represents the additional energy decay rate due to the load. Suppose that the proper-

ties of these two resonant objects are identical, then 𝜔𝑚 and 𝜔𝑛 equal 𝜔𝑟, 𝐾𝑚𝑛 and 𝐾𝑛𝑚 equal 𝐾, 

and make the driving terms 𝐹𝑚(𝑡) be 𝑉𝑒𝑖𝜔𝑡 simultaneously, Equation (3.4) can be re-written as: 

{
 
 

 
 𝑎𝑚(𝑡) =

[(Г𝑛 + Г𝐿) + 𝑖(𝜔 − 𝜔𝑟]𝑉𝑒
𝑖𝜔𝑡

𝐾2 + (𝑖𝜔 − 𝑖𝜔𝑟 + Г𝑚)(𝑖𝜔 − 𝑖𝜔𝑟 + Г𝑛+Г𝐿)

𝑎𝑛(𝑡) =
𝑖𝐾𝑉𝑒𝑖𝜔𝑡

𝐾2 + (𝑖𝜔 − 𝑖𝜔𝑟 + Г𝑚)(𝑖𝜔 − 𝑖𝜔𝑟 + Г𝑛+Г𝐿)

 

3.5) 

The transfer efficiency and transfer power expressions in CMT can be described as follows [30]: 

𝜂 =
Г𝐿|𝑎𝑛(𝑡)|

2

(Г𝑚|𝑎𝑚(𝑡)|
2 + (Г𝑛 + Г𝐿)|𝑎𝑛(𝑡)|

2
 

3.6) 
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𝑃𝐿 = 2Г𝐿|𝑎𝑛(𝑡)|
2 

3.7) 

3.1.2 Compensation Networks 

The resonance converter topology plays a vital role in the amount of power transfer and dis-

tance [45]–[47]. An inductive power transfer system without resonance is less efficient. In addition, 

the voltage and current stress across the semiconductor devices and the rating depends on the con-

figuration of the resonance topology. The arrangement of energy storage elements determines the 

order, size and shape of the waveforms [48].  

To transmit power wirelessly, using a loosely coupled transformer it involves a large winding 

separation which has a relatively large leakage inductance, as well as proximity effect and winding 

resistance, even magnetising flux is significantly reduced [49]. Thus, additional compensation capaci-

tors are needed to form the resonant tanks in both primary as well as secondary side [49]. Usually, 

the primary side inductance is compensated/-tuned to decrease the apparent power supply rating 

and the secondary inductance is compensated/tuned to maximize power transfer [50]. 

The most basic requirement of a compensation capacitor is to resonate with primary/secondary 

inductance to provide the reactive power required for the generation of adequate magnetic fields 

[51]. 

Ref [49] discussed requirements for compensation as follows: 

• Minimum VA rating and maximized power transfer capability 

o Minimises apparent power / VA rating of power supply 

o Cancels the secondary inductance to maximize transfer capability 

• Constant-Current (CC) / Constant-Voltage (CV) 

o Compensation topology can be selected as per the output requirement CC or CV 

• High Efficiency 

o It is mainly decided by coupling coefficient and quality factor of the windings 

• Bifurcation Resistant 

o To guarantee system stability by having unique zero phase angle (ZPA) 

3.1.2.1 Higher Order Resonance 

There is more freedom in the tuning of a higher-order resonance converter than in the tuning of 

the second order circuit. In general, in a higher-order resonance circuit, the number of storage ele-

ments will be more than two. Hence, more space is required in order to perform the same function 

[52]. 

3.1.2.2 Second Order 

The primary compensation of the SS, SP, PS, PP resonance topologies are second order topolo-

gies [52]. Similarly, the secondary side follows the same. The power level, application and imped-

ance of various combinations give an overall idea for how to select the switches for the IPT system 

[52]. 

• Series-Series SS. 

• Series-Parallel SP. 

• Parallel-Series PS. 

• Parallel-Parallel PP. 
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Figure 3.4 The Topologies Of The Basic Compensation Techniques Of The Primary And The Second-

ary [40] 

When the compensation capacitor is connected in series in the primary side it acts as a voltage 

generator and when connected in parallel with an inductor the capacitor becomes a current genera-

tor. 

On the secondary side the capacitor is dimensioned in order with the secondary coil inductance 

so as to minimize the circulating apparent power. 

3.1.2.2.1 Series-Series SS 

In this scheme the compensation capacitance is placed in series with the winding inductance 

both in the primary as well as secondary side as shown in Figure 3.4. 

𝐶𝑝 =
1

𝜔𝑜
2𝐿𝑝

 

3.8) 

3.1.2.2.2 Series-Parallel SP 

Here the primary side is connected in series to the compensation capacitance and secondary 

side is connected in parallel. This design is usually adopted for a constant-voltage output as shown in 

Figure 3.4. 

𝐶𝑝 =
1

𝜔𝑜
2 (𝐿𝑝 −

𝑀2

𝐿𝑠
)

 

3.9) 

3.1.2.2.3 Parallel-Series PS 

Here the primary side is connected in parallel to compensation capacitance and secondary side 

is connected in series as shown in Figure 3.4. 

𝐶𝑝 =
𝐿𝑝 −

𝑀2

𝐿𝑠

(
𝑀2𝑅
𝐿𝑠
2 ) + 𝜔𝑜

2 (𝐿𝑝 −
𝑀2

𝐿𝑠
)

 

3.10) 
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3.1.2.2.4 Parallel-Parallel PP 

In this scheme the compensation capacitance is placed in parallel with the winding inductance 

both in the primary as well as secondary side as shown in Figure 3.4. 

𝐶𝑝 =
𝐿𝑝

(𝜔𝑜
2𝑀

2

𝑅
) + 𝜔𝑜

2𝐿𝑝
2

 

3.11) 

The comparison of different resonance combinations of second order has been listed in Table 

3.1 

Parameters 

Circuit Topologies 

SS SP PS PP 

Inverter 

voltage rat-

ing 

Lower DC link 

voltage (More 

than SP) 

Less DC link 

voltage 

High voltage is 

needed in com-

parison with SS 

and SP 

High voltage is 

needed in compar-

ison with SS and 

SP 

Imped-

ance(z) 

Decrease along 

with misalign-

ment 

Decrease along 

with misalign-

ment 

Increases along 

with misalign-

ment 

Increases along 

with misalignment 

Output in-

dependent 

by load 

Voltage and 

current 

Voltage and cur-

rent 
Voltage Current 

Efficiency 

for larger 

distance be-

tween coil 

Low Low High High 

Advantages 

• Output current 

is not depend-

ent on the load 

at resonance 

• High-power 

transfer effi-

ciency at higher 

frequencies 

• Smaller pickup 

coil self-induct-

ance than SS 

• Secondary paral-

lel resonant con-

verter gives sta-

ble current 

Tuning is easy Tuning is easy 
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Parameters 

Circuit Topologies 

SS SP PS PP 

Drawbacks 

• Larger pickup 

coil 

• During partial 

loading condi-

tion, load is in-

dependent of 

voltage transfer 

ratio 

• High-frequency 

current flows 

through capaci-

tor leads to high 

voltage across 

the capacitor 

DC components are 

not blocked 

• Need current 

source input to 

eliminate mo-

mentary changes 

in voltage 

• Need high 

volage input 

voltage to trans-

fer large amount 

of power due to 

high input re-

sistance 

• Low power fac-

tor 

• Required large 

current source 

• Need high volt-

age input volage 

to transfer large 

amount of 

power due to 

high input re-

sistance 

 

Applica-

tions 

Static and Dy-

namic IPT for 

EV 

• Biomedical 

Applications 

•  Low power 

Transport 

High-power EV 

buses 

High-power EV 

buses 

Power level High 
Low and Me-

dium 
High High 

Table 3.1 Comparison Between Different Resonance Combinations [53] 

3.1.2.3 Hybrid 

Considering the primary and secondary circuit as a whole, all the IPT systems are higher in the 

order of resonance. However, if the primary and secondary sides are separately considered, the or-

der will be reduced. The hybrid circuit is a combination of series and parallel resonance. The com-

pensation method gives more consistent performance. The tuning of the resonance capacitor is 

more precise and gives more control freedom[52]. 

This basic arrangement of energy storage element can be connected in the primary and second-

ary side of the IPT system. In such conditions, the cumulative performance of the system would be 

different. However, for a higher-power level, the best primary compensation is the series–series 

combination. It can be perfectly tuned and can bring the desired performance if there is a series of 

parallel combinations[52]. 

3.1.2.3.1 LCC 

In order to achieve more flexible operations, such as Zero Voltage Switching ZVS, Zero Current 

Switching ZCS and Zero Phase Angle ZPA, the LCC compensation was proposed as shown in Figure 

3.5 by tuning the compensation network parameters [54]. In the LCC symmetrical T-type compensa-

tion network, shown in the primary side of Figure 3.5, constant current or constant voltage can be 

achieved practically regardless of the impedance of the load [55] 
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Figure 3.5 SS LCC Topology [54] 

In order to achieve lower turn-off losses and switching stresses, the near ZCS with ZPA was de-

rived for the LCC compensation topology by inserting the series-connected inductor 𝐿𝑠𝑝 and parallel-

connected capacitor 𝐶𝑝𝑝 [56] Contrary to traditional topology, the ZCS operation has a different pa-

rameters design process. The nominal main power 𝑃𝑝 and secondary side resonant frequency 𝜔𝑜 

should be identified first. Thus, the primary coil current 𝐼𝑝 and the calculation of the parallel com-

pensation capacitor's 𝐶𝑝𝑝 is as follows: 

𝐼𝑝 = √
𝑃𝑝
𝑅𝑟𝑒𝑓

 

3.12) 

𝐶𝑝𝑝 =
𝐼𝑝

𝜔𝑜𝑉𝑖𝑛𝑣
 

3.13) 

Where 𝑅𝑟𝑒𝑓 is the reflected resistance to primary as in (3.1) and 𝑉𝑖𝑛𝑣 is the output voltage of the 

inverter. 

Consequently, the series-connected inductor LSP and the resonant capacitor CP can be ex-

pressed as: 

𝐿𝑠𝑝 =
1

𝜔𝑜
2𝐶𝑝𝑝

 

3.14) 

𝐶𝑝 =
𝐶𝑝𝑝

𝐿𝑝
𝐿𝑠𝑝

−
𝜋2

8
 

 

3.15) 

The maximum transmission efficiency can be harvested within a certain distance by changing the 

ratio of series and parallel-connected compensation capacitors. Nevertheless, the main drawback is 

that the system performance is sensitive to parameter changes [54]. 
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3.1.2.3.2 LCL  

Moreover, the reflected capacitive reactance in the PP topology can be tuned out by the series-

connected inductor as shown in Figure 3.6. There are several advantages for the LCL compensation 

networks. One is that the converter for LCL only supplies the active power required by the load 

when the system is under the resonant frequency. The LCL resonant tank is supplied by a DC voltage 

source, it leads to a major advantage that the output current is directly related to the input voltage 

supply and independent of the load variation. These make the controller design more simplified and 

easy to regulate the output power [54]. 

 

Figure 3.6 PP LCL Topology [54] 

These make the controller design more simplified and easier to regulate the output power. Be-

sides, the LCL topology can be operated with continuous and discontinuous current [57]. Further-

more, inverter working close to unity power factor (UPF) can be achieved by variable frequency con-

trol method [54]. 

The primary equivalent inductance is written as: 

𝐿𝑝,𝑒𝑞 = 𝐿𝑝 −
1

𝜔2𝐶𝑝𝐿
−

1

𝜔2𝐶𝑟
 

3.16) 

𝐶𝑟  is the reflected capacitance; 𝐶𝑝𝐿is the primary series tuning capacitor The primary series ca-

pacitor is written as: 

𝐿𝑠,𝑒𝑞 =
1

𝜔2𝐶𝑝𝑝
 

3.17) 

𝐶𝑝𝑠 =
𝐿𝑠,𝑒𝑞

𝜔𝑜
2[𝐿∆𝑝𝐿𝑠,𝑒𝑞 −𝑀

2]
 

3.18) 

Where 𝑀 is the mutual inductance between the coils . The series capacitance in the circuit and 

the primary inductor are modified as an equivalent primary inductance. The bridge inductor 𝐿𝑅  lim-

its the current flowing from the inverter. The capacitor 𝐶𝑝 is in resonance with the primary equiva-

lent inductor 𝐿𝑝,𝑒𝑞. 
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The diode bridge at the receiving end is non-linear. An equivalent linear approximated resistance 

for the diode bridge is calculated based on the ratio of fundamental rms voltageto the fundamental 

rms current [52]. In LCL-based IPT systems, the equivalent resistance is written as: 

𝑅𝑒𝑞 =
𝜋2𝑅𝐿
8

 

3.19) 

The tuning of the primary compensations capacitances allows the LCL-based IPT system to oper-

ate over a wide load range. The reflected capacitance is a function of misalignment. The changes in 

equivalent inductance due to the significant changes in misalignment are limited. This eventually re-

duces the change needed in the frequency of the operation to maintain the condition of resonance 

under misalignment[52]. 

As the LCL topology remains high transmission efficiency at low-quality factor Q, it is more pre-

ferred in high-power applications. In order to achieve operation closer to the UPF, normally, an addi-

tional series compensation capacitor can be added in series with 𝐿𝑅  as shown in Figure 3.6 to com-

pose the LCLC topology, which help the circuit block DC current from flowing in the inductor [54]. 

However, the inductor saturation is easy to occur in high power applications due to heavy and high 

frequency current [58]. 

3.1.3 Influence Of The Quality Factor On The Power Transferred 

With the inductive and capacitive requirements of the system cleared, the maximum current in 

the circuit is dictated by its quality factor. The quality factor is the ratio of the power stored in a cir-

cuit to the power lost from it. Figure 3.7 shows the effect of the quality factor on the maximum cur-

rent in a circuit. 

 

Figure 3.7 Effect Of The Dimensionless Quality Factor, Q, On The Maximum Current In A Circuit 

[59] 

When proposing a deviation from the resonance peak, this dependence of the shape of the 

power curve on the quality factor makes it difficult to state a general recommendation for the allow-

able deviation, as it differs from one operational quality factor to the other. For high quality factors, 

the tolerance is smaller, as the curve is steeper. Consider an example of a secondary with a quality 

factor allowing a 2% deviation. [58] 

3.1.4 Effect Of Misalignment On RIPT 

In [60], using LCL based system shown in Figure 3.8; the effect of misalignment on RIPT parame-

ters; including: Mutual Inductance, Operating (Resonance) Frequency, Power Transfer and Efficiency. 



Page | 53  
 

 

Figure 3.8 LCL Based RIPT System [60] 

Circuit Parameter of the circuit was set as follows: 

Parameter Value   

Power, 𝑷 1 𝑘𝑊 

Operating frequency, 𝒇 85 𝑘𝐻𝑧 

Primary Inductance, 𝑳𝒑 110 𝜇𝐻 

Secondary Inductance, 𝑳𝒔 110 𝜇𝐻 

Minimum coupling coefficient, 𝒌𝒎𝒊𝒏 0.08 

Controller Texas Delfino (𝑇𝑀𝑆320𝐹28377𝑆) 

MOSFET 𝑆𝑃𝑊47𝑁60𝐶3 

Diode 𝑀𝑈𝑅1560𝐺 

Capacitor, 𝑪𝒔𝒑 50 𝑛𝐹 

Capacitor, 𝑪𝒔𝒔 85 𝑛𝐹 

Capacitor, 𝑪𝒑𝒔 53.2 𝑛𝐹 
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Parameter Value   

Capacitor, 𝑪𝒔𝒔 85 𝑛𝐹 

Capacitor, 𝑪𝒅𝒄 2200 𝜇𝐹 

Inductor, 𝑳𝒅𝒄 135 𝜇𝐻 

Table 3.2 Circuit Parameter and values as set in [60] 

3.1.4.1 Variation In Mutual Inductance 

Contingent movement in the pickup coil with respect to the primary coil leads to the variation in 

mutual inductance [61]. The coil is physically displaced vertically, as well as horizontally, from the 

centre axis [52].  

The coil is physically displaced vertically, as well as horizontally, from the center axis. The vertical 

misalignment is shown in Figure 3.9 (a); the horizontal misalignment is shown in Figure 3.9 (b). The 

mutual inductance variation leads to a variation in reflected capacitor value, which, in turn, changes 

the region of resonance. As a result, the current drawn by the inductive coil varies. The prevailing 

circumstances are quite often addressed in the literature. The resonance frequency is affected by 

the variation in mutual inductance [52]. Similarly: 

𝑀𝑖𝑗 =
𝜇𝑜
𝜋
√𝑅𝑝𝑅𝑠∫

(1 −
𝑑
𝑅𝑠
𝑐𝑜𝑠𝜑)𝜓(𝑘)

√𝑉3
𝑑𝜑

𝜋

0

 

3.20) 

Where 𝑖 and 𝑗 are the primary and secondary turns in the corresponding coils. 𝑑 is the distance 

between the center axis of the primary and secondary coil. 𝑅𝑠 and 𝑅𝑝 is the radius to the center of 

primary and secondary coil, 𝛹(𝑘) is the function of elliptical integral of first and second kind. 

The variation in mutual inductance is expressed as 

𝜓(𝑘) = (𝟏 −
𝑘𝟐

𝟐
 )𝐾(𝑚) − 𝐸(𝑚) 

3.21) 

Similarly, 

𝑉 = √𝟏 −
𝟐𝑑

𝑅𝑠
 𝑐𝑜𝑠𝜑 +

𝑑𝟐

𝑅𝑠
𝟐

 

3.22) 
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Figure 3.9 Size, Shape And Position Of Pickup Coil. (a) Horizontal Misalignment. (b) Vertical Misa-

lignment [52] 

The elliptical integral of first kind is written as: 

𝐾(𝑚) = ∫
1

√𝟏 −𝑚𝑠𝑖𝑛𝟐𝜃
 𝑑𝜃

𝜋

0

 

3.23) 

Similarly, the elliptical integral of the second kind is written as: 

𝐸(𝑚) = ∫ √𝟏 −𝑚𝑠𝑖𝑛𝟐𝜃
𝜋

0

𝑑𝜃 

3.24) 

Finally, the mutual inductance is written as: 

𝑀 =∑∑𝑀𝑖𝑗

𝑁2

𝑗=1

𝑁1

𝑖=1

 

3.25) 

In [60], using the circular pancake inductive coils, used for the IPT system, a numerical simulation 

is performed aiming to examine the effect of misalignment on mutual inductance; The coil was typi-

cally displaced vertically by 20 cm. Similarly, the pickup coil was horizontally displaced by 16 cm. The 

range was chosen according to the average clearance of the conventional vehicles in the market. The 

elliptical integrals in the analytical expressions can be expanded in Taylor series expansions; the 

higher-order differential terms were omitted for fast convergence, and the effect was neglected in 

the expression. In general, the mutual inductance increased while the pickup coil approached the 

primary coil. Similarly, mutual inductance falls rapidly when the horizontal misalignment increases 

[60]. 

The coupling coefficient corresponding to the misalignment is noted in Figure 3.10. The coupling 

coefficient vs. the horizontal misalignment is shown in Figure 3.10 (a); vertical misalignment is 

shown in Figure 3.10 (b). The information is further used for the analysis when the coil is subjected 

to the coupling coefficient variations. In the case of dynamic IPT systems, the misalignment is an ex-

pected course of action. However, the variation in the primary current due to the variation in mutual 

inductance is always expected. Further, a proper compensation, as well as a proper selection operat-

ing frequency, stabilizes the entire IPT system under the contingency in misalignment [52]. 
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Moreover, due to the symmetric nature of the coils, due to misalignment, the flux linkage in the 

parallel fields is also degraded significantly [62]. The change in mutual inductance changes the fre-

quency of resonance, unlike the conventional resonance circuit. Which will be discussed in 3.1.4.2 

below. 

 

Figure 3.10 Coupling Coefficient Against Misalignment (a) Horizontal Misalignment. (b) Vertical 

Misalignment.[60] 

3.1.4.2 Variation In Resonance Frequency 

Operating frequency and resonance frequency is determined to comprehend the efficient oper-

ating region [61]–[63] 

Resonance Frequency can be written as: 

𝜔𝑟 =
1

√𝐿𝑒𝑞𝐶𝑒𝑞
 

3.26) 

Where 𝐿𝑒𝑞is the effective equivalent inductance. Similarly, 𝐶𝑒𝑞is the equivalent capacitance. The 

values of 𝐿𝑝,𝑒𝑞and 𝐶𝑒𝑞are determined based on the circuit topology. 

The operating frequency corresponding to maximum power transfer is identified based on the 

conditions of resonance, as per the design equation of an LCL based IPT system shown in Figure 3.8 

is: 

𝜔𝐿𝑏 =
1

𝜔𝐶𝑝𝑝
= 𝜔𝐿𝑝,𝑒𝑞 

3.27) 

An IPT system with 14 𝜇𝐻 mutual inductance is excited with an 85 𝑘𝐻𝑧 operating frequency and 

25 𝜇𝐻 mutual inductance with an 87.7 𝑘𝐻𝑧 operating frequency. The corresponding voltage and 

current through the primary and secondary inductive tracks was observed in the simulation and 

shown in Figure 3.11 and Figure 3.12 [60]. 
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Figure 3.11 Voltage And Current Waveform Of The Inductive Track At 𝑀 = 14 𝜇𝐻 And 𝑓 = 85 𝑘𝐻𝑧 

[60]. 

 

Figure 3.12 Voltage And Current Waveform Of The Inductive Track At 𝑀 = 25  𝜇𝐻 And 𝑓 =
 87.7 𝐾ℎ𝑧 [60] 

Then An IPT system with 25 𝜇𝐻 mutual inductance is tuned from 85 𝑘𝐻𝑧 to 87.7 𝑘𝐻𝑧, based on 

the obtained frequency plot and shown in Figure 3.13. An increase in the magnitude of current and 

voltage at 87.7 𝑘𝐻𝑧, on the receiver side, was observed. Hence, the tuning had done its purpose 

completely. The operating frequency corresponding to the coupling coefficient is shown in Figure 

3.14 [60]. 

The variation of frequency corresponding to the variation in misalignment is noted for Circuit 

shown in Figure 3.8. The obtained data is plotted in Figure 3.15 (a),(b). The circuit will sustain its con-

dition for resonance under respective frequencies corresponding to the respective misalignment 

[60]. Increase in operating frequency increases the amount of power transfer capability to larger dis-

tances. Selection of switches according to the frequency of operation is quite essential in order to 

make sure that the circuit meets the needs [52]. 
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Figure 3.13 Voltage And Current Waveform Of Inductive Track At 𝑀 = 25𝜇𝐻 While Tuning [60] 

 

Figure 3.14 Operating Frequency Corresponding To Coupling Coefficient [60]. 

Normally, power IGBT cannot be used to attain this because of higher frequency. However, 

power MOSFET with less turn-on time is highly preferred. Additionally, the material used for power 

MOSFET also plays a vital role in the efficiency of the overall system. This further reduces the occur-

rence of switching losses in the system. For higher voltage stress, and with high operating frequency, 

SiC-based MOSFET would be preferred. If the speed of switching is a major concern, GaN-based 

MOSFETs are preferred. This, in turn, increases the power transfer level from one circuit to another 

[52].  

3.1.4.3 Power Transfer Capability  

For the same setting as 3.1.4.1 above the effect of misalignment on transferred power can be 

deducted, The power transferred to the reflected load will be: 

𝑃 = 𝑅e{𝐼𝑝
2𝑍𝑟} 

3.28) 

Where Zr is the reflected impedance from the secondary side. Further: 
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𝑃 =
𝑅𝑒𝑞(𝜔𝑀𝐼𝑝)

2
[𝜔2𝐶𝑠𝑝𝐿𝑠,𝑒𝑞 − (𝜔

2𝐶𝑠𝑝𝐿𝑠,𝑒𝑞 − 1)]

𝑅𝑒𝑞
2 (𝜔2𝐶𝑠𝑝𝐿𝑠,𝑒𝑞 − 1)

2
+ (𝜔𝐿𝑠,𝑒𝑞)

2  

3.29) 

 

Figure 3.15 Operating Frequency Against Misalignment (a) Horizontal Misalignment. (b) Vertical 

Misalignment [60] 

Now, the mutual inductance is the function of vertical and horizontal misalignment by Neu-

mann’s formula, and the power transferred to the reflected load is the function of mutual induct-

ance. Hence, the power transferred from primary to the secondary, according to the misalignment, 

was plotted and the improvement in power transfer level is observed in Figure 3.16 (a),(b). 

 

Figure 3.16 Power Transfer Level Corresponding To The Misalignment. (a) Vertical(b)Horizontal 

[60] 

3.1.4.4 Efficiency 

In [60], An experimental prototype was built to evaluate the real-time performance of the sys-

tem. High frequency switching MOSFETs (SPW47N60C3) were used for inverting purposes, whereas 

high frequency diodes (MUR1560G) were used as un-controlled rectifier switches. A co-axial pancake 

circular coil, made of copper, was mounted on a ferrite spoke, in order to enhance the flux linkage 

on the pickup coil. High-frequency poly-polypropylene power film capacitors were used as reso-

nance capacitors for the system. The dynamic structure of the coils made a wide range of misalign-

ment possible in the vertical and horizontal directions. The resistive bank, equivalent to the steady 

state equivalent resistance of the battery, was considered as load. 
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The experiments were conducted for static, as well as dynamic, movements of the pickup coil. 

The primary and secondary currents were distorted, due to the perturbations in the position of the 

pickup coil. Power transfer efficiency of the IPT system was recorded from the experimental proto-

type under various misalignments [60]. 

Vertical Misa-

lignment (cm) 

Efficiency % 

f = 91,315 

Hz 

f = 89,070 

Hz 

f = 87,337 

Hz 

f = 86,223 

Hz 

f = 85,990 

Hz 

f = 85,000 

Hz 

20 73.5 75.01 76.4 78.1 79.5 80.36 

18 79.2 80.8 82.17 84.47 85.75 81.05 

16 83.05 85.14 87.12 88.4 87.3 82.18 

14 87.67 89.48 90.5 89.13 88.1 83.57 

12 91.68 92.33 91.32 89.32 88.40 85.76 

10 93.5 93.1 91.9 89.88 88.11 86.85 

Table 3.3 Efficiency Corresponding To The Vertical Misalignment Under Various Operating Fre-

quencies [60]. 

Horizontal 

Misalign-

ment (cm) 

Efficiency % 

f = 

84,985 

Hz 

f = 84,950 

Hz 

f = 84,884 

Hz 

f = 84,785 

Hz 

f = 84,660 

Hz 

f = 84,440 

Hz 

1 79.5 79.1 78.5 78.2 77.6 77.1 

3 77.3 78.23 77.98 76.8 76.1 75.5 

5 75.93 76.91 77.41 76.5 75.6 74.8 

7 74.75 75.1 75.58 76.31 75.2 74.3 

9 73.5 73.8 74.35 74.8 75 74.1 

11 71.15 71.6 72.3 72.7 73.05 73.36 

Table 3.4 Efficiency Corresponding To The Horizontal Misalignment Under Various Operating Fre-

quencies [60]. 
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3.2 THE NEED OF POWER CONVERTERS 
The magnitude, phase and frequency of the current waveform in IPT system is decided by the 

load, as well as the converter topology connected to it. The need for the high-frequency alternating 

current to produce a high-frequency electromagnetic field in the transmitting coil is engendered by 

the high-frequency inverter[64], [65]. Similarly, the generated high-frequency-induced voltage in the 

secondary coil is rectified before being connected to the battery. The aforementioned conversion 

process is to be attained with minimum losses. This eventually ends with the utilization of power in 

semiconductor devices. Furthermore, the DC input for the high-frequency inverter is fed from the 

rectified AC power supply connected to the grid or standalone sources. In order to achieve a high-

power factor, an uncontrolled rectifier followed by a DC–DC boost converter is typically used in con-

verter topologies [52]. 

The state-of-the-art technology of the resonant circuits, including the non-resonant converters 

with a resonant tank and resonant inverters, will be reviewed and discussed in 4 below. 
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4 CHAPTER 4: POWER CONVERTER MODELLING 

The AC-DC-AC power conversion is widely used in the primary side which involves an AC-DC con-

verter in series with a DC-AC converter (commonly called an inverter). The AC-DC converter serves to 

convert the AC power from the grid to stable DC power. Then, the inverter produces high-frequency 

AC power to feed the resonant circuit where it is classified as the resonant inverter[54] as shown in 

Figure 4.1. 

Obviously, this two-stage topology shows some drawbacks such as the costly and bulky DC-link, 

and higher switching losses. In order to eliminate the DC-link, the direct one-stage AC-AC converter 

is a good option for providing the desired high-frequency AC power[54]. 

 

Figure 4.1 Classification Of Resonance Circuit 

4.1 NON-RESONANT CONVERTERS WITH RESONANT TANK 

4.1.1 Single-Phase AC-AC Converter 

The single-phase AC-AC converter is shown in Figure 4.2, which is based on free oscillation and 

energy-injection control. This one-stage converter can simplify the controller design with a low 

switching frequency without reverse power flow [66]. The switches 𝑆1 and 𝑆2 are mainly used to 

control the power flow, and the 𝑆3 and 𝑆4 operate to constitute the resonant loop during the 𝑆1 and 

𝑆2 Off. 

 

Figure 4.2 Single-Phase AC-AC Converter [54] 

Non-Resonant 
Converters with 
Resonant Tank

•Single-Phase AC-AC Converter

•Three-Phase AC-AC Converter

•DC Fed Energy Injection Converter

Resonant Inverters 
with Resonant Tank

•Class E

•Class D Parallel

•Class D Cascaded

•Class DE

•Class EF

•Current Fed Push-Pull

•Bidirectional Inverter
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The number of oscillations can be controlled by the switching frequency of𝑆1and𝑆2. In the mean-

time, the ratio of the nominal resonant frequency to the switching frequency can be used to control 

the power flowing into the resonant circuit. A variable-frequency method can be applied to follow 

the circuit resonance, which makes the switching operation achieve zero-current switching (ZCS) 

easily [67]. This topology takes the definite advantage that the DC link and its bulky energy-storage 

element can be eliminated [68]. However, current sags around the zero-crossing points of the AC 

source are inevitable. 

4.1.2 Three-Phase AC-AC Converter 

Normally, the single-phase AC-AC converter suffers from great current sags around the AC 

source zero-crossings, especially under a high ratio of the nominal resonant frequency to the switch-

ing frequency. For some three-phase AC source applications, a similar one-stage AC-AC converter 

can be structured based on the same principle of free oscillation and energy injection control [54]. 

 

Figure 4.3 Three-Phase AC-AC Converter [54] 

The three-phase AC-AC converter as shown in Figure 4.3 incorporates a matrix converter with six 

reverse-blocking switches and one regular MOSFET or IGBT. The operation includes eight modes 

with six energy-injection modes and two free oscillation modes [69], [70]. Basically, the energy injec-

tion control is the same as that of the single-phase AC-AC converter. Aiming to avoid the voltage 

zero-crossing, the LC tank terminals are altered between the most positive and the most negative 

input phases[54]. 

Significantly, by controlling the energy injected into the LC tank accumulated in each half-cycle 

of the resonant current until reaching the reference value, the output current, voltage and power 

regulation control can be realized [71]. Naturally, this converter inherits the advantages of the sin-

gle-phase AC-AC converter, but with better current sags and higher power capability. Since the num-

ber of power switches increases, the control difficulty rises inevitably[54]. 

4.1.3 DC Fed Energy Injection Converter 

Another non-resonant converter, the DC fed energy injection converter, is depicted in Figure 4.4 

where the resonant circuit is used as an intermediate energy storage element [72]. The energy is in-

jected into the LC tank when the switch 𝑆1 is turned off. At the beginning, the switch 𝑆1 is turned on 

to charge the inductor 𝐿𝐷 with the current increasing at the rate of 𝑉𝐷𝐶/𝐿𝐷 for several cycles of the 

𝐿𝐶 resonance [73]. After the S1 is turned off, the energy is injected into the 𝐶𝐷 so that the 𝐿𝐶 tank 

performs oscillations via the 𝐶𝑃, 𝐿𝑃  𝑎𝑛𝑑 𝐷1 
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Figure 4.4 Dc Fed Energy Injection Converter[54] 

Unlike the conventional inverter, the operating frequency of the LC tank is no longer determined 

by the switching frequency. This topology takes the advantage that the switching frequency can be 

lower than the nominal resonant frequency of the LC tank, which helps reduce the switching losses. 

However, the overall transmission efficiency and power level are limited by the energy reflow during 

the damping oscillation; consequently, the output voltage is unstable [54]. 

4.1.4 Comparison Between Non-Resonant Converters 

The three mentioned non-resonant converters boost the resonant frequency equivalently with a 

lower switching frequency for some switches. A comparison of these three non-resonant inverters is 

shown in Table 4.1. However, they suffer from a common drawback that high current ripples in the 

resonant tank are inevitable during the energy oscillation. 

 

Non-Resonant Converter 

Single-Phase 

AC-AC Converter 

Three-Phase 

AC-AC Converter 

DC Fed Energy 

Injection Converter 

Fac-

tors 

• Structure of matrix con-

verter 

• Switching synchronization 

• Energy injection control 

• Zero current switching op-

eration 

• Free oscillation time 

• Current sags 

• Input voltage variation 

• Switching frequency 

• Output voltage ripple 

(around input AC voltage 

zero crossings)  

• Reverse blocking switches 

• Switching synchronization 

• Zero current switching op-

eration 

• Free oscillation time 

• Current sags 

• Input voltage variation 

• Switching frequency 

• Output voltage ripple 

(around input AC voltage 

zero crossings) 

• Current, voltage and power 

regulation control 

• Energy injection 

• Energy oscillation 

• Switching technique at 

high-Q regimes 

• Energy reflow problems 

• Zero voltage switching 

turn-off control 

• Output voltage ripple 

(determined by switching 

time) 

• Transient response analy-

sis 
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Non-Resonant Converter 

Single-Phase 

AC-AC Converter 

Three-Phase 

AC-AC Converter 

DC Fed Energy 

Injection Converter 

Fea-

tures 

• Single-phase AC supply 

• No DC link 

• Less bulky energy storage 

• 4 modes of operation 

• Low power level 

• Medium control difficulty 

• Three-phase AC supply 

• No DC link 

• Medium power level 

• Less bulky energy storage 

• More switches 

• 8 modes of operation 

• Lower electromagnetic in-

terference 

• High control difficulty 

• DC power supply 

• Only one switch 

• Low power level 

• 1 switching mode 

• Low control difficulty 

• Eliminating the impact of 

loading in the transmitter 

circuit 

Table 4.1 Comparison Of Non-Resonant Converters With Resonant Tank For WPT System As Dis-

cussed In [54]. 

4.2 RESONANT INVERTERS WITH RESONANT TANK 
For most WPT applications, the one-stage AC-AC converter with resonant tank is not suitable 

mainly due to its high control difficulty and unstable output. Thus, the DC-link buffer is necessary to 

improve the system’s power level, stable output, and flexibility. With the help of DC-link, the reso-

nant circuit can be driven at the resonant frequency by using resonant inverters 

4.2.1 Class E Resonant Inverter 

The Class E resonant inverter topology is the same as the DC fed energy injection converter but 

employing a special switching technique as shown in Figure 4.4. Normally, the Class E resonant in-

verter is driven at the nominal resonant frequency of LC tank without DC energy injection. The sim-

plified single switch structure is famous for the high efficiency at high operating frequency and high 

power level to several kilowatts [74]. By optimizing the circuit parameters properly, it is guaranteed 

that the transistor 𝑆1 is switched ON with zero-voltage switching (ZVS) and zero-voltage derivative 

switching (ZVDS), and therefore the switching losses and stresses are reduced significantly [75], [76]. 

For high power level WPT applications, this topology can control the output power via manipu-

lating the duty cycle control or varying the switching frequency with an efficiency sacrifice [77].How-

ever, the main disadvantage of the Class E resonant inverter is its high peak voltage across the 

switch, reaching up to 3.5 times DC voltage at a duty cycle of 0.5. Consequently, less power will be 

produced by the Class E inverter than other resonant inverters with the same voltage and current 

stresses. For some high DC power supply occasions, the high peak voltage may result in efficiency 

drop or permanent damage to the inverter 
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Figure 4.5 Class E Inverter With An Inductive Link [77] 

4.2.2 Class D Resonant Inverter 

The Class D inverter employs two switches and a series-resonant LC tank, which results in lower 

switching frequency than the Class E inverter. It should be noted that the peak voltage across the 

switch in the full-bridge Class D is as twice higher as the DC supply voltage. Thus, this topology can 

output twice the voltage to feed the LC resonant circuit, especially suitable for low DC supply WPT 

applications. Obviously, the Class D resonant inverter with two switches has lower voltage stress 

across the switch since the peak voltage is as high as the DC supply [54]. 

4.2.2.1 Parallel 

In order to provide higher and more flexible output levels for WPT, the parallel inverter with two 

full-bridge Class D inverters was proposed as shown in Figure 4.6. Each full-bridge Class D inverter is 

controlled by the clamped-mode switching technique, which results in controllable output voltage, 

rather than by the duty cycle control [78]. By taking the advantage that power is distributed evenly 

by the parallel inverters, the heat dissipation becomes easier than the single inverter topology. 

 

Figure 4.6 Parallel Full-Bridge Class D Resonant Inverter [54] 

Furthermore, this topology has high fault-tolerant ability. When one of the parallel bridge is in 

the open circuit fault, another bridge can still make the system work properly [79]However, if the 

fault type is short circuit, there is no option for the LC resonant operating properly except shutting 

down the whole system. 
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4.2.2.2 Cascaded 

By the same token, the output power can be enhanced under the same switching capacity by 

the cascaded inverter [80] as shown in Figure 4.7. The cascaded structure has saliency preponder-

ance in terms of reducing the voltage stress and alleviating the harmonic contamination of the out-

put voltage, namely, with a lower THD. Furthermore, more operating modes can be achieved with 

higher flexibility in the cascaded structure; therefore the switching losses can be reduced effectively 

[81]. 

 

Figure 4.7 Cascaded Full-Bridge Class D Resonant Inverter [54]. 

4.2.3 Class DE Resonant Inverter 

By combining the lower switching stress of Class D and high efficiency of Class E [82],the Class DE 

topology is created as shown in Figure 4.8. The Class DE inverter is quite similar to the Class D in-

verter, only with two additional parallel-connected capacitors [83]. Thus, the Class DE inverter real-

izes low switching voltage within the DC supply to reduce the switching losses. Furthermore, the 

shunt capacitors enable high-frequency operation with ZVS and ZVDS. 

 

Figure 4.8  Class DE Resonant Inverter[54] 

4.2.4 Class EFn Resonant Inverter 

In order to inherit the advantages of the Class E inverter and reduce the number of switches, an 

inverter topology called the Class EFn was proposed as shown in Figure 4.9. It consists of a choke in-

ductor 𝐿𝐷, shunt capacitor 𝐶1, and two parallel-connected 𝐿𝐶 resonant tanks, where the 𝐿2𝐶2 reso-

nant tank is tuned to 𝑛 times the operating resonant frequency 𝑓𝑜 of 𝐿𝑃𝐶𝑃  [84]. Typically, the sub-

script 𝑛 is set to two, namely the 𝐸𝐹2 resonant inverter. Hence, the peak voltage stress across the 

switch can be reduced to 2 times the input DC supply. Besides, the class 𝐸𝐹2 inverter has a higher 
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power output capability and efficiency than the Class 𝐸 and other 𝐸𝐹𝑛 inverters with the same volt-

age stresses on their switches [54]. 

Comparing with the Class 𝐷 inverter or full-bridge Class 𝐷 inverter, the Class 𝐸𝐹2 inverter can be 

designed to achieve ZVS and ZVDS, which makes the single switch operate efficiently up to the meg-

ahertz range [85]. Other two benefits of this topology are that the switch’s drain voltage and the 

output current do not contain a second harmonic component, and has an improved electromagnetic 

interference performance. However, the corresponding feasibility is limited by the requirement of 

additional resonant tank [54]. 

 

Figure 4.9 Class Efn Resonant Converter [54] 

4.2.5 Other Resonant Converters 

4.2.5.1 Current-fed push-pull resonant inverter 

In general, the switches in the inverter should be driven by externally controlled signal for WPT 

applications. Recently, an autonomous current-fed push-pull resonant inverter with ZVS operation 

was proposed in which the driving signal was generated automatically without external gate control 

and kept running at the steady state [86]as shown in Figure 4.10. In this topology, the start-up 

should be analysed, since the two switches 𝑆1 and 𝑆2 tend to turn ON simultaneously once the DC 

power supply is turned ON. In a practical system, the two switches would not act at the identical 

speed due to some parameter differences, hence once a switch is ON first, the other one will be 

turned OFF. However, it is hard to control which switch should be ON first in the start-up process. 

Moreover, the RC circuit with 𝐶𝑆𝑖 and 𝑅𝑖 should be calculated carefully to make sure that the re-

quirements of switching frequency and circuit losses are fulfilled. By using two or more autonomous 

push-pull resonant inverters with various phase shifts, a rotating magnetic field can be generated for 

rotary WPT applications [87]. More details on this Converter is discussed in 4.4 below. 

4.2.5.2 Bidirectional resonant inverter 

With the EV wireless charging becoming more and more popular, combining the vehicle-to-grid 

(V2G) or vehicle-to-home (V2H) technology [88] and the WPT technique is a viable solution for shav-

ing the peak demand in the power grid. In order to charge or discharge EVs in the V2G or V2H sys-

tem, a current-source bidirectional resonant inverter was developed in [89]. A typical bidirectional 

resonant inverter for WPT is shown in Figure 4.11. In order to improve the power level and the fault 

tolerant ability, a bidirectional WPT system consisting of two resonant inverters was also proposed 

with optimized control method [90], [91]. Such structure makes it more effective and suitable to 

modify the power flow direction. 
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Figure 4.10 Current-Fed Push-Pull Resonant Inverter [54] 

 

Figure 4.11 Bidirectional Resonant Inverter [54] 

4.3 COMPARISON OF RESONANT CIRCUITS 
The aforementioned resonant circuits are qualitatively compared as shown in Table 4.2 . This 

comparison focuses on assessing some key features for WPT, namely the voltage stress, power level, 

high frequency operation, control difficulty, switching loss, and effective cost. 
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Type Voltage 

Stress1 

Power 

Level2 

High Fre-

quency Oper-

ation3 

Control 

Diffi-

culty 

Switching 

Loss 

 Effec-

tive 

Cost 

Single-phase AC-

AC converter 

Low Low Medium Medium Low Me-

dium 

 

Three-phase AC-

AC converter 

Medium Medium Medium High Medium Me-

dium 

DC fed energy in-

jection converter 

Low Low High Medium Low Low 

Class D Parallel 

resonant inverter 

Medium High Medium High High High 

Class D Cascaded 

resonant inverter 

Medium High Medium High High High 

Class E resonant 

inverter 

High High High Low Low Low 

Class DE reso-

nant inverter 

Low Medium High Medium Low Me-

dium 

Class EF2 reso-

nant inverter 

Low Medium High Low Low Low 

Current-fed push-

pull resonant in-

verter 

Medium Medium Medium NA Low Low 

Table 4.2 Comparison Of Resonant Circuits For WPT As Shown In [54]. 

4.4 PUSH-PULL CURRENT-FED RESONANT INVERTER 
Among various wireless link topologies proposed in 4.1 & 4.2 above , current source parallel-res-

onant inverter has short-circuit protection and better performance under no load condition due to 

its current limiting dc-link characteristic[92]. Another advantages include less components, ease of 

implementation at high switching frequency [93], and a simple gate driving circuit [94]. Moreover, 

the output voltage is not a square wave but a sinusoid, which minimizes EMI harmonics[95]. 

 
1 Voltage stress can range from 1 to 3.5 times voltage supply. 
2 Power level can range from 50 W to 20 kW. Generally, medium power level represents power higher than 
300 W but lower than several kilowatts, and high power level represents power higher than several kilowatts.  
3 Generally, the switching frequency for wireless power transfer is above several dozen kHz, which is in the me-
dium frequency range. In addition, the high frequency can reach several megahertz for some low power appli-
cations and far field transmission. 
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4.4.1 Basic Structure 

The dc voltage source is in series with two large dc inductors as compared with the resonant in-

ductor acting as a quasi-current source. The two input inductors divide the DC current in half under 

steady-state conditions, so that the current flowing into the resonant tank is approximately a square 

waveform with half the magnitude of the DC current. [86] 

In total, the converter is configured as two main switches 𝑆1& 𝑆2, and it comprises of a parallel 

tuned resonant circuit that consists of a primary inductor 𝐿𝑝and a tuning capacitor 𝐶𝑝 . Primary Coil 

is magnetically coupled to the secondary power pickup with inductance 𝐿𝑆 A secondary power con-

verter is then used to realize circuit tuning, rectification, and power regulation according to the load 

requirements. At steady state, when the secondary pickup coil is fully tuned, the reactive impedance 

reflected back to the power supply would be very small and can be compensated when designing 

the primary inductor [86]. Therefore, for the steady-state conditions of the power supply, it is suffi-

cient to simplify the reflected impedance of the secondary pickups as a pure resistive load 𝑅𝑒𝑞, as 

shown in Figure 4.12. 

 

Figure 4.12 Equivalent Circuit for Push-Pull Current Fed Inverter [86]. 

4.4.2 Gate Signal Analysis 

Referring to Figure 4.12, at steady state, when the voltage at one side of the tank, say 𝑣𝐵 is high, 

the voltage at terminal-𝐾 of 𝐷1 is higher than the voltage at its terminal-𝐴, which is equal to the 

voltage at the gate. During this time, the diode is reverse biased and therefore, keeping the voltage 

at the gate of 𝑆1 high (𝑉𝐺1). For the second half-cycle, when 𝑣𝐵 = 0 𝑉 , the voltage at terminal-𝐾 of 

𝐷1 also goes to zero and consequently the voltage at the gate of 𝑆1. Similar scenario occurs for the 

other side of the circuit with 180 phase shift. 

It can be observed that depending on the voltage level on both sides of the resonant tank, the 

voltage at the gates goes high and low following the frequency of the resonant tank, as shown in Fig-

ure 4.13. The cross-coupled diodes 𝐷1and 𝐷2 play an important role in achieving the ZVS operation, 

as summarized in Table 4.3. 

For the converter in Figure 4.12, the current limiting resistors re needed to prevent the shorting 

of the dc source regardless of the operating frequency [86]. These resistors in combination with the 

input capacitances of the switches provide an 𝑅𝐶 circuit, which largely determines the turning ON 

speed. For a given switch with a certain input capacitance𝐶𝑖𝑠𝑠, a smaller resistance results in a 

smaller time constant and a faster charging speed of the input capacitor. However, smaller re-

sistances increase the circuit losses, particularly at a high 𝑉𝑑𝑐. This is mitigated by adding two 

speedup capacitors (𝐶𝑆1and 𝐶𝑆2)in parallel with 𝐷1 and 𝐷2, as shown in Figure 4.12. 
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Figure 4.13 Conceptual Illustration Of Gate Signals Operation Following The Frequency Of The Res-

onant Tank [86]. 

Parameter First Half-Cycl Second Half-Cycle 

𝒗𝑨 Low High  

𝒗𝑩 High Low 

𝑫𝟏 OFF ON 

𝑫𝟐 ON OFF 

𝑽𝒈𝟏 High Low 

𝑽𝒈𝟐 Low High 

Table 4.3 Logic Of The ZVS Circuit For Push-Pull Converter 

The gate drive circuit dynamics during half a period to turn ON the switch can be modeled with 

two voltage sources, as shown in Figure 4.14. From this model, the voltage at the gate vg is contrib-

uted by both the sources 𝑉𝑑𝑐  and 𝑣𝑑𝑠 = 𝜋𝑉𝑑 sin(𝜔𝑡) (for a push–pull topology), which can be found 

by applying the superposition theorem [96] 

𝑣𝑔(𝑡) = 𝑉𝑑𝑐 (1 − 𝑒
−
𝑡
𝜏) + (𝑉dc

𝜋𝐶𝑠𝑅𝜔
1 + 𝜏2𝜔2

) (𝑐𝑜𝑠𝜔𝑡 + 𝜏𝜔𝑠𝑖𝑛𝜔𝑡) − (𝑉dc
𝜋𝐶𝑠𝑅𝜔
1 + 𝜏2𝜔2

) 𝑒
(−
𝑡
𝜏)  

4.1) 

Where 𝜏 = 𝑅(𝐶𝑖𝑠𝑠 + 𝐶𝑆) is the time constant of the gate driving circuit. 
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Figure 4.14 Basic Gate Driving Circuit With Speedup Capacitor [86]. 

4.4.3 Startup Analysis 

The switching operation presented in the previous section is based on the steady-state condi-

tions when the converter passed the transient stage of the startup time. At steady state, the zero 

crossing points exist and detected by the cross-connected diodes allowing the switching operation to 

be employed based on the frequency of the resonant tank [86]. At startup, however, this is not the 

case as initially there is no energy in the tank circuit and no zero point to be detected. Therefore, an 

initial energy is essential for starting up the circuit because without any initial energy in the circuit, 

the resonant voltage would have no zero crossings points, so automatic turning ON and OFF of the 

switches would not occur [97]. 

Initially, the two switches 𝑆1 and 𝑆2 are turned OFF. After the dc source is turned ON, both the 

switches tend to turn-ON by 𝑉𝑑𝑐  and the gate resistors 𝑅1 and 𝑅2, so some initial current on the 

equivalent dc inductance from 𝐿𝑑𝑐1and 𝐿𝑑𝑐2 would be established. However,𝑆1 and 𝑆2 cannot stay 

ON all the time because the ON-state of one switch will short circuit the gate of the other one and 

try to turn the other side OFF. In a practical circuit, the two switches would not act at exactly the 

same speed due to parameter differences, noise, and disturbances; the side that turns ON faster will 

win the competition to short circuit the gate voltage of the other side, and further strengthen its ON-

state [86].  

For instance, a lower voltage, say 𝑉𝐴, due to faster turning ON of 𝑆1, will provide a lower voltage 

at the gate of 𝑆2, thus 𝑆2 will turn-OFF resulting in a higher voltage drop 𝑉𝐵, which will further in-

crease the voltage at terminal-K of 𝐷1assuring that 𝑆1 remains ON until the resonant voltage 

changes the polarity. Consequently, this positive feedback (negative resistance) leads to the bistable 

circuit oscillation and full ZVS operation [86], as shown in Figure 4.15. 

The cross-coupled differential MOSFET pair presents a negative resistance to the resonator due 

to positive feedback. This negative resistance compensates for the equivalent resistance of the reso-

nator and enables sustained oscillation [98], [99],[100]. The mathematical model governing the ini-

tial dc current building up when both the switches are ON can be approximately expressed as: 

𝐿𝑑𝑐(𝑑𝑖𝑑𝑐(𝑡)

𝑑𝑡
= 𝑉𝑑𝑐 

4.2) 
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Figure 4.15 Flowchart Of The Autonomous Regenerative Process [86] 

Where 𝐿𝑑𝑐  is the equivalent dc inductance from 𝐿𝑑𝑐1 = 𝐿𝑑𝑐2 (for uncoupled inductors) given by: 

𝐿𝑑𝑐1 = (𝐿𝑑𝑐1 ∥ 𝐿𝑑𝑐2) =
𝐿𝑑𝑐1
2

=
𝐿𝑑𝑐2
2

 

4.3) 

Therefore, for a short time (startup time 𝑡𝑜), 𝑖𝑑𝑐 increases linearly and it can be expressed by: 

𝑖𝑑𝑐 =
𝑉𝑑𝑐
𝐿𝑑𝑐

𝑡𝑜 

4.4) 

The accurate ZVS operating frequency at steady state can be determined by analysing a half cy-

cle. In each half cycle, one of the two separate inductors (𝐿𝑑𝑐1or 𝐿𝑑𝑐2) is in series with the resonant 

tank and on average it curries half of the DC current. The other inductor is parallel with the DC 

source, so in principle it does not affect the resonant tank. As the normally the inductances of DC in-

ductors 𝐿𝑑𝑐1 and 𝐿𝑑𝑐2 are much larger than that of the resonant inductor 𝐿1, the switching network 

injects approximately constant DC current into the resonant tank in a half cycle. Which can be simpli-

fied in Figure 4.16 

 

Figure 4.16 Simplified Circuit for Current-Fed Converter 

By analyzing the circuit above, and startrting from second order differential equation as: 
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𝐿1𝐶1
𝑑2𝑣𝑐
𝑑𝑡2

+ 𝑅𝐶
(𝑑𝑣𝑐)

𝑑𝑡
+ 𝑣𝑐 =

𝐼𝑑𝑐
2
𝑅 

4.5) 

By taking initial Conditions as in 4.6).  

𝑣𝑐(0) = 0,
𝑑𝑣𝑐
𝑑𝑡

(0) =
𝐼𝑑𝑐/2 + 𝐼𝐿(0)

𝐶1
  

4.6) 

Solve for 𝑡 and then findthe time 𝑡𝑧which is the  in which 𝑣𝑐 = 0. Then Solution can be obtained 

as in [96] to be: 

𝑓𝑍𝑉𝑆 =
2

𝑡𝑧
 

4.7) 

4.5 PROPOSED MODEL FOR PUSH-PULL CURRENT FED RESONANT INVERTER. 
As have been presented in 4.4 above, the chosen resonant inverter has the drawback of the 

need to apply a gate driving circuit; in order to achieve ZVS. Yet a problem may happen because of 

the need of Initial Energy as mentioned above. Solution to this problem is to ensure that during 

starting up there’s always some energy is the circuit. One way to achieve this is by using a polyphase 

approach to ensure the availability of energy during start-up phase which has been discussed in [86], 

[101]. In which the coupling between phases should be unified[86]. 

Another way is by combining the benefits of the Cascaded Class D inverter discussed in 4.2.2.2 

above that decreases the voltage stress; which is one of the problems facing the Current-fed Con-

verters- with the advantages of the mentioned resonant inverters mentioned in 4.4 above as shown 

in Figure 4.17. 

 

Figure 4.17 Proposed Inverter Toplogy 
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The main idea is to maintain the circuit energised with respect to the resonant topology and 

with this topology the resonance circuit is always connected to active elements; whether it’s positive 

or negative. 

4.6 RESONANCE TUNING FOR PUSH–PULL PARALLEL-RESONANT INVERTER 
In practical applications, self-inductance of TX is deviated from its nominal value due to various 

reasons. One of the reasons could be the distance variation between TX and RX coils because the 

metallic and shielding structure in RX affects the TX inductance. These cause detuning of resonant 

frequency, power fluctuations, high-voltage stress on switch, and low efficiency [95]. 

Figure 4.18 shows conventional current-fed parallel-resonant inverter.Figure 4.19 shows the nar-

row pulsewidth and high peaking of 𝑉𝑑1 due to smaller value of 𝐶𝑇𝑋 × 𝐿𝑇𝑋. This causes high-voltage 

stress on switches and degraded effective output voltage of inverter, all of which limits the output 

power of wireless link. On the other hand, if the 𝐿𝑇𝑋 is detuned to high value as in Figure 4.20 the 

ZVS fails for 𝑀1 and 𝑀2, thus degrading efficiency [95]. 

 

Figure 4.18 Schematic Of Conventional Push–Pull Parallel-Resonant inverter [95]. 

 

Figure 4.19 When LTX Is Detuned To Low Value. The Effective Output Voltage Of Inverter Is Low, 

Voltage Stress On 𝑀1 Is High [95]. 
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Figure 4.20 When LTX Is Detuned To High Value. The 𝑉𝑑1 Does Not Drop To Zero Before Gate 

Turns On, Which Causes Zero-Voltage Switching Failure [95] 

Reference [95] suggests a tunable resonant tank and its control method for push–pull parallel-

resonant inverteras shown in Figure 4.21.The parallel tuning capacitor is controlled using pulsewidth 

modulation, and its duty cycle is determined by the sensing of drain voltage waveshape. Soft switch-

ing is ensured at both the turn-on and turn-off for every switches in the proposed inverter: zero volt-

age turn-on and low 
𝑑𝑣

𝑑𝑡
 turn-off. The waveforms of autotuning inverter are presented in Figure 4.22. 

 

Figure 4.21 Proposed Tuning Control For Parallel-Resonant Inverter. (A) When Mpwm1 Is On, LTX 

Resonates Both With CTX And Cpwm1. Vd1 And Comparator's Output Vcomp. (B) At Perfect Reso-

nant Condition. (C) When LTX Is Detuned To A Lower Value. (D) When LTX Is Detuned To A Higher 

Value [95] 

The real-time tuning minimizes the voltage stress on switches and maximizes the output power, 

and guarantees soft switching regardless of detuning of parallel-resonant inverter. The voltage stress 

on the tunable element is lower than the stress on the main inverter part [95]. 

Moreover, all the MOSFETS are connected to ground. Hence, the MOSFETS do not experience 

large resonant voltage swing across negative and positive levels. These also simplify the gate driving 

circuitry. The proposed tuning achieves higher efficiency than conventional switch-controlled capaci-

tor due to the elimination of back-to-back two-series MOSFETS [95].  

The experimental setup which is comprised of current-fed push–pull resonant inverter, TX and 

RX coils, RX rectifier, sensor board, and TMS320F28335 as MCU. The detuning of 𝐿𝑇𝑋 with respect to 
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TX-to-RX distance is presented in Figure 4.23 The coil diameter is 15 𝑐𝑚. The operating frequency is 

a fixed 85 𝑘𝐻𝑧 which is suitable for small-sized devices [95]. 

Figure 4.24 presents the improvement in RX received power at different RX distances. The volt-

age stress on switch is regulated to be identical between conventional and proposed for comparison 

purpose. At TX–RX distance of 8 cm, the received power is doubled at proposed inverter. 

Figure 4.25 compares the TX-to-RX efficiency between the systems with and without the pro-

posed tuning. For the conventional case of black square curve in Figure 4.25 , efficiency drops when 

TX–RX distance is short due to the failure of ZVS caused by detuning of 𝐿𝑇𝑋, which is as illustrated 

inFigure 4.20. 

Figure 4.26and  Figure 4.27 shows the loss breakdown analysis of proposed and conventional. In 

conventional system, decreasing TX–RX distance causes ZVS failure, resulting in high switching losses 

of 𝑀1 +𝑀2. 

 

 

Figure 4.22 Waveforms Of Autotuning Inverter [95]. 

 

Figure 4.23 Variation Of LTX And Coupling 𝑘 With Respect To TX–RX Distance [95]. 
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Figure 4.24 RX power with respect to distance [95]. 

 

Figure 4.25 TX-to-RX efficiency comparison between the conventional [95]. 

 

Figure 4.26 Loss break down at TX-RX distance of 4 cm [95]. 

 

Figure 4.27 Loss break down at TX–RX distance of 6 cm [95]. 
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The measurements verified that the proposed method achieves maximum 1.96 times higher out-

put power and 15.86% higher efficiency with the same voltage stress on switches [95]. 
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5 CONCLUSION AND FUTURE WORK 

5.1 CONCLUSION 
Wireless Power Transfer is becoming a reality sooner or later, in order to get rid off difficulties 

that may face the wired charging. And as we are transferring into the modern technology world that 

includes Internet of Things, Electric Cars, advanced medical devices and possible new mobility trends 

like Electric Air Vehicles, Hyperloops and Super-fast Electric Trains- it’s mandatory that new technol-

ogy for delivering electric energy should be developed, as well as achieving Nikola Tesla dream of 

using whole earth as conductor as mentioned in1.1 above. 

The principles of WPT analysed in 2.2 above shows that the far field topologies used now are in-

effective and face a lot of problems. That makes the Near field methods more convenient for use. 

Then Capacitive and Inductive were further investigated. An established decision suggests that Ca-

pacitive are better in High frequency application because the higher the frequency the lower the ca-

pacitive reactance. This decision rises a question of the safety of this technology since high Electric 

fields are dangerous for living being which might limit the range of applications for such a technol-

ogy. 

Through the research it’s found out that The Resonance Magnetic Coupling (RIPT) is the most 

useful technique to transfer electric power wirelessly. Since it utilizes the resonance phenomenon 

which cancels out the reactance from the active components as discussed in 3 above The resonance 

is realised by the use of compensation topologies which are discussed briefly in 3.1.2 above. It’s es-

tablished that the use of hybrid topologies will combine the benefits of the basic Compensation to-

pologies. 

Then it’s concluded that the misalignment that may occur during lifetime application of the tech-

nology- that may affect both Mutual Inductance and Operating Frequency, Power Transferred and 

Efficiency as discussed in 3.1.4 above; this will result in the diminishing of resonance idea as a whole. 

To solve this problem, it’s suggested to use power converters in order to tune the frequency accord-

ing to circuit parameters. 

There’s a wide variety of Power converters, the power converters that may be used are estab-

lished in 4 above some of the converters are a combination of other types. The main idea behind a 

Resonant converter is the ability to achieve Zero Current Switching ZCS, Zero Voltage Switching ZVS 

and Zero Phase Angle ZPA; by using these techniques the resonant frequency can be retrieved by 

comparing the wave forms through these techniques. It’s found out that Current-fed push-pull Reso-

nant Converter evaluated in 4.2.5.1 above is the most useful option since it automatically generates 

the driving signal as well as it’s economically feasible in regards to other options. 

The Conventional Current-Fed converter requires a gate driving circuit, suffers from high voltage 

stress and it looses energization in some cases of Resonance frequency change; hence, the solution 

is to always keep the circuit active, it can be achieved by implementing poly-phase scheme or as pre-

sented a combination from the Class D Cascaded topology. This will keep Circuit Energized and will 

reduce voltage stress on the converter. 

Still under misalignment the chosen push-pull converter still suffers degradation in performance, 

so a control scheme is suggested as found in literature. This scheme proved to improve the effi-

ciency of the system in case misalignment occurs. 
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5.2 FUTURE WORK 
In the field of novel approach for Wireless power transfer methods this thesis is a step forward 

towards selecting the best option available Further studies include the tuning methods used in the 

converter selected, along with the control techniques that will make the selected options the most 

valuable. In addition to application of the proposed topology. 

In addition to comparison between different resonant converters under different applications 

and various inputs; to determine the optimum selection for each use and to eliminate the uncer-

tainty behind further implementation of near-field wireless power as one of the main methods for 

electricity transfer 
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