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Abstract 

In recent years, there is a growing trend of using wireless power suppliers as an 

alternative to traditional fixed contact power supplies for driving moveable devices with 

improved convenience and safety.  Inductive Power Transfer (IPT) based on magnetic 

field coupling is the most popular wireless power transfer (WPT) solution, which has 

found many commercial, industrial, and biomedical applications. However, IPT cannot 

transfer power through metal barriers, and it has many practical limitations with regards 

to Electromagnetic Interference (EMI), physical size, and power losses. Capacitive 

Power Transfer (CPT) based on electric field coupling has been proposed as a new 

wireless power transfer solution that has the ability to cope with metal barriers, and 

potentially has lower EMI and power losses with a simpler coupling configuration. 

However, CPT is still in its early stage of development, and has not been widely used 

in WPT applications due to its low coupling capacitances in air and sensitivity to 

coupling misalignments. In this Ph.D. research, a single wire/pair CPT system is 

proposed to reduce the sensitivity of coupling misalignment in comparison with 

traditional two pairs coupling capacitor CPT systems. An accurate model for such a 

single wire CPT system is established to understand its power transfer mechanism and 

analyze the system performance by treating the earth as a quasi-conductor having an 

equivalent resistance. Furthermore, a practical contactless single wire CPT power 

supply for driving a Variable Message Sign (VMS) is designed, which demonstrated 

that about 5 watts of power can be transferred across its metallic back cover. 

Another significant contribution of this research is the study of power transfer 

mechanism of CPT system based on Poynting vector analysis. This fundamental 

research reveals how power is transferred across the coupling plates, and how it is 

distributed from the field point of view in a conventional series tuned CPT system. The 

average power flow to the load across the air gap between and around the coupling 

plates is determined by analytical and numerical analysis of the electric field, magnetic 

field, and Poynting vector. Compared to the traditional lumped circuit analysis, a clear 

advantage of Poynting vector analysis is that there is no need to consider the cross 

coupling separately because the whole coupling setup is considered all together from 

the field distribution point of view. This research is useful to gain a deeper 
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understanding of capacitive power transfer mechanism and power flow distribution 

beyond the traditional circuit theory. 

The results obtained from this research demonstrate that the single wire CPT system 

has a great potential for developing simple wireless power supplies with larger distance 

and coupling tolerance, which may be used for charging low power compact devices 

such as biomedical sensors, Bluetooth headsets, and mobile phones. Moreover, the 

proposed Poynting vector analysis method shows the real and reactive power 

distribution around the coupling plates in relation to their physical setup (size, airgap 

distance, etc.), which would be useful for visualizing the power transfer channel and 

help practical EMC and safety design in the future. 
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Chapter 1  

Introduction 

 

 

1.1 Background 

With the explosive growth of the semiconductor industry and mobile computing 

technology, more and more portable electronic devices have come into our daily life 

such as smartphones, tablets, laptops, and Bluetooth headsets, etc. To keep these power-

hungry devices charged with convenience and safety, there is a growing trend of using 

wireless power supplies to replace traditional fixed contact power supplies [1, 2]. 

Wireless power transfer (WPT) refers to a family of techniques for delivering power 

without direct electrical contacts. It may be achieved through many ways such as laser, 

electromagnetic waves, acoustic waves, capacitive and inductive coupling [1, 3-7]. 

Among these techniques, Inductive Power Transfer (IPT) is the most popular 

contactless power transfer technology, which can deliver power wirelessly to stationary 

or movable loads without direct electrical contacts by utilizing high-frequency 

alternating magnetic fields [1, 8]. Fig. 1-1 shows the basic structure of a typical IPT 

system, which consists of three main parts: a primary high-frequency AC power supply, 

magnetic coupling coils, and secondary pickups. Usually, the primary power converter 

generates a high-frequency alternating current in a conductive track loop/lumped coils, 

which induces a voltage in the secondary pickup coils via the loosely magnetic 

coupling, thus the required power can be delivered to the load across an air gap. Besides, 

the system also can deliver power to multiple loads simultaneously [9-11]. 

1.1 Background 
1.2 Capacitive Power Transfer Technology 
1.3 Present Challenges of CPT Technology 
1.4 Objectives and Scope of the Thesis 
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Fig. 1-1: Basic structure of a typical IPT system. 

IPT has many competitive advantages over conventional conductive power transfer 

method, which presents some major features such as freedom of mechanical movements 

in space, safe operation without spark or arcing under harsh environments, and low 

maintenance [1, 2]. Although IPT technology has found many applications in industrial, 

commercial, and biomedical fields such as materials handling in clean rooms, cell 

phone charging pads, implanted pacemakers, etc. [9, 12-14], it has some practical 

limitations in certain areas. For example, since magnetic fields cannot penetrate through 

metal objects, IPT systems cannot work in situations where metal objects exist between 

power sources and loads such as machine tools or implanted devices, not to mention 

the power losses in surrounding metal objects that can cause heating problems and 

lower the system efficiency [15]. Furthermore, the magnetic field of an IPT system 

tends to exist in loops, so Electromagnetic Interference (EMI) and safety are big 

concerns, especially for heavy current applications. Careful shielding may need to be 

designed to protect human beings or animals [16, 17]. Besides these, IPT is difficult to 

implement when power needs to be delivered over a large area, or the coupling coils or 

high-frequency magnetic cores are used for enhancing the coupling between the 

primary and secondary coils in applications such as a dynamic electric vehicle (EV) 

charging and power supplies for loosely-coupled biomedical implants, which makes the 

whole system bulky and heavy [18, 19]. Finally, Litz wire is expensive to be used for 

designing coupling coils and winding different shapes of coils may involve 

manufacturing complexities.  
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Recently, a relatively new contactless power transfer technology termed Capacitive 

Power Transfer (CPT) has been proposed and attracted a lot of attention. Instead of 

using magnetic field coupling, CPT utilizes high frequency alternating electric fields in 

between capacitor plates, so it can transfer power through metal barriers, and potentially 

reduce EMI, lower power losses, and shrink physical size [4, 15].  

1.2 Capacitive Power Transfer Technology 

1.2.1 Basic structure and working principle 

 

Fig. 1-2: Block diagram of a typical CPT system with dielectric material coating. 

A block diagram of a typical CPT system usually consists of six blocks as shown in 

Fig. 1-2, including a power source, high-frequency power converter, compensation 

network, capacitive coupling, power conditioner, and load. A dc power source is fed 

into a power converter to generate a high-frequency ac voltage. Then two primary metal 

plates which can be rectangular or other shapes, are connected to the output of the power 

converter; and two secondary metal plates are placed close by, which can generate 

displacement current and form a complete current loop through a power conditioner to 

power the load. Generally, dielectric materials are required on the surface of the plates 

to provide electric insulation and improve the system power transfer capability [4, 15]. 
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In this typical CPT system, if the air gap between two coupling plates is very small 

compared to the size of the plates, the coupling capacitance of each pair can be 

calculated by using equation (1-1) without considering the fringe effect. 

𝐶𝑐 =
𝐴휀0

2𝑑𝑑

𝜀𝑟
+ 𝑑

 (1-1) 

A: The area of overlap of the two plates, in square meters 

ε0: The electric constant (ε0 ≈ 8.854 × 10−12𝐹 ∙ 𝑚−1) 

εr: The relative dielectric constant of the material between the plates (for a vacuum, εr = 1) 

dd: The thickness of dielectric material 

d: The air gap between the plates. 

From equation (1-1), it can be seen the coupling capacitance can be improved by simply 

increasing the coupling area, or using an insulator with a high dielectric constant, or 

decreasing the air gap between the coupling plates. 

1.2.2 Features 

Compared to IPT technology, CPT technology presents many competitive advantages. 

Some of the major features are briefly listed as follows: 

• Ability to transfer power across metal barriers  

As the working principle is based on the magnetic field coupling, IPT systems have 

some limitations on transferring power across the metal barriers. Unless the operating 

frequency is super low such as a few hundreds of hertz, power can be transferred from 

the primary transmitting coil to the secondary receiving coil through a thin metallic 

sheet [20]. However, since the operating frequency range in most IPT systems is 

between tens kHz and a few MHz, if a metallic slab/sheet is placed between the 

coupling coils, the magnetic field coupling in between will be weakened or shielded, 

and the transfer power will be greatly reduced or blocked, so significantly affect the 

system power transfer capability. Moreover, due to the eddy current and hysteresis 

generated in metals, power losses will increase that can cause heat problems and safety 

issues [1]. On the contrary, in CPT systems, when the metallic slab/sheet is placed 

between two coupling plates, the primary plate, the metallic slab/sheet, and the 

secondary plate form two capacitors in series. If the physical thickness of the metallic 
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slab is considered, the total coupling capacitance increases because the effective 

distance between two coupling plates is shortened, thus the power transfer capability is 

improved. But it is worthy to note that the metallic slab/sheet cannot fully cover the 

primary plates, otherwise the electric field is shielded completely, and no power can be 

transferred to the secondary circuit [4]. 

• Good potential to reduce Electromagnetic Interference (EMI) 

Since the magnetic field of an IPT system spreads in all directions from the coupling 

coils and tends to exist in closed loops, therefore, Electromagnetic Interference (EMI) 

and safety are big concerns, especially for heavy current applications, and careful 

shielding may need to be designed to avoid making nearly electronic circuits 

malfunction and protect human beings or animals [21]. However, the working principle 

of CPT systems is based on the electric field coupling, the electric field is mostly 

confined between the coupling plates because the air gaps between the coupling plates 

are quite small in most CPT applications. If there is no electronic device or living body 

between/near the coupling plates, it is safe as the harmonic radiation and EMI are not 

strong. Therefore, the EMI shielding design in CPT systems is not such critical as in 

IPT systems. 

• Simple coupling structure with low power losses 

Usually, in IPT systems, the coupling configurations are coils with different shapes, but 

winding coils may involve manufacturing complexities. To lower the power losses 

caused by the skin effect and proximity effect in coils at high frequency, Litz wire is 

widely used, but it is expensive. Besides, coils are difficult to implement when power 

needs to be delivered over a large area, such as dynamic electric vehicle (EV) charging, 

which may need a lot of coils and cost more [5]. However, in CPT systems, the coupling 

configurations are usually metal plates with different shapes, such as rectangular, 

circular, cylinder, and matrix. They can be very thin metal sheets, foils, or copper pads 

in printed circuit boards (PCBs) [15]. Compared to the coupling coils in IPT systems, 

the coupling plates in CPT systems have a simple structure that is easy to manufacture 

with lower cost, and suitable for power transfer over a large area. Besides, the low 

current density on the surfaces of the coupling plates does not produce large power 

losses, and there is no thermal problem. 
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• Light weight and small physical size 

As mentioned above, the coupling plates in CPT systems can be made very thin and 

small, which is suitable for some space-limited applications. Under such conditions, 

IPT systems usually need extra ferrites to enhance the magnetic field between the 

coupling coils to meet the power transfer requirement. But these ferrites increase the 

system's physical size, weight, cost, and limit the operating frequency due to the core 

losses. However, in CPT systems, the operating frequency is chosen to be much higher 

than IPT systems, the sizes of the reactive components in the circuit such as the coupling 

capacitors and tuning inductors can be shrunken, which can further reduce the physical 

size and weight of CPT systems. Moreover, the high frequency also can lower the 

coupling dissipation caused by the loss tangent of the dielectric material as well. 

1.2.3 Applications 

Due to its unique features, CPT has become an alternative wireless power transfer 

solution and has drawn a lot of attention. This technology has been studied for many 

applications ranging from milliwatts to kilowatts, such as 3D Integrated Circuits (ICs), 

biomedical implants, mobile devices, synchronous machines, and electric vehicles.  

• 3D Integrated circuits 

 

Fig. 1-3: Illustration of capacitive inter-chip data and power transfer for 3D VLSI [22]. 
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Fig. 1-4: Photo of the 3D-integrated back-illuminated vision chip [23].  

With the development of system-on-silicon very-large-scale integration (VLSI) 

devices, three-dimensional (3D) integration technology using capacitive vias/coupling 

emerged to meet the demand for higher wiring connectivity within VLSI chips. This 

technology can provide locality of reference and increase wiring connectivity while 

shortening interconnections, to realize intelligent chip-to-chip communication with 3D 

stacked structure for highly parallel processing in computer architectures. Using 

capacitive coupling not only can achieve signal communication but also can transfer 

very low power between isolated chips [24-32]. Fig. 1-3 shows the first 3D integrated 

multi-chip module developed by researchers from Yale University in 2005, which uses 

non-galvanic capacitive coupling and can provide bi-directional communication and 

power transfer between two stacked dies [22]. The components of the prototype were 

fabricated on a conventional 0.5m Silicon-on-Sapphire (SOS) process, each pair of 

capacitive coupling modules employed two pads on the top and bottom dies with an 

area of 90 ×90 𝜇𝑚2  each; and each pair of coupling capacitance is 8 𝑓𝐹  with a 

separation of 10m filled with transparent varnish. With a 3.3V power from 1kHz to 

15 MHz, the prototype can achieve a 9 mA output current by using a charge-pump 

circuit in the receiver to drive the device under test (DUT). Recently, the 3D integration 

technology with capacitive coupling has been widely applied to CMOS 

(Complementary Metal Oxide Semiconductor) technology. Fig. 1-4 shows the latest 

3D-integrated back-illuminated vision chip (size 1.6 mm × 3.2 mm) for massively 

parallel transmission, which provides low-power consumption receivers (below a single 

W)  with small electrodes area (less than 205 𝜇𝑚2  ) and relatively large distance 

(8m) between chip, high sensitivity better than 160 mV, and good immunity to 

crosstalk [23]. Compared to the inductive via method, it is important to notice that 



Chapter 1:                                                                                                                        Introduction 

- 8 - 

 

capacitive coupled integrated circuit can provide electrical insulation and achieve cost-

effective inter-chip massively parallel data transmission and low power transfer 

between dies, which is particularly suitable for the system implementation with a much 

smaller area, such as low-power sensors and sensory front-ends. 

• Biomedical implants 

 

Fig. 1-5: Practical system representation of the CCCTET for DIBDs [33]. 

 

Fig. 1-6: Diagram of flexible subcutaneous implants using capacitive coupling [34]. 

Biomedical devices play a very important role in improving people’s life quality. As 

the wireless charging technology can provide a lifetime of power without the risk of 

infection associated with percutaneous leads, IPT has been researched and implemented 

in many biomedical devices such as capsule endoscope, neurostimulator, TET 

(Transcutaneous Energy Transmission) system, cochlea hearing implant, etc.[35, 36]. 
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However, recently, CPT has been started to apply in biomedical implants to transfer 

power and data as it generates less heat and EMI on the human body. Fig. 1-5 shows a 

practical system representation of capacitively coupled conductive transcutaneous 

energy transfer (CCCTET) for deeply implanted biomedical devices (DIBDs). The 

prototype has two pairs of stacked coupling electrodes, each transmitter electrode has 

50 mm of the radius with a separation distance of 70 mm, and each receiver electrode 

has 10 mm of the radius with a separation distance of 15 mm. At 6.78 MHz operating 

frequency, the system can deliver more than 10 mW of power at 0.45% efficiency to a 

deeply implanted device and meet the safety standard as well [33]. For realistic post-

implantation scenarios, flexible subcutaneous implants using bendable coupling 

patches as shown in Fig. 1-6 were proposed and tested on Non-Human Primate (NHP) 

to make it more suitable for implant application [34].  

• Consumer electronics 

 

Fig. 1-7: Hitachi Maxell “Air Voltage” capacitive wireless charger for iPad2 [37]. 

Nowadays, as consumers have growing needs for mobile electronic devices such as laptop 

computers, tablets, and cellphones, those consumer electronic products with wireless 

charging function have become very competitive in the market. With the establishment 

of the Qi standard, more and more companies have launched products with wireless 

charging function. For example, Apple, Samsung, and Huawei, the world’s three biggest 

mobile phone manufacturers, have offered inductive wireless charging for their products 

[14]. However, CPT technology provides another potential solution for wireless charging. 

Recent researches have demonstrated its feasibility in applications of consumer 

electronics [38, 39]. Fig. 1-7 shows the first commercialized capacitive charging dock 
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“Air Voltage” for iPad2, which is developed by Murata Manufacturing Co Ltd. for 

Hitachi Maxwell Ltd. The “Air Voltage” comprised of the “energy stand” and “energy 

cover” by replacing the AC adapter that comes with the iPad2. The iPad2 can be set on 

the base either horizontally or vertically and recharged in the normal amout of time, i.e. 

about 3 hours for a full charge [37]. Murata is also engaging in implementing this CPT 

technology to various equipment including smartphones, mobile music players, digital 

cameras, tablets, notebook PCs, etc. 

• Synchronous machines 

 

Fig. 1-8:  A WFSM CPT system with parallel disk coupling [40, 41]. 

 

Fig. 1-9:  Photograph of the rotating coupling plates structure using aerodynamic fluid 

bearings [42]. 

Apart from the low-power applications mentioned above, CPT also can be applied to a 

high-power rotary system to avoid power cable connections and achieve 360 degrees 

rotating freedom. It has been used in the synchronous machine to replace mechanical 

slip rings [43-45]. Fig. 1-8 shows a WFSM (Wound Field Synchronous Machine) CPT 
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system with parallel disks capacitive coupling. To improve the CPT power transfer 

capability, the coupling employed rotating capacitor arrays to increase the coupling 

capacitance. Each set of 5 disks and 6 plates has a capacitance of 800pF, yielding a total 

series equivalent capacitance of 400pF. The prototype can deliver a 500mA field 

current at an efficiency of 71.5% by using an MHz inverter and stamped plates 

integrated into the fan assembly of the WFSM. The transfer power can be further 

improved by increasing the rotating coupling capacitance from pF to 𝑛𝐹 [40]. Fig. 1-9 

shows a rotating machinery application using aerodynamic fluid-bearing capacitors. 

This technique can increase coupling capacitance up to 100 times greater than the rigid 

plate in rotating and translational CPT systems, which enables high power transfer at 

kilowatts level with high efficiency [46]. Such a rotary CPT system featured with 

simple coupling design, competitive sizing, and low costs, can provide an alternative 

solution to rotary IPT system.  

• Electric vehicles 

 

Fig. 1-10:  A CPT EV charging system using aluminum foil as coupling plates [47]. 

Recently, CPT technology has started to apply from low power to high power.  The 

feasibility to transfer high power using coupling plates at kilowatts power level for 

Electric Vehicle (EV) has been verified by researchers [48-50]. Fig. 1-10 shows an EV 

charging system using aluminum foil as coupling plates. The experimental docking 

station can charge the 156V battery pack of a Corbin Sparrow EV through a conformal 

bumper and achieve 1kW output power at 90% efficiency via a coupling capacitance of 
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10nF operating at 530 kHz [47]. Apart from using the conventional double-pair CPT 

system to charge EV, a two-plate (single-pair) CPT system for EV charging 

applications as shown in Fig. 1-11 has been proposed in 2018 [51]. The vehicle chassis 

and the earth ground are used to transfer power, which can replace two plates in a 

traditional double-pair CPT system. A downsized prototype can achieve 350W power 

transfer across a 110 mm air gap with 74.1% dc-dc efficiency at 1MHz operating 

frequency, and the voltage on vehicle chassis is limited to 132V. If the frequency 

increases to 6.78MHz and the compensation circuit is well designed, the chassis voltage 

can be limited to 8.35V with 3kW system power. For the EV charging application, the 

voltage on the vehicle chassis should be reduced for safe operation to meet the standard. 

 

Fig. 1-11:  Diagram of a two-plate compact CPT system for EV charging applications. 

Therefore, CPT is suitable for applications where metal objects exist between a 

stationary power source and a movable load, such as a charging platform for electric 

vehicles, rotary machines, mobile phones, and laptops; or where EMI and heating 

problems should be minimized, such as biomedical implants; or where the total 

coupling size needs to be minimized and integrated into an IC (Integrated Circuit). 

1.3 Present Challenges of CPT Technology 

Although CPT can be an alternative wireless transfer power solution with clear 

advantages that IPT does not possess, it has not been widely applied in wireless power 

transfer applications yet. For the further development of CPT technology, some 

challenges need to be overcome, which may involve some theoretical and practical 
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difficulties, such as reducing the coupling misalignment sensitivity, modelling and 

understanding the power transfer mechanism of CPT systems, and high frequency 

operating issues. 

• Coupling misalignment sensitivity 

As the CPT technology is based on the electric field coupling between two loosely 

coupled plates, its capacitance can be obtained using the well-known capacitance 

formula. The total coupling capacitance determines the misalignment sensitivity, which 

affects system performance. The larger the coupling capacitance, the better the system 

performance. As can been seen from equation (1-1), to obtain a high coupling 

capacitance, it is preferred to enlarge the effective coupling area, minimize the distance 

between coupling plates and use a material with a high relative dielectric constant. First, 

according to the constrained system space, different coupling structures can be flexibly 

designed to obtained optimum coupling capacitance such as rectangular/matrix, circular 

(inner/outer) disk, and cylindrical configurations. In most practical cases, for rotating 

applications the cylindrical/circular configuration is preferred; while for the planar 

application, rectangular/matrix configuration is preferred. However, for a fixed space, 

there are always trade-offs to design a proper coupling shape according to the coupling 

performance, system complexity, and costs [15, 52, 53]. Second, as the distance 

between coupling plates in air or water always exists, there is a necessity to have a thin 

layer of isolation material on the coupling surfaces to provide electrical insulation and 

increase the coupling capacitance as well. But it is costly to coat dielectric material with 

high relative dielectric constant on the coupling surfaces such as TiO2 (Titanium 

dioxide, εTiO2 ≈ 170) and BaTiO3 (Barium titanate, εBaTiO3 ≈ 1300) [15]. Besides, 

the permittivity of air (휀0 ≈ 8.854 × 10−12𝐹/𝑚 ) for the capacitive coupling is much 

lower than the permeability ( 𝜇0 = 4𝜋 × 10−7𝐻/𝑚 ) for the magnetic coupling. 

Therefore, it is difficult to obtain high coupling capacitance in CPT systems due to the 

limited system space, low permittivity of air, and the expensive dielectric material. If 

there is a misalignment between the coupling plates, both the coupling capacitance and 

the output power will drop dramatically [54], which means it is necessary to enhance 

the coupling or add compensation circuits to reduce the sensitivity from the coupling 

misalignment [55, 56].  
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• Understanding the power transfer mechanism 

The two pairs of coupling plates in CPT systems can be simply modelled as two lumped 

capacitors in series or a capacitive network with cross-coupling capacitors in 

connection with tuning inductors and load, to form an equivalent lumped circuit for 

analysing the system performance such as power transfer capability and efficiency. If 

the terminal plates on the same side are very close, cross-coupling capacitance needs to 

be taken into consideration [54]. However, such a lumped equivalent circuit model 

cannot explain how the power transfers to load through one pair of coupling plates 

without a physical return path. Also, it cannot show how the power transfers to the load 

from the primary side to the secondary side through two pairs of loosely coupled plates 

from the field distribution point of view. It would be very useful to reveal the power 

transfer mechanism and power distribution in the space for designers to determine the 

system power transfer capability against the size of coupling plates and the power 

transfer distance. Furthermore, understanding the power flow distribution would also 

be useful for designing and evaluating the system Electromagnetic Compatibility 

(EMC). 

• High frequency operation 

Since it is difficult to obtain high coupling capacitance as mentioned before, to improve 

the system power transfer capability, high voltage and high-frequency operation are 

preferred to drive the capacitive coupling in the CPT system. Generally, the operating 

frequency of CPT systems ranges from a few hundred kHz to tens of MHz, but some 

are driven up to 100 MHz [57], which means the semiconductor switches of the inverter 

and converter in CPT systems need to meet higher requirements compared to the IPT 

system. General insulated gate bipolar transistors (IGBTs) and metal oxide 

semiconductor field effect transistors (MOSFETs) cannot be used in MHz CPT systems 

as they normally operate at hundreds of kHz, except some special MOSFETs can meet 

the requirement and operate at a frequency of about ten MHz without much sacrifice of 

efficiency. Recently, some semiconductor switches such as gallium nitrides (GaNs) and 

silicon carbides (SiCs) with fast switching speed up to a hundred MHz, low switching 

loss (on-state resistances) and turn on/turn off transients, have been developed to meet 

the high-frequency operation. Although they are now quite expensive and require 
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special driver circuits to work reliably, with the development of semiconductor 

technology, they will gradually replace IGBTs and MOSFETs in high-frequency 

systems in the future. Besides, the compensation inductors with low core loss and low 

wire loss are required in high-frequency CPT systems to improve power transfer 

efficiency. 

1.4 Objective and Scope of the Thesis 

This Ph.D. research is to conduct theoretical modelling of CPT systems based on 

electromagnetic field analysis to understand the power transfer mechanism and improve 

the power transfer performance. Both single and double pairs of coupling structures 

will be modelled and analysed in this study. Additionally, a specific application of a 

single pair CPT system for a Variable Message Sign (VMS) with a metallic back cover 

will be designed to show the advantages of single pair CPT systems compared to 

traditional double pair CPT systems. 

The main body of the thesis is arranged as follows: 

Chapter 1 introduces the background of capacitive power transfer, including its basic 

structure, working principle, major features, and its applications, then lists the present 

challenges of CPT technology. 

Chapter 2 provides an overview of existing theories for modelling and analysis of CPT 

systems. Two theories are reviewed in this Chapter. One is the traditional lumped circuit 

theory, and the other is standing wave theory. Comparison between these two theories 

is also given to show their advantages and disadvantages, respectively. 

Chapter 3 proposes a single pair/wire capacitive power transfer system with large 

coupling alignment tolerance. A practical prototype is built, and it has demonstrated 

that power can be transferred across a single pair of copper coupling plates without a 

current return path. Such a single pair CPT system has a large coupling tolerance against 

both lateral and angular misalignments between the coupled plates. 

Chapter 4 establishes the modelling of a single pair CPT system to reveal its power 

transfer mechanism with coupling to ground. An equivalent circuit is proposed by 
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treating the ground as a quasi-conductive medium. The parameters of the equivalent 

circuit model are determined, including the capacitance between the coupling plates of 

the CPT system, the single wire inductance and the capacitance between the wire and 

ground, and the ground equivalent impedance. The maximum power transfer capacity 

corresponding to the system’s resonant frequency is analyzed using the proposed model 

to guide the system tuning design. A prototype single-wire CPT system is built, and 

CST (Computer Simulation Technology) simulation is undertaken to show the electric 

and magnetic field distributions, as well as the Poynting vector indicating the direction 

and magnitude of power flow in the system. Besides, the different length of the dangling 

single wire at the secondary side of the CPT system is also investigated to validate the 

model with different levels of ground effect. 

Chapter 5 studies the electric and magnetic field distributions between a single pair of 

coupled plates. Methods for measuring the electric and magnetic fields are proposed 

based on general theoretical analysis, followed by field simulation studies using CST 

(Computer Simulation Technology) for comparison. This fundamental research is 

useful for investigating the power transfer mechanism and power flow distribution, 

guiding the practical capacitive coupling design of a CPT system. 

Chapter 6 proposes a Poynting vector-based approach to study the power flow 

mechanism of a conventional series tuned CPT system with double pairs of plates. The 

electric field, magnetic field, and Poynting vector are analysed, the power distribution 

is determined as well as the average power flow to the load. A power flow plane is 

defined at the receiving end of the CPT system and the total average power is calculated 

by integrating the real part of the Poynting vector across it. CST (Computer Simulation 

Technology) field simulation study is undertaken to show the electric and magnetic 

fields, as well as the Poynting vector distributions to show the direction and magnitude 

of the power flow in the system. This research reveals how power is transferred across 

the coupling plates, and how it is distributed from the field point of view. It is useful to 

gain a deeper understanding of capacitive power transfer beyond the traditional circuit 

theory, as well as to improve practical system design in the future. 

Chapter 7 develops a wireless power supply based on single pair capacitive coupling 

plates to power a Variable Message Sign (VMS) with a metallic back cover. A practical 
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prototype power supply has been built employing an MHz push-pull converter in the 

transmitter side, and the dangling receiver can drive a 5 watts VMS across its metal 

back cover. In addition, the system sensitivity to the coupling misalignment is studied 

too. 

Chapter 8 summarizes the major contributions of this thesis work and gives suggestions 

for future work from this research.   
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Chapter 2  

Existing Methods for Modelling and 
Analysis of CPT Systems 

 

2.1 Introduction 

CPT technology as one of the solutions for wireless power transfer is gaining more and 

more attraction in academic and industrial areas due to its unique features. In CPT 

systems, power can be transferred through a capacitive link, which comprises two pairs 

of loosely coupled plates with different shapes, such as rectangular, matrix, circular 

inner/outer disk, and cylindrical configurations as shown in Fig. 2-1 [15]. The power 

transfer capability of a CPT system can be improved by adding dielectric material 

on/between coupling plates to increase the coupling capacitance, which is like adding 

ferrites to coupling coils to enhance the magnetic coupling in the IPT system [55, 58]. 

Of course, like the IPT system, the coupling plates in CPT systems also need tuning 

2.1 Introduction 
2.2 Lumped Circuit Theory 
2.3 Standing Wave Theory 
2.4 Summary 

Fig. 2-1: Basic coupling configurations. 
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inductors/compensation networks combined with control strategies to increase the 

power transfer capacity and deliver the required power to the load. However, the 

capacitive coupling is a very important part of CPT systems as it will directly affect the 

system performance, such as coupling misalignment tolerance, power transfer 

capability, and efficiency [59-64]. 

This chapter will review existing methods for modelling and analysis of CPT systems, 

including two-pair and single-pair/wire CPT systems. Firstly, for the conventional two-

pair CPT systems, the equivalent model of coupling plates based on the lumped circuit 

theory will be presented. Then a single-contact CPT system with one plate and the 

helical coil will be introduced, followed by its working principle explained by standing 

wave theory. Finally, a Comparison between these two modelling methods is also given 

to show their advantages and disadvantages, respectively. 

2.2 Lumped Circuit Theory 

2.2.1 Capacitive coupling model without cross-coupling capacitance 

 

Fig. 2-2: Block diagram of a typical CPT system with two equivalent lumped capacitors. 

In the early days of the CPT technology, the system performance analysis is mainly 

based on circuit theory by simply treating two coupling plates as two lumped capacitors 

in series without considering cross coupling and combined with other electronic 

components to form a closed-circuit loop [65-72]. For example, without considering 

the cross-coupling capacitance, a typical CPT system in Fig. 1-1 with two pairs of 

parallel coupling plates from source to load can be redrawn as shown in Fig. 2-2 by 

replacing two pairs of plates with two equivalent lumped capacitors in series. It should 
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be noted that, if the air gap between each pair of coupling plates is very small compared 

to the size of the plates, each pair of coupling plates can be simply determined by 

equation (1-1) without considering the fringe effect. Otherwise, it is better to take the 

fringe effect into consideration to model the coupling plates.  

2.2.2 Capacitive coupling model with cross-coupling capacitance 

The above simple model for coupling plates is just suitable for analyzing the system 

when the cross-coupling capacitances between plates are very small which can be 

ignored. Practically, if the coupling plates have misalignment or the coupling plates are 

close, for example, one of the primary coupling plates overlaps with both secondary 

coupling plates as illustrated in Fig. 2-3, cross coupling occurs, and the resulting cross 

capacitance needs to be taken into consideration [52, 54]. Apart from the coupling 

plates with misalignment, there is a special coupling structure, two stacked coupling 

plates as shown in Fig. 2-4, also needs to consider the cross-coupling effect when 

modeling the coupling interface [49]. Therefore, a general circuit model of the coupling 

plates for the conventional two-pair CPT systems can be illustrated as Fig. 2-5. 

However, the cross-coupling capacitance makes the modelling and analysis of a CPT 

system complicated. To analyze the fundamental working principle of traditional two-

pair CPT systems, a simplified equivalent model of capacitive coupling interface with 

behavior source was proposed as shown in Fig. 2-6(a), which can be seen as two 

equivalent primary and secondary capacitances 𝐶𝑝  and 𝐶𝑠  coupled by a mutual 

capacitance 𝐶𝑀. Each of the two current sources depends on the voltage on the other 

side. This equivalent model also can be simplified to a 𝜋 model as shown in Fig. 2-6(b), 

which is suitable to simplify the parameter calculation in the circuit. Similar to that of 

the coils in IPT systems, the equivalent primary and secondary capacitances 𝐶𝑝 and 𝐶𝑠, 

mutual capacitance 𝐶𝑀 , and capacitive coupling coefficient 𝑘𝑐  can be derived as 

follows: 
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Fig. 2-3: Cross coupling in two parallel coupling plates structure. 

 

 

Fig. 2-4: Cross coupling in two stacked coupling plates structure. 

 

 

Fig. 2-5: General circuit model of the coupling plates. 
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(a) 

 

(b) 

Figure 2-6: Simplified equivalent model of the coupling capacitors. (a) Behavior source 

model. (b) π model. 

 

𝐶𝑝 = 𝐶13 +
(𝐶12 + 𝐶14)(𝐶23 + 𝐶34)

𝐶12 + 𝐶14 + 𝐶23 + 𝐶34
 (2-1) 

𝐶𝑠 = 𝐶24 +
(𝐶12 + 𝐶23)(𝐶14 + 𝐶34)

𝐶12 + 𝐶14 + 𝐶23 + 𝐶34
 (2-2) 

𝐶𝑀 =
𝐶12𝐶34 − 𝐶14𝐶23

𝐶12 + 𝐶14 + 𝐶23 + 𝐶34
 (2-3) 

𝑘𝑐 =
𝐶𝑀

√𝐶𝑝𝐶𝑠

=
√𝐶12𝐶34 − 𝐶14𝐶23

√𝐶13(𝐶12 + 𝐶14 + 𝐶23 + 𝐶34) + (𝐶12 + 𝐶14)(𝐶23 + 𝐶34)

∙
√𝐶12𝐶34 − 𝐶14𝐶23

√𝐶24(𝐶12 + 𝐶14 + 𝐶23 + 𝐶34) + (𝐶12 + 𝐶23)(𝐶14 + 𝐶34)
 

(2-4) 

According to equation (2-4), if the coupling plates at the same side are placed far 

enough as shown in Fig. 1-1, the coupling capacitances (𝐶13and 𝐶24) are approximately 

zero, and the cross-coupling capacitances (𝐶14  and 𝐶23 ) between the primary and 

secondary plates are also close to zero. As a result, the capacitive coupling coefficient 

is 𝑘𝑐 ≈ 1. But if the coupling plates are vertical aligned as shown in Fig. 2-4, all the 
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coupling capacitances including cross-coupling capacitances cannot be ignored. 

However, to improve the power transfer capability of the CPT systems, it is better to 

reduce the cross-coupling capacitances and make the capacitive coupling coefficient 𝑘𝑐 

close to 1. 

2.3 Standing Wave Theory 

As mentioned above, the conventional CPT systems require two pairs of coupling 

capacitors to form a return power transmission loop, which can use the traditional 

circuit theory to analyze the system performance by regarding the coupling and cross-

coupling capacitance as lumped capacitors. However, there is a special CPT system that 

only has one plate coupled with a helical coil. Such a single-contact CPT system does 

not have a closed-circuit loop but can supply power wirelessly to electrical devices. 

There are a few possible explanations for this phenomenon provided by previous 

scientists. Back in 1888, Hertz’s experiment proved the existence of electromagnetic 

waves, the discovery of which was forecast by Maxwell in 1865. The emergence of 

wireless means the electromagnetic field can supply power to electrical and radio 

devices, the transformation of the electrical energy from the initial source into an 

electromagnetic field is radiated in space and received by the consuming devices. 

Between 1929 and 1933, the American physicist Van de Graaf designed a high voltage 

electrostatic generator. In this device, electrical charges are sprayed from needles under 

high voltage onto a moving ribbon and transferred to an insulated metal dome without 

any conductor [73]. In the later nineteenth century, Tesla’s experiment observed that a 

single wire no return (SWNR) transmission line can provide power to electrical devices 

by resonance with its stray capacitance [8]. In his experiments, loads (a lamp, 

phosphorescent bulb, and vacuum tube) were connected with a resonant coil which 

received power when the coil was placed into resonance with its stray capacitance, 

which completed the circuit by eliminating the need for a physical return cable to the 

ground.  

Based on Tesla’s experiment, in 2014 the researchers at the University of Alberta have 

successfully demonstrated a single-contact wireless power transfer system (unipolar 

CPT system) as shown in Fig. 2-7 [18]. A high-frequency AC source is applied to an 



Chapter2:                                              Existing Methods for Modelling and Analysis of CPT Systems 

- 24 - 

 

aluminium sheet, a helical receiver contactlessly coupled to the surface of the 

aluminium sheet. The whole system is in resonance with its surrounding stray 

capacitance from the helical coil and aluminium sheet and delivers power to a load 

attached to the receiver at any location on the surface of the aluminium sheet. Fig. 2-8 

shows the equivalent lumped circuit model of the single-contact system. The circuit 

works like a series RLC resonator. But, unlike a lumped RLC resonant circuit, the 

inductance and capacitance are cumulatively distributed causing changes in the quality 

of resonance at each turn. 

 

Fig. 2-7: A single-contact wireless power transfer system. 

 

Fig. 2-8: Equivalent lumped circuit model of single-contact system. 

The theory of this single-contact system is based on exciting a standing wave mode 

inside a slow-wave helical resonator where the input electric and magnetic field vectors 

undergo temporal and spatial phase transitions as a function of the geometry and aspect 
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ratio of winding. As the operating frequency is around 1MHz, and the conductive 

object’s dimensions are small compared to the operating wavelength, so the applied 

voltage from the source will be roughly uniform over the entire surface area of the 

object, and the receiver will become energized on any position of the object’s surface. 

Therefore, this single-contact system works in a non-radiating resonant mode and the 

energy is confined within the system. According to the standing wave theory, the output 

electric field of a typical transmission line can be determined as 

𝐸𝑜𝑢𝑡 = 𝐸𝑖𝑛𝑒𝑗(𝛾𝑑+𝜔𝑡) (2-5) 

Where 𝛾 = 𝛼 + 𝑗𝛽  is the propagation constant, 𝛼  is the attenuation factor, 𝛽  is the 

phase constant, 𝑑 is the fractional wavelength and 𝜔 is the angular frequency. 

Here, as the helical coil is not like the traditional transmission line, the build-up of the 

electric field is governed by the resonance parameter distribution  

|𝐸𝑖| = (|𝐸𝑖−1| + 𝐸𝑜𝑒𝑗|𝛼𝑖+𝑗𝛽𝑖|𝑑𝑖) ∙ 𝑒𝑗𝜔𝑡,                    ∀𝑖 = [1, 𝑁] (2-6) 

Where 𝑑𝑖 =
𝜆𝑖

𝑁
= (𝜋/2)(1/𝑁𝛽𝑖) is the fractional quarter-wavelength perceived by the 

wave at the ith turn of the helix. 𝜆𝑖  is the fractional wavelength traversed by the 

propagating wave at each ith turn and is a function of the geometry of the helix. The 

terminal voltage and the current distribution at each turn can be expressed as: 

|𝑉𝑇𝐸𝑅| = ∑|𝐸𝑖| ∙ 𝑖 ∙ 𝑙𝑐

𝑁

𝑖=1

 (2-7) 

|𝐼𝑖| =
|𝑉𝑖|

𝜔𝐿𝑖
 (2-8) 

Where 𝑙𝑐  is the helical length, 𝐿𝑖 = 𝐿𝑖−1 + (𝑖 ∙ 𝐿𝑠𝑒𝑙𝑓) is the cumulatively distributed 

inductance along the line/helix at the ith turn, and 𝐿𝑠𝑒𝑙𝑓 is the self-inductance of each 

turn dependent on the core material, turn radius, and gauge of wire. 

From the equations (2-6) & (2-7), the electric field at the termination end is restricted 

and amplified with minimal radiation, which is in accordance with slow-wave antenna 

theory. The voltage is maximum and the current is almost zero at the termination end 
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of the helical coil, whereas at the base, it is just the reverse. Ideally, for a tightly wound 

helical coil that is close to the ground plane and small compared to the wavelength, the 

radiation resistance in the system is very small and can be ignored. In this system, a real 

load may be regarded as part of the transmission line instead of a separate component, 

which functions almost identically to a series RLC oscillator circuit, and the power 

dissipated through internal losses along the receiver such as wire resistance and eddy 

currents. 

2.4 Summary 

An overview of two existing methods for modelling and analysis of CPT systems is 

given as above. For conventional CPT systems with two pairs of coupling plates, they 

are easy to apply the lumped circuit theory to model and analyse the system 

performance such as power transfer capability and efficiency, because two pairs of 

coupling plates can be regarded as two lumped capacitors in series or capacitive 

coupling model with cross-coupling capacitance, and combined with other electronic 

components to form a closed-loop circuit. However, fundamental questions such as how 

power is transferred across the coupling plates, and how it is distributed from a field 

point of view remain unclear. Because finding out the power flow channel and power 

distribution would be very useful for the coupling plate design and system 

electromagnetic compatibility (EMC) optimization. 

Compared to traditional two-pair CPT systems, single-pair/wire CPT systems only have 

one pair of coupling plates or one plate and coil as shown in Fig. 2-7, no physical return 

path, so it seems difficult to use the traditional lumped circuit theory to model and 

analyse the system performance. Therefore, a standing wave (transmission-line) theory 

was proposed to model and analyse such CPT systems, which builds a bridge between 

circuit theory and electromagnetic wave theory, especially when the system's physical 

dimensions are much smaller than the wavelength of the system resonant operating 

frequency. 

However, is there any big difference between these two models? As we know, the 

traditional losses transmission line can be represented in terms of a lumped-element 

circuit model as shown in Fig. 2-9 [74], and then we apply Kirchhoff’s voltage and 
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current laws to derive a set of two governing equations known as the classic 

telegrapher’s equations. The equations describe an electromagnetic wave that 

propagates along the transmission line (T-line) with a velocity proportional to the 

inverse of the square root of the inductance times the capacitance, which is based on 

the assumption that any coupling between the per length inductances is very small and 

can be ignored when the length of the T-line is smaller than the wavelength of the 

operating frequency. Therefore, such a single-contact CPT system with a helix receiver 

in Fig. 2-7 also can be modelled as an altered losses transmission line with mutual 

inductance included as shown in Fig. 2-10, note the lengths of each section (x and x’) 

may no longer be assumed equal. 

 

Fig. 2-9: Standard transmission line model with the L and C per unit length. 

 

 

Fig. 2-10: Altered transmission line model with mutual inductance included. 

Van Neste et al. have proved that this single-contact CPT system also can be modelled 

as a transmission line where the mutual coupling is not negligible using standard 

lumped circuit theory [74]. From the previous research, we can see that the single-

contact CPT system has a great potential for achieving simple wireless power supplies 

with larger distance and coupling tolerance, which can be used for charging low power 

compact devices such as cell phones, Bluetooth headsets, biomedical sensors, and heart 

pumps. However, such single contact CPT is currently not applicable for compact 
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electronic device applications as the height of the helical coil is quite high. It would be 

ideal to replace the receiver helical coil with a flat metal sheet. Therefore, it is necessary 

to further study such single pair CPT systems. 
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Chapter 3  

A Single-Wire CPT System with Large 
Coupling Alignment Tolerance 

 

3.1 Introduction 

Capacitive Power Transfer is a new Wireless Power Transfer (WPT) technology based 

on electric field coupling. Compared to the traditional Inductive Power Transfer (IPT) 

based on magnetic field coupling, CPT utilizes electric field coupling between 

conductive plates. This technology enables power transfer through metal barriers and 

potentially offers low Electromagnetic Interference (EMI), and low power losses with 

simple coupling configurations [15, 16]. However, a conventional CPT system requires 

two pairs of coupling plates to form a current return path for wireless power transfer 

from a power source to a movable load as shown in Fig. 3-1. Due to the low permittivity 

of free space (휀0 ≈ 8.854 × 10−12𝐹 ∙ 𝑚−1) and relative dielectric constant (휀𝑟) of the 

material between the plates, it is difficult to obtain high coupling capacitance. Further, 

the coupling capacitance is sensitive to the area of overlap of the two plates and the air 

gap between the plates, which means that any small misalignment between two 

coupling plates will cause a big variation of the total coupling capacitance. These 

matters seriously affect the power transfer performance of conventional two pairs of 

CPT systems [52, 54, 75]. Therefore, such a system has low coupling capacitances and 

suffers from coupling variations and cross coupling caused by misalignments. Recently 

an unexpected phenomenon was discovered from a lab experiment that power can be 

transferred across a single pair of isolated metal plates without a current return path as 
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3.2 The Proposed Single-Wire CPT 
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3.3 Experimental Study 
3.4 Summary 
 

 

3.1 Introduction 
3.2 The Proposed Single-Wire CPT 

System 
3.3 Experimental Study 
3.4 Summary 
 



Chapter3:                             A Single-Wire CPT System with Large Coupling Alignment Tolerance 

- 30 - 

 

illustrated in Fig. 3-2. Such a system is called single-wire CPT. The initial idea is related 

to Tesla’s experiment in the later nineteenth century on a single wire no return (SWNR) 

transmission line for providing power to electrical devices based on circuit resonance 

and stray capacitances. In Tesla’s experiments, loads such as lamps, phosphorescent 

bulbs, and vacuum tubes were connected to a receiving in resonance with the stray 

capacitance [8]. In 2014 the researchers at the University of Alberta have successfully 

demonstrated a single-contact WPT system with a large helical coil on the secondary 

side [18]. One problem related to this system is the helical coil takes a large space, 

particularly along its axial direction, so it is only suitable for certain applications such 

as a desk lamp.  

 

Fig. 3-1: Conventional CPT system with two pairs of coupling plates. 

 

Fig. 3-2: Single-wire CPT system with only one pair of coupling plates. 

This chapter proposes a new single-wire CPT system using only one pair of electric 

fields coupling plates without a current return path. Because no large helical coils are 

needed, the system can be made flat in structure for more general applications of 

charging low power compact devices such as cell phones, Bluetooth headsets, 

biomedical sensors, and heart pumps.  



Chapter3:                             A Single-Wire CPT System with Large Coupling Alignment Tolerance 

- 31 - 

 

3.2 The Proposed Single-Wire CPT System 

Fig. 3-3 shows the proposed single-wire CPT system based on a class E inverter. A dc 

voltage source is fed into a Class E inverter for generating a high-frequency ac voltage 

to drive loosely coupled plates of a CPT system via an LCLC network. There is only 

one power switch in the system, and it is zero voltage switched to reduce the switching 

losses and EMI (Electromagnetic Interference). The duty cycle of the class E inverter 

can be set around 50% to obtain optimum operation [76]. A single pair of coupling 

plates form a capacitive path represented by a capacitance 𝐶𝑐 via electric field coupling. 

The LCLC resonant compensation circuit helps to boost the output voltage of the class 

E inverter and provides a constant ac voltage to drive the primary coupling plate. And 

at the secondary side, a CLCL resonant compensation circuit is used to boost the output 

voltage and current to an ac load. If a dc output is needed at the output side, a full/half-

bridge rectifier and voltage regulator can be added between the CLCL resonant circuit 

and the dc load [48]. 

 

Fig. 3-3: A proposed single-wire CPT system based on class E inverter. 

3.2.1 Class E inverter 

The class E inverter is used to convert the DC voltage to AC at very high efficiency. It 

is widely used as a switched-mode power amplifier in the radio industry. In Fig. 3-3, 

𝐿1  is the DC inductor which forms a quasi-current source driven by the DC voltage 

source, and the MOSFET is switched on and off to generate a current pulse train at the 

output of the switch. Then the LCLC resonant tank with a high Q (quality factor) 

generates a sinusoidal voltage across the capacitor 𝐶3, which provides high voltage for 

the primary coupling plate if the switching frequency is close to the resonant frequency. 
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As the switch has a small parallel capacitor 𝐶1, to ensure Zero Voltage Switching (ZVS) 

operation, the operating frequency of the class E inverter is usually set at the resonant 

frequency of the LC tank. Since the parallel tank of the class E inverter acts as a filter 

to form a sinusoidal current in the tank if the quality factor Q is large, the sinusoid 

approximation can be made and basic AC analysis can be used to simplify the circuit 

analysis. More detailed analysis can be found in [76]. It should be noted that the voltage 

and current stress on the MOSFET switch should be evaluated before selecting the 

components. The maximum voltage 𝑉𝑑𝑠 across the drain and source of the MOSFET 

mainly depends on the input dc voltage source 𝑉𝑠, which is given by [76]. 

𝑉𝑑𝑠,𝑚𝑎𝑥 = 3.562𝑉𝑔 (3-1) 

And the maximum current 𝐼𝑑𝑠  through the MOSFET is determined by the current 

𝐼 from the input source, which is given by [76]: 

𝐼𝑑,𝑚𝑎𝑥 = 2.862𝐼 (3-2) 

The resonant compensation network design of the class E inverter will be presented 

later. 

3.2.2 Power transfer across the coupling plates 

 

Fig. 3-4: The equivalent system circuit. 

Neglecting the harmonics in the output of the class E inverter, the system can be 

simplified with a sinusoidal voltage source 𝑉𝑐1 at the input across the capacitor 𝐶1 as 

shown in Fig. 3-4. It can be seen the system is separated by the coupling capacitor 𝐶𝑐, 
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and there is no ground between them. If terminal A is labeled as the ground of the 

primary side, another virtual ground B is defined in this research at the secondary side. 

According to the traditional Kirchhoff’s current law, the system would not work 

because there is no current return path between the primary and secondary parts of the 

system as the ground A and the virtual ground B are not physically connected. 

However, practical experiments showed the power can be transferred through the 

coupling plates using a single wire, which means there must be a current ‘flow’ from 

the primary side of the circuit to the secondary via the coupling plates. The researchers 

at the University of Alberta demonstrated similar phenomena with a helical coil 

although they explained it by the standing wave theory [18]. In our case, the system 

still works by replacing the helical coil with a flat plate so there is no standing wave 

existing. This raises a new theoretical challenge to explain how the system works 

without a current return path. 

To investigate the working principle of this single-wire CPT system, fundamental 

physics analysis would be useful to figure out how the current is generated in the 

secondary circuit with a single wire. As we know the electrons in metal conductors are 

charge carriers, which can move freely within the metal as they are loosely bound to 

the atom. If an electron is placed in an electric field, it will move from low potential to 

high potential in the opposite direction of the electric field; if an electron is placed in 

an alternating electric field, it will oscillate following the direction change of the 

electric field; then if a conductor with multiple electrons is placed in an alternating 

electric field, the electrons in the conductor will oscillate together and form an electric 

current. It can be seen from Fig. 3-4 that an electric field is formed in between the two 

plates of 𝐶𝑐. If the gap between the coupling plates is small and the electric field E in 

between is uniform, the following equation will hold: 

𝐄 =
𝑽𝒂𝒃

𝑑
 (3-3) 

where 𝑉𝑎𝑏 is the voltage between the plates, and d is the distance between them. 

And the voltage potential at terminal b on plate 2 is determined by the voltage potential 

at the terminal a on plate 1 and the voltage drop along the electric field. 
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𝑽𝒃 = 𝑽𝒂 − ∆𝑽 = 𝑽𝒂 − 𝑬 ∙ 𝒅 (3-4) 

It is well known that a displacement current 𝐼𝑑  in the coupling capacitor 𝐶𝑐  can be 

formed at high-frequency ac excitation. But it should be noted that the terminal b 

highlighted in red colour in Fig. 3-4 is a wire terminal that is connected to the secondary 

resonant tank and load with a single wire without a return loop. Then questions retain 

how the current can flow from terminal b to the rest of the secondary circuit.  

Fig. 3-5 shows the simulated electric field distribution around the coupled plates by 

using CST (Computer Simulation Technology). It can be seen the electric field decays 

with the distance away from the coupling plates. If the terminal b is out of the strong 

region of the electric field along the single wire, there will be a voltage drop from plate 

P2 to terminal b. Therefore, the displacement current can flow through the wire between 

the plate P2 and the terminal b. As the virtual ground B is far away from the electric 

field, it has an approximate zero voltage potential. As such, there will be a voltage 

difference between terminal b and the virtual ground B, so the secondary circuit will 

get an input voltage 𝑉𝑏𝐵 , and the displacement current can flow through. 

 

Fig. 3-5: A 3-D view of electric field around the coupling plates. 

As the displacement current is very small in most practical CPT systems, to obtain the 

desired current, a resonant compensation circuit can be added between the load and the 

secondary plate to boost the current.  
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3.2.3 Resonant compensation network 

Due to the single wire connection, the whole secondary lumped circuit can be regarded 

as an open circuit with infinite resistance to the primary circuit. Therefore, the 

equivalent system circuit can be separated into two independent circuits. One is the 

primary compensation circuit shown in Fig. 3-6(a), the other is the secondary 

compensation circuit shown in Fig. 3-6(b).  

 

(a) 

 

(b) 

Fig. 3-6: Two compensation circuits. (a) The primary compensation circuits. (b) The 

secondary compensation circuits. 

For the primary compensation circuit design, capacitor 𝐶2  is split into two parallel 

capacitors 𝐶2𝑎  and 𝐶2𝑏, then 𝐶1, 𝐿𝑝1 and 𝐶2𝑎  form a resonant network, and  𝐶2𝑏, 𝐿𝑝2 

and 𝐶3 form the second resonant network. If their resonant frequencies are the same, a 

maximum output voltage across 𝐶3  can be obtained. The output voltage magnitude 
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𝑉𝐶3
 across 𝐶3  can be determined by equation (3-5), and the resonant frequency can be 

calculated by equation (3-6). 

𝑉𝐶3
=

1

𝜔𝐶3
∙ 𝑉𝐶1

1/𝜔𝐶3 + 𝜔𝐿𝑝2 + 𝜔𝐿𝑝1
 

(3-5) 

𝜔0 =
1

√𝐿𝑝1 ∙ (𝐶1 + 𝐶2𝑎)
=

1

√𝐿𝑝2 ∙ (𝐶3 + 𝐶2𝑏)
 (3-6) 

The LCLC network shown in Fig. 3-6(a) is design by taking the Class E inverter into 

consideration. Firstly, the output voltage 𝑉𝐶3
 can be specified with a given operating 

frequency 𝜔0 , 𝐶3  and 𝐿𝑝2  are designed to have low equivalent series resistances 

(ESRs) and a high quality factor Q, which means to choose a small value of capacitor 

and large value of inductor with low ESR. Then using the equation (3-6) to calculate 

the value of 𝐶2𝑏. Similarly, based on the same operating frequency, the value of 𝐶2𝑎 

can be calculated by equation (3-6). Finally, according to equation (3-5), the input 

voltage of the class E inverter can be determined. Practically, it is required to consider 

the effect of self-capacitance of the coupling plates in parallel with 𝐶3when determining 

the system parameters, especially when the size of coupling plates is big. In this design, 

the coupling plates are two square plates (100mm×100mm). If the coupling plates are 

a circle with a radius of R, the capacitance can be determined by the following equation.  

C𝑠𝑒𝑙𝑓 = 8휀0𝑅 (3-7) 

Since the displacement current in the coupling plates is very small, a CLCL 

compensation circuit is added to boost the displacement current. As seen in Fig. 3-6(b), 

capacitor 𝐶5 also can be split into two parallel capacitors 𝐶5𝑎 and 𝐶5𝑏, then 𝐶4, 𝐿𝑠1 and 

𝐶5𝑎 form a resonant network, and  𝐶5𝑏, 𝐿𝑠2 and load 𝑅𝑜 form the secondary resonant 

network. Using the same analysis method in the primary circuit, and make sure the 

resonant frequency in the secondary circuit is the same/close to the resonant frequency 

in the primary circuit. The output voltage 𝑉𝑜  across the load can be calculated by 

equation (3-8), and the resonant frequency can be determined by equation (3-9). 

𝑉𝑜 =
𝑅 ∙ 𝑉𝑏𝐵

𝑅 + 𝜔𝐿𝑠2 + 𝜔𝐿𝑠1
 (3-8) 
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𝜔0 =
1

√𝐿𝑠1 ∙ (𝐶4 + 𝐶5𝑎)
=

1

√𝐿𝑠2 ∙ 𝐶5𝑏

 (3-9) 

From equation (3-8), it can be seen the voltage 𝑉𝑏𝐵 is one of the factors determining the 

output voltage, so a higher 𝑉𝑏𝐵 is preferable. To simplify the numerical calculations of 

the components on the secondary side, the same components can be used on the primary 

side. It is important to keep the secondary compensation circuit resonant frequency as 

the same frequency as that of the primary side. 

3.3 Experimental Study 

Table 3-1: Circuit parameter values 

Parameter Value 

Input dc voltage Vs 15V 

Chock inductor 𝐿1 100µH 

Switch parallel capacitor C1 145pF 

Resonant capacitor C2, C5 1nF 

Resonant inductor 𝐿𝑝1, 𝐿𝑠2 6.8µH 

Resonant inductor 𝐿𝑝2, 𝐿𝑠1 100µH 

Resonant capacitor C3, C4 68pF 

Total coupling capacitance Cc 160pF 

Duty cycle D 50% 

A light bulb load Ro 3.5~28.8Ω 

Optimum operating frequency 𝑓0 1.6MHz 

Relative dielectric material 

constant 휀𝑟 (Polypropylene) 
2.5~3 

Input power 𝑃𝑖𝑛 12W 

Output power 𝑃𝑜𝑢𝑡 3.8W 

For the system design procedure, the first step is to determine the components of the 

class E inverter, then set the operating frequency 𝜔𝑜 and choose the values of 𝐿𝑝1, 𝐿𝑝2, 

𝐶3 and 𝐶1, finally using the equations (3-6) to get the value of 𝐶2. Similarly, we can get 

the value of 𝐶5 on the secondary side by equation (3-9). Once the input DC voltage is 

set, the voltage across 𝐶3 for driving the coupling plates can be obtained by equation 
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(3-5) if the losses on the switch and inductors are ignored. Therefore, the circuit 

parameters can be calculated and roughly chosen as shown in Table 3-1.  

The prototype of this single-contact CPT system is shown in Fig. 3-7. Currently, this 

prototype can deliver about 3.8W under the conditions of 15V DC input voltage and 

1.6MHz optimum operating frequency.  The system efficiency is about 32%, which can 

be improved by reducing losses on the tuning inductors and switch in the future. 

 

Fig. 3-7: Prototype of fully coupled single-wire CPT system without a current path. 

To investigate the characteristics of this single-contact CPT system and its coupling 

alignment tolerance, three experiments with different coupling areas, distances, and 

angles are conducted as shown in Fig. 3-8. The coupling plates of this prototype are 

two square plates (100mm×100mm), its equivalent capacitance is 160р𝐹 under fully 

coupled condition. Fig. 3-9 shows the relationship between the coupling area and the 

output power. As we can see that the output power only dropped about 0.5W when the 

secondary plate horizontally moves and changes the coupling area with the primary 

plate from 100% to 20%. Fig. 3-10 shows the relationship between the coupling 

distance and the output power. It is noteworthy that the output power has dropped less 

than 1W when the secondary plate vertically moves away and changes the coupling 

distance between the primary and secondary plates from 0.9mm to 10mm. Finally, Fig. 

3-11 shows the relationship between the coupling angle and the output power. When 

the coupling angle θ is increased up to 60 degrees, the output power dropped by about 
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2W. If the coupling angle is increased to 90 degrees, there is almost no power being 

received on the load. 

 

Fig. 3-8: Coupling area, distance and angle testing sketch map. (a) Horizontal 

movement for coupling area testing. (b) Vertical movement for distance testing. (c) 

Angle increment for angle testing. 

 

   

                      

   

Fig. 3-11: Coupling angle vs. output power. 

Fig. 3-9: Coupling area percentage vs. 

output power. 

Fig. 3-10: Coupling distance vs. output 

power. 
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The experimental study results show that the output power is negatively proportional 

to the vertical absolute distance between two coupling plates. Comparatively speaking, 

the impact of horizontal movement on the output power is much smaller than that of 

vertical movement between the coupling plates. 

Overall, compared with the traditional CPT system with two pairs of coupling plates, 

the coupling alignment of the single-contact CPT system has more freedom, especially 

when the coupling area variation is large in a fixed small distance between two plates, 

the output power only drops about 10%.  

3.4 Summary 

This chapter has proposed a new wireless power transfer system that can deliver power 

across a single pair of electric fields coupling without a physical current return path. A 

practical prototype was built, which employed a class E converter with LCLC resonant 

circuit on the primary side, and CLCL resonant circuit on the secondary side. Such a 

single-wire CPT system can transfer 3.8W across a single pair of copper coupling plates 

(100mm ×100mm) at an efficiency of 32% and help to reduce the sensitivity to the 

coupling misalignments. Future research will focus on the power transfer mechanism 

study and accurate system modelling, electric field simulation, and power transfer 

capability and efficiency improvement.
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Chapter 4  

Modelling Single-Wire CPT System with 
Strong Coupling to Ground 

 

4.1 Introduction 

In recent years, there is a growing trend of using wireless power supplies to replace 

traditional fixed contact power supplies due to their convenience and safety. Inductive 

Power Transfer (IPT) technology based on the magnetic coupling is currently the 

dominant solution for achieving Wireless Power Transfer (WPT), which has found 

many applications in industrial, commercial, and biomedical fields such as materials 

handling in clean rooms, cell phone charging pad, implanted pacemaker, etc.[1, 12, 77]. 

However, IPT is not suitable for contactless power transfer across metal barriers or 

inside metal surrounding environments, and it has many practical limitations with 

regards to Electromagnetic Interference (EMI), physical size, and power losses [15-17, 

78]. As an alternative WPT solution, Capacitive Power Transfer (CPT) based on 

electric field coupling has been proposed and attracted a lot of attention recently. This 

technology enables power transfer across metal barriers with potentially lower EMI and 

reduces power losses with a simpler coupling configuration. CPT systems are suitable 

for applications where metal objects exist between a stationary power source and a 

movable load, such as a charging platform for electric vehicle [51], mobile phones and 

laptops [79]; applications where EMI and heating problems should be minimized, such 

as biomedical implants [80, 81]; or where the total coupling size needs to be minimized 

and integrated into an IC (Integrated Circuit) [22, 82]. 

4.1 Introduction 
4.2 Basic Structure of Equivalent Circuit Model 
4.3 Determining the equivalent circuit 

parameters of the proposed model 
4.4 Resonant Frequency and Tuning Analysis 

Using the Proposed Model 
4.5 Simulation and Experimental Verification 
4.6 Summary 

 

 

4.1 Introduction 
4.2 Basic Structure of Equivalent Circuit Model 
4.3 Determining the equivalent circuit 

parameters of the proposed model 
4.4 System Resonant Frequency and Tuning 

Analysis Using the Proposed Model 
4.5 Simulation and Experimental Verification 
4.6 Summary 
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Although CPT has clear advantages compared to IPT, it has not been widely adopted 

for WPT applications. A conventional CPT system in Fig. 4-1(a) requires two pairs of 

coupling plates to form a current return path for wireless power transfer from a power 

source to a stationary/movable load. Due to the low permittivity of air 

(휀0 ≈8.854×10 −12 F/m) and normal dielectric constant materials that can be used 

between the coupling plates, it is difficult to obtain a high coupling capacitance within 

a confined size. Furthermore, the traditional CPT system with two pairs of coupling 

plates suffers from the coupling variations and cross coupling effects caused by 

misalignments, which can seriously affect the system power transfer performance [52, 

54, 75]. 

 

Fig. 4-1: Two types of CPT systems. (a) Conventional system with two pairs of coupling 

plates. (b) Single-wire CPT system with only one pair of coupling plates. 

Recently an unexpected phenomenon was discovered from lab experiments that power 

can be transferred across a single pair of electric field coupling plates as illustrated in 

Fig. 4-1(b), which cannot be explained by traditional electric circuit theories as there is 

no closed loop for a current to flow. Such a system is called a single-wire CPT system. 

Van Neste et al. also observed a similar phenomenon for a single-wire CPT system that 

utilizes standing waves in the receiver, corresponding to an explanation based on 

reflection theory [18], but such an explanation is incomplete as we found the system 

can still work without the described standing wave resonance. Two big metallic balls 

through a virtual self-capacitance route are used to enhance a single-wire CPT system 

[83], but the earth was regarded as an ideal conductor without power losses. A unipolar 
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CPT system with two active plates/balls transfers power from transmitter to receiver by 

using two grounded passive plates or wire [84], but the difference is that the single-wire 

CPT system only has one side grounded and uses an open-loop dangling wire/plate on 

the secondary side. As a result, the current does not flow in a complete loop. In general, 

there is a lack of understanding of the power transfer mechanism of a single-wire CPT 

system, so there is no systematic approach to establish accurate models for system 

analysis and design. However, single-wire CPT systems can be used to transfer power 

across metal barriers, and they demonstrated very good large coupling tolerances, 

which are required in many mobile wireless power transfer systems [85, 86]. 

This chapter presents the modelling of a single-wire CPT system with strong coupling 

to ground. The rest of the chapter is arranged as follows. Section 4.2 proposes a single-

wire CPT system and establishes its equivalent circuit model. Section 4.3 determines 

the equivalent circuit parameters of the model. Section 4.4 analyses the maximum 

power transfer capacity corresponding to the system resonant frequency and tuning to 

guide the system design. Finally, Section 4.5 demonstrates practical single-wire CPT 

prototypes and validates the theoretical and simulation results by varying the frequency, 

load, and wire length before the conclusion is drawn in Section 4.6. 

4.2 Basic Structure of Equivalent Circuit Model 

Fig. 4-2 shows a typical single-wire CPT configuration. A high-frequency AC voltage 

𝑉𝑠 is used to drive the primary Coupling Plate 1, which can be realized by using a high-

frequency amplifier or a DC-AC inverter. The Coupling Plate 2 with a lumped tuning 

Fig. 4-2: The proposed single-wire CPT system. 
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inductor 𝐿𝑙𝑢𝑚𝑝  and load 𝑅𝐿  are connected by a dangling wire 3 with the whole 

secondary side left floating. The Coupling Plates 1 & 2 are two circular plates with 

radius r, and the dangling wire 3 is cylindrical with a total length 𝑙 and radius 𝑎. 

 

Fig. 4-3: The equivalent circuit model of the proposed single-wire CPT system. 

Based on the practical setup, an equivalent circuit model is proposed as shown in Fig. 

4-3. Here 𝐶12 is the capacitance formed between the two coupling plates, 𝐶1 and 𝐶2 are 

the capacitances between each plate (1 & 2) and the ground, respectively. 𝐿𝑙𝑢𝑚𝑝 is a 

lumped tuning inductor for decreasing the resonant frequency of the system, and 𝑅𝐸𝑆𝑅 

is the total equivalent series resistance of the dangling wire and the tuning inductor. 𝐿𝑤 

is the inductance of the dangling wire including the contribution from ground  currents 

while 𝐶𝑤  is the equivalent capacitance between the dangling wire and the ground 

plane. 𝑅𝐿 is the load resistor, and 𝑍𝑔 is the equivalent impedance of the effective ground 

area. As the lower part of the source is connected to the ground, and the wire is vertical 

and not aligned to the ground surface, its capacitance to the ground is negligible. 

4.3 Determining the Equivalent Circuit Parameters of the 

Proposed Model 

4.3.1 Capacitive coupling plates 

A capacitance is formed between two coupling plates, as well as a capacitance between 

each plate and ground. Considering the edge effects, the capacitance between two 

parallel plates can be calculated according to [87]: 

𝐶12 = [1 + 2.367𝑏0.867](
𝜀0𝜋𝑟2

𝑑
)    (0.005 ≤ 𝑏 ≤ 0.5) or 
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𝐶12 = [1 + 2.564𝑏0.982](
𝜀0𝜋𝑟2

𝑑
)       (0.5 ≤ 𝑏 ≤ 5.0) (4-1) 

where 𝑟 is the radius of the plates, 휀0 ≈ 8.854 × 10−12𝐹/𝑚 is the permittivity of free 

space and approximately that of air, 𝑑 is the distance between two coupling plates, and 

𝑏 is the aspect ratio (𝑏=𝑑/2𝑟). 

As the separation distance between the coupling plates and the ground is larger 

compared to the size of the plates, the capacitance between each coupling plate and 

ground 𝐶1 and 𝐶2 approaches to half of their self-capacitances 𝐶𝑠𝑒𝑙𝑓_𝑝𝑙𝑎𝑡𝑒 [88, 89]. 

𝐶𝑠𝑒𝑙𝑓_𝑝𝑙𝑎𝑡𝑒 = 8휀0𝑟 (4-2) 

𝐶1 = 𝐶2 =4휀0𝑟 (4-3) 

4.3.2 Wire inductance and capacitance 

A wire without insulation of total length 𝑙 connected with the lumped tuning inductor 

𝐿𝑙𝑢𝑚𝑝 and load 𝑅𝐿, will have an inductance that is influenced by the magnetic fields of 

the ground currents. The wire inductance between the ground 𝐿𝑤 can be determined by 

equation (4-4), which is based on the mirror method by assuming the ground has infinite 

conductivity [90]. 

𝐿𝑤 =
𝜇0𝑙

2𝜋
𝑐𝑜𝑠ℎ−1 (

ℎ

𝑎
) (4-4) 

where 𝜇0 = 4𝜋 × 10−7𝐻/𝑚 is the permeability of air, 𝑙 and 𝑎 are the total length and 

radius of the dangling wire respectively, and ℎ is the distance between the wire and the 

ground plane.                          

As the separation distance between the wire and the ground is larger compared to the 

radius of the wire, the total equivalent capacitance between the wire and ground can be 

accurately modelled by using a practical 1D method as shown in equation (4-5). This 

method is usually used for accurate extraction of interconnected parasitic capacitance 

found on PCB boards [91]. The first component of equation (4-5) is contributed by the 

wire self-capacitance, which can be determined by J. D. Jackson’s correction formula 

for a long wire 𝑙 with radius 𝑎 (or equivalently, Vainshtein’s formula) [92]. And the 
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second component of equation (4-5) is contributed by the capacitance between the wire 

and ground, which can also be obtained by the mirror method [93]. 

𝐶𝑤 = 2𝜋휀0

𝑙 

Ʌ
{1 +

2

Ʌ
(1 − ln2) +

4

Ʌ2
[1 + (1 − ln2)2 −

𝜋2

12
] + 𝛰(1/Ʌ3)}

+
2𝜋휀0𝑙

𝑐𝑜𝑠ℎ−1 (
ℎ

𝑎
)

 

(4-5) 

where Ʌ=2ln (𝑙/ 𝑎)≥ 6, and 𝑙/2𝑎 ≥ 10. 

In this model, the wire inductance and capacitance between the wire and ground are 

calculated by assuming the ground has infinite conductivity. As the system operates at 

a resonant frequency and the lumped inductor value is large, the error introduced by the 

assumption can be ignored. The mirror theory has been widely used for modelling the 

inductance and capacitance to ground, and we found it is sufficiently accurate for 

determining the inductance and capacitance of the dangling wire.  

4.3.3 Ground equivalent impedance approximation 

As the equivalent circuit model of this single-wire CPT system is based on the theory 

that the ground is the return path, it is very important to evaluate the role of ground and 

estimate the equivalent impedance of the ground. In this case, the ground acts as a quasi-

Fig. 4-4: Illustration of ground as a quasi-conductive path in CST. 
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conductive medium as illustrated in Fig. 4-4 by a CST (Computer Simulation 

Technology) model, its conductive capability can be evaluated. Good conductivity is 

equivalent to 
𝜎

𝜔𝜀
≫ 1, while poor conductivity is equivalent to  

𝜎

𝜔𝜀
≪ 1 (휀 = 휀0휀𝑟). The 

ground conductivity depends on its physical and chemical properties (texture, salinity, 

temperature, water content, etc.), its electrical resistivity exhibits a large range of values 

from 1Ωm for saline soil to 105 Ωm for rocks and the relative permittivity could be 

about from 2 to 40 [94, 95]. To simplify the model of the ground in this case, we assume 

the ground is homogenously distributed and considered in two segments, concrete on 

top and soil underneath. Under this condition, the average ground resistivity 400Ωm 

with relative dielectric constant 10 is chosen for modelling the cement ground in the 

lab. Normally, the system operates at a high frequency (1~10MHz) due to the lumped 

tuning inductor. In this frequency range, the ground acts as a conductor, but not as a 

good conductor as metal, because its conductive capability 
𝜎

𝜔𝜀
 is slightly larger than 1, 

even if the soil’s relative dielectric constant is considered (10−2 ≤
𝜎

𝜔𝜀
≤ 102), which 

can be called as a quasi-conductor [96]. 

 

Fig. 4-5: Electric and magnetic fields due to the dangling wire. 

The ground, as a quasi-conductor, is assumed to have an infinite cross-section in 

conducting the current from the wire capacitance towards the voltage source. The 

electric and magnetic fields on the right-hand side generated by the current in the wire 

are shown in Fig. 4-5 and can be expressed by 
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 𝑬𝟎(𝑧) = (�̂�𝐸0𝑥 + �̂�𝐸0𝑦)𝑒−𝛼𝑧𝑒−𝑗𝑧 (4-6) 

𝑯𝟎(𝑧) =
1


𝑐

(−�̂�𝐸0𝑦 + �̂�𝐸0𝑥)𝑒−𝛼𝑧𝑒−𝑗𝑧 (4-7) 

where α,  and 
𝑐
 are the attenuation constant, phase constant and intrinsic impedance 

of the ground, which can be determined by the operating frequency , the ground 

resistivity or conductivity  (σ), permittivity ε and permeability . 

𝛼 =  [
휀

2
[√1 + (𝜎/휀)2 − 1]]

1/2

 (4-8) 

 =  [
휀

2
[√1 + (𝜎/휀)2 + 1]]

1/2

 (4-9) 


𝑐

=


𝜀
[1 − 𝑗(𝜎/휀)]−1/2 =|

𝑐
|𝑒𝑗𝜃  (4-10) 

And the Poynting’s vector flux over the ground surface can be expressed as: 

𝑆(𝑧) = ℜ𝔢[𝑬𝟎 × 𝑯𝟎
∗] = �̂�

|𝐸0|2

|
𝑐
|

𝑒−2𝛼𝑧𝑐𝑜𝑠 (4-11) 

Due to the skin effect, the current density is not uniformly distributed across the infinite 

cross-section. Assuming the maximal real penetration value of electric filed is the skin 

depth 𝛿𝑠 =
1

𝛼
  , and meanwhile, the angle between the electric field strength vector and 

the ground is φ, then the effective ground area can be calculated as: 

𝐴𝑒𝑓𝑓 = 𝑟 ∙ 𝑙 ∙ 𝑎𝑐𝑜𝑠(ℎ/(ℎ + 𝛿𝑠)) (4-12) 

where 𝑟 =ℎ+𝛿𝑠, and the 𝑙 is the total dangling wire length. 

Therefore, the total power through the ground path is  

𝑅𝑔|𝐼0|2 = 2 ∫(𝑬𝟎 × 𝑯𝟎
∗) ∙ 𝑑𝐴𝑒𝑓𝑓 (4-13) 

where the current 𝐼0 can be determined by integrating the current density vector over 

the effective ground area. 
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 𝐼0 = ∫ 𝑱𝟎 ∙ 𝑑𝐴𝑒𝑓𝑓 = ∫ 𝜎𝑬𝟎 ∙ 𝑑𝐴𝑒𝑓𝑓 (4-14) 

According to equations from (4-11) to (4-13), the total ground equivalent resistance can 

be obtained by: 

𝑅𝑔 =
2

|𝐼0|2
𝑆 (4-15) 

where 𝑆 is the Poynting vector representing the directional energy flux along the z-axis. 

As the system operates in a several-MHz frequency range, the ground resistance is high, 

the reactance of the ground goes to zero and can be ignored at resonance mode, because 

nearly all energy is dissipated into the soil as radiated heat and/or EM waves at a 

resonance mode [97]. Therefore, only the equivalent ground resistance needs to be 

considered in the proposed model. 

4.4 Resonant Frequency and Tuning Analysis Using the 

Proposed Model 

From Fig. 4-3, the voltage transfer function from the output to the input of the CPT 

system can be expressed as equation (4-16). Substitute s with jω, and the voltage gain 

at steady state (the transfer function magnitude) can be determined as equation (4-17). 

𝐻(𝑠) =
𝑉𝐿

𝑉𝑠

=
𝑉𝑐2

𝑉𝑠

∙
𝑉𝐿

𝑉𝑐2

=
𝑠𝑅𝐿𝐶12𝐶𝑤

𝑠2𝐶𝑤(𝐿𝑙𝑢𝑚𝑝 + 𝐿𝑤)(𝐶12 + 𝐶2) + 𝑠(𝑅𝐿 + 𝑅𝐸𝑆𝑅 + 𝑅𝑔)𝐶𝑤(𝐶12 + 𝐶2) + 𝐶12 + 𝐶2 + 𝐶𝑤

 

 (4-16) 

|𝐻(𝑗𝜔)|

=
𝜔𝑅𝐿𝐶12𝐶𝑤

√[𝜔(𝑅𝐿 + 𝑅𝐸𝑆𝑅 + 𝑅𝑔)(𝐶12 + 𝐶2)𝐶𝑤]2 + [𝜔2𝐶12𝐶𝑤(𝐿𝑙𝑢𝑚𝑝 + 𝐿𝑤) + 𝜔2𝐶2𝐶𝑤(𝐿𝑙𝑢𝑚𝑝 + 𝐿𝑤) − 𝐶12 − 𝐶2 − 𝐶𝑤]2

 

 (4-17) 

Let the imaginary part of the transfer function be zero, the zero-phase angle resonant 

frequency 𝜔𝑜  can be determined as: 
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𝜔𝑜 = √
𝐶12 + 𝐶2 + 𝐶𝑤

𝐶𝑤(𝐿𝑙𝑢𝑚𝑝 + 𝐿𝑤)(𝐶12 + 𝐶2)
 (4-18) 

The magnitude of the transfer function at the resonant frequency 𝜔0 can be determined 

as: 

|𝐻(𝑗𝜔𝑜)| =
𝑉𝐿

𝑉𝑠
=

𝑅𝐿𝐶12

(𝑅𝐿 + 𝑅𝐸𝑆𝑅 + 𝑅𝑔)(𝐶12 + 𝐶2)
 (4-19) 

At the resonant frequency, the output power reaches approximately the maximum 

power, which can be expressed as:  

𝑃𝑚𝑎𝑥 =
𝑉𝐿

2

𝑅𝐿
= [

𝑅𝐿𝐶12

(𝑅𝐿 + 𝑅𝐸𝑆𝑅 + 𝑅𝑔)(𝐶12 + 𝐶2)
]

2
𝑉𝑠

2

𝑅𝐿
 (4-20) 

In the proposed single-wire CPT system, the lumped inductor 𝐿𝑙𝑢𝑚𝑝 is added to reduce 

the system resonant frequency, which otherwise would be too high for practical 

operation because the parasitic dangling wire inductance 𝐿𝑤 is normally very low. To 

tune the system to a lower resonant frequency 𝜔𝑜 , the lumped inductance can be 

determined by the following equation: 

𝐿𝑙𝑢𝑚𝑝 =
𝐶12 + 𝐶2 + 𝐶𝑤

𝜔0
2𝐶𝑤(𝐶12 + 𝐶2)

− 𝐿𝑤 (4-21) 

4.5 Simulation and Experimental Verification 

To verify the proposed single-wire CPT system and the modelling method, CST 

(Computer Simulation Technology) simulation and experimental study are further 

carried out. Table 4-1 shows the system parameters for simulation and experiment. As 

the ground underneath the lab floor is concrete, the average ground resistivity of about 

400Ωm and relative dielectric constant of about 10 are selected according to the 

previous study of the ground for system modelling. The calculated values are obtained 

from the equations derived in Section 4.3 and 4.4 previously, in which the equivalent 

ground resistance is calculated when the system operates from 1MHz to 10MHz. The 

equivalent ground resistance changes with the operating frequency.  
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Table 4-1: System parameters for simulation and experiment 

Symbol Parameter Value 

𝑉𝑠 Input voltage (Amplitude/Peak value) 100 V 

r Coupling plates radius 10 cm 

d' Coupling plates thickness 1 mm 

d Distance between coupling plates 3 mm 

l Total wire length including components length 

(copper) 

0.43 m 

a Wire radius 1 mm 

h Height above the ground 1 m 

𝐿𝑙𝑢𝑚𝑝 Lumped tuning inductor 470 𝜇H 

𝑅𝐸𝑆𝑅 Total ESR of lumped tuning inductor and wire 6.5 Ω 

f Frequency range 1~10 MHz 

𝑅𝐿 Load 500 Ω/LED 

𝐶12 Capacitance between two coupling plates 98.47 pF (calculated) 

𝐶𝑤 Equivalent capacitance between the wire and 

ground 

5.26 pF (calculated) 

𝐿𝑤 Wire inductance 0.608 𝜇H (calculated) 

𝐶1 Capacitance between coupling plate 1 and ground 3.54 pF (calculated) 

𝐶2 Capacitance between coupling plate 2 and ground 3.54 pF (calculated) 

𝑅𝑔 Equivalent ground resistance range 628.75~616.60 Ω 

(calculated from1-10MHz) 

The simulation study is undertaken in a frequency domain from 1MHz to 10MHz in 

CST Microwave studio. Since the system physical dimensions are much smaller than 

the free space wavelength λ0 of the resonant operating frequency (smaller than 0.1 λ0), 

so this single-wire CPT system falls under the quasi-static near field region, and the 

wire can be simply modelled in terms of a lumped-element circuit model as illustrated 

in Fig. 4-3. To simplify the system simulation, an ac input voltage 𝑉𝑠 is directly applied 

to the primary coupling plate. The electric field, the magnetic field, and the power flow 

distributions at the resonant frequency 3.3MHz are shown as in Fig. 4-6. As can be seen 

from Fig. 4-6 (a) and (b), the ac voltage source generates strong electric field E(t) and 

weak magnetic field H(t) between two coupling plates. The high electric field occurs 

around the surface of the secondary plate and along the dangling wire. According to the 

IEEE C95.1 Standard, the human exposure of electric fields is 830/f (V/m) between 3-

30MHz. In a practical system, the maximum electric field people can approach can be 

reduced by shielding or adding an insulation layer. These coupled E (t) and H(t) fields 

distribute along the dangling wire, which results in a voltage difference and 
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displacement/leakage current between the wire and the ground. As the wire length is 

much shorter than the wavelength (about 91m at 3.3MHz), the current in the wire is 

almost constant except for zero at the end as shown in Fig. 4-7. This is similar to an 

open-circuited short transmission line. The difference is only one line is available and 

a ground plane is involved. The current flow into the ground of the proposed CPT 

system is low, and the earth's effective area is large, so the current density in the 

effective area is much lower compared to the current density in the wire. The current is 

distributed in the ground rather than flows in a closed-loop, and its actual distribution 

and effect on the safety and EMI (Electromagnetic Interference) need to be studied 

further in the future. 

 

(a) 

 

 

(b) 
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(c) 

Fig. 4-6: (a) A 2D view of electric field distribution. (b) A 2D view of magnetic field 

distribution. (c) A 2D view of Poynting vector showing power flow distribution. 

 

Fig. 4-7: A 3D view of current density distribution. 

A prototype was built and shown in Fig. 4-8. A high-frequency power amplifier (Agitek 

ATA-122D) is used as a variable frequency power source, which is connected to an 

LCLC tuning circuit to provide a constant input ac voltage 𝑉𝑠 with an amplitude of 

100V. 

Firstly, the functionality of the system is tested by using an LED lamp as shown in Fig. 

4-8, and the typical waveforms of the input voltage 𝑉𝑠, input current 𝐼𝑖𝑛 and the output 

current 𝐼𝑜  are measured in Fig. 4-9 when the system achieves the approximate 

maximum power on the LED lamp. The result shows the input voltage and current are 
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approximately in phase, with an actual phase difference of 5.8 degrees. This is 

consistent with the theoretical result of 0 degrees when the system operates at the 

resonant frequency. It also can be seen that the output current in the wire is much higher 

than the input current because the system is resonant, and the current in the resonant 

loop could be higher than the input current. Since the coupling plates and wire 

capacitances to the ground (𝐶1, 𝐶2 and 𝐶𝑤)  are very small, the resonant current through 

those capacitors are very small, so most resonant current stay in the dangling wire. 

 

Fig. 4-8: A prototype of single-wire CPT system with LEDs and 500Ω. 

 

Fig. 4-9: Input voltage, input current and output current waveforms. 
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An optometer is used to measure the output power of the LED lamp without direct 

contact, yielding a total output power of 3.6W with 201V (peak-peak value) input 

voltage. The system efficiency from the AC source to the final resistive load is 35%. 

The LED load can be placed at any position of the dangling wire except at the terminal 

of the wire because the current is zero at the end of the wire. As the wire length is much 

shorter than the wavelength (about 91m at 3.3MHz), the current in the wire is almost 

constant except at the end, so the power to LED stays more or less the same along the 

wire, but it becomes zero at the farther end. 

 

 

Fig. 4-10: Output voltage vs. frequency variation at a constant load of 500Ω. 

The effect of the frequency variation on the system performance is studied at a constant 

load of 500Ω. A current probe is used to measure the current through the dangling wire 

to minimize the effect of measurement equipment on the result, then the load voltage 

across the resistor is calculated. Fig. 4-10 shows the simulation, experimental and 

theoretical results are plotted against frequency variation in logarithm scale from 1MHz 

to 10MHz at a constant load of 500Ω. The CST simulation results show the maximum 

output voltage occurs at the frequency of 3.3MHz. Therefore, the operating frequency 

range from 2.8MHz to 3.8MHz was chosen. This also made the experimental results 

more accurate as the output current outside of this frequency range was low and not 

easy to measure accurately. As can be seen from Fig. 4-10, the maximum output 

voltages predicted by the theoretical model and CST simulation occur at 3.28MHz and 
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3.3MHz respectively, while the experimental maximum output voltage occurs around 

3.3MHz as well. Comparing these three results from the theoretical prediction, 

simulation, and experiment in the frequency range of 1~10MHz, we can see that the 

proposed equivalent circuit model is able to predict the output voltage of this single-

wire CPT system with reasonable accuracy without consideration of the reactance 

component of the ground. 

 

Fig. 4-11: Output voltage vs. frequency variation with 200Ω and 600Ω. 

 

Fig. 4-12: Output voltage vs. frequency variation with different wire lengths. 
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Different loads of 200Ω and 600Ω are tested to further investigate the influence of the 

load variation on the output voltage of the system. Fig. 4-11 shows the output voltages 

under different load conditions against frequency variation in a linear scale when the 

system setup maintains the same values given in Table 4-1. The maximum output 

voltages for the different load values all occur around the resonant frequency of 

3.3MHz. It is noteworthy that the output voltages and the bandwidth are positive in 

proportion to the load values, which is reasonable for this resonant system because the 

quality factor Q decreases as the load value increases. The lower the Q, the bigger the 

bandwidth, and vice versa. 

Table 4-2: Results from the theoretical model, simulation, and experiment 

Parameters          Case I Case II Case III 

Total wire length Ɩ including components 

length 
0.43m 0.53m 0.63m 

Theoretical results    

Equivalent capacitance between wire and 

ground 𝐶𝑤 
5.26 pF 6.38 pF 7.48 pF 

Wire inductance 𝐿𝑤 0.608 𝜇H 0.806 𝜇H 0.958 𝜇H 

Equivalent ground resistance (1~10MHz) 𝑅𝑔 
628.75~616.60 

Ω 

510.12~500.26 

Ω 

429.15~420.85 

Ω 

Resonant frequency 𝑓 3.29 MHz 3 MHz 2.78 MHz 

Maximum output voltage 𝑉𝐿𝑚𝑎𝑥 

(Amplitude/Peak) 
42.83V 47.78V 51.87V 

CST simulation results    

Resonant frequency 𝑓 3.3 MHz 3 MHz 2.79 MHz 

Maximum output voltage 𝑉𝐿𝑚𝑎𝑥 

(Amplitude/Peak) 
41.84V 46.18V 49.44V 

Experiment results    

Resonant frequency 𝑓 3.3 MHz 3.05 MHz 2.8 MHz 

Maximum output voltage 𝑉𝐿𝑚𝑎𝑥 

(Amplitude/Peak) 
39.5V 42.5V 45V 

 

The wire with different lengths of 50cm and 60cm are modelled, simulated, and tested 

to validate the theoretical model with different levels of ground effect. All of parameters 

are the same as shown in Table 4-1, except for the dangling wire length, which means 

the wire inductance, capacitance, and the equivalent ground resistance will change too. 

Table 4-2 and Fig. 4-12 show the results from the theoretical model, simulation, and 

experiment when the dangling wire length is varied. The maximum output voltages 

calculated from the theoretical model are approximate to the simulation results when 
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the ground resistivity and relative permittivity are set with 400Ωm and 10, respectively. 

But the experimental output results are a little bit lower than the theoretical ones as the 

actual ground resistivity and relative permittivity may be lower than the assumed 

values. Different ground resistivity and relative permittivity will result in different 

output voltage. Moreover, based on the proposed theoretical model, the wire 

inductance, capacitance, and the equivalent ground resistance are replaced with an 

inductor, capacitor, and resistor in LTspice, and their values are the same as the 

calculated values, the output voltages on the load are quite close to the theoretical values 

under the resonant frequency, which further verifies that the theoretical model can 

predict the output power and ground loss of the proposed single-wire CPT system. 

4.6 Summary 

This chapter has developed an equivalent circuit model to explain the working principle 

of a typical single-wire CPT system. The effect of the ground on the CPT system was 

considered by treating it as a quasi-conductive medium. The capacitance between the 

coupling plates, wire inductance and capacitance between the wire and ground, 

equivalent ground resistance, and the methods of determining these parameters are 

provided. The system voltage transfer function and the resonant frequency were 

analyzed using the proposed model, and the inductance needed for tuning the system 

was determined. A prototype single-wire CPT system was built, and the system 

resonant frequency and the output voltage were evaluated under frequency, load, and 

the dangling wire length variations. Both the CST simulation results and experimental 

measurements have shown that the proposed equivalent circuit model can be used to 

predict the performance of the single-wire CPT system with reasonable accuracy.  
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Chapter 5  

Electric and Magnetic Field Distribution 
between Two Coupled Plates  

 

5.1 Introduction 

In recent decades, wireless power supplies tend to replace conventional fixed contact 

power supplies with movable devices due to their convenience and safety. Inductive 

power transfer (IPT) technology based on magnetic field coupling is the most popular 

Wireless Power Transfer (WPT) solution, which has found many applications in 

industrial, commercial, and biomedical fields such as materials handing in clean rooms, 

cell phone charging pad, implanted pacemaker, etc. [1, 12, 77]. However, IPT is not 

suitable for transfer power across metal barriers or inside metal surrounding 

environments as the magnetic field is unable to penetrate through metal objects and can 

cause eddy current losses [15-17]. As an alternative solution, capacitive power transfer 

(CPT) technology has drawn a lot of attention recently. Instead of using magnetic field 

coupling, CPT technology utilizes electric field coupling, which enables power transfer 

across metal barriers with potentially lower Electromagnetic Interference (EMI) [98], 

and reduces power losses with a simple coupling configuration. This technology has 

been studied for various applications such as Integrated Circuit (IC) [22], biomedical 

implants [80, 81], mobile devices [79], synchronous machines [41, 44], and electric 

vehicles [51]. 

A CPT system may have three typical coupling configurations as shown in Fig. 5-1. 

One is a single-wire to load configuration with only one pair of coupling plates as 
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shown in Fig. 5-1(a) [85, 86, 99], and the other two have two-pairs of coupling plates, 

with either a parallel or stacked configuration from the source to load as shown in Fig. 

5-1(b) and (c), respectively [54, 100]. Most system performance analysis, such as power 

transfer capability and efficiency analysis, is based on equivalent lumped circuits by 

modelling the capacitive coupling as a pair of capacitors in series. However, the power 

transfer mechanism in relation to both electric and magnetic fields in a CPT system is 

not clear, so deeper research into electromagnetic field distribution between loosely 

coupled metal plates is needed. 

 

Fig. 5-1: Capacitive coupling structures. (a) Single wire to load configuration with only 

one pair of coupling plates. (b) Two parallel coupling plates from source to load. (c) 

Two stacked coupling plates. 

This chapter is to study the electric and magnetic field distributions between two 

coupled plates of CPT systems by simulation and practical measurements. The rest of 

the section is organized as follows. Section 5.2 presents two methods for measuring the 

electric and magnetic fields based on general theoretical analysis. In Section 5.3 

simulation studies are undertaken using CST (Computer Simulation Technology) to 

show the electric and magnetic field distributions. Finally, practical measurements are 

undertaken, and the measured results are compared to the simulation results to validate 

the proposed measurement methods before the conclusion is drawn. 

5.2 The Operating Principle of the Proposed Measurement 

Methods 

Fig. 5-2 shows one pair of coupled circular plates excited by a high-frequency AC 

voltage source 𝑉𝑠, which can be realized by using a high-frequency power amplifier or 
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a DC-AC inverter. The radius of each circular plate is 𝑅, and the distance between two 

coupled plates is 𝑑. 

 

Fig. 5-2: Two coupled circular plates. 

5.2.1 Electric field between two coupled plates 

Ideally, if an AC voltage 𝑉𝑠 is placed on the coupled plates, and the distance 𝑑 between 

the coupled plates is much smaller compared to the radius of the plates (𝑑 ≪ 𝑅), the 

fringing effect can be ignored. The electric field inside the plates is almost uniform, 

which can be simply expressed as 

𝑬 =
𝑽𝒔

𝑑
 (5-1) 

Practically, if the distance 𝑑 between the coupled plates is not much smaller compared 

to the radius of the plates, the fringing effect cannot be ignored. This phenomenon also 

can be explained by Gauss’s law for electricity. 

∮ 𝑬 ∙ 𝑑𝑨 =
𝑄

휀0
 (5-2) 

where 휀0 ≈ 8.854 × 10−12𝐹/𝑚  is the permittivity of free space and approximately 

that of air, 𝑑𝑨  is an area element, 𝑄 is the total charge on this area. 

As can be seen from equation (5-2), the charge density σ=Q/A determines the electric 

field. Due to the fringing effect, the charge density on the edge is higher than that in the 
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middle. Thus, the electric field near the edge is higher than that in the middle between 

the plates. However, in the near-field region, the electric field between the coupled 

plates can be regarded as a uniformly distributed field. 

5.2.2 Magnetic field inside two coupled plates  

Theoretically, the magnetic field at a point P with radius r inside two coupled plates is 

due to the displacement current by assuming the lead wire is infinite long. The 

displacement current across the plates is equal to the conduction current entering the 

capacitor. According to Ampere’s law, the magnetic field at a radius r<R inside the 

capacitor can be calculated by taking the surface to be the disc bounded by the loop of 

radius r. 

∮ 𝑩 ∙ 𝑑𝑙 = 2𝜋𝑟𝑩 = 𝜇0𝑰𝒅 = 𝜇0𝑰
𝑟2

𝑅2
                  (𝑟 < 𝑅) (5-3) 

where 𝜇0 = 4𝜋 × 10−7𝐻/𝑚 is the permeability of air, 𝑰𝒅 is the displacement current 

inside the loop of radius r,  𝑰 is the conduction current in the lead wire. Thus, 

𝑩 = 𝜇0𝑰
𝑟

2𝜋𝑅2
                     (𝑟 < 𝑅) (5-4) 

Practically, the magnetic field at a point P inside plates also needs to consider the 

magnetic field generated from the lead wires connected with the AC power source as 

shown in Fig. 5-2. As the plates shielded the magnetic fields generated by the horizontal 

lead wire, most magnetic field between plates generated by the lead wires is contributed 

from the vertical lead wire. If the distance from the point P to the vertical lead wire is 

𝑟′, the magnetic field at point P generated by the vertical lead wire can be expressed as: 

𝑩′ =
𝜇0𝑰

2𝜋𝑟′
 (5-5) 

Therefore, the total magnetic field at a point P inside the coupled plates can be obtained 

as: 

𝑩𝑡𝑜𝑡 = 𝑩 + 𝑩′ (5-6) 
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And the total magnetic field strength at a point P inside the coupled plates can be 

calculated as: 

𝑯𝑡𝑜𝑡 =
𝑩𝑡𝑜𝑡

𝜇0
 (5-7) 

5.2.3 Measurement methods 

To measure the electric and magnetic fields between the coupled plates, two simple 

measurement methods are proposed, respectively. And the distance between the plates 

is set to be relatively large for convenient measurement. As we know, the electric and 

magnetic fields can be disturbed by putting any metal into the fields. Therefore, the 

sizes of the testing probes are designed to be small. At least, the field should be 

approximately uniform in the region where the probe will be introduced. 

 

Fig. 5-3: (a) Spherical electric field probe. (b) Magnetic coil probe. 

Fig. 5-3(a) shows a spherical probe for measuring the electric field at a point, which 

consists of two metal hemispherical shells and one resistor. When the uncharged probe 

is introduced into a uniform electric field, the charge induced on one of the halves is 

[101] 

𝑄 = ∫ 𝑫 ⋅ 𝑑𝑨
𝑆/2

= ∫ 휀0𝑬 ⋅ 𝑑𝑨 = 3𝜋𝑎2

𝑆/2

휀0𝑬 (5-8) 
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where D is the electric displacement, 𝑑𝑨 is an area element on half of the hemispherical 

shell with total surface area S, and 𝑎 is the radius of the hemispherical shell. 

If the electric field has a sinusoidal dependence (e.g. 𝐸 sin 𝜔 𝑡), the charge oscillates 

between the two hemispherical shells and the current can be expressed as 

𝑰 =
𝑑𝑄

𝑑𝑡
= 3𝜋𝑎2𝜔휀0𝐸 cos 𝜔𝑡 =

𝑽

𝑅𝐿
 (5-9) 

From equation (5-9), the magnitude of induced current 𝐼 on the shells can be calculated 

by measuring the voltage 𝑽 across the resistor 𝑅𝐿 , then the electric field at that point 

can be obtained.  

𝑬 =
𝑽

3𝜋𝑎2𝜔휀0𝑅𝐿
 (5-10) 

This spherical electric field probe has an anti-interference ability by using the shielding 

effect of metal shells. Besides, it also can avoid the phenomenon of tip discharge and 

reduce the distortion of the electric field. 

Fig. 5-3(b) shows a magnetic coil probe for measuring the magnetic field at a point, 

which has N turns with a small radius 𝑏. As the magnetic field inside the coupled plates 

is weak, a lot of turns are needed to make the induced voltage observable. However, 

the coil probe is required to be small to avoid perturbing the original field. According 

to Faraday’s law, the electromotive force (EMF) induced in the coil can be expressed 

as 

𝑽 = 𝑁𝜔𝑩 ∙ 𝑆 = 𝜋𝑏2𝑁𝜔𝑩 (5-11) 

From equation (5-11), the magnetic field 𝑩 can be obtained by measuring the induced 

voltage 𝑽 across the coil probe. 

𝑩 =
𝑽

𝑁𝜔𝜋𝑏2
 (5-12) 
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Therefore, the magnitude of the magnetic field intensity at a point can be calculated 

(𝐻 =
𝐵

𝜇0
). 

5.3 Simulation Study  

To investigate the electric and magnetic field distributions between two coupled plates, 

a simulation study of two coupled plates system in Fig. 5-2 have been undertaken at a 

frequency of 1MHz in CST Microwave studio. Table 5-1 shows the system parameters 

for the simulation. 

Table 5-1: System parameters for simulation 

Parameter Value 

Input power source 𝑉𝑠 (Amplitude) 150V 

Operating frequency 𝑓0 1MHz 

Radius of coupled plates 𝑅 100mm 

Distance between the coupled plates 𝑑 100mm 

Thickness of the coupled plates 𝑑′ 1mm 

Length of the horizontal lead wire 𝐿 400mm 

Length of the vertical lead wire 𝐿′ 200mm 

 

Fig. 5-4: Electric fields of selected points between plates at X-Z plane (Y=0). 
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Fig. 5-5: A 2D view of electric field distribution. 

Fig. 5-4 shows the electric field of selected points between coupled plates at the X-Z 

plane (Y=0). The electric fields are almost the same in the middle of the plates and 

become stronger near the edges of the plates. The weakest electric fields between the 

plates are at the edge in the middle of the plates (Z=0).  Fig. 5-5 shows a 2D view of 

electric field distribution between the coupled plates, which can be visually seen the 

fringing effect. 

Fig. 5-6 shows the magnetic field of selected points between coupled plates at the X-Z 

plane (Y=0). The magnetic field intensity increases gradually when the test point moves 

closer to the vertical lead wire. Theoretically, the magnetic field induced by the 

displacement current at the same radius r between the plates is the same if the lead wire 

of the plates is assumed to be infinite. However, practically the lead wires connected to 

the power source form a closed loop, which generates a strong magnetic field compared 

to the one induced by the displacement current between the plates. Therefore, the 

magnetic field at a point between the plates is contributed by both the displacement 

current between the plates and the conduction current in the lead wire. And the closer 

the test point is to the lead wire, the stronger the magnetic field is, which can be clearly 

seen from Fig. 5-7. In addition, Fig. 5-8 shows a 3D view of current density distribution 

of the system, which also can prove that high conduction current density generates a 

strong magnetic field nearby. 
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Fig. 5-6: Magnetic fields of selected points between plates at X-Z plane (Y=0). 

 

Fig. 5-7: A 2D view of magnetic field distribution. 

 

Fig. 5-8: A 3D view of current density distribution. 
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5.4 Practical Results 

To verify the simulation results, two coupled circular plates system is built as shown in 

Fig. 5-9. The same system parameters are used as shown in Table 5-1. The input power 

source 𝑉𝑠 is generated by a power amplifier (Aigtek ATA-122D), then boosted to 150V 

(amplitude) by an LCLC tuning circuit. 

Fig. 5-10 (a) & (b) show the spherical electric field probe and the magnetic coil probe, 

respectively. The spherical electric probe has a radius of 10mm, and a 500Ω resistor 

inside it. The magnetic coil probe has 1000 turns with a radius of 10mm and a length 

of 20mm plastic bar. Both the lead wires of testing signals from the spherical electric 

field probe and magnetic coil probe use shielded cable wires to avoid interference from 

the original field. Fig. 5-10 (c) is an amplifier circuit board to amplify the testing signal 

from the probes. Because the probes are relatively small to avoid disturbing the original 

field, so the pick-up signal is very small and needs to be amplified for readability. The 

gain of this signal amplifier can be adjusted by a variable resistor. 

 

Fig. 5-9: Experiment setup of two coupled plates system. 
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Fig. 5-10: (a) Spherical electric field probe. (b) Magnetic coil probe. (c) Signal amplifier 

circuit board. 

Table 5-2: Measured output voltage and calculated E-field 

Position 

X-Z plane 

Y=0 (mm) 

Measured Voltage (mV) Calculated E-field (V/m) 

X  Z=0 Z=20 Z=40 Z=0 Z=20 Z=40 

-80 480 500 560 1219.2 1381.7 1869.4 

-50 510 520 530 1463 1544.3 1625.6 

0 514 526 530 1495.5 1593.1 1625.6 

50 512 520 530 1479.3 1544.3 1625.6 

80 482 500 550 1235.4 1381.7 1788.1 
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Fig. 5-11: Simulation and practical results comparison of electric field at X-Z plane 

(Y=0). 

Table 5-2 shows the measured output voltage from the spherical electric field probe and 

the calculated E-field by using equation (5-10) at the X-Z plane. It should be noted that 

the probe needs to be calibrated firstly (330mVp-p original pickup voltage when the 

probe is outside of the coupled plates), and the gain of the amplifier is adjusted at 5 in 

this experiment. Therefore, the actual output voltage from the probe is very small after 

considering the original pickup voltage from the probe and the gain of the amplifier. 

Fig. 5-11 shows the simulation and practical results comparison of electric field  at X-

Z plane. It can be seen the practical results of the electric field in the middle of the 

coupled plates (from -50mm to 50mm) are approximately confined in the range from 

1500V/m to 1600V/m. And the practical results of the electric field near the edge of the 

plates showed a more obvious fringing effect compared to the simulation results. 

Overall, errors of less than 10% between the simulation and experimental results are 

acceptable, which may be caused by the perturbation of the metal probe and the 

instrumental errors. However, a proper gain of the signal amplifier and calibration of 

the probe can make the practical results closer to the simulation results. 
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Table 5-3: Measured output voltage and calculated magnetic field 

Position 

X-Z plane Y=0, 

Z=0 (mm) 

Measured 

Voltage (mV) 

Calculated 

magnetic field 

(A/m) 

-80 640 0.00565 

-50 680 0.00726 

-20 740 0.00968 

20 800 0.0121 

50 920 0.01694 

80 1100 0.0242 

 

 

Fig. 5-12: Simulation and practical results comparison of magnetic field at X-Z plane 

(Y=0, Z=0). 

Table 5-3 shows the measured output voltage from the magnetic coil probe and the 

calculated magnetic field by using equation (5-12) at the X-Z plane. It should be noted 

that the probe needs to be calibrated firstly (500mVp-p original pickup voltage when 

the probe is outside of the coupled plates), and the gain of the signal amplifier is set to 

5 as when the electric field is measured. Fig. 5-12 shows the simulation and practical 

results comparison of the magnetic field  at the X-Z plane. It can be seen the practical 

results of the magnetic field between two plates have the same trend as the simulation 

results. When the test point moves closer to the vertical lead wire, the magnetic field 
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becomes higher due to the contribution from the conduction current in the wires. 

However, the practical and simulation results have a little difference, with some 

exceeding 30 %. Since the magnetic field itself is relatively small between the coupled 

plates, the test coil partially disturbed the original magnetic field after entering the field 

between the plates. Besides, the errors of the test equipment can also cause the deviation 

of the experimental data. Therefore, increasing the magnetic field between the plates or 

improving the accuracy of testing equipment can make the practical results closer to the 

simulation results. 

5.5 Summary 

This chapter has introduced methods for measuring the electric and magnetic field 

distributions between two coupled plates, respectively. It has found the practically 

measured results are consistent with the simulation results within a reasonable margin. 

Both the simulation and practical results have shown the electric field is more uniformly 

distributed in the middle area of two coupled plates and it gets higher near the edges of 

the plates due to the fringing effect. Whereas the magnetic field between the plates is 

unevenly distributed due to the effect of the lead wires connected to the power supply. 

These results can be used for a better understanding of the power transfer mechanism, 

and to guide the practical capacitive coupling design of CPT systems. Future research 

will focus on the power transfer mechanism study of CPT systems based on the 

Poynting vector analysis. 
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Chapter 6  

Study of Power Flow Mechanism by 
Poynting Vector Analysis 

 

6.1 Introduction 

Inductive Power Transfer (IPT) technology based on the magnetic coupling is now the 

dominant solution for achieving Wireless Power Transfer (WPT), but it has many 

practical limitations with regards to Electromagnetic Interference (EMI), physical size, 

power losses, and the ability for power transfer across metal objects [15-17, 78, 98, 

102]. As one of the alternative solutions for WPT, Capacitive Power Transfer (CPT) 

technology based on the electric field has shown some advantages over IPT, such as 

the ability to transfer power across metal barriers, low EMI, and power losses, and 

simple coupling configuration [86]. This technology has been developed for many 

applications ranging from milliwatts to kilowatts, such as Integrated Circuits (ICs) [22, 

82], biomedical implants [80, 81], mobile devices [79, 103], synchronous machines [41, 

44, 46], and electric vehicles [48, 51, 104].  

The coupling plates of a CPT system can be treated as lumped capacitors to form an 

equivalent lumped circuit with other electronic components. Such a lumped circuit 

combined with electric/magnetic field analysis is helpful to evaluate the system 

performance [54, 56, 63, 76, 105-108]. However, the combined analysis still cannot 

show the power flow path and distribution around the coupling plates. It would be very 

useful to understand the power transfer mechanism and power distribution in the space 

for designers to determine the system power transfer capability against the size of 
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coupling plates and the power transfer distance. Understanding the power flow 

distribution may also be helpful for engineers to design and evaluate the system 

electromagnetic compatibility (EMC) in the future. 

Poynting vector is a power density vector that describes the magnitude and direction of 

the energy flow at an arbitrary position and instant of time. For any wave with an 

electric field E and magnetic field H, the Poynting vector S is defined as 𝑺 = 𝑬 × 𝑯 

(W/𝑚2). S represents the magnitude of power flow per unit area (power flow density), 

as well as the direction of the power flow. It has been widely used for analysing the 

surface power densities in electromagnetic waves in radio systems. For non-radiative 

near field systems, researchers have started to use Poynting vector to explain the power 

transfer mechanism. For instance, Faria used Poynting vector to analyse the power 

transfer in a wireless magnetic system without a receiver [109]. Guo et al. theoretically 

presented the evanescent fields of a two-coil system with different terminal loads and 

confirmed the Poynting vector is zero for pure capacitive and inductive loads [110]. Liu 

et al. also used Poynting vector to analyse the power flow in a two-coil IPT system and 

show the power distribution in the medium between two coupled coils [111]. However, 

no research is reported on power distribution and power flow in a CPT system by 

Poynting vector analysis. 

This paper proposes a Poynting vector-based approach to reveal the power flow 

mechanism from field point of view and determine the power transfer channel and 

distribution in a typical series-tuned CPT system. The rest of the chapter is arranged as 

follows. In Section 6.2, a typical series-tuned CPT system is set up, the electric field, 

magnetic field, Poynting vector, and average power both in the air gap between two 

coupling plates and on the receiving plane are analysed and calculated. In Section 6.3, 

the system is simulated in CST (Computer Simulation Technology) Microwave Studio 

to show the electric field, magnetic field, power flow, and current density distribution 

and verify the theoretical Poynting vector analysis. In Section 6.4, the results from 

Poynting vector and field/circuit analysis are compared to prove the Poynting vector 

method is valid for analysing a near-field CPT system. In Section 6.5, experiments are 

taken to verify the theoretical and simulation results. Finally, the conclusion is drawn 

in Section 6.6. 
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6.2 Theoretical Power Transfer Analysis of a Typical CPT 

System 

6.2.1 CPT system setup 

 

Fig. 6-1: A typical series tuned CPT system. 

Fig. 6-1 shows a typical series-tuned CPT system. A high-frequency AC voltage 𝑉𝑠 is 

used to drive the primary transmitting plates P1 and P4, which can be realized by using 

a high-frequency amplifier or a DC-AC inverter. The receiving plates P2 and P3 are 

loosely coupled to the transmitting plates with a small air gap (transmission distance) 

d, and a resistive load 𝑅𝐿  is connected between two receiving plates. To obtain enough 

power, usually tuning inductors L or LC combined networks are required to compensate 

for the reactance of the equivalent capacitors formed by the coupling plates. Here, to 

simplify the system setup as much as possible to enable the theoretical analysis and 

numerical simulation without missing the basic characteristics of contactless power 

transfer, only one tuning inductor is used to compensate, the circular plates are chosen 

with radius 𝑅0 without coating dielectric material. All connection wires are assumed to 

be perfect electric conductors (PECs), and the equivalent series resistance (ESR) of the 

coupling plates are ignored, thus their ohmic losses can be disregarded. Electromagnetic 

fields (E and H) are induced between each pair of coupling plates. The secondary 

receiver side is totally detachable from the primary transmitter side to achieve wireless 

power transfer. 
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6.2.2 Poynting vector analysis in the air gaps between coupled plates 

 

Fig. 6-2: Equivalent lumped circuit model of CPT system. 

As a CPT system usually works in MHz range and its physical dimension and 

transmission distance (air gap) of interest are much smaller than the free space 

wavelength 𝜆0 corresponding to the operating frequency, the CPT system in Fig. 6-1 

falls under non-radiative near-field region. Generally, two pairs of parallel coupling 

plates can be regarded as a 6-capacitor network including cross-coupling capacitors 

(𝐶13, 𝐶14, 𝐶23, 𝐶24) as shown in Fig. 6-2 [54, 100].  If the air gap is very small compared 

to the radius of coupling plates, this 6-capacitor network can be further simplified as 

two main coupling capacitors (𝐶12, 𝐶34) in series. Once the size of the coupling plates 

and the air gap between coupling plates are determined, the main capacitance between 

two coupling plates (𝐶12 = 𝐶34 = 𝐶) can be calculated according to [87] by considering 

the edge effects. 

𝐶 = [1 + 2.367𝑏0.867](
𝜀0𝜋𝑅0

2

𝑑
)    (0.005 ≤ 𝑏 ≤ 0.5) or 

𝐶 = [1 + 2.564𝑏0.982](
𝜀0𝜋𝑅0

2

𝑑
)       (0.5 ≤ 𝑏 ≤ 5.0) (6-1) 

where 휀0≈ 8.854×10−12𝐹/𝑚 is the permittivity of free space and approximately that 

of air, 𝑅0 is the radius of each circular plate, 𝑑 is the air gap between two coupling 

plates and 𝑏=𝑑/2𝑅0 is the aspect ratio. 

Assume the air gap is small compared to the radius of the plate, the power source is in 

sinewave with an initial phase zero (𝑽𝒔 = 𝑉𝑠𝑒𝑗𝜔𝑡 ), and the wave propagation part 

(𝑒−𝑗𝑘𝑧) can be ignored (k is the wavelength number, and z is the wave propagation 
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distance). According to the KCL circuit theory, the current through the circuit can be 

determined by 

𝑰 =
𝑽𝒔

𝑅𝐿 + (𝑗𝜔𝐿 − 𝑗
2

𝜔𝐶
)
 (6-2) 

where L is the tuning inductor, 𝑅𝐿  is the resistive load, and 𝜔  is the operating 

frequency. 

Normally the system is tuned (𝜔 = 𝜔0 = 1/√𝐿𝐶/2 ) to achieve the maximum current 

in the circuit. Under this condition, the instantaneous output power on the load can be 

expressed as equation (6-3). 

𝑅𝑒[𝑝𝑜] = 𝐼2𝑅𝐿𝑒𝑗2𝜔𝑡 =
𝑉𝑠

2

𝑅𝐿
𝑒𝑗2𝜔𝑡 (6-3) 

 

Fig. 6-3: Illustration of the electric field, magnetic field and Poynting vector in the air 

gap between the coupling plates. 

To investigate how the power transfers from the transmitting side to the receiving side, 

the Poynting vector analysis is a good way to show the power distribution and power 

flow. Firstly, the electromagnetic field and Poynting vector in the air gap of two 

coupling plates are analyzed. Fig. 6-3 shows the illustration of the electric field, 

magnetic field, and Poynting vector in the air gap between two coupling plates. When 
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the power source is connected, the transmitting plate P1 accumulates positive charges, 

then generates a time-varying current I and an electric field 𝑬𝟏with direction from P1 

to infinity in the positive cycle. According to Faraday’s law of induction, the time-

varying current excited by positive charges on the transmitting plate P1 will induce a 

time-varying current with negative charges on the receiving plate P2, which generates 

an electric field 𝑬𝟐 with direction from infinity to P2. Thus, the total electric field 𝑬𝟏𝟐 

between the transmitting and receiving plates can be calculated by 𝑬𝟏𝟐=𝑬𝟏+𝑬𝟐. This 

generated an electric field 𝑬𝟏𝟐 will induce a magnetic field 𝑩𝟏𝟐 between the coupling 

plates P1 and P2. Similarly, at the same time, the transmitting plate P4 accumulates 

negative charges and induces positive charges on the receiving plate P3, then an electric 

field 𝑬𝟑𝟒 and 𝑩𝟑𝟒 are generated between P3 and P4, and their directions are opposite 

to 𝑬𝟏𝟐 and 𝑩𝟏𝟐. 

Assume the surface current on the plates is uniformly distributed at a certain time, so 

the displacement current density between the plates is uniform too. The customary 

approach for finding the electric and magnetic fields at a point P between the plates 

(0≤r≤ 𝑅0) in Fig. 6-3 is through the retarded vector potential A, which is related to the 

distribution of current density and can be expressed in the cylindrical coordinate system 

as 

𝑨 =
𝜇0𝑱

4𝜋
∫ 𝑑𝜑 ∫ 𝑟𝑑𝑟

𝑟

0

2𝜋

0

�̂� =
𝜇0𝑰𝑟2

4𝜋𝑅0
2 �̂�       (0 ≤ r ≤ 𝑅0)  (6-4) 

Therefore, the magnetic field intensity H corresponding to A can be calculated by 

equation (6-5), which also can be obtained by Ampere’s law. 

𝑯 =
𝑩

𝜇0
=

1

𝜇0
∇ × 𝑨 = −

𝑰𝑟

2𝜋𝑅0
2 �̂�             (0 ≤ r ≤ 𝑅0)  (6-5) 

And the electric field intensity E between the coupling plates can be expressed as 

𝑬 =
1

𝑗𝜔휀0
∇ × 𝑯 = 𝑗

𝑰

𝜔휀0𝜋𝑅0
2 �̂�             (0 ≤ r ≤ 𝑅0)  (6-6) 

where 𝜇0 = 4𝜋 × 10−7𝐻/𝑚 is the permeability of air, I is related to the magnetic and 

electric field intensity E and H or the current in the circuit, J is the current density. 
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�̂� and �̂� are the orthogonal unit vectors in the cylindrical coordinate that respectively 

represent the direction in which the angle in the x-y plane counterclockwise from the 

positive x-axis is increasing, and the direction in which the radial distance from the 

center of the coupling plate to the point located at a distance r where to find the electric 

field intensity. 

In equation (6-5) and equation (6-6), the phase difference between the magnetic field 

H and the electric field E is 90°, thus the real part of the Poynting vector in the air gap 

is zero, and the imaginary part can be derived. 

𝑅𝑒[𝑺𝒈𝒂𝒑] = 0 (6-7) 

𝐼𝑚[𝑺𝒈𝒂𝒑] = 𝐼𝑚[𝑬 × 𝑯∗] = −
𝑰2𝑟

2𝜔휀0𝜋2𝑅0
4 �̂� (6-8) 

where 𝑅𝑒 indicates the “real part”, Imp indicates the “imaginary part” and the asterisk 

represents the “complex conjugate”. Equation (6-7) shows the average power flow 

density is zero at any point inside the plates, so there is no real power transfer between 

the coupling plates. Equation (6-8) shows the imaginary Poynting vector is negative, 

which means the coupling plates have capacitive characteristics. When r=R, the reactive 

power circulating across the cylindrical surface of each of the air gap between the 

coupling plates can be expressed as 

        𝑸𝒈𝒂𝒑 = − ∫ 𝑺𝒈𝒂𝒑 ∙ 𝒅𝑨 =
𝑰2𝑟(2𝜋𝑅0𝑑)

2𝜔휀0𝜋2𝑅0
4 =

𝑰2𝑑

𝜔휀0𝜋𝑅0
2 =

𝑰2

𝜔𝐶
 (6-9) 

Equation (6-9) shows the Poynting vector analysis is consistent with the circuit analysis. 

When the operating frequency 𝑓 is equal to the circuit resonant frequency 𝑓0, the total 

capacitance of two pairs coupling plates and the tuning lumped inductance L are offset. 

The current I in the circuit, the voltage across the load, and the power on the load are 

entirely determined by the load, which also can be seen from equation (6-3). 

If a resistive load is connected between the receiving plates, and assume it is a uniformly 

distributed cylinder and the power flow direction is the z-direction in the cylindrical 

coordinate, the magnetic field intensity on/outside the surface of the load can be 

calculated either by Ampere’s or Biot-Savart’s law.  
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𝑯 =
𝑰

2𝜋𝑟
�̂�                         (𝑟 ≥ 𝑎)  (6-10) 

And the electric field intensity can be calculated by the Ohm’s law. 
 

𝑬 =
𝑱

𝜎
�̂� =

𝑰

𝜎𝜋𝑟2
�̂�              (𝑟 ≥ 𝑎)   (6-11) 

where a is the radius of the load or wire, I is the current in the load and wire, J is the 

current density, 𝜎 is the conductivity of the load.  

Therefore, the Poynting vector and the average real power flow to the load along the 

receiving end wire can be derived and expressed as equation (6-12) and equation (6-

13). 

         𝑺𝑹𝑳
= 𝑅𝑒[𝑬 × 𝑯∗] = (

𝑰

𝜎𝜋𝑎2
�̂�) × (

𝑰

2𝜋𝑎
�̂�) =

1

2

𝑰2

𝜎𝜋2𝑎3
�̂�  (6-12) 

𝑷𝑹𝑳
=

1

2

𝑰2

𝜎𝜋2𝑎3
× (2𝜋𝑎𝑙0) = 𝑰2

𝑙0

𝜎𝜋𝑎2
= 𝑰2𝑅𝐿 (6-13) 

where 𝑙0 is the assumed length of cylindrical load (𝑅𝐿 =
𝑙0

𝜎𝜋𝑎2), �̂� is the unit vector in 

the cylindrical coordinate that represents the power transfer direction. Equation (6-13) 

is consistent with equation (6-3) from the lumped circuit theory. 

 

Fig. 6-4: Poynting vector distribution illustration on the receiving plane. 
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6.2.3 Poynting vector analysis on the receiving plane 

From the previous Poynting vector analysis, we can see that the coupling plates can 

be regarded as lumped capacitors, which store reactive power and compensate for the 

lumped tuning inductor. Therefore, the real power must be bypassing the air gaps 

between the coupling plates and through the external areas of the plates to reach the 

receiving plane. Fig. 6-4 shows the Poynting vector distribution illustration on the 

receiving plane. Once the size of the coupling plates and the air gap between them are 

fixed, the real part of the magnetic and electric field on the receiving plane can be 

determined in a spherical coordinate system. 

𝑅𝑒[𝑯𝝋] =
𝑰𝑅0

2𝜋𝑅2
sin   φ̂  (6-14) 

𝑅𝑒[𝑬𝑹] =
𝑰𝑅0

𝜋𝑅2


0
cos   R̂  (6-15) 

𝑅𝑒[𝑬] =
𝑰𝑅0

2𝜋𝑅2


0
sin   ̂  (6-16) 

where 
0

= √𝜇0/휀0 = 120𝜋 (Ω) is the intrinsic impedance of free space, R is the 

radius centered at the origin, and 𝜃 is the zenith angle measured from the positive x-

axis here. The remaining components (𝑯𝑹, 𝑯 , 𝑬𝝋) are everywhere zero as the real 

power transfer direction is in the z-direction, and only the electric field in the x-direction 

and the magnetic field in the y-direction as shown in Fig. 6-4 contribute to the real 

power. Therefore, transform the real part expressions of the magnetic and electric field 

from the spherical coordinates to the Cartesian coordinates, and the Poynting vector S 

at any point P on the receiving plane can be expressed as 

𝑅𝑒[𝑯𝒚] = −
𝑰𝑅0

2𝜋𝑅2
sin   sin 𝜑 ŷ (6-17) 

𝑅𝑒[𝑬𝒙] = (
𝑰𝑅0

𝜋𝑅2


0
𝑐𝑜𝑠2 −

𝑰𝑅0

2𝜋𝑅2


0
𝑠𝑖𝑛2 ) x̂ (6-18) 

where 𝜑 is the azimuth angle and the same as in the cylindrical coordinate system. 

The average real power flow to the load can be obtained by integrating the Poynting 

vector across the receiving plane: 
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𝑺 = 𝑅𝑒[𝑬𝒙 × 𝑯𝒚
∗]

= (
𝑰𝟐𝑅0

𝟐

4𝜋2𝑅4


0
𝑠𝑖𝑛3 sin 𝜑 −

𝑰𝟐𝑅0
𝟐

2𝜋2𝑅4


0
sin  𝑐𝑜𝑠2 sin 𝜑 ) 

(6-19) 

𝑷𝒂𝒗 =
1

2
∮ 𝑺 ∙ 𝑑𝐴𝑒𝑓𝑓

= ∫ ∫ ∫ (
𝑰𝑅0

𝟐

4𝜋2𝑅4


0
𝑠𝑖𝑛3 sin 𝜑

𝜑2

𝜑=𝜑1

𝜋/2

𝜃=𝜃1

𝑅′

𝑅=𝑑′

−
𝑰𝑅0

𝟐

2𝜋2𝑅4


0
sin  𝑐𝑜𝑠2 sin 𝜑 ) ∙ 𝑑𝑅𝑑𝜃𝑑𝜑 

(6-20) 

where 

𝑅′ = 3𝑅0              𝜃1 = 𝑡𝑎𝑛−1 (
𝑑′

3𝑅0
)                

𝜑1 = 𝑡𝑎𝑛−1 (
𝑑′

𝑅0
)              𝜑2 = 𝜋 − 𝑡𝑎𝑛−1 (

𝑑′

𝑅0
)   

(6-21) 

These equations will be used for analyzing the system performance in Section 6.4. 

6.3 CST Simulation Study 

Table 6-1: System parameters for simulation 

Symbol Parameter Value 

𝑉𝑠 Input voltage (Peak value) 100 V 

𝑅0 Coupling plates radius 100 mm 

𝑑0 Thickness of each coupling plate 1 mm 

d Air gap 4 mm 

d' Air gap with thickness of two coupling plates 6 mm 

L Primary tuning inductor 470 H 

𝑅𝐿 Resistive load 120 Ω 

𝑓 Frequency range 0~2 MHz 

𝐶 Coupling capacitance 75.1 pF (calculated) 

a Wire radius 1 mm 

l Separation distance between the two coupling pairs 400 mm 

l’ Vertical wire height 100 mm 
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The microwave studio of CST (Computer Simulation Technology) software package is 

used to show the electric field, magnetic field, and Poynting vector distributions in the 

CPT system. Table 6-1 shows the system parameters for the simulation. 

   

 

   

(a)                                                                (b) 

Fig. 6-7: (a) A 2D view of Poynting vector showing power distribution at resonant 

frequency. (b) Poynting vector around one pair of coupling plates. 

   

(a)                                                                  (b) 

Fig. 6-8: (a) A 3D view of current density distribution at resonant frequency. (b) Top 

view of current density distribution on the coupling plates. 

 Fig. 6-5: A 2D view of electric field 

distribution at resonant frequency. 

 

Fig. 6-6: A 2D view of magnetic field 

distribution at resonant frequency. 

 



Chapter 6:                                              Study of Power Flow Mechanism by Poynting Vector Analysis 

- 84 - 

 

The simulation study is undertaken in a frequency domain from 0MHz to 2MHz. To 

simplify the system simulation in CST, an input voltage 𝑉𝑆 from an amplifier or DC-

AC inverter is directly applied as shown in Fig. 6-1 when the tuning inductor L is on 

the primary side. The electric field, magnetic field, and the power flow distributions at 

the resonant frequency 1.16MHz are shown as in Fig. 6-5, Fig. 6-6, and Fig. 6-7, 

respectively. As can be seen from Fig. 6-5 and 6-6, the ac voltage source 𝑉𝑠 generates 

strong electric field E and weak magnetic field H between the gaps of the coupling 

plates as the current density on the surfaces of coupling plates is low as shown in Fig. 

6-8 (b), but strong magnetic field H and weak electric field E along the wire as the 

current density in the wire is high as shown in Fig. 6-8 (a). Fig. 6-8 (a) also shows there 

is no actual current flow between the air gap of the coupling plates which is consistent 

with the displacement current circuit theory. The coupled E and H fields form the 

Poynting vectors showing the power flow from the source along the surface of the wire, 

and pass the external areas of the coupling plates, mainly along the channel between 

the two coupling pairs (instead of going through the air gaps in between). At the 

receiving side, the power converges along the wires again before reaching the load. The 

power transfer directly bypasses the path of the air gap between the coupling plates, 

and the power flow distribution is almost confined between the area of the two coupling 

pairs as shown in Fig.6-7 (a), except for the air gaps. Fig. 6-7 (b) shows the Poynting 

vector in the air gap is 90 degrees to the average power flow direction, which means no 

real power is transferred between the air gaps of the coupling plates, and the coupling 

plates are only involved in reactive power circulation with the tuning inductor to 

facilitate the real/average power transfer. In this process, the coupling plates act as 

capacitors and store the electric energy. When a resistive load is connected between the 

two receiving plates, the power carried by the E and H fields in the form of a Poynting 

vector is transferred to the load. Ideally, when the system operates at the resonant 

frequency, maximum power is transferred because the reactive power between the 

capacitive couplers and the lumped inductor circulates by themselves, forming an easy 

power flow channel from the source to the load. 
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6.4 Comparison between Poynting Vector and Field/Circuit 

Analysis 

To verify the Poynting vector analysis is valid for analyzing the power transfer 

mechanism in a near-field capacitive wireless power transfer system, an example of 

using MATLAB to calculate the average power on the receiving plane for a CPT system 

in Table 6-1 is provided based on the previous theoretical analysis in Section 6.2, then 

different loads 𝑅𝐿, air gaps d and separation distances l between the two coupling pairs 

are further investigated and the results are compared with field simulation and classical 

circuit analysis. 

 

Fig. 6-9: Calculation procedure of the average power on the receiving plane using the 

Poynting vector analysis. 

Fig. 6-9 shows the procedure for the average power calculation on the receiving plane 

using the Poynting vector analysis in MATLAB. Use the current ( 𝐼𝑚𝑎𝑥 = 0.88𝐴 ) 

obtained from the CST simulation and example parameters in Table 6-1, then follow 

the calculation procedure step by step, the average power on the receiving plane at 

resonant frequency 1.16MHz can be obtained as 45.54W, which is close to the 

simulation result 46.46W within an error of 2%. 

Keep all the system parameters the same as shown in Table 6-1, Fig. 6-10 shows the 

CST field simulation results at different loads of 120Ω, 250Ω, and 500Ω in frequency 

domain. The maximum current/output power under different loads all occur around the 

resonant frequency of 1.16MHz, which is very close to the theoretical calculated 
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resonant frequency 1.19MHz. The magnitude of current/output power under different 

loads at the resonant frequency is also approximately the same as the calculated values 

from the circuit analysis in equation (6-2) and equation (6-3). The bandwidth represents 

the quality factor Q of the CPT system, which is reasonable for this CPT system because 

the quality factor Q decreases as the load value increases. The lower the Q, the bigger 

the bandwidth, and vice versa. These CST field simulation results are consistent with 

the circuit theory. Fig. 6-11 shows the circuit simulation of output current, voltage, and 

power waveforms at theoretical resonant frequency 1.19MHz (1.16MHz in CST) when 

the load is 120Ω in circuit simulation. It can be seen the current and voltage are 

approximately in phase and have the same maximum values as the results from the CST 

simulation, which means the CPT system operates at the resonant frequency and the 

load absorbs all power from the source. Besides, it is noteworthy that the frequency of 

the output power is double of the resonant frequency, which is proved by the circuit 

analysis in equation (6-3). Thus, the results from the field simulation in CST are 

consistent with the results from circuit theory. 

 

Fig. 6-10: CST field simulation results at different loads in frequency domain. 
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Fig. 6-11: LTspice circuit simulation of output current, voltage, and power waveforms 

at theoretical resonant frequency 1.19MHz when the load is 120Ω. 

 

Fig. 6-12: CST field simulation results at different air gaps between the coupling plates. 

Different air gaps between coupling plates are also studied. Most system parameters are 

the same as shown in Table 6-1, but different air gaps of 4mm, 5mm, and 6mm are 

simulated in CST. Theoretically, different air gaps will result in different coupling 

capacitance and resonant frequencies. Fig.6-12 shows the CST field simulation results 

at different air gaps between the coupling plates. When the air gap increases, the total 

coupling capacitance becomes smaller, which makes the resonant frequency increase 

when the tuning inductance is fixed. And the maximum current also increases a little 

bit due to the increasing frequency. Table 6-2 shows the comparison of the results 



Chapter 6:                                              Study of Power Flow Mechanism by Poynting Vector Analysis 

- 88 - 

 

between the CST field simulation, lumped circuit, and the Poynting vector analysis 

when the air gap varies. As the series inductance and capacitance of the wire are 

considered in CST simulation, the resonant frequency obtained in CST is a little bit 

lower, but approximately the same as the calculated resonant frequency. The maximum 

current obtained from the CST simulation is slightly higher compared to the result 

calculated from the lumped circuit theory. Because the CST field simulation also 

considers the wave propagation part while the lumped circuit simulation by ignoring it. 

Besides, the average power calculated by using the current obtained from the CST 

simulation on the receiving plane is close to the results from the CST simulation with 

an error less than 5%. 

Table 6-2: Results comparison between CST field simulation, lumped circuit and 
Poynting vector analysis when air gap varies 

Parameters Case I Case II Case III 

Air gap 𝑑 4 mm 5 mm 6 mm 

Coupling capacitance C 75.1 pF 61.01 pF 51.61 pF 

CST simulation results    

Resonant frequency 𝑓0 1.16 MHz 1.28 MHz 1.37 MHz 

Maximum load current 𝐼𝑚𝑎𝑥 0.88 A 0.887 A 0.896 A 

Average input power 𝑃𝑎𝑣_𝑖𝑛 47.15 W 48.15 W 49.15 W 

Average output power 𝑃𝑎𝑣_𝑜𝑢𝑡 46.46 W 47.2 W 48.17 W 

Lumped circuit results    

Resonant frequency 𝑓0 1.19 MHz 1.32 MHz 1.44 MHz 

Maximum load current 𝐼𝑚𝑎𝑥 0.833 A 0.833 A 0.833 A 

Average input power 𝑃𝑎𝑣_𝑖𝑛 41.67 W 41.67 W 41.67 W 

Average output power 𝑃𝑎𝑣_𝑜𝑢𝑡 41.67 W 41.67 W 41.67 W 

Poynting vector results    

Average power in the 

receiving plane 𝑃𝑎𝑣 
45.54 W  45.08 W 45.25 W 
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Fig. 6-13: CST field simulation results at different separation distance l between the 

two coupling pairs. 

Different separation distance 𝑙 between the two coupling pairs are further investigated. 

Fig. 6-13 shows the CST field simulation results at different separation distances 𝑙 

between the two coupling pairs. Most system parameters are the same as shown in Table 

6-1, but different separation distances 𝑙 of 30cm, 50cm, and 60cm are simulated in CST. 

When the separation distance 𝑙 varies, the resonant frequency and output current are 

almost the same because the capacitance between  the coupling plates is fixed. But since 

the cross-coupling between the plates varies slightly, and the connection wire has very 

small inductance and capacitance, which results in a very tiny variation of the output 

current and resonant frequency. From the circuit point of view, the separation distance 

variation will not affect the output power. Table 6-3 also shows the comparison of the 

results between the CST field simulation, lumped circuit, and the Poynting vector 

analysis when the separation distance 𝑙 varies. The average power on the receiving 

plane calculated by using the current from the CST simulation is quite close to the 

results in the CST simulation, and the error between them is also less than 5%. 

Therefore, when the power density described by Poynting vector changes with the 

separation distance between the two coupling pairs, the total average power still stays 

the same because the power flow area changes accordingly, which further proves the 

Poynting vector method is valid for power analysis of the near-field CPT system. 
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Table 6-3: Results comparison between CST field simulation, lumped circuit and 
Poynting vector analysis when separation distance varies 

Parameters Case I Case II Case III 

Separation distance 𝑙 between 

the two coupling pairs  
30 cm 50 cm 60 cm 

Coupling capacitance C 75.1 pF 75.1 pF 75.1 pF 

Average input power 𝑃𝑎𝑣_𝑖𝑛 41.67 W (circuit theory) 

CST simulation results    

Resonant frequency 𝑓0 1.162 MHz 1.158 MHz 1.15 MHz 

Maximum load current 𝐼𝑚𝑎𝑥 0.88 A 0.882 A 0.883 A 

Average output power 𝑃𝑎𝑣_𝑜𝑢𝑡 46.46 W 46.68 W 46.78 W 

Lumped circuit results    

Resonant frequency 𝑓0 1.19 MHz 1.19 MHz 1.19 MHz 

Maximum load current 𝐼𝑚𝑎𝑥 0.833 A 0.833 A 0.833 A 

Average output power 𝑃𝑎𝑣_𝑜𝑢𝑡 41.67 W 41.67 W 41.67 W 

Poynting vector results    

Average power on the receiving 

plane 𝑃𝑎𝑣 
45.54 W 45.75 W 45.85 W 

6.5 Experimental Verification 

A practical series-tuned CPT system was built to verify the received power on the load 

as shown in Fig. 6-14. A high-frequency power amplifier (Agitek ATA-122D) is used 

as a variable frequency power source, which is connected to an LCLC tuning circuit to 

provide a constant ac voltage 𝑉𝑠 with an amplitude of 100V. 
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Fig. 6-14: Practical demonstration of a typical series tuned CPT system. 

 

Fig. 6-15: Waveforms of the input voltage 𝑽𝒔 and load current I at 120Ω load. 

The system is tested by setting the parameters as shown in Table 6-1. Fig. 6-15 shows 

the measured waveforms of the input voltage and load current at 120Ω load condition 

when the system is resonant at 1.22MHz and achieves the approximate maximum 
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power of 41.33W on the load. The result shows the input voltage and load current are 

approximately in phase, with an actual phase difference of -7.2 degrees. This is 

consistent with the theoretical lumped circuit result of 0 degrees when the system is 

resonant at 1.19MHz. Compared to the CST simulation and Poynting vector results, the 

measured average output power is a little bit lower, which is reasonable because the 

practical system is difficult to tune exactly at the theoretical resonant frequency 𝑓0 and 

the tuning inductor L, coupling plates, and wires have losses due to their equivalent 

series resistances. Besides, the Poynting vector analysis uses the simulation current, 

which is a little bit higher than the current calculated by the circuit analysis method. 

Different loads (250Ω and 500Ω) are also tested and the maximum output current of 

0.43A and 0.21A are obtained respectively, which is very close to the CST field 

simulation results in Fig. 6-10.  

Table 6-4: Experimental results when air gap and separation distance vary 

Air gap 𝑑 4 mm 5 mm 6 mm 

Resonant frequency 𝑓0 1.22 MHz 1.355 MHz 1.49 MHz 

Maximum load current 𝐼𝑚𝑎𝑥 0.83 A 0.83 A 0.83 A 

Average output power 𝑃𝑎𝑣_𝑜𝑢𝑡 41.33W 41.33 W 41.33 W 

Separation distance between the 

two coupling pairs 𝑙 
30 cm 50 cm 60 cm 

Resonant frequency 𝑓0 1.23 MHz 1.21 MHz 1.198 MHz 

Maximum load current 𝐼𝑚𝑎𝑥 0.81 A 0.83 A 0.85 A 

Average output power 𝑃𝑎𝑣_𝑜𝑢𝑡 39.37 W 41.33 W 43.35 W 

 

The system with a 120Ω load is also tested at different air gaps and separation distances 

as shown in Section 6.4. The experimental results including the resonant frequency, 

maximum load current, and average output power are shown in Table 6-4, which are 
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very close to the lumped circuit results shown in Table 6-2 and Table 6-3. The output 

power from the CST field simulation and Poynting vector results shown to be very 

close, but they are a little bit higher than the experimental results because the tuning 

inductor, coupling plates, and wires are treated as lossless components (no ESRs) in 

theoretical and simulation studies, and it is difficult to tune the practical system to 

exactly the resonant frequency to reach the maximum output power. It is noteworthy 

that the output power from the experiment has a decreasing trend when the separation 

distance l between the two coupling pairs becomes small, which is reasonable and 

consistent with the Poynting vector results. This is because the cross-coupling 

capacitances between the two coupling pairs were not considered in the lumped circuit 

analysis for very small air gaps in this case. If the air gap gets large (𝑑 ≈ few ∗ 2𝑅0 or  

𝑑 ≫ 2𝑅0), the equivalent lumped circuit of the CPT system will become a complicated 

capacitor network as the cross-coupling capacitances need to be taken into 

consideration. One advantage of Poynting vector analysis compared to the circuit 

analysis is that there is no need to consider the cross coupling separately as the overall 

coupling is considered all together if the CPT system works under near-field region. 

Therefore, it is convenient for engineers to design proper coupling plates for CPT 

systems based on the Poynting vector analysis and predict the maximum power transfer 

distance. 

6.6 Conclusion 

This chapter has studied the power flow mechanism of a typical CPT system with 

simple inductive tuning by the Poynting vector analysis. The electric field, magnetic 

field, Poynting vector and average power in the air gaps, as well as the average power 

flow to the load via a receiving plane have been theoretically analyzed. It is found the 

real part of the Poynting vector inside the airgap is close to zero, so the coupling plates 

are mainly involved in reactive power circulation with the tuning inductor to facilitate 

the real/average power transfer. And the real power flow originating from the source 

distributes along the surface of the wire on the transmitting side and passes the external 

areas of the coupling plates mainly along the channel between the two coupling pairs 

(rather than the air gaps in between), then converges along the wires before reaching 

the load. Moreover, the CPT system at different resistive loads, air gaps, and separation 
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distances between the two coupling pairs have been studied. The results from CST field 

simulation, lumped circuit analysis and experimental studies verified that the Poynting 

vector method is valid for analyzing near-field CPT systems without the need of 

considering the cross coupling separately. Although the power density calculated by 

Poynting vector changes with the separation distance between the two coupling pairs, 

the total average power keeps almost constant as the power flow area changes 

accordingly too. Understanding the power flow mechanism across the coupling plates 

and the power distribution around it would be helpful for practical design and 

performance evaluation of CPT systems in the future.  
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Chapter 7  

A Practical Contactless Single-wire CPT 
Power Supply for Driving a Variable 
Message Sign 

 

7.1 Introduction 

The Variable Message Signs (VMS) are widely used for displaying information for 

many indoor and outdoor applications. They are often used for roadways applications 

to inform the drivers about traffic congestions, accidents, roadwork zones, speed limits, 

weather conditions, etc. Such information can help achieve traffic control, improve 

traffic efficiency, and reduce accidents [112]. Existing VMS displays are fix wired with 

direct electrical connections, which makes installation and replacement difficult. In 

particular, when VMS displays are placed outdoors and exposed to rain, storm, and 

fogs, regular maintenance or replacements are required to keep the system safe and 

reliable. In these situations, Wireless Power Transfer (WPT) would be ideal to provide 

power supplies to VSMs.  

Currently, Inductive Power Transfer (IPT) technology based on the magnetic coupling 

is the dominant solution for achieving WPT, but it is not suitable for powering VMSs 

with metal covers. As an alternate WPT solution, Capacitive Power Transfer (CPT) 

based on electric field coupling is gaining increasing attention. Compared to IPT, CPT 

is able to transfer power across metal barriers, reduce the Electromagnetic Interference 

(EMI), and lower power losses with simple coupling configurations [15, 16]. CPT 
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technology has been studied for many applications such as wireless electric vehicle 

charging [48], and power supplies to biomedical implants [80-82]. It is also used to 

minimize the coupling size of a wireless power supply to be included into an Integrated 

Circuit (IC) [15, 22, 113]. 

CPT provides a very good solution to driving a VMS with a metal back cover. However, 

the traditional CPT system with two pairs of coupling plates suffers from coupling 

variations and cross coupling caused by misalignments. This chapter proposes a single-

wire CPT system with only one pair of coupling plates to provide a contactless power 

supply for driving VMS displays. The system design, simulation, and prototype 

development are presented in detail. 

7.2 System Design 

The proposed single-wire CPT system for VMS is shown in Fig. 7-1. A DC power 

source is connected to the primary circuit, which includes a power converter and 

resonant compensation circuit to generate high-frequency ac voltage to a single pair of 

capacitive coupling plates. Electric fields are formed between the coupling plates, and 

the secondary receiver is detachable from the primary. And at the receiver side, a 

resonant compensation circuit, rectifier, and voltage regulator are used to obtain the 

required DC power for driving the VMS display.  

 

Fig. 7-1: Block diagram of the proposed single-wire CPT system for VMS. 
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As can be seen in Fig. 7-1, the DC power source, the power converter circuit, and the 

primary plate form the primary power circuit, while the secondary plate and the receiver 

circuit are sealed in the VMS with a metal back cover. There is only one wire 

connecting the primary power circuit to the coupling plate. The distance between the 

primary and secondary plates are designed to enable contactless power transfer across 

the metal cover, and dielectric materials are used to increase the equivalent coupling 

capacitance. The system has clear advantages over traditional direct electrical contact 

systems as it generates no electric arc, is waterproof, and easy to maintain.  

7.2.1 Primary power converter 

Fig. 7-2 shows the primary power converter with a DC power source. It includes a 

current-fed push-pull resonant inverter and an LCLC resonant compensation circuit for 

generating a high-frequency AC voltage to drive the primary coupling plate of the CPT 

system. 

 

Fig. 7-2: The proposed push-pull power converter circuit. 

The output resonant voltage across 𝐶𝑝1 can be expressed as: 

�̂�𝐶𝑝1 = 𝜋𝑉𝑑𝑐     (7-1) 

where 𝑉𝑑𝑐 is the input voltage from the DC power supply, and �̂�𝐶𝑝1 is the peak voltage 

across the capacitor 𝐶𝑝1.  
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To obtain a high voltage for driving the coupling plates, a series LC resonant circuit is 

added to boost the voltage 𝑉𝐶𝑝1. Once the resonant frequency 𝜔 is determined, the 

output voltage 𝑉𝑝 can be calculated by the following equations. 

𝑉𝑝 = 𝑄𝑉𝐶𝑝1 (7-2) 

𝑄 =
𝜔𝐿𝑝2

𝑅
 (7-3) 

where Q is the quality factor of the LC resonant circuit, R is the series resistance of 𝐿𝑝2. 

7.2.2 Capacitive coupling plates 

 

Fig. 7-3: The capacitive coupling plates with receiver board. (a) Two-dimensional view 

of the coupling plates with receiver board. (b) Three-dimensional view of the coupling 

plates with receiver board. 

There is only one pair of coupling plates covered with a dielectric material to form a 

single “loosely coupled capacitor”. The primary plate is outside of the VMS display 

board and close to the metal back cover; while the secondary plate and the receiver 

circuit board are placed inside within the metal back cover of 60cm long, 5cm wide and 
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7cm high as shown in Fig. 7-3 (a) and (b). Two coupling plates are designed with the 

same size (15cm*7cm), covered with TAIYO PSR-4000 BN series solder mask (휀𝑟 =

4.5), and loosely attached to the two sides of the metal back cover with 2mm thickness 

(𝑑1). The receiver circuit board (20cm*7cm) is placed 20mm (𝑑2) above on the metal 

back cover, as close as possible to the LED display board, which can form the maximum 

voltage difference between the secondary plate and the receiver board, and obtain as 

much power as possible. 

7.2.3 Power receiver 

The power receiver circuit is shown as in Fig. 7-4. A CLCL compensation circuit is 

connected after the secondary coupling plate to boost the displacement current through 

the coupling plates, followed by a full-bridge diode rectifier and a filter capacitor to 

obtain a DC output voltage, then a linear voltage regulator is used to supply a required 

constant voltage for VMS. It should be noted that physically the whole power receiver 

circuit is floating without connecting to the actual ground, but for the purpose of 

analysis, a ‘virtual ground’ is assumed at the negative rail of the DC output. It is the 

voltage difference between the secondary coupling plate and the ‘virtual ground’ that 

drives the power flow to the load. 

 

Fig. 7-4: The proposed power receiver circuit. 

7.3 Simulation and Experimental Results 

Simulations and experiments have been undertaken to verify the proposed system. 

Table 7-1 shows the system parameters for simulation and experimental studies. To 

simplify the system simulation in CST (Computer Simulation Technology), the output 

voltage 𝑉𝑝 from the converter is directly applied on the primary coupling plate. The 
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system simulation setup is shown as in Fig. 7-3 (b). As the output power of the VMS is 

5W/5V, the load in the simulation is set to be 5 ohms. The electric field, the magnetic 

field, and the current density distributions are shown as in Fig. 7-5, 7-6, and 7-7 

respectively.  

Table 7-1: System parameter for simulation and experiment 

Parameter Simulation Experiment 

Input dc voltage 𝑉𝑑𝑐 None 25V 

Input dc current 𝐼𝑖𝑛 None 0.4A 

The resonant input voltage 𝑉𝑝 (amplitude) 500V 406.25V 

Resonant capacitor 𝐶𝑠2, 𝐶𝑝1 1nF 1nF 

Resonant inductor 𝐿𝑠2, 𝐿𝑝1 6.8µH 6.8µH 

Resonant inductor 𝐿𝑠1, 𝐿𝑝2 100µH 100µH 

Resonant capacitor 𝐶𝑠1, 𝐶𝑝2 68pF 68pF 

Coupling plates  PEC(7*15cm) Copper(7*15cm) 

Receiver board  PEC(7*20cm) Copper(7*20cm) 

Distance between coupling plates 𝑑1 2mm 2mm 

Distance between receiver board and metal 

back cover 𝑑2 
20mm 20mm 

Operating frequency 𝑓0 1~2MHz 1.4MHz 

Relative dielectric material constant 휀𝑟 4.5 4.5 

 

 

Fig. 7-5: 3D view of electric field distribution of the system. 
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Fig. 7-6: 3D view of magnetic field distribution of the system. 

 

Fig. 7-7: 3D view of current density distribution of the system. 

As can be seen, the electric field in Fig. 7-5 is almost confined in the system and decays 

with the distance away from the coupling plates and the metal back cover in the middle. 

Since the receiver circuit board is placed 20mm high above the metal cover, the voltage 

difference exists between the secondary coupling plate and the load. Therefore, the 

displacement current in the coupling plates sinks from high voltage potential to low 

voltage potential. Meanwhile, the compensation circuit boosts this small current to 

power the load. As the PCB tracks are thin on the receiver board, the current density is 

much higher than the current on the plates as shown in Fig. 7-7. According to Faraday's 

law of electromagnetic induction, the alternating current generates the alternating 

magnetic field. As the current density is higher on the receiver board, its magnetic field 
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is much stronger than the magnetic field around the coupling plates as shown in Fig. 7-

6.    

The system simulation is undertaken in a frequency domain. Fig. 7-8 shows the input 

displacement current into the coupling plates, which is positively proportional to the 

operating frequency. If the frequency is higher, more displacement current can flow 

into the coupling plates, and more output power can be obtained. Fig. 7-9 shows the 

optimum operating frequency is between 1.4MHz and 1.5MHz, which is consistent 

with the experimental result in Table 7-1. We can see from the simulation that the 

optimum operating frequency is around 1.45MHz, the system can deliver the maximum 

power to the load. 

 

Fig. 7-8: Displacement current into the coupling plates in frequency domain. 

 

Fig. 7-9: Load ac current in frequency domain. 
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Fig. 7-10: Prototype of VMS powered by single-wire CPT system. 

As the CST simulation just provides a rough result, to verify the simulation result, a 

prototype is built as shown in Fig. 7-10. The same circuit parameters are used as shown 

in Table 7-1. The primary and secondary coupling plates are attached to the metal back 

cover, the air gaps between the coupling plates and the metal back cover are very small, 

and the power receiver board is 20mm above the metal cover. When the VMS was 

programmed to display “Hello World!”, the measured load current by a multi-meter is 

0.45A (RMS) at 5V output voltage, corresponding to the output power of 2.25 watts. 

The whole system efficiency, in this case, is about 22.5%, which can be improved by 

reducing losses on the compensation inductors and MOSFET switches of the converter 

or replacing the linear regulator with a switching mode buck/boost converter in the 

future. The output power varies with the number of LEDs that are turned on. It is found 

the maximum output power that the prototype can deliver is about 5W across the metal 

back cover of the VMS when all LEDs were on. 

Fig. 7-11 shows the waveform of output voltage 𝑉𝑝 from the push-pull converter when 

the VMS displays “Hello World!”. To avoid interference with the normal operation of 

the single-wire system, this waveform was captured by a handheld oscilloscope 

U1620A. Fig. 7-12 shows the waveform of the displacement current into the coupling 

plates. The amplitude is about 141mA, which is quite close to the simulation result. To 

a certain extent, the magnitude of the displacement current into the coupling plates 

determines the secondary output power. If the coupling design is fixed, increasing the 

output voltage 𝑉𝑝 from the push-pull converter can directly obtain more displacement 

current.  There are two methods to get higher 𝑉𝑝, one is to simply increase the input DC 

voltage of the push-pull converter, but make sure the 𝑉𝑐𝑝1 is lower than the drain-to-

source voltage of the MOSFETs; the other is to increase the operating frequency by 
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adjust the compensation circuits in the primary and secondary sides, and make those 

two compensation networks operating at the same frequency to maximize the output 

power, but the quality factor Q is better lower than 10 to stabilize the system. Generally, 

the choice of the input DC voltage and the operating frequency is a trade-off. 

 

Fig. 7-11: Output voltage 𝑽𝒑 from the push-pull converter. 

 

 

Fig. 7-12: Displacement current into the coupling plates. 
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7.4  Performance Evaluation 

In practical application, the coupling misalignment is unavoidable during system 

installation. As we know that the traditional CPT system with two pairs of coupling 

plates is sensitive to misalignment, which seriously affects the system performance. To 

investigate the impact of coupling misalignment on the output power, two experiments 

are conducted as shown in Fig. 7-13, which includes the testing of the X-direction 

movement and Y-direction movement of the primary plate when the secondary plate is 

fixed inside the VMS. The coupling plates of this prototype are two rectangle copper 

plates (15cm*7cm), experiments are conducted with the metal back cover in between. 

 

Fig. 7-13: Coupling misalignment testing sketch map. (a) X-direction movement for 

coupling misalignment testing. (b) Y-direction movement for coupling misalignment 

testing. 

Fig. 7-14 shows the relationship between the X-direction movement and output dc 

current. As we can see that the output dc current almost keeps constant when the 

primary plate moves about 11cm away in the X direction, which means the output 

power is stable even if the coupling misalignment is quite large. Similarly, the dc output 

current in Fig. 7-15 keeps at 0.45A when the primary plate moves about 4cm away in 

the Y direction. Thus, the output power is basically unaffected by the coupling 

misalignment in the X and Y directions. Only with a coupling area of about 1/3, the 

output power is stable, even if the metal back cover is in between the coupling plates. 

To summarise, compared with the traditional CPT system with two pairs of coupling 

plates, the impact of coupling misalignment on the output power in a single-wire CPT 

system is relatively small, and such a system has more freedom in coupling design. 
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Fig. 7-14: X-direction movement vs. dc output current. 

 

Fig. 7-15: Y-direction movement vs. dc output current. 

7.5 Summary 

This chapter has proposed a contactless power transfer system for VMS based on 

single-wire Capacitive Power Transfer (CPT). A practical prototype is built, and both 

simulations and experiments have proven that the single-wire CPT system can be used 

to transfer power across metal barriers. It has demonstrated that up to 5 watts of power 

can be supplied to drive a VMS display with a metal back cover. The entire system 

efficiency is about 22.5%, but the sensitivity to the coupling misalignment is quite low 

compared to the traditional CPT system with two pairs of coupling plates. Future 

research will focus on single-wire CPT system control, power transfer capability, and 

efficiency improvements. 
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Chapter 8  

Conclusions and Suggestions for Future 
Work 

 

8.1 General Conclusions 

This thesis has conducted fundamental research on the modelling and analysis of 

wireless power transfer based on capacitive electric field coupling. It mainly focuses 

on the following aspects: 

• Proposing a new wireless power transfer system based on a single pair of 

capacitive coupling without a current return path. 

• Modelling a single wire/pair capacitive power transfer system with strong 

coupling to ground. 

• Studying electric and magnetic field distributions between two coupled plates 

for capacitive power transfer by simulation and practical measurements. 

• Investigating the power flow mechanism of a conventional series tuned CPT 

system based on Poynting vector analysis. 

• Developing a practical single wire/pair CPT power supply for driving a Variable 

Message Sign. 

A general introduction to capacitive power transfer technology was presented in the 

first chapter of this thesis. It has been shown that wireless power supply has a growing 

trend to replace traditional fixed contact power supply due to its convenience and 

8.1 General Conclusions 
8.2 Contributions of This Thesis Work 
8.3 Suggestions for Future Work 
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safety. Although IPT technology is the dominant solution for achieving wireless power 

transfer, which has found many applications in industrial, commercial, and biomedical 

fields. However, due to its working principle based on magnetic coupling, IPT has some 

practical limitations with regards to EMI, physical size, and power losses. The most 

important is that IPT is not suitable for contactless power transfer across metal barriers 

or inside metal surrounding environments because the magnetic field is unable to 

penetrate through metal objects and can cause eddy current losses. As an alternative 

wireless power transfer solution, CPT technology utilizes electric field coupling and 

has some unique features compared to IPT technology. It can enable power transfer 

across metal barriers with potentially lower EMI and reduce power losses with simple 

coupling configuration and light weight as well. Although CPT technology has been 

studied for many applications ranging from milliwatts to kilowatts, such as 3D 

Integrated Circuits (ICs), biomedical implants, mobile devices, synchronous machines, 

and electric vehicles. Some fundamental research is still needed to be taken to 

understand the power transfer mechanism of CPT systems and improve system 

performance, such as reducing the coupling misalignment sensitivity, modelling the 

power flow mechanism of CPT systems, and high frequency operating issues. 

In Chapter 2, a literature review of existing methods for modelling and analysis of CPT 

systems was presented. It has been found that the most common method for modelling 

and analysis of CPT systems is to use the lumped circuit theory by regarding two pairs 

of coupling plates as equivalent lumped capacitors. Due to the physical size and setup 

of the coupling plates, such as the radius of coupling plates and air gaps (transfer 

distance), the general solution for modelling the coupling plates is to consider the cross-

coupling capacitances between the coupling plates. Therefore, a traditional two pairs 

CPT system usually can be modelled as a six-capacitors network combined with other 

electronic components such inductors to form a closed-circuit loop, no matter if the 

coupling structures are either two pairs of parallel coupling plates or two stacked 

coupling plates. Of course, if the coupling structure is two parallel coupling plates with 

a large ratio between the physical size and transfer distance, the coupling plates can be 

simply treated as two lumped capacitors in series without considering cross-coupling 

capacitors. Although the traditional lumped circuit theory can model and analyze CPT 

systems, there is a special CPT system that only has one plate coupled with a helical 
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coil. Such a single-contact CPT system does not have a closed-circuit loop but can 

supply power wirelessly to electrical devices. It is difficult to use the traditional lumped 

circuit theory to model such a system. A standing wave theory inside a slow-wave 

helical resonator was used to explain this phenomenon and analyze such systems. 

However, the cross-coupling capacitances need to be considered in most cases if the 

lumped circuit theory is used to model the CPT systems, and the standing wave theory 

inside a slow-wave helical resonator cannot explain and model the system if the helical 

coil replaced by a flat plate. 

Chapter 3 introduced a new wireless power transfer system based on a single pair of 

electric fields coupling without a current return path. Such a single wire/pair CPT 

system helps to enhance the coupling tolerance between the coupled plates. A class E 

converter was designed to drive an LCLC resonant circuit to boost the voltage at the 

primary side of the coupling plate, while a CLCL resonant circuit was used to boost the 

output current to the load. A practical prototype was built, and it has demonstrated that 

3.8 W of power can be transferred across a single pair of copper coupling plates 

(100mm ×100mm) at full alignment. And it has been found that the single-wire CPT 

system has a large coupling tolerance against both lateral and angular misalignments 

between the coupled plates. 

Chapter 4 presented the modelling of a single wire/pair CPT system to reveal its power 

transfer mechanism with strong coupling to ground. An equivalent circuit was proposed 

by treating the ground as a quasi-conductive medium. The parameters of the equivalent 

circuit model were determined, including the capacitance between the coupling plates 

of the CPT system, the single wire inductance and the capacitance between the wire 

and ground, and the ground equivalent impedance. The maximum power transfer 

capacity corresponding to the system’s resonant frequency was analyzed using the 

proposed model to guide the system tuning design. A prototype single-wire CPT system 

was built, and CST (Computer Simulation Technology) simulation was undertaken to 

show the electric and magnetic field distributions, as well as the Poynting vector 

indicating the direction and magnitude of power flow in the system. It has been shown 

that the output voltage and the power predicted by the theoretical model were in good 

agreement with the simulation and practical results under frequency and load variations. 
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Different length of the dangling single wire at the secondary side of the CPT system 

was also investigated to validate the model with different levels of ground effect. 

In Chapter 5, a fundamental study of electric and magnetic fields between two coupled 

plates for capacitive power transfer was taken to investigate the power transfer 

mechanism. Practical methods for measuring the electric and magnetic field 

distributions were proposed based on general theoretical analysis, respectively. CST 

field simulation studies were also undertaken for comparison. The practical 

measurement results are in good agreement with CST field simulation. It was found 

that the electric field magnitude is approximately constant in the middle area of the two 

coupled plates, but it gets higher near the edges of the coupled plates due to the fringing 

effect, forming an hourglass shape between the plates; while the measured magnetic 

field inside the plates is very low and increases gradually when the test point is placed 

close to the lead wires of the power supply. The findings regarding the electric and 

magnetic field distributions would be useful for investigating the power transfer 

mechanism and guiding the practical capacitive coupling design of a CPT system. 

Chapter 6 studied the power transfer mechanism of a conventional series tuned CPT 

system based on Poynting vector analysis. The power distribution and the average 

power flow to the load via a receiving plane can be determined by analysing the electric 

field, magnetic field, and Poynting vector. CST field simulation study showed the 

average power from the source flows along the surface area of the wire on the primary 

transmitting side, and passes the external areas of the coupling plates mainly along the 

channel between the two coupling pairs (instead of going through the air gaps in 

between). The average power calculated from the Poynting vector analysis was 

consistent with CST field simulation, traditional lumped circuit analysis, and practical 

measurements of the proposed CPT system. The study also showed that although the 

power density described by Poynting vector changes with the separation distance 

between the two coupling pairs, the total average power keeps approximately constant 

because the power flow area changes accordingly. Compared to the circuit analysis, one 

advantage of Poynting vector analysis is that there is no need to consider the cross 

coupling separately because the whole coupling setup is considered all together. This 

research revealed the power transfer mechanism and power distribution in a CPT 
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system, which is useful to gain a deeper understanding of capacitive power transfer 

beyond the traditional circuit theory, as well as to improve practical system design in 

the future. 

Chapter 7 presented a practical single wire/pair CPT power supply for driving a 

Variable Message Sign (VMS) with a metallic back cover. The designed single-wire 

CPT system requires only a single pair of electric coupling plates without a current 

return path, which enables power transfer across its metallic back cover, and allows a 

large coupling tolerance compared to the traditional CPT systems with two pairs of 

coupling plates. The specific system design of the primary power converter, two 

coupling plates, and the secondary receiver were provided. A practical prototype has 

demonstrated that about 5 watts of power can be transferred across the metallic back 

cover of the VMS. Moreover, such a single-wire CPT system also has a large coupling 

tolerance against misalignment between the coupled plates. 

8.2 Publications from This Thesis Work 

Two journal papers and three conference papers have been published based on the work 

of this Ph.D. research. 

Journal papers: 

1. L. J. Zou, Q. Zhu, C. W. V. Neste and A. P. Hu “Modelling Single-Wire 

Capacitive Power Transfer System with Strong Coupling to Ground”, IEEE 

Journal of Emerging and Selected Topics in Power Electronics ( Early Access 

), DOI: 10.1109/JESTPE.2019.2942034.  

 

2. L. J. Zou, Y. Liu, Y.-G. Su, and A. P. Hu “Study of Power Flow Mechanism of 

Capacitive Power Transfer System Based on Poynting Vector Analysis”, 

International Journal of Electrical Power & Energy System 134, DOI: 

10.1016/J.IJEPES.2021.107374. 
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Conference papers: 

3. L. J. Zou, A. P. Hu, and Y.-g. Su, "A single-wire capacitive power transfer 

system with large coupling alignment tolerance," in 2017 IEEE PELS 

Workshop on Emerging Technologies: Wireless Power Transfer (WoW), 2017. 

 

4. L. J. Zou and A. P. Hu, "A Contactless Single-Wire CPT (Capacitive Power 

Transfer) Power Supply for Driving a Variable Message Sign," in 2018 IEEE 

PELS Workshop on Emerging Technologies: Wireless Power Transfer (Wow), 

2018. 

 

5. L. J. Zou, A. P. Hu, G. Wang, and Y. Su, "Study of electric and magnetic field 

distributions between two coupled plates for capacitive power transfer by 

simulation and practical measurements," in 2020 IEEE PELS Workshop on 

Emerging Technologies: Wireless Power Transfer (WoW), 2020. 

8.3 Suggestions for Future Work 

This thesis focused on the modelling and analysis of wireless power supply based on 

the electric field coupling, including single wire/pair and traditional double pair CPT 

systems. Theoretical analyses, computer simulations, and practical tests have been 

conducted to achieve these objectives. Based on the current studies of CPT systems, 

some future research directions are suggested as follows: 

• Controller design 

This research provided a model and analysis of single wire/double pair CPT systems. 

However, the controller design for CPT systems may need to be further studied to 

improve the system performance such as power transfer capability and efficiency, 

especially for single wire CPT systems. Since the designed contactless power supply 

for driving the VMS only employed a linear regulator on the receiving side to control 

the output power, other control methods may be applied on the transmitting or receiving 

side to regulate the output power and improve the system performance. For example, 

active rectifiers, buck/boost converters, or other power controllers can be designed to 
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increase the power transfer capability. As the receiving side of the single wire/pair CPT 

system is dangling, there is a challenge to find a proper voltage reference for driving 

the active switches or control chips. 

• EMC design 

This research revealed the power transfer mechanism of traditional CPT systems. The 

power flow analysis based on the Poynting vector method can show the power 

distribution channel in relation to the practical setup of coupling plates, such as plate 

size and airgap distance. At this stage, the results from the Poynting vector analysis 

may be used for safety concerns of the CPT systems such as EMC design or 

optimization. Since the average power on the receiving plane, which flows to the load, 

is determined by the size of coupling plates, airgaps in between coupling plates, and the 

separation distance between the two coupling pairs. Once the physical coupling setup 

is fixed, a safe distance from the system can be estimated.  

• Frequency bifurcation and sensitivity analysis  

CPT systems are designed to transfer power from a stationary primary side to one or 

multiple secondary loads via the electric coupling. In practice, for a CPT system with a 

variable frequency power supply, system parameter variations, such as tuning 

inductances, loading conditions, and cross-coupling capacitances, etc., may cause the 

system to bifurcate and result in more than one stable operational frequency. If the 

operation frequency drifts, the system will be detuned from the designed frequency, 

then affect the power transfer capability. Therefore, to avoid this problem, theoretical 

analysis of frequency bifurcation and sensitivity of CPT systems need to be investigated 

carefully. 
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Appendices  

 

A: MATLAB code for calculating the output voltage in 

frequency domain at different loads 

%------Circuit Parameters------% 

C12=98.47e-12;     %Coupling capacitance% 

C2=3.54e-12;       %Capacitance between each coupling 

plate and ground% 

R=500;             %Load resistance% 

L1=470e-6;         %Lumped tuning inductance% 

Resr=6.5;          %ESR of Lumped tuning inductor% 

Rw=0.034;          %ESR of the dangling wire% 

Lw=0.608e-6;       %Dangling wire inductance% 

Cw=7.27e-12;       %Dangling wire capacitance% 

  

f=logspace(6,7,1000); %Define frequency range% 

w = 6.28.*f;          %angular frequency% 

  

%------Calculate attenuation constant------% 

aipo=1./400./w./(8.85e-12)./10; 

aita=108.7./sqrt(1-aipo*j); 

alpha_1=sqrt(1+aipo.^2)-1; 

alpha_2=sqrt((4*3.14e-7)*(8.85e-

12)*10*0.5.*(alpha_1)); 

alpha=w.*alpha_2; 

%------Calculate phase constant------% 

beta_1=sqrt(1+aipo.^2)+1; 

beta_2=sqrt(4*3.14e-7*8.85e-12*12./2*beta_1); 

beta=w.*beta_2; 

  

delta=1./alpha;      %skin depth of the ground% 

  

%------Calculate the angle between the electric field 

and ground------% 

phi=acos(1./(1+delta)); 

phi_1=1-cos(phi); 

ss=(1+delta).*phi*0.43; 

X=real(aita); 

Y=imag(aita); 

theta=atan(Y./X); 
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%------Calculate the intrinsic impedance of the 

ground------% 

Z=abs(aita); 

Zg_1=400*400./Z.*cos(theta); 

Zg_L=2.*400*400./Z.*sin(theta)./ss; 

Zg=2.*Zg_1./ss; 

 

%------Calculate the equivalent resistance of the 

ground------% 

Rg=real(Zg); 

 

%------Calculate the transfer functions------% 

a1=R*C12*Cw;              

b=Cw*(L1+Lw)*(C12+C2); 

c1=Cw*(C12+C2).*(R+Resr+Rw+Rg); 

d=C12+C2+Cw; 

  

a2=200*C12*Cw; 

c2=Cw*(C12+C2).*(200+Resr+Rw+Rg); 

a3=600*C12*Cw; 

c3=Cw*(C12+C2).*(600+Resr+Rw+Rg); 

  

H1= (w.*a1)./[w.*c1+(w.^2.*b-d).*i]; 

%transfer function when load R=500ohms% 

H2= (w.*a2)./[w.*c2+(w.^2.*b-d).*i]; 

%transfer function when load R=200ohms% 

H3= (w.*a3)./[w.*c3+(w.^2.*b-d).*i]; 

%transfer function when load R=600ohms% 

  

%------Plot output voltage vs. frequency variation at 

different loads------% 

figure; 

 

plot(f./1000000, abs(H1)*100); 

plot(f./1000000, abs(H2)*100); 

plot(f./1000000, abs(H3)*100); 
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B: 3D setup for CST simulation 
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C: CST simulation Schematic setup 
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D: CST ground parameter setup 
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