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This work presents a capacitive wireless power transfer (WPT) system for electric vehicle 

charging that achieves high efficiency and record-breaking power transfer density. This high 

performance is enabled by multi-MHz operation, innovatively designed matching networks, 

enhancements in the design of the capacitive coupling plates, and use of new interleaved-foil air-

core coupled inductors. A multi-module system is shown to reduce fringing-fields, and the 

impact of foreign objects is also investigated. The capacitive WPT system utilizes two pairs of 

metal plates separated by an air-gap as the capacitive coupler, and incorporates L-section 

matching networks to provide gain and reactive compensation. High efficiency and simplicity is 

achieved by eliminating the need for high-voltage capacitors, and instead the parasitic 

capacitances formed between the coupling plates and the vehicle chassis and roadway are 

utilized as part of the matching networks. A comprehensive design methodology for a capacitive 

WPT system is presented that guarantees high performance by ensuring zero-voltage switching 

of the inverter transistors, and by selecting matching network component values to maximize 

efficiency. Coupling plate enhancements include the use of circular plates enveloped in a high-

breakdown-strength dielectric material to alleviate arcing, allowing kilowatt-scale power transfer 

across a large air-gap. New toroidal interleaved-foil (TIF) inductors provide a better tradeoff 

between quality factor, size and self-resonant frequency compared to conventional solenoidal 



 

inductors, making them suitable for compactly and efficiently processing kilowatt-scale power at 

multi-MHz frequencies. A 13.56-MHz, 12-cm air-gap prototype capacitive WPT system utilizing 

TIF inductors with a quality factor of 2055 in its matching networks is designed, built and tested. 

This system achieves record-breaking performance for a capacitive EV charging system, 

transferring 3.75 kW with an efficiency of 94.7%, corresponding to a power transfer density of 

49.4 kW/m2. A multi-module capacitive WPT system is built, wherein the adjacent modules are 

out-phased with respect to one another, achieving a fringing field reduction of 50% compared to 

its individual modules. A study of the impact of foreign objects is performed (including metal, 

wood, plastic, and water) and the system’s performance is found to be significantly impacted 

only when water is in very close proximity (< 3 cm) of the coupling plates. However, even in this 

case the system performance can be recovered to a large extent by operating at the modified 

resonant frequency. 
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CHAPTER 1 

 

INTRODUCTION 

Wireless power transfer (WPT) is an effective approach for charging electric vehicles (EV), 

offering the convenience of autonomous charging, eliminating expensive bulky and wear-prone 

cables and connectors, and can help accelerate the transition to fully electrified transportation.  

WPT for EVs can be achieved using inductively coupled coils [1]-[2], or capacitively coupled 

plates [3]-[4]. Inductive WPT systems suitable for EV charging need ferrites for magnetic flux 

guidance, as shown in Fig. 1.1(a), forcing these systems to operate at relatively low frequencies 

(typically < 100 kHz) in order to limit ferrite core losses. The use of ferrites and Litz wire in the 

coupler also makes these large air-gap inductive WPT systems large, heavy, difficult to embed in 

the roadway and expensive [5]-[6]. Conversely, large air-gap capacitive WPT systems do not 

require ferrites and simply use conductive plates as their coupler, as shown in Fig. 1.1(b), enabling 

these systems to operate at high frequencies (in the MHz range), be more compact, more robust, 

easier to embed in the roadway and less expensive [7]-[8]. Furthermore, the smaller coupler weight 

of capacitive WPT systems enabled by the absence of ferrites and Litz wire increases the EV’s 

range and acceleration capability, reduces its braking distance, and lowers its operating cost. 

  
(a) (b) 

Fig. 1.1: Photograph of (a) inductive coupler with flux shielding ferrites, and (b) capacitive coupling plates. 
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Additionally, due to the better-directed nature of electric fields, capacitive WPT systems have the 

benefit of being more tolerant to misalignments than inductive WPT systems [9].  

Low-power small air-gap capacitive WPT systems have been reported for biomedical and 

portable electronics applications [10]-[25]. More recently, high-power large air-gap capacitive 

WPT systems suitable for EV charging have also been explored [26]-[57]. Achieving high power 

transfer and high efficiency in these systems is challenging due to the large air-gap between the 

roadway and the vehicle chassis, and the limited area available underneath the chassis. These 

geometrical constraints result in a very small coupling capacitance 𝐶plate (typically of the order of 

a few pF) as illustrated in Fig. 1.2, which is difficult to efficiently compensate. This challenge is 

exacerbated by the presence of parasitic capacitances in the EV charging environment, which can 

overwhelm the coupling capacitance and severely degrade the power transfer capability and 

efficiency of capacitive WPT systems [37]. Furthermore, in kilowatt-scale capacitive wireless 

charging systems, it is necessary to evaluate and mitigate the risk of dielectric breakdown of air 

(i.e., arcing) that arises due to the high-strength electric fields generated in the vicinity of the 

coupler [48].  

Another major challenge in further improving the performance of capacitive WPT systems, 

particularly high-power-transfer-density systems operating at multi-MHz frequencies and 

  

Fig. 1.2: Small coupling capacitance due to the large air gap and limited area in a capacitive WPT system for EV 

charging. 

Roadway (R)

Vehicle Chassis (V)

Wheel Wheel

𝐶plate 𝐶plate
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transferring kilowatt-scale power [37], [45], [48], is to reduce losses in the inductors used in their 

matching networks [50], [54], [56]. The matching network inductors provide reactive 

compensation for the coupling capacitance. Since EV charging systems have large air-gaps, the 

coupling capacitance is small (a few pF in high-density systems), and in order to compensate this 

capacitance, relatively large-valued inductors (typically in the μH range) are required even at 

multi-MHz frequencies. At these frequencies it is challenging to realize such large inductances 

with sufficiently high-quality factor (i.e., low losses) for kilowatt-scale power transfer, while 

maintaining sufficiently high self-resonant frequency and small size. Furthermore, these inductors 

are typically implemented as air-core solenoidal structures, whose quality factor cannot be 

substantially improved without unfavorable tradeoffs with self-resonant frequency and size [56]. 

Hence, there is a need for magnetics design approaches that enable compact high-performance 

inductors for multi-MHz capacitive WPT systems. 

In practical implementations of capacitive WPT systems, it is imperative to maintain fringing 

electric fields below the prescribed safety limits [58]. Multiple capacitive WPT modules can be 

implemented in such a way as to maintain fringing electric fields within safety limits using near-

field phased-array field-focusing techniques [8], [40]. Additionally, for capacitive WPT 

technology to be widely adopted, several practical aspects need to be investigated, including how 

the performance of these systems is impacted by the presence of foreign objects, and how to 

efficiently rectify the wirelessly transmitted high-frequency power to the EV’s battery. 

The remainder of this thesis is organized as follows. Chapter 2 describes the architecture of 

capacitive WPT systems suitable for EV charging. This chapter also presents a proposed design 

methodology for capacitive WPT systems. Chapter 3 presents techniques for coupling-plate 

enhancements so as to alleviate arcing and enable higher power transfer levels. Chapter 4 examines 
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the limitations of conventional air-core inductors and introduces interleaved-foil inductors to 

improve system performance. Chapter 5 explores passive rectification for capacitive WPT 

systems. Chapter 6 examines the impact of foreign objects on capacitive WPT systems. Chapter 7 

presents the use of multiple capacitive WPT modules in a coordinated fashion to increase the 

power transfer while simultaneously lowering fringing electric fields. Finally, Chapter 8 

summarizes and concludes this work. 

Thesis Contributions 

This thesis presents a capacitive wireless power transfer (WPT) system for electric vehicle 

charging that achieves high efficiency and record-breaking power transfer density. This high 

performance is enabled by multi-MHz operation, innovatively designed matching networks, 

enhancements in the design of the capacitive coupling plates, and use of new interleaved-foil air-

core coupled inductors. The capacitive WPT system utilizes two pairs of metal plates separated by 

an air-gap as the capacitive coupler, and incorporates L-section matching networks to provide gain 

and reactive compensation. High efficiency and simplicity are achieved by eliminating the need 

for high-voltage capacitors, and instead utilizes the parasitic capacitances formed between the 

coupling plates and the vehicle chassis and roadway as part of the matching networks. A 

comprehensive design methodology for a capacitive WPT system is given that guarantees high 

performance by ensuring zero-voltage switching of the inverter transistors, and by selecting 

matching network component values to maximize efficiency. Coupling plate enhancements 

include the use of circular plates enveloped in a high-breakdown-strength dielectric material to 

alleviate arcing, allowing kilowatt-scale power transfer across a large air-gap. New toroidal 

interleaved-foil (TIF) inductors provide a better tradeoff between quality factor, size and self-

resonant frequency compared to conventional solenoidal inductors, making them suitable for 
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compactly and efficiently processing kilowatt-scale power at multi-MHz frequencies. A 13.56-

MHz, 12-cm air-gap prototype capacitive WPT system utilizing TIF inductors with a quality factor 

of 2055 in its matching networks is designed, built and tested. This system achieves record-

breaking performance for a capacitive EV charging system, transferring 3.75 kW with an 

efficiency of 94.7%, corresponding to a power transfer density of 49.4 kW/m2. A comparative 

study on different methods to compensate for the diode parasitic capacitance in a passive rectifier 

is performed. A prototype dc-dc system is designed, built and tested, transferring 774 W to the 

load with an efficiency of 81%. A study of the impact of foreign objects on a capacitive WPT 

system is performed (including metal, wood, plastic, and water), and the system’s performance is 

found to be significantly impacted only when water is in very close proximity (< 3 cm) to the 

coupling plates. A multi-module capacitive WPT system is built, wherein the adjacent modules 

are out-phased with respect to one another, achieving a fringing field reduction of 50% compared 

to its individual modules.  
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CHAPTER 2 

 

CAPACITIVE WPT SYSTEM ARCHITECTURE AND DESIGN 

The architecture of a capacitive WPT system suitable for EV charging is shown in Fig. 2.1. This 

system transfers power through the air by using two pairs of capacitively coupled plates, one pair 

embedded in the roadway, and the other pair embedded in the underside of the vehicle. An inverter 

converts the dc input voltage to high-frequency ac voltage, then the voltage is stepped up to a high 

level by a matching network (shown as 𝑣 in Fig. 2.1). This high voltage across the roadway-side 

coupling plates enables high power transfer across the air-gap with low displacement current 

(shown as 𝑖 in Fig. 2.1), and thus, low fringing electric fields, making the system meet electric 

field safety limits [58]. On the vehicle side, a matching network steps the voltage down to the level 

necessary to charge the EV battery. Additionally, both matching networks provide reactive 

compensation for the coupling plate’s capacitive reactance. Finally, a rectifier interfaces the 

system to the EV’s battery. An example implementation of the capacitive WPT architecture of Fig. 

2.1 utilizing full-bridge inverter and rectifier structures and L-section matching networks is shown 

in Fig. 2.2. 

  

 
Fig. 2.1. Architecture of a large air-gap capacitive WPT system suitable for EV charging applications. The system 

comprises two pairs of coupling plates, a high-frequency inverter and rectifier, and matching networks that provide 

voltage or current gain and reactive compensation. 
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Modeling and Absorption of Parasitic Capacitances 

In an actual EV charging environment, there are several parasitic capacitances between the 

coupling plates and the vehicle chassis and roadway. The physical manifestation of these 

capacitances is illustrated in Fig. 2.3. These parasitic capacitances can be of the same order of 

magnitude as the coupling capacitance 𝐶plate, and hence, must be accounted for in the system’s 

design to ensure effective power transfer across the coupling plates. A circuit schematic of the 

capacitive WPT system incorporating these parasitic capacitances is shown in Fig. 2.4(a). These 

parasitic capacitances can be absorbed into the matching networks of the system by circuit 

symmetry, wherein the matching network inductors are split into two equal halves, one placed in 

the forward path and the other in the return path, shown in Fig. 2.4(b). This symmetry enforces 

zero volts across the vehicle-to-road capacitance 𝐶rv, the road-to-inverter-ground capacitance 

𝐶rgnd, and the vehicle-to-rectifier-ground capacitance 𝐶vgnd, nullifying their effect. The complex 

network of parasitic capacitances can then be reduced to a 4-capacitance network through series 

 
Fig. 2.2. Example implementation of the capacitive WPT system of Fig. 2.1. 

+

-

Matching 
Network
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Fig. 2.3. Parasitic capacitances in an actual EV charging environment. 
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and parallel combinations of the capacitances and by using two-port network theory [52], as shown 

in Fig. 2.4(c). Here, 𝐶s(= 𝐶plate − 𝐶d) is the equivalent series capacitance, and the equivalent 

parallel capacitances 𝐶p1 (= 𝐶pp +
𝐶pr

2
+
𝐶pv′

2
+ 𝐶d) and 𝐶p2 (= 𝐶pp +

𝐶pv

2
+
𝐶pr′

2
+ 𝐶d), which 

arise from the parasitic capacitances, are used to entirely realize the matching network 

capacitances. This eliminates the need for on-board capacitors that are prone to dielectric 

breakdown, thereby simultaneously increasing reliability and performance while reducing cost. 

The matching network capacitance values required in the system of Fig. 2.4(c) can be achieved by 

controlling the distances between the coupling plates and the vehicle chassis and roadway. 

  

 
(a) 

 
(b) 

 
(c) 

Fig. 2.4. Circuit schematic of the capacitive WPT system: (a) incorporating parasitic capacitances where nodes 𝑉 

and 𝑅 represent the vehicle chassis and road respectively, (b) equivalent circuit model arising from symmetrically 

splitting the inductors, and (c) equivalent 4-capactance network with parasitic capacitances comprising the matching 

network capacitances. 
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System Design 

The two L-section matching networks of Fig. 2.4(c) are designed to provide voltage or current 

gain, and to compensate for the capacitive reactance of the coupling plates. An analytical 

framework for designing L-section matching networks that provide both gain and compensation 

was introduced in [31], [44]. The work in [34] provides constraints on realizable inductance values 

for these matching networks, based on achievable inductor quality factors and self-resonant 

frequencies. This work leverages the analytical framework of [31] and combines it with the 

practical guidelines of [34] to develop a systematic design methodology for determining the 

optimal inductance and capacitance values that maximize the matching network efficiency. Under 

the analytical framework described in [31], an L-section network is characterized by three 

quantities: its current gain 𝐺i, defined as 𝐺i =
|𝐼out|

|𝐼in|
 , where |𝐼out| and |𝐼in| are the amplitudes of 

the output and input currents of the network, respectively; its load impedance characteristic 𝑄load, 

defined as 𝑄load =
𝑋load

𝑅load
 ,  where 𝑋load and 𝑅load are the imaginary and real parts of the load 

impedance, respectively; and its input impedance characteristic 𝑄in, defined as 𝑄in =
𝑋in

𝑅in
, where 

𝑋in and 𝑅in  are the imaginary and real parts of the input impedance, respectively. These quantities 

are illustrated for the road-side and vehicle-side matching networks of the capacitive WPT system 

of Fig. 2.4(c) in Fig. 2.5(a) and Fig. 2.5(b), respectively. Note that since the road-side network 

provides a step-up in voltage, its current gain 𝐺i is less than 1; similarly, for the vehicle-side 

network, 𝐺i is greater than 1. Furthermore, the compensation provided by the two networks is 

captured by their impedance characteristics (𝑄in’s and 𝑄load’s). Assuming that the losses in the 

matching networks of the capacitive WPT system of Fig. 2.4(c) are dominated by the losses in the  
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inductors, the efficiencies of the road-side and vehicle-side networks can be well-approximated in 

terms of their current gains and impedance characteristics as [31], [44]: 

𝜂𝑟 ≈ 1 −

1

𝐺i,r
√(1−𝐺i,r

2 )+𝑄load,r
2 +𝑄in,r

𝑄L
 ,       (2.1a) 

𝜂𝑣 ≈ 1 −

𝐺i,v√(1−
1

𝐺i,v
2 )+𝑄in,v

2 −𝑄load,v

𝑄𝐿
 .       (2.1b) 

Here, 𝐺i,r and 𝐺i,v are the current gains, 𝑄in,r and 𝑄in,v are the input impedance characteristics, and 

𝑄load,r and 𝑄load,v are the load impedance characteristics of the road-side and vehicle-side 

matching networks, respectively, and 𝑄L is the unloaded quality factor of the inductors, given by: 

𝑄L =
2𝜋𝑓s𝐿

𝑅L
, where 𝑓s is the operating frequency of the system, 𝐿 is the inductance and 𝑅L is the ac 

resistance of the inductor, quantifying its winding and core losses at the operating frequency. Using 

(2.1a) and (2.1b), and assuming similar quality factors for the road-side and vehicle-side inductors, 

the overall efficiency of the two matching networks can be approximated as: 

𝜂tot ≈ 1 −

1

𝐺i,r
√(1−𝐺i,r

2 )+𝑄load,r
2 +𝑄in,r+𝐺i,v√(1−

1

𝐺i,v
2 )+𝑄in,v

2 −𝑄load,v

𝑄L
 .           (2.2) 

  
(a) (b) 

Fig. 2.5. Characterization of L-section matching networks that provide gain and compensation: (a) road-side 

network, and (b) vehicle-side network. 
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The design methodology presented here attempts to maximize the overall matching network 

efficiency 𝜂tot by optimally selecting the current gains and impedance characteristics of the two 

matching networks, while also ensuring that the inverter of the capacitive WPT system is 

sufficiently inductively loaded to achieve zero-voltage switching (ZVS) of the inverter transistors. 

To minimize circulating currents, only the minimum inductive loading required for ZVS is desired. 

To better understand this, consider Fig. 2.6, which illustrates the high-to-low transition of the 

switch-node voltage of the full-bridge inverter of the capacitive WPT system of Fig. 2.4(c).  It can 

be seen from Fig. 2.6(b) that the switch-node current is positive during this transition, enabling the 

output capacitances of the transistors 𝑄2 and 𝑄3 to be discharged. The amount of charge required 

to fully discharge these output capacitances, and hence achieve ZVS, is given by: 

𝑞ZVS = 2𝐶oss𝑉IN.         (2.3) 

Here, 𝐶oss is the linear charge-equivalent output capacitance of the inverter transistors, determined 

from the 𝐶oss data in the transistor datasheet, and 𝑉IN is the dc input voltage of the inverter. The 

ZVS-enabling charge given by (2.3) must be provided by the switch-node current. The maximum 

charge that the switch-node current can provide is illustrated in Fig. 2.6(b), and can be 

mathematically expressed as: 

 

 
(a) (b) 

Fig. 2.6. High-to-low transition of the full-bridge inverter of the capacitive WPT system: (a) switch states during 

the transition, and (b) switch-node voltage and current demonstrating ZVS operation. The charge 𝑞 𝑣  represents 

the maximum charge available in the switch-node current to discharge the output capacitances of the inverter 

transistors 𝑄2 and 𝑄3. 
 

+
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𝑞avl =
𝐼pk

2𝜋𝑓s
(1 − cos𝜙).          (2.4) 

Here, 𝐼pk is the peak of the switch-node current, and 𝜙 is the phase lag of the switch-node current 

with respect to the switch-node voltage. To achieve ZVS with minimal circulating current, the 

available charge given by (2.4) must equal the charge required for ZVS given by (2.3).  By relating 

the peak of the switch-node current 𝐼pk to the input voltage 𝑉IN and output power 𝑃OUT, this results 

in the following constraint on the phase shift 𝜙: 

𝜙 = cos−1
1

1+
8𝐶oss𝑉IN

2 𝑓s

𝑃OUT

 .          (2.5) 

The phase shift constraint of (2.5) corresponds to a constraint on the input impedance characteristic 

of the road-side matching network, 𝑄in,r, which can be expressed as: 

𝑄in,r =
𝑋in,r

𝑅in,r
= tan𝜙 = tan (cos−1

1

1+
8𝐶oss𝑉IN

2 𝑓s

𝑃OUT

 ) .      (2.6) 

Using fundamental frequency analysis, the full-bridge rectifier of the capacitive WPT system of 

Fig. 2.4(c) can be modeled as an equivalent resistance, given by: 

𝑅rec = 𝑅load,v =
8

𝜋2
𝑉BATT
2

𝑃OUT
.              (2.7) 

Here, 𝑉BATT is the voltage of the EV battery, and 𝑅load,v is the load resistance of the vehicle-side 

matching network, which is the same as the equivalent resistance presented by the rectifier 𝑅rec 

(see Fig. 2.4(c)). Therefore, the load impedance of the vehicle-side matching network is purely 

resistive, resulting in the following design equation: 

𝑄load,v =
𝑋load,v

𝑅load,v
= 0.        (2.8) 
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An additional design constraint arises from the requirement that the voltage across the coupling 

plates must be limited to a value that prevents the fringing electric fields from exceeding safety 

limits [31]. This constraint can be expressed using the following relationships: 

𝐺i,r =
|𝐼plate|

|𝐼in,r|
= 

2𝜋𝑓s𝐶plate|𝑉plate|

𝜋

2

𝑃OUT
𝑉IN𝑐𝑜𝑠𝜙

,              (2.9a) 

𝐺i,v =
|𝐼out,v|

|𝐼plate|
= 

𝜋

2

𝑃OUT
𝑉BATT

2𝜋𝑓s𝐶plate|𝑉plate|
.              (2.9b) 

Here, 𝐼plate and �̂�plate  are phasor representations of the safety-limited displacement current and 

voltage across the coupling plates, respectively, 𝐶plate is the effective coupling capacitance (see 

Fig. 2.4), 𝐼in,r is the input current of the road-side matching network expressed in phasor domain, 

and 𝐼out,v is the output current of the vehicle-side matching network in phasor domain. Note that 

the phase shift 𝜙 in (2.9a) is computed using (2.5). Finally, the load impedance characteristic of 

the road-side network 𝑄load,r is related to the input impedance characteristic of the vehicle-side 

network 𝑄in,r by the coupling plate capacitance, and the current gain and load resistance of the 

vehicle-side network, as: 

𝑄in,v −𝑄load,r =
1

(2𝜋𝑓s
𝐶plate

2
)(𝐺i,v

2 𝑅load,v)
 .     (2.10) 

The proposed design methodology proceeds as follows: given the required output power 𝑃OUT, 

EV battery voltage 𝑉BATT, coupling capacitance 𝐶plate, safety-limited coupling plate voltage �̂�plate 

and operating frequency 𝑓s, the input impedance characteristic of the road-side network, the load 

impedance characteristic of the vehicle-side network, and the current gains of the two networks 

are determined using (2.6), (2.8) and (2.9), respectively. The load impedance characteristic of the 

road-side network, 𝑄load,r, is then swept iteratively over a wide range. For each value of 𝑄load,r, 

the corresponding value of the input impedance characteristic of the vehicle-side network 𝑄in,v is 
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computed using (2.10) and (2.7), and the required inductance and capacitance values of the two 

matching networks are obtained using the following expressions: 

𝐿1 =
(𝐺i,r √(1−𝐺i,r

2  )+𝑄load,r
2  +𝐺i,r

2 𝑄in,r)𝐺i,v
2 𝑅load,v

2𝜋𝑓s 
.          (2.11a) 

𝐶p1 =
1−𝐺i,r

2

2𝜋𝑓s (𝐺i,r √(1−𝐺i,r
2  )+𝑄load,r

2   −𝐺i,r
2  𝑄load,r  )𝐺i,v

2 𝑅load,v

.     (2.11b) 

𝐿2 =
(√(𝐺i,v

2 −1)+𝐺i,v
2 𝑄in,v

2 −𝑄load,v)𝑅load,v

2𝜋𝑓s 
.      (2.12a) 

𝐶p2 =
1−

1

𝐺i,v
2

2𝜋𝑓𝑠 (√(𝐺i,v
2 −1)+𝐺i,v

2 𝑄in,v
2   +𝑄in,v)𝑅load,v

.         (2.12b) 

The inductors are then designed as single-layer air-core solenoids using the guidelines provided 

in [34]. Inductor designs that have quality factors below 250 and self-resonant frequencies below 

three times the operating frequency (< 3𝑓 ) are discarded. For the remaining feasible designs, the 

overall matching network efficiency is computed using (2.2). This procedure identifies the most 

efficient feasible design of the matching networks of the capacitive WPT system of Fig. 2.4(c), 

and ensures ZVS of the inverter transistors with minimal circulating currents. 

Experimental Results 

Two prototype 6.78-MHz 12-cm air-gap capacitive WPT systems designed using the procedure 

outlined in the previous section have been built and tested. The prototype systems are similar to 

the one shown in Fig. 2.4(c), with one difference being that the rectifier input is modeled and 

implemented as a resistor. A photograph of the first prototype capacitive WPT system is shown in 

Fig. 2.7. The coupling plates visible in Fig. 2.7(a) have dimensions of 17.68 cm × 17.68 cm, 

resulting in a total coupling plate area of 625 cm2. The plates are implemented using 1 oz. copper 
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pour in a printed circuit board (PCB). The two large metal sheets in Fig. 7(b) are aluminum sheets 

that mimic the vehicle chassis and the road. The inductance and capacitance values used in the 

matching networks of the first prototype system are shown in Table 2.1.  The matching network 

capacitances are fully realized using the parasitic plate-to-road and plate-to-chassis capacitances. 

The required values for these capacitances  are obtained by adjusting the distance between the 

coupling plates and the aluminum sheets shown in Fig. 2.7. The matching network inductors are 

implemented as single-layer air-core solenoids with quality factors greater than 250, and self-

resonant frequencies greater than 20 MHz. Enhancement-mode GaN FETs (650-V 15-A GaN 

Systems GS66504B) are used to implement the full- bridge inverter, which operates at a switching 

frequency of 6.78 MHz. Figure 2.8 shows the measured waveforms of the prototype capacitive 

WPT system delivering 193 W of output power. It is apparent from Fig. 2.8(a) that the minimum 

  
(a) (b) 

Fig. 2.7. Photograph of the first prototype capacitive WPT system showing: (a) 17.68 cm × 17.68 cm coupling 

plates, and (b) complete system with metal sheets mimicking the vehicle chassis and road. 

 

 

  
(a) (b) 

Fig. 2.8. Measured waveforms for the prototype capacitive WPT system: (a) inverter output voltage and current, 
and (b) voltage across the load resistor.  

 

Inverter Leading-Leg Output Voltage

Inverter Output Current

Output Voltage

TABLE 2.1. COMPONENT VALUES USED IN THE TWO PROTOTYPE CAPACITIVE WPT SYSTEMS 

 𝐶plate [pF] 𝐿1 [µH] 𝐿2 [µH] 𝐶p1 [pF] 𝐶p2 [pF] 𝑅load [Ω] 

First Prototype 1.8 44 44 14.2 14.2 42 

Second Prototype 0.88 62.9 62.9 9.58 9.58 46.6 
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inductive loading required for ZVS of the inverter transistors is achieved. The prototype system 

achieves an efficiency of 90% and a power transfer density of 3 kW/m2. This high performance is 

majorly attributable to the design procedure described earlier, and to a careful implementation of 

the air-core inductors to ensure that the designed quality factors and self-resonant frequencies are 

achieved in practice. An estimated loss breakdown of this prototype capacitive WPT system when 

operating at an output power of 193 W is shown in Fig. 2.9. It can be seen that the inductors 

account for the majority of the power losses in this system. 

The second prototype capacitive WPT system is designed for higher power and higher power 

transfer density operation. To achieve higher power transfer density, the coupling plates in the 

second prototype are designed to be 52% smaller than the first prototype, with dimensions of 12.25 

cm × 12.25 cm, resulting in a total coupling plate area of 300 cm2, and an effective coupling 

capacitance 𝐶plate of 0.88 pF. To be able to transfer higher power levels, this prototype utilizes 

higher current rated GaN FETs (650-V 22.5-A GaN Systems GS66506T). These FETs have a 

larger output capacitance than those used in the first prototype. The matching network design for 

the second prototype is appropriately modified to account for the smaller plate size and larger 

output capacitance, and the resultant inductance and capacitance values are listed in Table 2.1. The 

matching network capacitances in this system are also fully realized using the parasitic 

 
Fig. 2.9. Estimated loss breakdown of the first prototype capacitive WPT system when operating at 193 W of 

power transfer. 

FET Conduction
4%FET Gating

2%

FET Switching
12%

Inductors
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capacitances, and the matching network inductors are again implemented as single-layer air-core 

solenoids with quality factors greater than 250 and self-resonant frequencies greater than 20 MHz. 

A photograph of the second prototype capacitive WPT system is shown in Fig. 2.10. It can be seen 

that the coupling plates in this system are implemented using bare copper sheets, eliminating the 

losses and dielectric breakdown risk associated with the FR4 used in the PCB coupling plates of 

the first prototype. Figure 2.11 shows the measured waveforms of the second capacitive WPT 

system delivering 557 W of output power. It is apparent from Fig. 2.11(a) that this system also 

achieves ZVS of the inverter transistors. An estimated loss breakdown of this prototype system 

when operating at 557 W of power transfer is presented Fig. 2.12, indicating again that the 

matching network inductors are the major loss contributors. This prototype capacitive WPT system 

achieves an efficiency of 82%, and a power transfer density of 18.5 kW/m2. 

 

 
Fig. 2.10. Photograph of the second prototype capacitive WPT system with 12.25 × 12.25 cm coupling plates 

and metal sheets mimicking the vehicle chassis and the road. 

 

  
(a) (b) 

Fig. 2.11. Measured waveforms for the second prototype capacitive WPT system: (a) dc input voltage, inverter 
output voltage and current, and (b) voltage across the load resistor and dc input current.  

 

 

Input Voltage Inverter Output Current

Inverter Lagging-Leg

Output Voltage

Inverter Leading-Leg 

Output Voltage
Output Voltage

Input Current
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Fig. 2.12. Estimated loss breakdown of the second prototype capacitive WPT system when operating at 557 W 

of power transfer. 
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CHAPTER 3 

 

CAPACITIVE WPT SYSTEM COUPLING PLATE ENHANCEMENTS 

A major challenge in achieving high power transfer levels in capacitive WPT systems for EV 

charging is the risk of arcing due to the high voltages created between the coupling plates and the 

vehicle chassis, and the coupling plates and the roadway. Arcing creates a short circuit through the 

air which can lead to system failure and potential component damage. An effective approach to 

alleviating the risk of arcing is to cover the coupling plates by a material that has high dielectric 

breakdown strength. In this work, polytetrafluoroethylene (PTFE), also known as Teflon, is chosen 

for its high breakdown strength of >20 MV/m (which is more than six times higher than that of 

air), and for its low dissipation factor at MHz frequencies [60]. Photographs of a square-shaped 

coupling plate covered by a layer of PTFE are shown in Fig. 3.1. Since PTFE has a dielectric 

constant of 2.1, and it completely covers one side of the coupling plate (see Fig. 3.1(a)), adding 

the PTFE covering may significantly change the capacitance between the coupling plate and the 

vehicle-chassis, and between the coupling plate and the roadway. This capacitance contributes a 

major fraction of the matching network capacitances 𝐶p1 and 𝐶p2 in the capacitive WPT system 

  
(a) (b) 

Fig. 3.1: Photographs of a square-shaped coupling plate enveloped in PTFE: (a) side facing the vehicle 

chassis/roadway, and (b) side facing the other pair of coupling plates across the air gap. 
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of Fig. 2.4(c). Since the matching networks provide relatively large gain, they have relatively high 

loaded quality factors and are sensitive to changes in component values. Therefore, it is important 

that the change in capacitance caused by the PTFE covering is quantified. The variation in the 

vehicle-to-plate capacitance 𝐶pv and road-to-plate capacitance 𝐶pr (of Fig. 2.4(a)) as a function of 

the thickness of the PTFE layer used to cover the coupling plates is shown in Fig. 3.2. It can be 

seen that for PTFE thicknesses less than 500 μm, the capacitances 𝐶pv and 𝐶pr change by less than 

3.5% compared to their value without PTFE. For the prototype capacitive WPT systems described 

in the next section, a 254-µm thick layer of PTFE is utilized (the red marker in Fig. 3.2), which 

changes the capacitances 𝐶pv and 𝐶pr by only 1.74%; hence, minimally impacting the electrical 

behavior of these systems. Note that a thicker PTFE layer could result in higher dielectric losses, 

so it is desirable to use the thinnest covering possible that prevents arcing from occurring. 

To demonstrate the benefits of utilizing PTFE, Ansys HFSS models of 150-cm2 coupling plates 

are created which are square shaped, PTFE-enveloped square shaped, and PTFE-enveloped 

circular shaped, as shown in Fig. 3.3(a)-(c). Simulations are performed to obtain the E-field 

strength in the vicinity of the plates at excitation levels corresponding to 1200 W of power transfer,  

 
Fig. 3.2: The vehicle-to-plate and road-to-plate capacitances 𝐶pv and 𝐶pr as a function of the thickness of the PTFE 

layer used to envelope the coupling plates. The red marker indicates the 254-µm thick PTFE layer used in the 

prototype capacitive WPT systems. 
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(a) 

 
(b) 

 
(c) 

Fig. 3.3: Simulation of E-field strength when the coupling plate excitation level corresponds to 1200 W of power 

transfer for: (a) square plates, (b) PTFE-enveloped square plates, and (c) PTFE-enveloped circular plates. 
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(a) 

 
(b) 

 
(c) 

Fig. 3.4: Side view of E-field strength when the coupling plate excitation level corresponds to 1200 W of power 

transfer for: (a) square plates, (b) PTFE-enveloped square plates, and (c) PTFE-enveloped circular plates. 

 



23 

 

both for bare copper plates and for plates covered by PTFE, as shown in Fig. 3.4.  Figure 3.4(a) 

shows a zoomed-in side-view of one of the bare copper plates.  It can be seen that near the corner 

of the plate, where the concentration of electric charge is maximum, the E-field strength exceeds 

3 MV/m (as indicated by the red portion of the scale); hence, resulting in the dielectric breakdown 

of air. A similar view of the plate when covered by 254-μm of PTFE is shown in Fig. 3.4(b). The 

3 MV/m maximum E-field strength near the corner of the plate is now contained within the PTFE, 

and the E-field in the air outside of the PTFE is reduced to 2.4 MV/m (yellow portion of the scale), 

enabling higher power transfer levels before arcing.  

 As discussed above, the E-field strength, and hence, the risk of arcing is highest near the corner 

of the coupling plates, both with and without PTFE (see Fig. 3.4(a) and (b)). Therefore, arcing is 

most likely to occur at these corners (which is also experimentally validated later). To further 

alleviate arcing and achieve even higher power transfer levels, it is preferable to utilize corner-free 

coupling plates – for example, elliptical or circular plates. By avoiding corners, such shapes exhibit 

a more even distribution of charge, and hence, lower peak E-fields in the vicinity of the coupling 

plates. This has also been verified in simulation. As an example, a zoomed-in side-view of 150-

cm2 circular coupling plates covered by 254-μm PTFE is shown in Fig. 3.4(c). The edges of the 

plates now have a peak E-field strength of 1.2 MV/m (green portion of the scale). Compared to 

PTFE-covered square plates, this represents a factor-of-two reduction, and hence, proportionally 

higher power transfer capability. 

Prototype Design and Experimental Results 

A series of prototype 6.78-MHz 12-cm air-gap capacitive WPT systems are built and tested to 

validate the above-described coupling plate designs. These prototype systems have a circuit 

schematic similar to that shown in Fig. 2.4(c), with one difference being that the rectifier and 
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battery are emulated by a resistive load. A photograph of the prototype system with PTFE-covered 

square coupling plates is shown in Fig. 3.5. The large aluminum sheets visible in Fig. 3.5 are used 

to mimic the vehicle chassis and the road, and the distance between these sheets and the coupling 

plates (seen between the sheets) is controlled to realize the desired matching network capacitances. 

The inverter is constructed using 650-V 30-A GaN Systems GS66508T enhancement-mode GaN 

transistors. The matching network inductors are realized as single-layer air-core solenoids. Due to 

the 25 µm skin depth (𝛿 = √
𝜌

𝜋𝑓𝜇0
) at 6.78 MHz, the inductors are wound with foil wire to 

minimize winding loss. Measured component details of the prototype systems are provided in 

Table 3.1. 

To validate the PTFE-covered circular-plate design, a series of prototype capacitive WPT 

systems are designed, built and tested. The first prototype system utilizes 150-cm2 bare-copper 

square-coupling plates. This system transfers up to 146 W at an efficiency of 84%, achieving a 

power transfer density of 4.9 kW/m2 before arcing occurs between the coupling plates and the 

TABLE 3.1. SELECT MEASURED CIRCUIT PARAMETERS OF THE PROTOTYPE CAPACITIVE WPT SYSTEMS 

Plate Area 

[cm2] 

𝐶s 
[pF] 

𝐶p1 & 𝐶p2 

[pF] 

𝐿1 & 𝐿2  

[µH] 

𝑅ac,L1 & 𝑅ac,L2 

[Ω] 

𝑅load 

[Ω] 

150 0.88 9.58 53 3.75 45 

118 0.7 7.95 69.2 4.34 45 

 

 
Fig. 3.5: Photograph of the prototype capacitive WPT system with PTFE-enveloped square-copper coupling plates. 

The aluminum sheets model the vehicle chassis and roadway. 

Coupling Plates

Vehicle Chassis

Roadway
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vehicle chassis, as shown in Fig. 3.6. The second prototype system covers the 150-cm2 square-

coupling plates in a 254-µm thick layer of PTFE, as shown in Fig. 3.1. This system transfers up to 

590 W at an efficiency of 88.4%, achieving a power transfer density of 19.7 kW/m2 before arcing 

occurs again. The third prototype system replaces the square-coupling plates with circular coupling 

plates having the same 150-cm2 area (13.8-cm diameter), also covered in a 254-µm thick layer of 

PTFE, as shown in Fig. 3.7.  This design transfers up to 1125 W at an efficiency of 85%, achieving 

a record power transfer density of 37.5 kW/m2. Additionally, this circular plate design achieves a 

peak efficiency of 89.4% at 700 W of power transfer. To push the power transfer density even 

higher, a fourth prototype system with 118-cm2 circular (12.25-cm diameter) coupling plates 

 
Fig. 3.6: Photograph of the dielectric breakdown of air (i.e., arcing), between the coupling plates and the vehicle 

chassis. 

  
(a) (b) 

Fig. 3.7: Photographs of a circular-shaped coupling plate enveloped in PTFE: (a) side facing the vehicle 

chassis/roadway, and (b) side facing the other pair of coupling plates across the air gap. 
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covered by 254-µm thick PTFE is constructed. This system transfers up to 1217 W at an efficiency 

of 74.7%, achieving a power transfer density of 51.6 kW/m2, which to the authors’ best knowledge 

is the highest power transfer density of any reported large air-gap capacitive WPT system. 

Measured waveforms of the prototype system transferring 1217 W are shown in Fig. 3.8. It can be 

seen from Fig. 3.8(a) that the inverter operates with zero-voltage switching (ZVS). A plot of 

efficiency versus output power for all four prototype systems is shown in Fig. 3.9. The system 

utilizing the 150-cm2 circular plates covered by PTFE has the best performance in terms of 

efficiency. 

 

 

 
(a) 

 
(b) 

Fig. 3.8: Measured waveforms of the prototype WPT system operating at 1217 W: (a) inverter switch node voltages 

and currents operating with ZVS, and (b) system input voltage and current, and output voltage. 

Leading-Leg Voltage Lagging-Leg Voltage

Leading-Leg Current Lagging-Leg Current

Input CurrentInput Voltage

Output Voltage
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Fig. 3.9: Plot of efficiency versus power transfer for the prototype capacitive WPT systems utilizing: bare-copper 

150-cm2 square (blue triangle), PTFE enveloped 150-cm2 square plates (red diamond), PTFE enveloped 150-cm2 

circular plates (green circle), and PTFE enveloped 118-cm2 circular plates (magenta square). 
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CHAPTER 4 

 

CAPACITIVE WPT SYSTEM MATCHING-NETWORK INDUCTORS 

The majority of the losses in a capacitive WPT system, shown in Fig. 4.1(a), come from the 

winding losses in the matching networks’ air-core inductors [37]. To reduce winding losses, the 

two inductors of each matching network can be coupled together, as shown in Fig. 4.1(b). Coupling 

the windings with the shown dot polarities causes the flux in one inductor to reinforce the flux in 

the other, which increases the overall inductance. Therefore, fewer turns are necessary to achieve 

the required inductance, leading to a reduction in winding losses. In [45], a capacitive WPT system 

with coupled inductors (as in Fig. 4.1(b)) was shown to have significantly higher performance than 

one with symmetrically split but uncoupled inductors (as in Fig. 4.1(a)). The coupled inductors in 

[45] were wound on a solenoidal structure, with the two windings placed side-by-side on a 

common tube, resulting in strong coupling and a near-doubling of effective inductance. However, 

as mentioned earlier, solenoidal inductors suffer from undesirable tradeoffs between quality factor, 

 
(a) 

 
(b) 

Fig. 4.1: Capacitive WPT system utilizing (a) split inductors, and (b) coupled inductors. 

+

-

+

-
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size and self-resonant frequency. In order to understand these limitations better, a systematic study 

of solenoidal coupled inductors is conducted next.  

For the subsequent discussion, the phrase “coupled inductor” is shortened to “inductor”. The 

inductance and ac resistance (assuming only skin effect) of all the inductors studied in this work 

can be approximately expressed as: 

𝐿 ≈
𝜇0𝑁

2𝜋𝐷2

4𝑙L
,                   (4.1) 

and 

 𝑅𝑎𝑐 ≈
𝑁√𝜌𝜋𝑓𝜇0(𝐷

2𝜋2+(𝑚𝑤+𝑠)2)

𝑚𝑤
.              (4.2) 

Here, 𝜇0 is the permeability of free space, 𝑁 is the total number of turns (including both coupled 

windings), 𝐷 is the diameter of the circular tube over which the inductor is wound, 𝑙L is the mean 

length of the tube encompassed by the windings, 𝜌 is the resistivity of copper, 𝑓 is the operating 

frequency, 𝑤 is the width of the foil wire used to wind the inductor, 𝑠 is the edge-to-edge spacing 

between consecutive turns of the wire, and 𝑚 is a factor that depends on the number of paralleled 

wires and the method of paralleling. The inductor quality factor is computable from (4.1) and (4.2) 

using the well-known formula:  

 𝑄L =
2𝜋𝑓𝐿

𝑅ac
.            (4.3) 

For solenoidal inductors, the length 𝑙L  needed to determine the inductance in (1) can be obtained 

from: 

 𝑙L,solenoid = 𝑚𝑁𝑤 + (𝑁 − 1)𝑠.               (4.4) 

The above expressions are derived in Appendix A. 

An example solenoidal coupled inductor is shown in Fig. 4.2. The left half of the solenoid 

realizes the first inductor winding, and the right half realizes the second inductor winding. A 
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typical current distribution profile of this inductor when excited with a 13.56-MHz current, 

obtained from the finite-element analysis (FEA) tool Ansys HFSS, is shown on the right in Fig. 

4.2. As can be seen, the current is concentrated towards the bottom of the wire – close to the strong 

magnetic field inside the solenoid – in a layer whose thickness approximately equals the skin depth. 

The ac resistance of this inductor can be computed using (4.2), with the paralleling factor 𝑚 = 1. 

A possible way to reduce this inductor’s ac resistance is to add another insulated wire in parallel, 

with the second wire stacked on top of the first (thus creating a two-layer winding), as shown in 

Fig. 4.3. This configuration does not increase the inductor’s size (apart from the increase in total 

wire thickness, which is typically negligible compared to the inductor dimensions); however, it 

proves to be ineffective in reducing ac resistance since the high-frequency current does not 

distribute equitably between the two paralleled wires. Most of the current still flows in the skin-

depth-thick layer at the bottom of the first wire, while the second wire carries negligible current, 

as shown on the right in Fig. 4.3. Hence, the ac resistance of this inductor is still approximately 

the same as the unparalleled inductor, and is given by (4.2) with the paralleling factor 𝑚 = 1. 

 
Fig. 4.2: An example solenoidal coupled inductor: HFSS model (on the left), and current distribution profile on a 

cross-section of winding (on the right). 

 
Fig. 4.3: Solenoid coupled inductor with two paralleled insulated wires stacked on top of one another: HFSS model 

with the two wires shown in red and blue (on the left), and current distribution in a cross-section of the windings, 

showing that almost no current flows through the outer wire (on the right). 
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A more effective way to reduce ac resistance is to re-wind the inductor such that the two 

paralleled wires are laterally adjacent (i.e., in the same layer), as shown in Fig. 4.4. In this 

configuration the two wires share the high-frequency current in a balanced manner, as shown on 

the right in Fig. 4.4, hence, reducing ac resistance. This is analytically captured in (4.2) with the 

paralleling factor 𝑚 = 2. However, the reduction is offset by an increase in the inductor length 𝑙L 

compared to the unparalleled inductor, due to the additional space required by the second wire 

(assuming the wire width remains the same as the unparalleled case). Thus, in order to maintain 

the same inductance, the number of turns 𝑁 and/or the tube diameter 𝐷 must be increased (see 

(4.1)). These changes increase the wire length, and hence, the ac resistance, counteracting the 

benefit of paralleling. Furthermore, the paralleled-wire inductor is larger owing to the increase in 

length and/or diameter. These trends continue as more wires are paralleled in a laterally adjacent 

manner.  

To illustrate these tradeoffs, five solenoidal inductors realizing the same inductance are built. 

The first inductor is wound with unparalleled wire, the second inductor with two paralleled wires 

in a stacked configuration (termed 2p-stacked), and the remaining three inductors with two, three 

and four paralleled wires in laterally adjacent configurations (termed 2p-lateral, 3p-lateral, and 4p-

lateral, respectively). Photographs of these inductors are shown in Fig. 4.5 and details of their 

construction are provided in Table 4.1. The tube diameters of these inductors are selected based 

 
Fig. 4.4: Solenoid coupled inductor with two parallel laterally adjacent wires: HFSS model (on the left), and current 

distribution in a cross-section of the windings, showing that current is shared in the paralleled wires in a balanced 

manner (on the right). 
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on available PVC tube sizes, and their aspect ratios (i.e., ratio of length to tube diameter) are kept 

between 2.5:1 and 4.5:1 based on the design approach presented in [68]. The quality factors of 

these inductors can be evaluated using (4.1)-(4.4), with 𝑚 = 1, 1, 2, 3 and 4, respectively. These 

analytically predicted quality factors for an operating frequency of 13.56 MHz are shown in Fig. 

4.6, along with corresponding values from FEA simulations and from measurements made using 

an impedance analyzer. The analytical results in Fig. 4.6 match well with FEA-simulated and 

 
Fig. 4.5: Photograph of solenoidal coupled inductors. Left-most solenoid is the two-paralleled-wire stacked solenoid 

(and is also the unparalleled-wire solenoid when the outer wire is removed). To its right is the two-paralleled-wire 

laterally-adjacent solenoid, followed by the three-paralleled-wire laterally-adjacent solenoid, and finally the four-

paralleled-wire laterally-adjacent solenoid. 

2pStk

2pLat

3pLat 4pLat

TABLE 4.1. GEOMETRICAL PARAMETERS OF SOLENOIDAL INDUCTORS HAVING AN INDUCTANCE OF 5.5 𝜇H 

 Unparalleled-1 2p-stacked 2p-lateral 3p-lateral 4p-lateral Unparalleled-2 Unparalleled-3 

𝑁 16 16 13 15 14 16 16 

𝐷 6 cm 6 cm 8.9 cm 8.9 cm 11.4 cm 6 cm 6 cm 

𝑠 2.2 mm 2.2 mm 4.6 mm 2.5 mm 4.3 mm 0.1 mm 5 mm 

𝑤 7.1 mm 

 

 
Fig. 4.6: Analytically predicted, FEA-simulated and measured quality factor of the five solenoidal inductors of  

Fig. 4.5 at 13.56 MHz. 
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measured results for the unparalleled and 2p-stacked inductors, reinforcing the conclusion that 

stacking is ineffective. The analytical results also suggest that the laterally adjacent configurations 

can progressively improve quality factor, provided the substantial size increase is allowed (evident 

in Fig. 4.5). However, the FEA-simulated and measured results indicate that even with such 

enlargements, the improvement in quality factor reaches a point of diminishing returns beyond the 

2p-lateral inductor, and in fact, the quality factor reduces going from the 3p-lateral inductor to the 

4p-lateral inductor. This deviation between analytical and simulated/measured results suggests that 

the analytical formulation of (4.1)-(4.4) does not capture an essential phenomenon. Upon 

investigation, this phenomenon is found be the inductor’s self-resonant frequency. 

As an example, the measured impedance of the 4p-lateral inductor is shown in Fig. 4.7. At high 

frequencies (tens of MHz), this inductor’s impedance no longer remains predominantly inductive. 

Instead it exhibits a series of resonances, which can be understood by treating the inductor as a 

helical waveguide [65]-[67]. It is observed that at the first resonant frequency, henceforth called 

the self-resonant frequency (SRF), one-quarter of the corresponding wavelength of light equals the 

length of the wire used to wind the inductor. Hence, the SRF of the inductor can be expressed by 

the following empirical relationship:  

  
Fig. 4.7: Measured impedance of the 4p-lateral solenoidal inductor showing a series of resonances. 
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 𝑓SR =
𝑐

4𝑙w
.           (4.5) 

Here, 𝑐 is the speed of light in free space, and 𝑙w is the length of the wire, which is given by: 

 𝑙w = 𝑁√𝐷2𝜋2 + (𝑚𝑤 + 𝑠)2.             (4.6) 

A derivation of (4.6) is provided in Appendix A. Note that the empirical expression for SRF given 

by (4.5) is a simplified version of an expression derived from first principles in [67]. The SRF 

predicted by (4.5) for the five built solenoidal inductors is plotted and compared with measured 

data in Fig. 4.8. As can be seen, there is a good match between the analytical and measured self-

resonant frequencies SRF’s. 

It should be noted that the SRF of these inductors can only be accounted for by waveguide 

effects, and not by the inter-turn capacitance of the windings. To illustrate this, two additional 

unparalleled solenoidal inductors are built with the same number of turns and diameter as the 

original unparalleled inductor (see Table 4.1), but one with lower inter-turn spacing, and the other 

with higher inter-turn spacing; so that the three inductors have different inter-turn capacitances, 

shown in Fig. 4.9(a). The corresponding SRFs are shown in Fig. 4.9(b). The analytical predictions 

based on (4.5) do not depend on the inter-turn spacing, and match well with their measured 

counterparts, confirming that the inter-turn capacitance does not play a significant role in 

determining the SRF of these inductors. 

 
Fig. 4.8: Comparison of the measured and predicted self-resonant frequencies of the five built solenoid inductors. 
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Referring back to Fig. 4.8, it is clear that SRF decreases as paralleling is increased. This is 

because SRF is inversely proportional to wire length (from (4.5)), and the wire length increases 

with paralleling due to the additional turns needed to compensate for increased inductor length. 

For example, the unparalleled inductor in Fig. 4.8 has a wire length of 2.86 m and an SRF of 27.2 

MHz, which is well above the operating frequency of 13.56 MHz, while the 4p-lateral inductor 

has a wire length of 5.05 m and a self-resonant frequency of 17 MHz, which is very close to the 

operating frequency.  

When operating in the vicinity of the SRF, inductor winding losses are substantially increased. 

This can be understood from a simplified model of the inductor, shown in Fig. 4.10. This model 

captures with reasonable accuracy the inductor’s behavior up to frequencies slightly higher than 

the SRF. Note that the capacitive branch does not represent a physical capacitance but rather the 

capacitive effect of self-resonance. At low frequencies, the inductive-resistive branch has much 

  
(a) (b) 

Fig. 4.9: Three unparalleled solenoidal inductors with the same length of wire but different turn-to-turn spacing: (a) 

photograph of inductors with 0.1 mm, 2 mm, and 5 mm spacing, and (b) comparison of the analytically predicted 

using (4.5) and measured self-resonance frequency. 

 
Fig. 4.10: Simplified model of the inductor capturing the capacitive effect of self-resonance. 
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lower impedance than the capacitive branch, and hence, carries most of the inductor’s terminal 

current 𝑖T. The losses at these frequencies are given by 𝑖T,rms
2 𝑅ac, where 𝑖T,rms is the rms value of 

the terminal current. Near the self-resonant frequency, the capacitive branch also begins to carry 

substantial current, but this current is nearly 180° phase-shifted with respect to the current in the 

inductive-resistive branch. As a result, the inductive-resistive branch carries higher current than 

the terminal current, i.e., 𝑖LR > 𝑖T. The losses at a frequency near the self-resonant frequency, 

given by 𝑖LR,rms
2 𝑅ac, are thus substantially higher than the losses corresponding to just the terminal 

current 𝑖T. To capture this effect, the quality factor expression given in (4.3) can be modified into 

an SRF-inclusive expression:  

 𝑄L,SR = |𝑄L − (
𝑓

𝑓SR
)
2

(𝑄L +
1

𝑄L
)|.                (4.7) 

Here, 𝑄L is the quality factor without accounting for self-resonance, as determined using (4.1)-

(4.3). A derivation of (4.7) is provided in Appendix B. The quality factors predicted by (4.7) are 

shown in Fig. 4.11. It can be seen that the analytical quality factors are now much better matched 

with the FEA-simulated and measured quality factors for all inductors. However, there is still some 

discrepancy between the analytical and measured quality factors for the 3p-lateral and the 4p-

lateral inductors.  

 
Fig. 4.11: Quality factor of the five solenoidal inductors of Fig. 4.5 obtained from FEA simulation, measurements, 

and analytical prediction using (4.7), at 13.56 MHz. As can be seen, the SRF-inclusive prediction of (4.7) matches 

much better with the measurements.  
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 One probable reason for this discrepancy is that the lumped model of Fig. 4.10 only crudely 

models the actual waveguide effects which increase losses when the operating frequency of the 

inductor approaches its self-resonant frequency. This inaccuracy most severely impacts the 3p-

lateral and 4p-lateral inductors since their SRF is closest to the operating frequency. A refined 

model of the inductor in which only a fraction of its ac resistance is impacted by the higher current 

is shown in Fig. 4.12. In this model the ac resistance is split into two components, one inside the 

LC loop that carries the higher current, and the other outside the LC loop that carries the unchanged 

terminal current. By decreasing the resistance that processes the higher current, this model predicts 

lower losses, and hence, higher quality factor. The expression for this modified SRF-inclusive 

quality factor is given by: 

𝑄L,SR,m =
(1−(

𝑓

𝑓SR
)
2

)𝑄L−

((1−𝑘)2(
𝑓

𝑓SR
)
2
)

𝑄L

1+𝑘(
𝑓

𝑓SR
)
4
−2𝑘(

𝑓

𝑓SR
)
2
+
(𝑘(1−𝑘)2(

𝑓
𝑓SR

)
4
)

𝑄L
2

,              (4.8)  

where 𝑘 is the fraction of ac resistance outside the LC loop. The derivation of (4.8) is provided in 

Appendix B. An improved match between the analytical and simulated/measured quality factors, 

especially for the 3p-lateral and 4p-lateral inductors, can be achieved by appropriately adjusting 

the parameter 𝑘 in (4.8). This improved match with a value of 𝑘 = 0.25 used for all the inductors 

is shown in Fig. 4.13.  

 

  
Fig. 4.12: Improved model of the inductor with the split ac resistance, with one part inside the LC loop and the other 

outside the LC loop. 
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Interleaved-Foil Inductors with Axial Curvature 

The preceding analysis proves that it is difficult to substantially improve the quality factor of 

solenoidal inductors without incurring major penalties in size and self-resonant frequency. In order 

to break this paradigm, this section introduces the concept of interleaved-foil inductors with axial 

curvature. Interleaving combines the benefits of the two methods of paralleling described 

previously: stacked and laterally adjacent paralleling. Paralleling wires in a stacked configuration 

keeps the inductor’s size unchanged but does not improve its quality factor. On the other hand, 

paralleling wires in a laterally adjacent configuration, as shown in Fig. 4.14(a), improves the 

inductor’s quality factor but increases its size. In an interleaved winding, the paralleled wires are 

partially stacked and partially laterally adjacent, and alternate their positions, as shown for a 

solenoidal inductor in Fig. 4.14(b). This interleaved configuration ensures a balanced current 

 
Fig. 4.13: Quality factor of the five solenoidal inductors of Fig. 4.5 obtained from FEA simulation, measurements, 

the SRF-inclusive analytical expression of (4.7), and the modified SRF-inclusive analytical expression of (4.8) for 

𝑘 = 0.25, at a frequency of 13.56 MHz. As can be seen, the analytically computed quality factor of the 3p-lateral 

and 4p-lateral inductors match much better with the measurements compared to those predicted using the model of 

Fig. 4.10.  

 

 

  
 

(a) (b) (c) 

Fig. 4.14: Proposed interleaved-foil inductor design approach: (a) conventional solenoid with laterally adjacent 

paralleled wires, (b) conventional solenoid with interleaved paralleled wires, and (c) axially curved solenoid with 

interleaved-foil paralleled wires. Mean lengths of the structures are indicated by the dotted lines.  
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sharing between the two paralleled wires even in the stacked portion of the winding, thus 

improving the inductor’s quality factor. However, in this case, it is ineffective in reducing the 

inductor’s size since the inductor length remains the same as in a laterally adjacent configuration. 

This limitation can be overcome by curving the axis of the solenoidal tube, as shown in Fig. 

4.14(c). The mean length of the tube used to build the axially-curved inductor is different from 

that of the solenoidal inductors presented in the previous section, and is given by:  

𝑙L,curved = (
𝑚+1

2
)𝑁𝑤 + (𝑁 − 1)𝑠.         (4.9) 

This expression is derived in Appendix A. The mean length of the tube for the three inductor 

constructions of Fig. 4.14 is shown in Fig. 4.15 as a function of the number of turns, assuming that 

the inductors have two paralleled windings and negligible spacing between consecutive turns. As 

can be seen, for a given number of turns, the axially-curved interleaved-foil inductor has the 

smallest mean length. Since inductance is inversely proportional to mean length (see (4.1)), the 

smaller mean length of the axially-curved inductor allows it to achieve the same inductance as a 

conventional solenoidal inductor with fewer turns and/or with smaller diameter. Fewer turns and 

smaller diameter both translate to a smaller foil length, and hence, a lower ac resistance and higher 

quality factor. Smaller diameter also makes it possible to reduce the inductor’s size. Note that 

 
 

Fig. 4.15: Inductor mean length of the three inductor constructions of Fig. 4.14, normalized to the width of the 

wire, as a function of number of turns for two paralleled windings.   
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approaches to interleave foil wires for balanced current sharing have been previously explored in 

[61]-[64]. The proposed approach leverages similar ideas but is different in implementation, since 

effective interleaving is enabled not by modifying the way paralleled wires are interconnected (for 

example, using notches or folded foil [64]), but rather by modifying the curvature of the axis 

around which the wires are wound.  

One implementation of the proposed interleaved-foil concept, a semi-toroidal interleaved-foil 

(STIF) coupled inductor, is shown in Fig. 4.16. Each of the two coupled windings is realized using 

two paralleled wires, which are partially stacked and partially laterally adjacent, and interleaved 

in the following manner: along the outer circumference of the semi-toroid, the paralleled wires are 

laterally adjacent and alternate positions (the blue-red-red-blue pattern), while along the inner 

circumference, the wires are stacked but also alternate positions (i.e., the wire on top alternates 

between blue and red). The end effect is that despite partial stacking, both wires are symmetrically 

located with respect to the magnetic field inside the tube, and hence, have a balanced current 

sharing, as shown on the right in Fig. 4.16.  

One way to further improve the STIF design would be to add a third paralleled wire. This would 

result in an increased wire length, which can be accommodated with the least increase in size by 

utilizing a fully toroidal structure. This toroidal implementation, termed the toroidal interleaved-

 
Fig. 4.16: Semi-toroidal interleaved-foil (STIF) coupled inductor: where along the outer surface of the semi-toroid, 

the paralleled wires are laterally adjacent and alternate position (the blue-red-red-blue pattern), while along the inner 

surface, the wires are stacked but also alternate positions (i.e., the wire on top alternates between blue and red) 

(shown on the left)), and current distribution in a cross section of the stacked paralleled wires along the inner and 

outer surfaces of the semi-toroid showing a balanced current sharing (on the right).  
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foil (TIF) coupled inductor, is shown in Fig. 4.17. The interleaving configuration of the TIF 

inductor is similar to that of the STIF inductor, with the main difference being that three (instead 

of two) paralleled wires cyclically alternate positions. The resultant balanced current distribution 

between the wires is shown on the right in Fig. 4.17. Further insights into the benefits of the TIF 

inductor can be gained from Fig. 4.18, which shows the number of paralleled wires needed in a 

TIF inductor for its quality factor to exceed that of a solenoid with the same box volume. It can be 

seen from Fig. 4.18 that when the solenoidal inductor has an aspect ratio between 2.5:1 and 4.5:1 

(which we have employed for the solenoidal inductors designed in this manuscript), the TIF 

inductor needs three paralleled wires to exceed the quality factor of a solenoid with the same size. 

 
Fig. 4.17: Toroidal interleaved-foil (TIF) coupled inductor: where along the outer surface of the semi-toroid, the 

paralleled wires are laterally adjacent and alternate position (the green-blue-red-red-blue-green pattern), while along 

the inner surface, the wires are stacked but also alternate positions (i.e., the wire on top alternates between green, 

blue and red) (shown on the left), and current distribution in a cross section of the stacked paralleled wires along the 

inner and outer surfaces of the toroid showing a balanced current sharing (on the right). 

 
Fig. 4.18: Minimum number of paralleled wires needed in a TIF inductor for its quality factor to exceed that of a 

solenoidal inductor, plotted against the aspect ratio of the solenoidal inductor. This analysis is based on a first-

order model for quality factor that neglects wire spacing and self-resonant frequency.  

 

Raw Analytical Solution

Analytical Solution with Integer 

Number of Paralleled Wires
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This analysis suggests that the three-paralleled-wire TIF inductor designed in this manuscript can 

provide a better tradeoff between quality factor and size than solenoidal inductors. 

To validate these advantages, a STIF inductor and a TIF inductor having the same inductance as 

the solenoidal inductors previously shown in Fig. 4.5 are built. Details of the construction of the 

STIF and TIF inductors are provided in Table 4.2, and their photographs together with the 

solenoids are shown in Fig. 4.19. The tube diameters of the STIF and TIF inductors are selected 

to be comparable to those of the solenoidal inductors from the available selection of curved PVC 

tubes. Figure 4.20 shows a comparison of the analytically predicted, FEA-simulated, and measured 

quality factors of the STIF and TIF inductors. Here, the analytical quality factors of the STIF and 

TIF inductors are calculated using (1)-(3), (5) and (8), with the paralleling factor 𝑚 equal to 2 for 

the STIF inductor, and equal to 3 for the TIF inductor. As can be seen, the analytically predicted 

TABLE 4.2. GEOMETRICAL PARAMETERS OF INTERLEAVED-FOIL INDUCTORS HAVING AN INDUCTANCE OF 5.5 𝜇H 
 

 STIF TIF 

𝑁 18 22 

𝐷 6 cm 6 cm 

𝑠 1.3 mm 0.7 mm 

𝑤 7.1 mm 7.1 mm 

𝑚 2 3 

 

 
Fig. 4.19: Photograph of the inductors in this study. From left to right:  single-wire solenoid (and is also the two-

parallel-wires stacked solenoid when the outer wire is connected), two-wire parallel-winding solenoid, three-wire 

parallel-winding solenoid, four-wire parallel-winding solenoid, STIF, and TIF. 
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quality factors match well with the simulated and measured values. Figure 4.20 also compares the 

STIF and TIF quality factors to those of the solenoidal inductors. Compared to the highest-quality-

factor solenoid (3p-lateral), the STIF inductor achieves only 3% smaller measured quality factor 

while having 32% smaller box volume, whereas the TIF inductor achieves an even better tradeoff 

with 30% higher quality factor and 27% smaller box volume. 

The predicted and measured SRFs of the STIF and TIF inductors are shown in Fig. 4.21 along 

with those of the solenoidal inductors. The predicted values match fairly well with measurements. 

The measured SRF of the TIF inductor comes out to be 3.8 MHz higher than the 3p-lateral 

solenoid. This increase in SRF stems from the fact that since the TIF inductor has a smaller mean 

 
Fig. 4.20: Quality factors of the five solenoidal inductors, along with the STIF and TIF inductors, as obtained 

from FEA simulations, measurements, and analytical predictions using the circuit models of Fig. 4.10 and 4.12 

with equations (4.7) and (4.8) respectively. As can be seen, a better match between analytical and 

simulated/measured quality factors is obtained by using the improved circuit model. 

 
Fig. 4.21: Comparison of the self resonant frequencies of the inductors in this study, showing the TIF inductor 

having a measured self resonant frequency of 22.3 MHz. 
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length than a comparable solenoid (due to curvature, as discussed earlier), it requires fewer turns, 

and hence a smaller length of wire to realize the same inductance.  

Another advantage of the STIF and TIF inductors can be observed from the FEA-simulated 

magnetic field distribution shown in Fig. 4.22. The curvature of the STIF and TIF inductors 

focusses the high-strength magnetic fields into a more confined region compared to the solenoid, 

thereby enabling the capacitive WPT system using STIF and TIF inductors to more easily meet 

magnetic field safety requirements. Furthermore, the reduction in stray magnetic fields reduces 

eddy current losses in the coupling plates and surrounding metallic structures, improving the 

system’s efficiency. 

In summary, the proposed interleaved-foil design approach enables air-core coupled inductors 

to have significantly higher quality factor, smaller size, and higher SRFs compared to solenoidal 

inductors while also reducing stray magnetic fields. These benefits allow capacitive WPT systems 

to be safer, be more compact, and operate efficiently at higher frequencies. 

  
(a) (b) 

 
(c) 

Fig. 4.22: Finite element analysis showing stray H-fields for: (a) solenoidal inductor, (b) STIF inductor, and (c) TIF 

inductor. 
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Prototype Design and Experimental Results 

To demonstrate the advantages of the proposed interleaved-foil inductors, two prototype 13.56-

MHz capacitive WPT systems incorporating L-section matching networks are designed, built and 

tested. The first prototype’s matching networks use STIF coupled inductors, and the second 

prototype’s matching networks use TIF coupled inductors. Both system’s topologies are similar to 

that of Fig. 4.1(b), with the vehicle battery and rectifier emulated by a resistive load. The capacitive 

couplers of these systems are constructed using 22-cm diameter copper plates separated by a 12-

cm air-gap. A photograph of the prototype system utilizing the TIF coupled inductors is shown in 

Fig. 4.23(a), and a photograph of the view between the roadway and the vehicle chassis exhibiting 

the coupling plates is shown in Fig. 4.23(b). The aluminum sheets visible in Fig. 4.23 model the 

vehicle chassis and roadway. The matching network capacitances in the prototype systems are 

realized by controlling the spacing between the coupling plates and these aluminum sheets.  

Using an aluminum sheet to model the roadway captures its effect as an equipotential plane 

below the coupling plates, but does not capture the dielectric and dissipative effects of the materials 

(such as asphalt) used to construct the roadway. In a practical charging system, the roadway-side 

coupling plates would be packaged in a case supported by a metal sheet at its base. This metal 

  
(a) (b) 

Fig. 4.23: Photograph of the prototype capacitive WPT system: (a) the entire system, and (b) in-between the vehicle 

chassis and roadway showing the coupling plates. 
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sheet would form an electromagnetic shield between the coupling plates and the roadway, and the 

spacing between the coupling plates and the metal sheet would predominantly determine the 

matching network capacitance. Hence, the material properties of the roadway underneath the 

couplers would not have a significant impact on the system performance. 

The matching networks in the prototypes are designed using the guidelines presented in [38], 

and their inductance and capacitance values, along with the value of the resistance loading the 

matching networks, are given in Table 4.3. The value of this load resistance is selected based on 

the designed maximum output power of 3.75 kW and maximum battery voltage of 430 V. 

Assuming a full-bridge rectifier, these values translate to an effective load resistance of 𝑅load =

8

𝜋2
𝑉BATT
2

𝑃OUT
= 40 Ω, which is implemented in the prototypes using an RF power resistor bank. The 

designed coupler voltages of the two prototypes are also listed in Table 4.3. 

The first prototype system, utilizing STIF inductors, transfers up to 2.25 kW of power at an 

efficiency of 90%, achieving a power transfer density of 29.6 kW/m2. The power transfer density 

is computed as the ratio of the system’s output power to the total area of the coupling plates, that 

is: 

PTD =
𝑃OUT

2(
𝜋𝐷2

4
)
,       (10) 

𝑃OUT being the output power of the system and 𝐷 being the diameter of the circular coupling plates. 

This system also achieves a peak efficiency of 93% when transferring 2 kW. Measured operating 

Table 4.3: Designed Air-Gap Voltages and Component Values in the Prototype Capacitive Wireless Power 

Transfer Systems  

System 𝐿1 

[µH] 

𝐶p1 

[pF] 

𝐶s 
[pF] 

𝐶p2 

[pF] 

𝐿2 
[µH] 

Load 

[Ω] 

Peak Air-

gap Voltage 

Peak Plate-to-

roadway 

Voltage 

 

Peak Plate-to-

chassis Voltage 

STIF 5.54 22.4 

pF 

2.31 

pF 

22.4 

pF 

5.54 

µH 

40  4.2 kV 4.8 kV 2.6 kV 

TIF 5.31 25.1 

pF 

2.7 25.1 

pF 

5.31 

µH 

40 5.2 kV 5.9 kV 3.1 kV 
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waveforms of the system while transferring 2.25 kW are shown in Fig. 4.24. As can be seen, the 

inverter transistors operate with zero-voltage switching. The second prototype system, utilizing 

TIF inductors, transfers up to 3.75 kW of power to the load at 94.7% efficiency, achieving a power 

transfer density of 49.4 kW/m2. The performance of the TIF-inductor based prototype is compared 

to previously published kilowatt-scale large air-gap capacitive WPT systems in Table IV. As can 

be seen, this system achieves an order of magnitude higher power transfer density than the 

competing systems. The TIF-inductor-based system also achieves a peak efficiency of 96.6% when 

transferring 3.11 kW. 

Measured operating waveforms of the system while transferring 3.75 kW are shown in Fig. 4.25. 

As can be seen, the inverter transistors operate with zero-voltage switching. The measured 

efficiency of both prototype systems over a range of output power is shown in Fig. 4.26, 

  
(a) (b) 

Fig. 4.24: Measured waveforms of the first prototype WPT system delivering 2.25 kW to the load at 90% efficiency: 

(a) inverter switch-node voltages and leading leg current, and (b) input voltage and current, and output voltage. 

Leading-Leg Voltage
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Input Voltage

Output Voltage

Input Current

  
(a) (b) 

Fig. 4.25: Measured waveforms of the second prototype WPT system delivering 3.75 kW to the load at 94.7% 

efficiency: (a) input voltage and inverter switch-node voltages, and (b) input current and output voltage. 
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demonstrating that the TIF-inductor-based prototype achieves substantially higher efficiency over 

a wide range of output power. In the efficiency experiments of Fig. 4.26, the output power is 

modulated by tuning the input voltage while keeping the ac load resistance at 40 Ω. The loss 

distributions of the STIF-inductor and TIF-inductor-based prototype systems, computed using 

theoretical loss models, are shown in Fig. 4.27. As can be seen, the losses in the systems are 

dominated by losses in the matching network inductors. 

It should be noted that the prototype systems do not include a rectifier. The additional losses 

expected from the addition of a full-bridge rectifier are estimated through LTspice simulations. 

Incorporating these losses, the dc-dc efficiency of the STIF-inductor-based prototype system while 

 
Fig. 4.26: Measured performance of the capacitive WPT system utilizing TIF coupled inductors and liquid cooling 

(blue), and STIF coupled inductors (red). 

 

STIF-Inductor-based Prototype

TIF-Inductor-based Prototype

  
(a) (b) 

Fig. 4.27: Loss distribution for (a) the STIF-inductor-based prototype capacitive WPT system and (b) the TIF-

inductor-based prototype capacitive WPT system. 
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transferring its maximum power of 2.25 kW is estimated to be around 88.8% (1.2% lower than its 

measured dc-ac efficiency), and that of the TIF-inductor-based prototype while transferring its 

maximum power of 3.75 kW is estimated to be around 93% (1.6% lower than its measured dc-ac 

efficiency).  

The inverter of the prototype systems is built using 650-V 60-A enhancement mode GaN 

transistors. The inverter of the first prototype employs air-cooled heatsinks, while the inverter of 

the second prototype employs a liquid cooled thermal management solution that enables higher 

power by keeping the FETs thermally stable. A photograph of the first prototype’s air-cooled 

inverter with the STIF coupled inductor is shown in Fig. 4.28(a), and a photograph of the second 

prototype’s liquid-cooled inverter with the TIF coupled inductor is shown in Fig. 4.28(b). The 

liquid cooling arrangement enables the second prototype’s inverter to achieve 66% higher output 

power than the first prototype’s inverter. In the TIF-inductor based capacitive WPT prototype, the 

weight of the roadway-side components (inverter, cooling system, inductor and coupling plates) is 

5.18 kg, and the weight of the vehicle-side components (inductor and coupling plates) is 1.2 kg 

(corresponding to a specific weight of 0.32 kg/kW).  

 

  
(a) (b) 

Fig. 4.28: Photograph of the inverter with: (a) air cooling with a STIF coupled inductor, and (b) liquid cooling 

with a TIF coupled inductor. 
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CHAPTER 5 

 

PASSIVE RECTIFICATION IN CAPACITIVE WPT SYSTEMS 

Passive rectification becomes challenging in high-frequency capacitive WPT systems due to the 

rectifier’s capacitance altering the gain, reactive compensation, and resonant frequency of the 

matching network that is interfaced to the rectifier. The effective capacitance presented by the 

rectifier majorly comprises of the output capacitance of the diodes, with small contributions from 

PCB trace capacitances, which can be minimized in layout. A simulation of the capacitive WPT 

system with a rectifier is performed, utilizing the circuit shown in Fig. 5.1(a), and waveforms of 

the rectifiers input voltage and current are shown in Fig. 5.1b(b). Here, the current leads the voltage 

showing that the rectified load is capacitive.  

During the normal operation of the full-bridge passive rectifier, two diodes are on, acting as low-

impedance paths, and two diodes are off, acting as capacitors, as shown in Fig. 5.2. The diodes 

 
(a) 

 
(b) 

Fig. 5.1: Capacitive WPT system: (a) with passive rectifier, and (b) waveforms of the rectifiers input voltage and 

current. 
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switch their on and off states every half switching cycle. An equivalent rectifier capacitance 𝐶rec 

is found by doubling the charge-equivalent linear capacitance 𝐶eq of a single diode, since two 

diode capacitances always appear in parallel, as can be seen from Fig. 5.2. The capacitive WPT 

system with 𝐶rec and an equivalent rectifier resistance 𝑅rec is shown in Fig. 5.3(a) , and waveforms 

of the equivalent rectifier’s (𝐶rec and 𝑅rec) input voltage and current are shown in Fig. 5.3(b). 

Here, the current leads the voltage with similar magnitude and phase angle as that of the rectifier 

simulation of Fig. 5.1(b), validating modeling the rectifier with a resistor and capacitor. 𝑅rec is the 

fundamental-frequency equivalent load presented by the EV battery when reflected across the 

rectifier, and is given by: 

𝑅rec =
8

𝜋2
𝑉BATT
2

𝑃BATT
.                 (5.1) 

 
Fig. 5.2: Rectifier diode capacitances in a full bridge rectifier. 

+

-

 
(a) 

 
(b) 

Fig. 5.3: Capacitive WPT system: (a) with equivalent rectifier, and (b) waveforms of the rectifiers input voltage 

and current. 
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Here, 𝑉BATT is the voltage of the EV battery and 𝑃BATT is the dc power it is being charged with. 

The charge-equivalent diode capacitance 𝐶eq is calculated from the capacitance vs. reverse voltage 

plot given in the diode’s datasheet, as: 

𝑄 = Σ(𝐶Δ𝑉),              (5.2) 

then, 

𝐶eq =
𝑄

𝑉BATT
.             (5.3) 

In order to not alter the gain, reactive compensation, and resonant frequency of the matching 

network that is connected to the rectifier, the equivalent rectifier capacitance 𝐶rec(= 2𝐶eq) can be 

nullified at the operating frequency by a compensation inductor. 

One way to position this compensation inductor is to place it in series with the equivalent 

rectifier, shown as 𝐿s in Fig. 5.4(a), given by: 

𝐿s =
𝐶rec𝑅rec

2

1+4𝜋2𝑓2𝐶rec
2 𝑅rec

2 .          (5.4) 

 
(a) 

 
(b) 

Fig. 5.4: Capacitive WPT system: (a) with 𝐿s connected in series with the equivalent rectifier, and (b) 

waveforms of the output of the vehicle-side matching network’s voltage and current to 𝐿s in series with the 

equivalent rectifier. 

 



53 

 

In this position 𝐿s nullifies 𝐶rec, but 𝐿s’s inductance adds to the matching network inductor 𝐿2’s 

inductance, altering the matching network’s gain characteristics, leading to diminished system 

performance. Simulation showing the in-phase waveforms of the output of the vehicle-side 

matching network’s voltage and current when 𝐿s is in series with the equivalent rectifier is shown 

in Fig. 5.4(b). To verify the chosen value of 𝐿s, a simulation the capacitive WPT system in which 

𝐿s is in series with a diode rectifier is done, as shown in the circuit of Fig. 5.5(a). Waveforms of 

the vehicle-side matching network’s output voltage and current with 𝐿s in series with the rectifier 

are shown in Fig. 5.5(b). Here, the current and voltage appear to be in phase. 

Another option is to place the compensation inductor in parallel with the rectifier, shown as 𝐿rec 

in Fig. 5.6(a), given by: 

𝐿rec =
1

4𝜋2𝑓2𝐶rec
.               (5.5) 

Here, 𝐿rec successfully nullifies 𝐶rec without adding inductance to 𝐿2, and does not change the 

matching network’s gain, reactive compensation or resonant frequency, making the rectifier look 

purely resistive at the operating frequency. Simulation showing the in-phase waveforms of the 

 
(a) 

 
(b) 

Fig. 5.5: Capacitive WPT system: (a) with 𝐿s in series with the rectifier, and (b) waveforms of the vehicle-side 

matching network’s output voltage and current to 𝐿s in series with the rectifier. 

+

-
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input voltage and current when 𝐿rec is in parallel with the equivalent rectifier is shown in Fig. 

5.6(b). To verify the chosen value of 𝐿rec, a simulation the capacitive WPT system in which 𝐿rec  

is in parallel with a diode rectifier is done, as shown in the circuit of Fig. 5.7(a). Waveforms of the 

input voltage and current with 𝐿rec in parallel with the rectifier are shown in Fig. 5.7(b). Here, the 

 
(a) 

 
(b) 

Fig. 5.6: Capacitive WPT system: (a) with 𝐿rec in parallel with the equivalent rectifier, and (b) waveforms of the 

input voltage and current to 𝐿rec parallel to the equivalent rectifier. 

 

 
(a) 

 
(b) 

Fig. 5.7: Capacitive WPT system: (a) with 𝐿rec in parallel with the rectifier, and (b) waveforms of the input 

voltage and current to 𝐿rec parallel to the rectifier. 
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current and voltage are in phase with similar magnitudes as those in the equivalent rectifier 

simulation of Fig. 5.6(b). 

Experimental Results 

Four variations of a prototype 13.56-MHz 12-cm air-gap capacitive WPT system are designed, 

built and tested for comparative analysis. All variations comprise high-frequency inverters using 

GaN Systems GS66516T 650-V 60-A FETs, and the rectifier in the second and third variations 

comprises STMicroelectronics STPSC12065 Schottky diodes. System component values are 

provided in Table 5.1. 

The first prototype system has the rectifier and EV battery emulated by a resistor, shown in Fig. 

5.8. This system transfers 895 W to the load at an efficiency of 93%. Measured operating 

waveforms of this system transferring 895 W are shown in Fig. 5.9. Figure 5.9(a) shows that the 

inverter switches operate with zero-voltage switching (ZVS). Although this system has high 

efficiency, the output voltage is ac, as shown in Fig. 5.9(b), and is not in a form that can be used 

to directly charge a vehicle battery. 

The second prototype system has a rectifier with the vehicle battery emulated by a resistor 𝑅load 

and a smoothing capacitor 𝐶load, shown in Fig. 5.1(a). This system operates at 13.28 MHz and 

transfers 533 W to the load at an efficiency of 69%. Measured operating waveforms of this system 

 
Fig. 5.8: First prototype capacitive WPT system with rectifier and vehicle battery emulated by a resistor 𝑅load. 

   

  

  

      

        

        

     

TABLE 5.1. COMPONENT VALUES OF PROTOTYPE SYSTEM 

𝐿1 𝐿2 𝐶p1 𝐶p2 𝐶s 𝐿rec 𝐶load 𝑅load 

5.31 μH 5.31 μH 25.1 pF 25.1 pF 2.7 pF 690 nH 4.4 nF 40 Ω 
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transferring 533 W are shown in Fig. 5.10. As can be seen, the inverter switches operate with ZVS. 

This degradation in performance, despite operating in ZVS, is partly due to detuning of the system 

caused by the parasitic capacitance of the rectifier, hence the system’s operating frequency being 

changed to 13.28 MHz, and partly due to the rectifier’s capacitance changing the gain and reactive 

compensation of the matching network that connects the coupling plates to the rectifier. 

The third prototype system has the rectifier inductor 𝐿s connected in series with the rectifier, as 

shown in Fig. 5.5(a). This system operates at 13.56 MHz and transfers 774 W to the load at an 

efficiency of 80%. Measured operating waveforms of this system transferring 774 W are shown in 

Fig. 5.11. As can be seen, the inverter transistors operate with ZVS. 

  
(a) (b) 

Fig. 5.9: Measured waveforms of the first prototype capacitive WPT system delivering 895 W to the load at 93% 

efficiency: (a) input voltage and inverter switch-node voltages and current, and (b) input current and output 

voltage. 
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(a) (b) 

Fig. 5.10: Measured waveforms of the second prototype capacitive WPT system with a rectifier delivering 533 

W to the load at 69% efficiency: (a) input voltage and inverter switch-node voltages and current, and (b) input 

current and output voltage. 
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The fourth prototype system has the rectifier inductor 𝐿rec connected in parallel with the rectifier, 

as shown in Fig. 5.7(a). A photograph of 𝐿rec, 𝐶load, 𝑅load, 𝐿2 and the diode rectifier is shown in 

Fig. 5.12. This system operates at 13.56 MHz and transfers 774 W to the load at an efficiency of 

81%. Measured operating waveforms of this system transferring 774 W are shown in Fig. 5.13. As 

can be seen, the inverter transistors operate with ZVS. 

  
(a) (b) 

Fig. 5.11: Measured waveforms of the third prototype system with 𝐿s in parallel with the rectifier delivering 774 

W to the load at 80% efficiency: (a) input voltage and inverter switch-node voltage and current, and (b) input 

current and output voltage. 
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Switch Node Current
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Fig. 5.12: A photograph of 𝐿rec, 𝐶load, 𝑅load, 𝐿2 and the diode rectifier. 

Rectifier
Diodes

  
(a) (b) 

Fig. 5.13: Measured waveforms of the fourth prototype system with 𝐿rec in parallel with the rectifier delivering 

774 W to the load at 81% efficiency: (a) input voltage and inverter switch-node voltages and current, and (b) 

input current and output voltage. 
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CHAPTER 6 

 

IMPACT OF FOREIGN OBJECTS  

To examine the effect of foreign objects on a capacitive WPT system, a prototype 500-W 6.78-

MHz 12-cm air-gap capacitive WPT system utilizing 12.25-cm × 12.25-cm coupling plates is 

designed, built and tested. This prototype is similar to Fig. 6.1, with one difference being that the 

rectifier and vehicle battery are emulated by resistors. A photograph of the prototype system is 

shown in Fig. 6.2. The aluminum sheets visible in Fig. 6.2 are used to mimic the road and the 

vehicle chassis, and the vertical distance between a sheet and the associated coupling plates is 

controlled to realize the desired matching network capacitances, as described in Chapter 2. The 

matching network inductors are realized as single-layer air-core solenoids. Values of the 

equivalent series capacitance, the matching network inductances and capacitances, and the load 

resistance of the prototype system are provided in Table 6.1. The inverter of the prototype system 

 
Fig. 6.1: Circuit schematic of a capacitive WPT system. 

 
Fig. 6.2: Photograph of the prototype capacitive WPT system with 12.25 × 12.25 cm coupling plates and metal 

sheets mimicking the vehicle chassis and the road. 

Coupling Plates

TABLE 6.1.   SELECT CIRCUIT PARAMETERS OF THE PROTOTYPE CAPACITIVE WPT SYSTEM 

𝐶s [pF] 𝐿1 [µH] 𝐿2 [µH] 𝐶ps1 [pF] 𝐶ps2 [pF] 𝑅load [Ω] 

0.88 53 53 9.58 9.58 45 
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is constructed using 650-V 30-A GaN Systems GS66508T enhancement-mode GaN transistors. 

The prototype system is first tested with no foreign objects in its vicinity, and its measured 

waveforms while transferring 507 W to the load at an efficiency of 89.8% are shown in Fig. 6.3. 

It can be seen from Fig. 6.3(a) that the inverter operates with ZVS with minimal circulating 

currents. 

The experimental setup utilized to investigate the impact of foreign objects on the prototype 

capacitive WPT system is illustrated in Fig. 6.4. The objects are placed on the roadway-side of the 

system at varying distances along the two axes shown in Fig. 6.4. The objects investigated include 

a piece of aluminum, a block of wood, an empty plastic container, and the same plastic container 

first filled with 50 mL (3 mm height) of tap water and then distilled water. A photograph of the 

aluminum piece placed between the coupling plates is shown in Fig. 6.5. 

  
(a) (b) 

Fig. 6.3: Measured waveforms of the capacitive WPT system operating at 507 W at 89.8% efficiency: (a) 

inverter switch node voltages and currents, and (b) system input voltage and current, and output voltage. 

 

 
 

 
Fig. 6.4: Top view of the setup used to measure the impact of foreign objects on prototype capacitive WPT 

system. The two squares represent the ground side coupling plates. The blue and red circular markers illustrate 

the positioning of foreign objects along the x-axis and the y-axis, respectively. 
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The power transfer and efficiency achieved by the prototype capacitive WPT system in the 

presence of foreign objects are shown in Fig. 6.6 as a function of the object’s position along the y- 

axis of Fig. 6.4, for all the above-mentioned objects. As can be seen from Fig. 6.6, for all the 

foreign objects, the power transfer is relatively unaffected (< 12% decrease compared to the case 

with no foreign object) for all object positions 1 cm or further away from the edge of the coupling 

plates. The system’s efficiency also stays above 82% (compared to 89.8% with no foreign object) 

for all these object locations. However, for all the objects except the plastic container, the power 

transfer and efficiency undergo a more significant reduction when the object is placed between the 

coupling plates (the 0-cm position in Fig. 6.6). As can be seen, the maximum reduction in power 

 
Fig. 6.5: Photograph of the prototype capacitive WPT system with an L-shaped piece of aluminum placed in 

between the coupling plates. 

Coupling Plates

Aluminum Piece

  
(a) (b) 

Fig. 6.6: Performance of the prototype capacitive WPT system in the presence of foreign objects placed along 

the y-axis of Fig. 6: (a) output power, and (b) efficiency. 
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transfer and efficiency at this position is caused by water, with distilled water having a smaller 

impact than tap water. 

To determine the cause for the significant performance degradation caused by water when placed 

between the coupling plates, a thermal test is conducted. The steady-state temperature rise of the 

water is measured, as shown for the case of distilled water in Fig. 6.7 (Fig. 6.7(a) shows a 

photograph of the test setup and Fig. 6.7(b) shows the corresponding thermal image). It is found 

that there is negligible rise in the water’s temperature after two minutes of operation. This indicates 

that the fall in power transfer is not because of the water absorbing energy from the system. Instead, 

the presence of water detunes the system by changing the effective coupling capacitance as well 

as the matching network capacitances (which are realized using the spacing between the coupling 

plates and the roadway/vehicle chassis, as discussed earlier). This detuning causes a drift between 

the operating frequency and the resonant frequency of the system. To better understand this, 

consider Fig. 6.8(a), which shows the operating waveforms of the system with distilled water 

placed between the coupling plates. As can be seen, the inverter output current severely lags the 

inverter output voltage (i.e., the inverter is highly inductively loaded), indicating that the resonant 

  
(a) (b) 

Fig. 6.7: Distilled water placed in between the coupling plates: (a) photograph, and (b) corresponding thermal 

image after two minutes of operation. The room temperature is 18° C 

 

Distilled Water
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frequency is significantly lower than the operating frequency. This detuning results in a fall in 

output power (from 507 W to 100 W) and high circulating currents that degrade efficiency (from 

89.8% to 49.4%). 

One approach to retuning the capacitive WPT system and restoring its performance is to reduce 

the operating frequency to track the resonant frequency, as shown for the case of distilled water in 

Fig. 6.8(b). Here, the operating frequency is reduced by 50 kHz to 6.73 MHz; as a result, the power 

transfer increases to 207 W and the efficiency improves to 64%. Despite this partial improvement 

in performance, this approach is not suited to multi-MHz capacitive WPT systems, which must 

operate in an ISM band where the allowed frequency variation is very limited [59]. An alternative 

approach to retuning the system suited to fixed frequency operation would be the use of an active 

variable reactance rectifier (AVR) presented in [53]. 

Similar measurements of the power transfer and efficiency achieved by the prototype capacitive 

WPT system in the presence of foreign objects is performed with the objects located along the x-

axis of Fig. 6.4. The results of these measurements are plotted in Fig. 6.9. As can be seen from 

Fig. 6.9, the power transfer and efficiency are relatively unaffected when plastic or metal is placed 

directly on a coupling plate (the 12-cm position on Fig. 6.9), but wood and water have a more 

significant impact. This performance degradation is attributable to the wood and water detuning 

  
(a) (b) 

Fig. 6.8: Waveforms of the capacitive WPT system with distilled water placed in between in the coupling plates: 

(a) when operating at the frequency of 6.78 MHz, and (b) with the frequency reduced by 50 kHz. 
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the system by changing the plate-to-plate capacitance 𝐶s (see Fig. 6.1). As can be seen from Fig. 

6.9, for all the foreign objects, the power transfer is relatively unaffected (< 13% decrease 

compared to the case with no foreign object) for all object positions 3 cm (the 21-cm position) or 

further away from the edge of the coupling plate. The system’s efficiency also stays above 87% 

(compared to 89.8% with no foreign object) for all these object locations. However, for all the 

objects except the plastic container, the power transfer and efficiency undergo a more significant 

reduction when the object is placed closer than 3 cm from the edge of the coupling plate. This 

performance degradation is attributable to the foreign objects detuning the system by changing the 

plate-to-road capacitance 𝐶pr (see Fig. 2.3). In the prototype system the coupling plates are 

mounted 1.27 cm above the aluminum sheet mimicking the road, but in a real-world installation 

the coupling plates will be installed flush with the road. Hence, the plate-to-road capacitance 𝐶pr 

will be less affected and the performance trends will be more similar to the y-axis analysis shown 

in Fig. 6.6. 

 

  
(a) (b) 

Fig. 6.9: Performance of the prototype capacitive WPT system in the presence of foreign objects placed along 

the x-axis of Fig. 6: (a) output power, and (b) efficiency. 
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CHAPTER 7 

 

FRINGING FIELD REDUCTION IN CAPACITIVE WPT SYSTEMS 

Owing to the large air-gap and the limited area available under the vehicle chassis (which 

together result in a very small coupling capacitance), designing high-power high-efficiency 

capacitive WPT systems for EV charging is challenging. Furthermore, in practical 

implementations of these systems, it is imperative to maintain fringing electric fields below the 

prescribed safety limits [58]. This chapter introduces a high-performance large air-gap multi-

modular capacitive WPT system suitable for EV charging. This system achieves high power 

transfer at high efficiency using an innovative design approach that involves the modeling and 

mitigation of inter-module interactions, and maintains fringing electric fields within safety limits 

using near-field phased-array field-focusing techniques [40]. 

Multi-Modular Capacitive WPT Architecture 

The architecture of a large air-gap multi-modular capacitive WPT system for EV charging is 

shown in Fig. 7.1. Wireless power transfer in the individual modules of this system is 

accomplished using two pairs of conducting plates, one pair embedded in the vehicle chassis, and 

the other embedded in the road. Each module comprises a high-frequency inverter and rectifier, 

and two matching networks that enable effective power transfer by providing voltage and/or 

current gain and reactive compensation. The inverter converts the dc voltage at the input of the 

module to a high-frequency ac voltage. This ac voltage is stepped up by the matching network, 

creating a high voltage at the road side of the coupling plates. On the vehicle side of the coupling 

plates, the second matching network steps the current up (and the voltage down) to the level 

required to charge the vehicle battery, and a rectifier then converts the ac current (and voltage) to 



65 

 

dc. Additionally, the two matching networks together compensate for the capacitive reactance of 

the coupling plates.  The inverters of the adjacent modules of this multi-modular system are 

operated with a phase-shift relative to one another. By appropriately selecting this phase-shift, the 

fringing electric fields generated by adjacent modules can be canceled, ensuring that the field 

strengths in areas of concern, such as the regions beyond the vehicle chassis, are maintained below 

prescribed safety limits.  

Modeling and Mitigation of Inter-Module Interactions 

The couplers in each module of the multi-modular capacitive WPT system of Fig. 7.1 would 

ideally be equivalent to two coupling capacitances. However, several additional parasitic 

capacitances exist in a practical EV charging scenario, as shown for a two-module capacitive WPT 

system in Fig. 7.2. Figure 7.2(a) shows these capacitances as viewed from the front/rear of the 

vehicle, and Fig. 7.2(b) provides a side view. These parasitic capacitances create undesirable intra-

module and inter-module interactions, which can severely degrade power transfer and efficiency, 

 
Fig. 7.1: Architecture of a multi-modular capacitive WPT system. Each module comprises two pairs of coupling 

plates, a high-frequency inverter and rectifier, and matching networks that provide gain and reactive 

compensation. 
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particularly when operating at high (multi-MHz) frequencies. Therefore, to achieve high power 

transfer levels and high efficiencies, it is important to identify ways to decouple the individual 

modules from one another, and absorb the parasitic capacitances within each module. Such an 

approach is discussed below. 

A circuit schematic of the two-module capacitive WPT system incorporating the parasitic 

capacitances, and utilizing L-section matching networks for gain and compensation, is shown in 

Fig. 7.3(a). The two modules have identical designs, and their inverters are operated at a relative 

phase-shift of 180° to maximize fringing field cancelation. Using phasor analysis under this 180°-

phased condition, it can be shown that the effect of the inter-module plate-to-plate capacitances 

(labeled as 𝐶pp′ in Fig. 7.3(a)) can be modeled using capacitances of the same magnitude appearing 

inside the individual modules, as shown in Fig. 7.3(b); hence, partially decoupling the two 

modules. This can be understood as follows. Since the two modules are phased apart by 180°, the 

node 𝑃2 in the top module is at the same voltage as the node 𝑃5 in the bottom module, both relative 

to the inverter ground. Therefore, the current that flows from node 𝑃1 in the top module to node 

𝑃5 in the bottom module through the inter-module capacitance 𝐶pp′ can be equivalently modeled 

by the same current flowing between nodes 𝑃1 and 𝑃2 of the top module, through a capacitance of 

the same value 𝐶pp′. Similarly, the other inter-module capacitance 𝐶pp′ between nodes 𝑃2 and 𝑃6 

can be modeled by a capacitance of the same value between nodes 𝑃5 and 𝑃6 of the bottom module. 

  
(a) (b) 

Fig. 7.2: The various capacitances present in a two-module capacitive WPT system in a practical EV charging 

environment: (a) viewed from the front/rear of the vehicle, and (b) viewed from the side of the vehicle. 
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A similar modeling approach applies to the vehicle-side inter-module plate-to-plate capacitances. 

The two modules in Fig. 7.3(b) are still coupled to one another through the plate-to-road 

capacitances, 𝐶pr and 𝐶pr′, and the plate-to-vehicle capacitances, 𝐶pv and 𝐶pv′. The effect of these 

capacitances is mitigated by enforcing circuit symmetry, wherein the inductors of the L-section 

matching networks in both modules (𝐿1 and 𝐿2) are split into two equal halves, one in the forward 

 
(a) 

 
(b) 

Fig. 7.3: Circuit schematic of a two-module capacitive WPT system: (a) with the inter-module parasitic 

capacitances shown based on their physical manifestation, and (b) with the two modules effectively decoupled 

by: (1) an equivalent model for the inter-module plate-to-plate capacitances 𝐶pp′, valid when the modules are 

operated 180° out of phase, allowing the 𝐶pp′s to be absorbed within the individual modules, and (2) by 

eliminating the effect of the other inter-module capacitances through symmetrically split inductor design. 
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and the other in the return path, as also shown in Fig. 7.3(b). This ensures that the voltages at the 

two same-side coupling plates in each module (for instance, nodes 𝑃1 and 𝑃2 in Fig. 7.3(b)), 

relative to the road and vehicle chassis (nodes 𝑅 and 𝑉 in Fig. 7.3(b), respectively), are equal in 

magnitude and opposite in phase. As a result, the current that flows through one pair of coupling 

plates in a module is equal to the return current through the other pair in the same module; hence, 

the two modules appear fully decoupled. Furthermore, in this symmetrically-designed decoupled 

system, the parasitic capacitances can be used to fully realize the matching network capacitors of 

the individual modules, as shown in Fig. 7.4, where 𝐶p1 (= 𝐶pp + 𝐶pp′ +
𝐶pr

2
+

𝐶pv′

2
+ 𝐶dm + 𝐶d) 

and 𝐶p2 (= 𝐶pp + 𝐶pp′ +
𝐶pv

2
+

𝐶pr′

2
+ 𝐶dm + 𝐶d) are utilized as the required matching network 

capacitances. This eliminates the need for discrete capacitors that are prone to dielectric 

breakdown, and enables the parasitic capacitances to enhance, rather than degrade, power transfer. 

Note that this approach to modeling and mitigating inter-module interactions and absorbing 

parasitic capacitances into the matching networks of individual modules can be extended to a 

multi-modular system comprising a higher number of modules. 

The L-section matching networks of the capacitive WPT system of Fig. 7.4 provide voltage 

and/or current gain, and compensate for the reactance of the coupling plates. A framework for 

optimally designing the matching networks of a single-module capacitive WPT system was 

presented in [31], and guidelines for ensuring that the inductors of these matching networks have 

sufficiently high quality factors and self-resonant frequencies were presented in [34]. The work in 

[37] leverages the framework and guidelines of [31] and [34] to develop a comprehensive design 

methodology for designing the matching networks of a single-module capacitive WPT system. 

Since the modules of the multi-modular system presented here are effectively decoupled using the 
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above-described approach, the methodology of [37] (also described earlier in this thesis) is utilized 

to design the matching networks of each module.  

Prototype Design and Experimental Results 

A prototype 1.2-kW 6.78-MHz 12-cm air-gap multi-modular capacitive WPT system utilizing 

12.25-cm × 12.25-cm coupling plates is designed, built and tested. This prototype comprises two 

identical 600-W modules similar to those shown in Fig. 7.4, with the one difference being that the 

rectifier and battery are emulated by resistors. Photographs of the prototype system is shown in 

Fig. 7.5. The aluminum sheets visible in Fig. 7.5(a) and Fig. 7.5(b) are used to mimic the road and 

the vehicle chassis, and the vertical distance between these sheets and the coupling plates is 

controlled to realize the desired matching network capacitances. An in-between the vehicle chassis 

and roadway view showing the coupling plates is seen in Fig. 7.5(a), and the matching network 

split-inductors realized as single-layer air-core solenoids is shown in Fig. 7.5(b). Values of the 

coupling capacitance, the matching network inductances and capacitances, and the load resistance 

of the prototype system are provided in Table 7.1. The inverters of the prototype system are 

constructed using 650-V 22.5-A GaN Systems GS66506T enhancement-mode GaN transistors. 

 
Fig. 7.4: Circuit schematic of the two-module capacitive WPT system with matching network capacitances 

realized using parasitic capacitances. 
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Measured waveforms of the prototype multi-modular system while transferring 1275 W are shown 

in Fig. 7.6. It can be seen from Figs. 7.6(a) and 7.6(b) that the inverters of both modules operate 

with zero-voltage switching (ZVS). The measured efficiency of the multi-modular system is shown 

  
(a) (b) 

Fig. 7.5: Photographs of the prototype multi-modular capacitive WPT system: (a) in-between the vehicle chassis 

and roadway view showing the coupling plates, and (b) the matching network split-inductors. 

 
 

 

 

 

 

Vehicle Chassis

Roadway

Coupling Plates 

Vehicle Chassis

Roadway

Module 1

Split-Inductors

Module 2

Split-Inductors

TABLE 7.1.  SELECT CIRCUIT PARAMETERS OF THE PROTOTYPE CAPACITIVE WPT SYSTEM 

𝐶plate [pF] 𝐿1 [µH] 𝐿2 [µH] 𝐶p1 [pF] 𝐶p2 [pF] 𝑅load [Ω] 

0.88 53 53 9.58 9.58 45 

 

  
(a) (b) 

 
(c) 

Fig. 7.6: Measured waveforms of the prototype multi-module capacitive WPT system operating at 1275 W: (a) 

inverter switch node voltages and currents of module 1, (b) inverter switch node voltages and currents of module 2, 

and (c) system input voltage and current, and the output voltages of the two modules. 
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as a function of its output power in Fig. 7.7. As can be seen, the prototype system maintains a flat 

efficiency across the entire output power range, and achieves a peak efficiency of 89.8%. The 1.2-

kW prototype achieves a power transfer density of 21.2 kW/m2, which, to the authors’ best 

knowledge, is more than five times higher than the state-of-the-art in capacitive WPT systems, and 

comparable to inductive WPT systems for EV charging. 

The fringing electric fields of the 1.2-kW multi-modular system have also been measured. For 

these measurements, the system was operated in three configurations: first, with only one module 

active and delivering 500 W; second, with both modules active, delivering a total of 1 kW, and 

operating at 0° phase relative to one another; and third, with both modules active, again delivering 

1 kW, but operating at 180° phase relative to one another. A plot of the measured fringing electric 

field magnitude as a function of distance from the edge of the coupling plates for all three 

configurations is shown in Fig. 7.8. As can be seen from Fig. 7.8, the fringing fields in the 0°-

phased 1-kW multi-modular configuration (shown in red) are significantly higher than those in the 

500-W single-module configuration (shown in blue). However, the fringing fields in the 180°-

phased 1-kW multi-modular configuration (shown in green) are substantially lower than even the 

500-W single-module configuration, with an average reduction of nearly 50%. This reduction in 

fringing electric fields enables the 180°-phased 1-kW multi-modular system to meet the 33.4 V/m 

 
Fig. 7.7: Measured efficiency of the multi-modular system as a function of its output power. 
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ICNIRP electric field safety limit [58], shown in black in Fig. 7.8, at a distance of 36 cm away 

from the edge of the coupling plates, as compared to a distance of 58 cm for the 500-W single 

module and 85 cm for the 0°-phased 1-kW system.  

 

 
Fig. 7.8: Measured fringing electric field magnitude as a function of distance from the coupling plates, for three 

different configurations of the capacitive WPT system. The dip that can be observed at a distance of 30 cm from 

the coupling plates is due to edge effects: at this distance, the electric field probe is directly underneath the edge 

of the aluminum sheets that mimic the vehicle chassis and the road. 

 

Single-module

Two-module phased 0

Two-module phased 180

ICNIRP Safety Limit
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CHAPTER 8 

 

SUMMARY AND CONCLUSION 

Capacitive WPT can be an effective method of charging an EV, and this work presents a high-

performance large-air-gap capacitive WPT system for EV charging. This capacitive WPT system 

closely emulates a real-world vehicle charging scenario, implementing the capacitive coupler 

using two pairs of metal plates separated by a large air-gap, with two additional metal sheets 

mimicking the vehicle chassis and the road. A design methodology for achieving high system 

efficiency is provided that utilizes appropriately designed matching networks for gain and reactive 

compensation. The efficiency and reliability of the system are enhanced by utilizing the parasitic 

capacitances formed between the coupling plates and the chassis and the road as the matching 

network capacitors, and eliminating the need for high-voltage on-board capacitors. A generation 1 

prototype 12-cm air-gap capacitive WPT systems operating at the ISM band frequency of 6.78 

MHz has been designed, built and tested to validate this design methodology. This prototype 

system transfers up to 193 W of power at greater than 90% peak efficiency, achieving a power 

transfer density of 3 kW/m2. 

Enhancements to the capacitive coupling plates are presented to alleviate the risk of arcing. These 

enhancements include the use of corner-free coupling plates and enveloping the plates with a high-

breakdown-strength dielectric material. Four prototypes of 6.78-MHz 12-cm air-gap capacitive 

WPT systems utilizing four different coupling plate designs are built and tested to validate these 

enhancements. The first design utilizes 150-cm2 bare-copper square coupling plates, and transfers 

up to 146 W at an efficiency of 84%, achieving a power transfer density of 4.9 kW/m2 before 

arcing occurs. The second design utilizes 150-cm2 square coupling plates enveloped in a 254-µm 
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layer of PTFE, and transfers up to 590 W at an efficiency of 88.4%, achieving a power transfer 

density of 19.7 kW/m2. The third design utilizes 150-cm2 circular coupling plates enveloped in 

254-µm PTFE, and transfers up to 1125 W at an efficiency of 85%, achieving a power transfer 

density of 37.5 kW/m2. Finally, a fourth design with PTFE-enveloped circular coupling plates of 

a smaller area (118-cm2) transfers up to 1217 W at an efficiency of 74.7%, achieving a power 

transfer density of 51.6 kW/m2, which exceeds the power transfer density of any reported large 

air-gap capacitive WPT system. 

To achieve higher efficiency, new interleaved-foil coupled inductors are introduced, which 

enable a better tradeoff between inductor quality factor, size, and self-resonant frequency. Two 

implementations of the interleaved-foil concept, the STIF inductor and the TIF inductor, are 

presented. The performance of these inductors is compared with conventional solenoidal designs 

using analytical formulations that treat the self-resonant frequency of helically wound inductors as 

a waveguide effect, and include its impact on the inductor quality factor. The analytical predictions 

are validated through FEA simulations and measurements. Compared to the highest-quality-factor 

solenoidal inductor, the STIF inductor achieves 32% smaller box volume while having only 3% 

lower measured quality factor. The TIF inductor achieves an even better trade-off with a measured 

quality factor of 2055 − 30% higher than the solenoid and 27% smaller box volume. A 13.56-

MHz 12-cm air-gap prototype capacitive WPT system utilizing 22-cm coupling plates, TIF 

coupled inductors and liquid cooled GaN FETs is designed, built and tested, achieving a record 

power transfer of 3.75 kW at 94.7% efficiency, and a power transfer density of 49.4 kW/m2. This 

system also achieves a peak efficiency of 96.6% when transferring 3.11 kW. 

Passive rectification is explored on a 13.56-MHz 12-cm air-gap 22-cm plate capacitive WPT 

system for electric vehicle charging that utilizes a rectifier capacitance nullifying inductor. A 
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comparative study of multiple configurations of a capacitive WPT system is performed to show 

the performance benefit of the proposed rectifier inductor. A prototype dc-dc system is built and 

tested, transferring 774 W to the load at an efficiency of 81%. 

An investigation is presented on the impact of foreign objects on the performance of capacitive 

wireless power transfer (WPT) systems for electric vehicle (EV) charging. For this investigation, 

a prototype 6.78-MHz 12-cm air-gap capacitive WPT system utilizing 12.25-cm × 12.25-cm 

coupling plates is designed, built and tested. With no foreign objects in its vicinity, the prototype 

system transfers 507 W with a peak efficiency of nearly 90%. In the presence of foreign objects 

(including metal, wood, plastic and water), the system’s performance is found to be significantly 

impacted only when the object is in very close proximity to the coupling plates. This performance 

degradation is found to be mostly caused by detuning, that is, a drift between the system’s 

operating frequency and resonant frequency. It is found that changing the system’s operating 

frequency partially restores system performance. 

A multi-modular capacitive WPT system is presented that achieves high power transfer levels 

while reducing fringing electric fields using near-field phased-array field-focusing techniques. The 

inter-module interactions in this multi-modular system are modeled, and an approach to mitigate 

these interactions in a practical EV charging environment is introduced. A prototype 1.2-kW 6.78-

MHz 12-cm air-gap multi-modular capacitive WPT system comprising two 600-W modules is 

designed, built and tested. This prototype system achieves a power transfer density of 21.2 kW/m2 

and a peak efficiency of 89.8%. The prototype multi-modular system also achieves a fringing field 

reduction of 50% compared to its individual modules. 
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Recommendations for Future Work 

While capacitive WPT systems are highly promising for EV charging, additional research is 

needed to further improve their performance.  One area with substantial room for improvement is 

high-frequency rectification. This thesis evaluated the performance of full-bridge diode rectifiers 

incorporating resonant elements. Future work could investigate the performance of the system with 

other types of passive resonant rectifiers, as well as with synchronous rectifiers. Another area that 

needs further study is the installation of the capacitive couplers into the roadway, especially 

understanding the impact of concrete and asphalt covering on the power transfer capability and 

efficiency of the system. Another area that needs further investigation is the development of 

technologies that would enable capacitive WPT systems to function well under dynamic (i.e., in-

motion) charging scenarios. 
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APPENDIX A 

 

EXPRESSIONS FOR INDUCTANCE AND AC RESISTANCE 

This appendix derives the expressions for inductance and ac resistance given in (4.1) and (4.2), 

respectively. The expression given in (4.1) is a known approximate representation of the 

inductance of helically wound air-core structures. For a solenoidal inductor wound with 

unparalleled foil wire, the mean inductor length 𝑙L in (4.1) is the sum of the wire’s width 𝑤 and 

the spacing between the edges of adjacent turns 𝑠, multiplied by the number of turns 𝑁. For 

paralleled solenoidal inductors, the additional width and spacing introduced by the paralleled wires 

is accounted for by the factor 𝑚, resulting in the expression for mean inductor length 𝑙L given by 

(4.4). For interleaved inductors with axial curvature, the length of the inner and outer 

circumferences is different, and the inductor mean length is the average of the two, resulting in the 

expression for 𝑙L given by (4.9). 

The ac resistance expression given by (4.2) assumes that the inductor current is concentrated in 

a layer of thickness equal to the skin-depth, given by 𝛿 = √
𝜌

𝜋𝜇𝑓
, where 𝜌 is the resistivity and 𝜇 is 

the permeability of the conductor material (which in this work is copper), and 𝑓 is the operating 

frequency. With this approximation, the inductor’s ac resistance is given by: 

𝑅ac =
𝜌𝑙w

𝑚𝑤𝛿
=

𝜌𝑁𝑙t

𝑚𝑤𝛿
,         (A.1) 

Here, 𝑙w is the total length of the wire and 𝑙t is the length of each turn. For solenoidal inductors 

(both unparalleled and paralleled), the turn length 𝑙𝑡 is given by the squared sum of the 
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circumference of the tube over which the inductor is wound and the axial distance between the 

mid-points of adjacent turns, that is: 

𝑙t = √(𝜋𝐷)2 + (𝑚𝑤 + 𝑠)2,              (A.2) 

where 𝐷 is the tube diameter, and the factor 𝑚 accounts for additional wire length introduced by 

the paralleled wires. Substituting the turn length 𝑙t in (4.10) by the expression in (A.1) produces 

the ac resistance expression given by (A.2).  For the STIF inductor, taking into account the 

alternating turn positions caused by interleaving, the average turn length can be expressed as: 

𝑙t,STIF =
1

2
(√(𝜋𝐷)2 + ((𝑚 − 1)𝑤 + 𝑠)

2
+ √(𝜋𝐷)2 + ((𝑚 + 1)𝑤 + 𝑠)

2
),        (A.3) 

with 𝑚 = 2 for the STIF inductor. Similarly, the average turn length of the TIF inductor can be 

expressed as: 

 
𝑙t,TIF =

1

3
(√(𝜋𝐷)2 + ((𝑚 − 2)𝑤 + 𝑠)

2
+ √(𝜋𝐷)2 + (𝑚𝑤 + 𝑠)2 +

√(𝜋𝐷)2 + ((𝑚 + 2)𝑤 + 𝑠)
2
), 

(A.4) 

with 𝑚 = 3 for the STIF inductor.  Under the assumption that the wire width 𝑤 and spacing 𝑠 are 

much smaller than the tube diameter D, the average turn lengths of the STIF and TIF inductors 

given by (A.3) and (A.4) can be approximated by the expression for solenoidal inductors given in 

(A.2). Multiplying this expression by the number of turns 𝑁 results in the expression for wire 

length given by (4.6). 
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APPENDIX B 

 

EXPRESSIONS FOR INDUCTOR QUALITY FACTOR 

This appendix derives the expression for inductor quality factor given in (4.7), corresponding to 

the SRF-inclusive inductor circuit model of Fig. 4.10, and the modified quality factor expression 

given in (4.8), corresponding to the modified inductor circuit model of Fig. 4.12. Referring to the 

inductor circuit model shown in Fig. 4.10, reproduced here as Fig. B.1, the impedance of the 

inductor can be expressed as: 

𝑍L ≜ 𝑅L,eff + 𝑗𝑋L,eff =
𝑅ac𝑋C

2

𝑅ac
2  +(𝑋L+𝑋C)2 + 𝑗

𝑅ac
2 𝑋C+𝑋C𝑋L(𝑋L+𝑋C)

𝑅ac
2  +(𝑋L+𝑋C)2 ,  (B.1) 

where 𝑅ac is the resistance in the inductive-resistive branch of the model shown in Fig. B.1, given 

by (4.2); 𝑋L (= 2𝜋𝑓𝐿) is the reactance of the inductive-resistive branch, with 𝐿 being the low-

frequency inductance given by (4.1); and 𝑋C (= −
1

2𝜋𝑓𝐶
 ) is the reactance of the capacitive branch, 

with 𝐶 =
1

(2𝜋𝑓SR)2𝐿
  being an effective capacitance that models the impact of the inductor’s first 

self-resonant frequency. The inductor’s quality factor can be expressed using (B.1) and simplified 

using the relationship between 𝑋L and 𝑋C as: 

𝑄L,m ≜
|𝑋L,eff|

𝑅L,eff
= |−

𝑅ac

𝑓SR
2

𝑓2 𝑋L

+
𝑋L

𝑅ac
(1 −

𝑓2

𝑓SR
2 )| = |−

𝑓2

𝑓SR
2

1

𝑄L
+ 𝑄L (1 −

𝑓2

𝑓SR
2 )|.       (B.2) 

 
Fig. B.1: Simplified model of the inductor capturing the capacitive effect of self-resonance. 
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Upon rearrangement this expression translates to the quality factor expression given by (4.7). 

Similar steps can be followed to compute the inductor quality factor corresponding to the modified 

inductor circuit model of Fig. 4.12 (reproduced here as Fig. B.2), and is given by:  

 𝑄L,SR,m =
(1−(

𝑓

𝑓SR
)

2

)𝑄L−

((1−𝑘)2(
𝑓

𝑓SR
)

2
)

𝑄L

1+𝑘(
𝑓

𝑓SR
)

4
−2𝑘(

𝑓

𝑓SR
)

2
+

(𝑘(1−𝑘)2(
𝑓

𝑓SR
)

4
)

𝑄L
2

,   (B.3) 

which is the same as (4.8). 

 

 
Fig. B.2: Improved model of the inductor with the split ac resistance, with one part inside the LC loop and the other 

outside the LC loop. 
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