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Abstract

This study examines capacitive wireless charging for small ships and
unmanned maritime vehicles. Wireless power transfer can provide
the convenience of automatic charging while the ships or maritime
vehicles are docking, mooring, or in a sailing maneuver. Besides, it

can address the challenges that face conventional wired charging technolo-
gies, including long charging and queuing time, wear and tear of the physical
contacts, handling cables and wires, and the hazards of the electric shock. Ca-
pacitive power transfer (CPT) is one of the wireless charging technologies that
has received attention in on-road electric vehicle charging applications. By the
main of electric fields, CPT offers an inexpensive and light charging solution
with good misalignment performance. Thus, this study investigates the CPT
system in which air and water are the separation medium for the electrical
wireless charging of small ships and unmanned maritime vehicles.

Batteries are the main energy storage technology on ships and unmanned
maritime vehicles. Charging infrastructure is essential in developing battery-
powered ships and maritime vehicles. Compared to the charging infrastructure
for on-road electric vehicles, electrical charging for maritime applications has
attracted very little attention in the literature. Thus, this study first overviews
the shore-to-ship connections by reviewing the converter topologies used in
the electrification of electrical ships in the literature and on the market. Sec-
ond, it examines air-gapped and underwater CPT for charging small ships and
unmanned maritime vehicles.

Capacitive wireless charging, or CPT, transfers power from an electrical power
source to an electrical load using alternating electric fields. The fields are con-
fined between conductive plates separated by a dielectric medium (i.e., air or
water), forming capacitors. The physical principle of the CPT is embodied in
Maxwell’s equations. When the frequency of alternating fields ranges from hun-
dreds of kHz to tens of MHz, then the lumped circuit element approximations
of circuit theory become valid. The network theory is an attractive methodol-
ogy for analyzing CPT systems, as it bridges the gap between field analysis and
circuit theory.
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Unlike on-road charging applications, air or water can be utilized as charging
mediums to charge small ships and unmanned maritime vehicles. Because of
the low permittivity of the air, the air-gapped capacitive coupling is in the pF
range. Thus, a MHz operating frequency is required to transfer power over a
few hundred millimeters. This study examines an air-gapped CPT system to
transfer about 135W at a separation distance of 50mm, a total efficiency of
about 83.9%, and 1MHz operating efficiency. The study also tests a 13.56MHz
shielded air-gapped CPT system that transfers about 100W at a separation
distance of 30mm and a total efficiency of about 87%. The study also examines
the underwater CPT system by submerging the couplers in water to increase
the capacitive coupling. The system can transfer about 129W at a separation
distance of 300mm, a total efficiency of about 81.2%, and 1.1MHz operating
efficiency. These CPT systems can upscale to provide a few kW for small ships
and unmanned maritime vehicles. But they are still facing several challenges
that need further investigations.
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1
Introduction
This chapter covers the motivation for proposing wireless charging for mar-
itime vessels (ships) and unmanned vehicles. It also presents the three stan-
dard charging technologies: Battery-swapping, wired charging, and wireless
charging. Focusing on wireless charging, the chapter defines different wpt
technologies and briefly overviews prior research on Wireless Power Transfer
(wpt) formaritime charging applications. Finally, the chapter asks the research
questions and presents the organization of the thesis.

1.1 Motivation

Maritime transport is the backbone of international trade, where over 80 per-
cent of global trading by volume is carried by ships [1]. The International Mar-
itime Organization (imo) expected that the emissions in 2050 could present 90
to 130 percent of 2008 emissions [2]. Electrification is one way toward the re-
duction of emissions. The electrification of ships has experienced a multidecade
evolution starting with the earliest records dating back to the 1880s, [3, 4]. It
has recently received considerable attention as it facilitates emissions reduction,
improving shipping functionality, efficiency, and fuel economy.

The All-Electric Ship (aes) is a paradigm of the shift in the electrification
of ships. It comprises a power generation module, an energy storage module,
a power conversion module, an electric propulsion module, and ship service

1
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Figure 1.1: The growth of battery-powered ships [10].

loads [5]. In other words, the shipboard power system of the aes can be seen
as a microgrid that integrates onboard distributed generations and integrated
Energy Storage System (ess) [6]. The shipboard ess has mainly two merits:
economic and environmental index improvements and operating flexibility
improvements in long-term operation [7].

A variety of energy storage technologies are available with different operating
characteristics. For instance, batteries, high-power flywheels, and supercapaci-
tors contribute to optimal energy management by reducing fuel cost [8]. Batter-
ies, in particular, can increase energy efficiency, improve dynamic performance,
and shave peak loads [9]. Fig. 1.1 1 shows the growth of battery-powered ships
between 2016 and 2026. For long-distance sailing, hybrid battery-powered ships
forms 52% of all battery-powered maritime electrified vessels [10]. However,
the world’s first pure battery-powered tanker “Asahi” entered service in Tokyo
Bay with about 3.5MWh lithium-ion battery in March 2022 [11].

Oceans and seas provide not only transportation routes but also other valuable
ecosystem services, including food, jobs, health benefits, climate regulation,
and cultural heritages [12]. For instance, aquaculture and fisheries are essen-
tial parts of the solution for the Norwegian economy as Norway moves towards
a post-oil industry era [13]. Under harsh environmental conditions, unmanned
maritime vehicles are expected to help in fish farming operations such as in-
spection, maintenance, and repair routines [14]. Thus, there is an anticipated
increase in electric unmanned maritime vehicles in the near future. Table 1.1
lists some of the current commercially available unmanned maritime vehicles:
Unmanned Underwater Vehicle (uuv) and Unmanned Surface Vehicle (usv)
in Norway.

1. Note: The figure is adapted with permission from Alternative Fuels Insight (AFI) plat-
form URL: https:https://www.dnv.com/services/alternative-
fuels-insight-128171. Special thanks to Simon Adams.

https:https://www.dnv.com/services/alternative-fuels-insight-128171
https:https://www.dnv.com/services/alternative-fuels-insight-128171
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Table 1.1: SOME OF THE CURRENT COMMERCIALLY AVAILABLE uuv and usv IN
NORWAY.

Industry Solutions Specifications
Blueye Robotics [15] uuv 485 × 257 × 354 mm, 9 kg, 5h,

96Wh
Kongsberg [16] uuv 49 cm diameter × 2.5 m, 70 kg,

1500W (Cable)
Probot [17] uuv 70 cm diameter, 20 kg, (Cable)
Maritime Robotics [18] usv 200 × 108 × 81.5 cm, 55 kg, 20h,

250W

Additionally, ships and ship-borne devices record oceanographic observations,
study climate change, and observe marine pollution to uncover the mysteries
of oceans and seas. For the last two decades, unmanned maritime vehicles
have become an essential enabling technology for operating autonomously
in challenging and hazardous shallow or deep water [19]. Both usv and uuv
have been extensively used in marine exploitation investigation and emergency
search rescue [20, 21]. Powered by lithium-ion batteries, unmanned maritime
vehicles profile up hundreds to thousands of kilometers of the ocean vertically
or horizontally under remote control over months [22].

Thus far, lithium-ion batteries are a promising energy storage technology for
ships and unmanned maritime vehicles. They are developing fast with signif-
icant increases in the life cycle, energy density, and current rating [23]. For
ships, the maximum capacity of batteries can reach thousands of kWh depend-
ing on the ship type, sailing distance, and other owners’ specifications [24]. At
the same time, unmanned maritime vehicles require tens to hundreds of kWh
[22]. Charging infrastructure can play a critical role in ameliorating the devel-
opment of battery-powered maritime vessels and vehicles. Battery-swapping,
wired charging, and wireless charging are three main charging approaches
that can be adapted for maritime electric charging applications. The following
section briefly discusses these technologies.

1.2 Charging technologies

Charging technologies play an essential role in the main characteristics of bat-
teries, including their energy performance, power performance, and lifetime.
The three main charging technologies are battery-swapping, wired charging,
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and wireless charging. These technologies vary in power limitation, perfor-
mance, way of energy supply, and charging time.

1.2.1 Battery-swapping

It is a process of exchanging depleted batteries for fully charged ones within a
short time. The battery-swapping technology has several advantages: providing
fast energy refueling services, integrating renewable energy resources, and
improving the efficiency, flexibility, and stability of electrical grids [25, 26]. In
Electrical Vehicles (ev), swapping a depleted battery with a fully charged one
takes about seven times faster than the fast-charging approach [27]. China
built its first on-road battery-swapping station in 2018, and since then, 14.1
million charging stations have been built across the country [28].

For maritime electrical charging applications, Wärtsilä developed and delivered
two battery-swapping stations for ships in the Netherlands in 2021 [29]. In
Norway, Norled, SEAM, and others have developed an autonomous battery
Swap robotic station that swaps out batteries on express boats while at the
quay [30]. Battery-swapping is also commonly used foruuv [22] and usv [18].
However, this charging technology faces challenges, such as the complexity of
swapping structure, requiring a lot of space, high cost, station congestion, and
complicated scheduling and management strategies[31, 32].

1.2.2 Wired charging

Wired charging is the conventional charging technique using charging cables
that can carry high currents varying from tens to hundreds of amperes. In
ev charging applications, wired charging is sub-categorized into (1) onboard,
which is typically a slow charging approach, and (2) off-board,which is typically
a fast charging approach. Table 1.2 2 compares wired charging approaches in
terms of power level type, charging voltage level, power level, and charging
time. At high power levels, the current rating of the charging cable increases,
which makes the cable bulky and increases the conduction losses. A cooling
system is required to void overheating [33].

Conventional shore-to-ship connection power cables are three-phase 450V to
600V with up to 4800A [34]. This approach is more convenient for large

2. Note: The data in the table is adapted in part from M. Yilmaz and P. T. Krein, "Review of
Battery Charger Topologies, Charging Power Levels, and Infrastructure for Plug-In Electric
and Hybrid Vehicles," in IEEE Transactions on Power Electronics, vol. 28, no. 5, pp. 2151-
2169, May 2013, doi: 10.1109/TPEL.2012.2212917.
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Table 1.2: A COMPARISON BETWEEN THE WIRED CHARGING APPROACHES FOR
ev CHARGING APPLICATIONS.

Location Onboard Onboard Off-board 3-Phase
1-Phase 1- or 3-Phase

Power level type Slow Primary Fast
Voltage level (V) 230 AC 400 AC 400-800 DC
Power (kW) 1.9 19.2 100
Time (hours) 11-36 2-3 0.2 -0.5

battery-powered ships that require more power to recharge their onboard bat-
teries. On ships, the charging system is commonly found onboard. The Interna-
tional Electrotechnical Commission (iec) [35] and Norwegian Electrotechnical
Committee (nek) [36] have released some guidelines regarding plug, voltage,
and current for maritime electric charging applications. The shore-to-ship con-
nection can be achieved manually or automatically [37]. The manual approach
requires carrying several heavy cables, connecting, and disconnecting plugs,
usually taking several minutes. While the automatic approach can be achieved
using a robotic arm to improve safety and maximize the charging time, but it
adds complexity and cost to the shore infrastructure. In terms of low-power
maritime charging applications, various robotic docking, and latching mecha-
nisms are proposed for bothusv [38] anduuv [39]. However, these techniques
involve high-precision connection mechanisms, which increase the design com-
plexity and overall price of the system [22].

1.2.3 Wireless charging

Wireless Power Transfer (wpt), or wireless charging, has attracted attention
due to its capability to transfer electric power without mechanical contact.
International Telecommunication Union [40] defines wpt as “the transmission
of power from a power source to an electrical load using the electromagnetic field.”
The three main groups of these technologies are near-field, mid-range, and far-
field [41]. Near-fieldwireless charging is more suitable for charging applications
than mid-range and far-field wpt. It can potentially address the challenges in
the wired charging approach, including long charging time, long queuing time
at the charging stations, and hazard of the electric shock [42]. In addition, it
provides the convenience of automatic charging through three different modes:
static, quasi-dynamic, and dynamic charging modes.

The research focuses on proposing wpt to charge roadway ev [42–49]. Many



6 chapter 1 introduction

Table 1.3: SOME OF THE MANUFACTURES OF WIRELESS CHARGING SYSTEMS.

Provider Country Power (kW) Ref.

Plugless Power U.S. 3.3 & 7.2 [61]
WiTricity U.S. 3.6 & 11 [62]
Momentum Dynamics U.S. 450 [63]
Mojo Mobility U.S 20 [64]
Hevo U.S. 8 [65]
TGood Hong Kong 60 [66]
Toshiba Japan 7 [67]
INTIS Germany 50 & 100 [68]

Table 1.4: A COMPARISON BETWEEN THE MAIN CHARGING TECHNOLOGIES.

Features Battery-swapping Wired Wireless
Power level High High Low
Charging time Very fast Fast Low to fast
Complexity Very high Low-moderate low
Cost Very high Low-high low-high
Maintenance High Low-moderate Low
Autonomous Extrinsic Extrinsic Inherent

manufacturers have proposed wireless charging solutions for ev charging ap-
plications. Table 1.3 lists some manufacturers that have recently started to
provide wireless charging stations. For maritime electrical charging applica-
tions,wpt were proposed for charging ships [50–53], and unmanned martime
vehicles [54–60]. More detail about wireless charging applications for ships
and unmanned maritime vehicles will be discussed in section 1.4.

Thus far, the three charging approaches can be utilized for maritime electri-
cal charging applications. Each approach has its own merits and drawbacks.
Table 1.4 summarizes the main characteristics of the three charging technolo-
gies. Wireless charging provides flexibility, mobility, convenience, safety, and
maintenance-free solution for maritime vessels and vehicles. Thus, it has re-
cently received more attention in the literature. There are various wireless
charging technologies, and the following section briefly discusses them.
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Table 1.5: A COMPARISON BETWEEN THE MAIN GROUPS OF wpt.

Near-field Mid-range Far-field
Wave Electric/Magnetic Magnetic Electromagnetic
Rang Very short (cm) Short (m) Moderate-long (km)
Frequency Low-high High Very high-extremely high
Power Low-Moderate Moderate Ultra low
Architecture Simple/Moderate Complex Complex

1.3 Wireless power transfer technologies

Wireless charging technologies use electromagnetic waves to transfer energy.
The classification depends on the size of the transmitter and receiver and the
transfer distance between them. Table 1.5 summarizes a comparison between
the three main groups in terms of the type of wave, distance range, operating
frequency range 3, power level, and system architecture.

1.3.1 Far-field

It is a radiativewpt technique that utilizes VeryHigh Frequency (vhf) (30MHz
to 300MHz) to Extremely High Frequency (ehf) (30GHz to 300GHz) electro-
magnetic waves over kilometers separation distance between transmitters and
receivers. Chen et al. [69] tried to transfer 3.5 kW over a distance of 48.8m at
2.46GHz, but the receiving power was only 2.87W which varies with the sep-
arate working conditions. Yang et al. [26] also attempted to transfer 1.87 kW
over a distance of 5m at 5.8GHz, the receiving power was 142W.

These systems require a high-precision and high-stability source, complex de-
sign of the antennas, and sophisticated tracking mechanisms. Besides, far-field
wpt is unsafe for higher power levels. Thus, it is deployed for ultra-low power
(i.e., µW ranges) commercial research applications [70]. Optical wpt is an-
other type of radiative wpt which operates in THz frequency ranges. It can
transfer tens of watts over a few kilometers of distance [71]. However, this type
of radiative wpt suffers from low efficiency (i.e., around 10 to 20%), safety
challenges, and interference or blockages by obstacles.

3. Frequency ranges are according to the International Telecommunication Union definitions.



8 chapter 1 introduction

1.3.2 Medium-field

Krus et al. [72] define the mid-rangewpt as when the transmitter and receiver
sizes are two to three times smaller than the distance between them. In 2007 at
the Massachusetts Institute of Technology, they experimentally demonstrated
transferring 60W over distances excess of 2m with about 40% efficiency using
four self-resonant coils with the radius of 20 cm. Mid-range wpt requires self-
resonance as a stringent condition to achieve high efficiency.

Medium-fieldwpt needs an impedance matching system and frequency tuning
techniques to adapt to the distance variation and the interferences caused by
conductive objects in the vicinity [73]. Impedance matching accompanies com-
plex engineering structures under practical situations [74]. The frequency tun-
ing operates under the frequency splitting phenomenon. It requires a controller
which incorporates a directional coupler ⁴ in the driver loop [76]. Transferring
high power atMHz self-resonance faces significant challenges in practice.

1.3.3 Near-field

Near-field wpt, also referred to “non-beam” wpt, is a non-radioactive propa-
gationwpt technique in which the sizes of the transmitter and the receiver are
much smaller than the wavelength of the electromagnetic waves [41]. Imura
T. [77] categorized near-field wpt based on the coupling type into magnetic
and electric field coupling.

Inductive Power Transfer (ipt) ⁵ transfers power by means of alternating mag-
netic fields. The transmitter coil generates time-varying magnetic fields that
transverse the receiver coil, resulting in an induced voltage in the receiver side
circuitry. Capacitive Power Transfer (cpt) ⁶ transfers power wirelessly using
alternating electric fields confined between conductive plates. Combining the
merits of ipt and cpt, Hybrid Power Transfer (hpt) have better power scalabil-
ity, Electromagnetic Interference (emi) tolerance, and power transfer density
[78]. Table 1.6 lists a comparison between ipt, cpt, and hpt in terms of fre-
quency, power levels, misalignment sensitivity, power transfer density, voltage
stress, architecture complexity, and cost.

Although Nikola Tesla introduced both ipt and cpt in 1891, it took about a
century until ipt was commercialized in the mid-1990s [79]. Since then, ipt

4. W.W. Mumford [75] defined the directional coupler as “a device which samples separately
the direct and the reflected waves in a transmission line.”

5. It is also called “magnetic induction”, “magnetic coupling”, “inductive coupling”, or “induc-
tive charging.”

6. It is also called “electric coupling”, “capacitive coupling”, or “capacitive charging.”
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Table 1.6: A COMPARISON BETWEEN THE NEAR-FIELD wpt.

wpt ipt cpt hpt
Frequency Medium High High
Power level upto MW upto kW upto MW
Misalignment sensitivity High Low Moderate
Power density Low High Moderate
Voltage stress Low High Moderate
Architecture Moderate Simple Complex
Cost High Low Moderate

has received considerable attention in industrial automation, public transporta-
tion, and ev. In contrast, cpt started to be investigated and researched for ev
charging applications in 2008 [80]. In the literature, many papers investigated
and compared between ipt and cpt in terms of converter topologies, compen-
sation circuits, power pads, and coupler structures [42, 48, 78, 79, 81–84]. The
main focus is the roadway ev, as they have experienced remarkable growth in
research and on the market. The next section, however, focuses on the wpt
technologies for maritime charging applications.

1.4 Prior work in maritime wireless charging

This section focuses on the previous research about wpt for maritime electric
charging applications. Compared to the on-road ev charging, the maritime
wpt charging can utilize air or water as a medium to transfer the required
power with mechanical contact. Fig. 1.2 illustrates some of the prior works of
underwaterwpt formaritime applications,which shows the research institutes,
wpt technology, the compensation circuits, separation distance, efficiency, the
operating frequency, and power transferred.

1.4.1 Inductive charging

Researchers proposed ipt for charging ships from shore-side [50–52], or off-
shore connections from tugboat [53]. Guidi et al. [50] transferred 580W over
air-gapped separation distance ranged from 20mm to 56mm at operating fre-
quency of 104 kHz to 137 kHz. Upscaling the transfer power to 1MW to 2MW,
Guidi et al. [51] discussed the design challenges of high-power inductive charg-
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Figure 1.2: Some of the prior works of underwater wpt for maritime applications.

ing systems in maritime applications. Kumar et al. [53] investigated the fea-
sibility of ipt in tugboat operation to improve fuel efficiency. On the market,
there are some commercially ipt-based charging stations for ship charging
applications. The ipt technology offers a 100 kW wireless charging option for
electric and hybrid ferries, yachts, fishing vessels, tugboats, and research vessels
[85]. Wärtsilä Norway offers an ipt system that can transfer more than 2MW
with a distance up to 50 cm using the series-series compensation [86].

The first underwater ipt systemwas developed and tested in 1998 for communi-
cations and power transfer between uuv and a dock [54, 55]. The system could
transfer 200Wwith an efficiency of 83% and operating frequencies varied from
65 kHz to 80 kHz. Since then, the focus has continued using underwater ipt for
charging uuv. Kojiya et al. [56] confirmed the possibility of transmitting about
1 kW of electric power at about 90% efficiency and over a 11mm separation
distance using underwater ipt. Li et al. [57] transferred up to 400W electri-
cal power with a 2mm distance in saltwater at 40MPa representing 4000m
deep sea. Cheng et. al [58] succeeded to transfer 10 kW at 21 kHz in fresh-
and seawater over 25mm distance. Orekan et al. [59] tried to increase the
separation distance to 40mm at which they managed to transfer 34W with
operating frequency 178 kHz and efficiency of 58%. Yan et al. [60] further in-
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crease the separation distance between the transmitter and receiver to 66mm
to transfer up to 10Wwith operating frequency 504.5 kHz and efficiency about
85%.

Teeneti et al. [22] reviewed the state-of-the-art ipt solutions for underwater
applications and discussed the engineering challenges of the design of the
system. The ipt suffers from eddy current losses, possibly resulting in a fire
hazard. It also comprises expensive, fragile, bulky parts, including ferrite iron
plates and Litz wires. Besides, the misalignment between the transmitter and
receiver power pads has a negative impact on the system performance [87]. In
contrast, cpt is less expensive and lighter, with negligible eddy current and
misalignment losses compared to ipt [46].

1.4.2 Capacitive charging

Capacitive coupling can provide an attractive alternative for shore-to-ship con-
nection [88–90]. For instance, Yang et al. [88] proposed a bidirectional CPT
system for charging USVs under seawater. They transferred 100W power over
140mm distance at 625 kHz and about 80.15% efficiency. However, they put
seawater bags between the couplers. In this way, the stray coupling between
the plates and the fringing fields are neglected, which explains the high effi-
ciency. Other researchers [91, 92] also proposed underwater CPT systems for
charging USVs. Tamura et al. [91] transferred 400W power under freshwater
over 20mm distance at 10.77MHz and ac-ac efficiency exceeding 90%. While
in [92], they designed under seawater CPT system that can transfer data and
100W power under freshwater over 20mm distance at 6.78MHz and ac-ac
efficiency exceeding 90%.

Thus far, ipt systems have received more attention for maritime electric charg-
ing applications. Alternatively, cpt can tackle ipt challenges, making it a can-
didate for charging small ships or unmanned maritime vehicles. Adapting cpt
raises a number of questions. The next section asks the main research ques-
tions.

1.5 Research questions

Although the first commercially available shipboard electrical systems date
back to the 1880s, the world’s first fully-electric battery-powered ferry was set
into operation in 2015 in Norway [90]. Since then, the trend toward battery-
powered ships and maritime vehicles appears likely to continue [4]. Providing
convenient, reliable, and flexible charging infrastructure can accelerate the
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development of battery-powered ships and maritime vehicles. This raises the
following research questions:

Q1: What are the current and future trends and potential challenges facing the
electrification of ships?

Q2: What are the current shore-to-ship power solutions in the literature and on
the market?

Q3: What are the design considerations of cpt system for charging applica-
tions?

Q4: What are the effects of the separation distance and the operating frequency
on the capacitive coupling, the power transferability, and the overall efficiency of
the cpt?

The questions above were answered in several published manuscripts: 9 were
published, and two will be submitted for publication. Five manuscripts are
selected to form the main chapters. The next section shows the structure of the
dissertation-selected manuscripts.

1.6 Dissertation organization

This thesis comprises seven chapters. They are divided as follows:

Chapter 1 presented themotivation behind the research, defined different charg-
ing technologies, reviewed the current literature on maritime wireless charging
technologies, and asked the main research questions.

Chapter 2 investigates the shore-to-ship connections by reviewing the convert-
ers proposed in the literature and available on the market. It also overviews
the shipboard converters that connect loads, ess, and renewable energy tech-
nologies. The chapter examines the current shore-to-ship and shipboard tech-
nologies, anticipates the future trends and potential challenges facing these
technologies, and stimulates the research to accelerate more efficient and reli-
able electric ships.

Chapter 3 provides a theoretical framework and explains the methodology
used for conducting the research. Network theory is a common useful tool in
the study of microwave engineering. It bridges the gap between circuit theory
and electromagnetic theory. For the reader’s convenience to better understand
the published work, this chapter gives fundamental principles and selected



theorems that help in the analysis of cpt. It aims to present the main design
considerations, limitations and challenges of cpt systems.

Chapter 4 studies the capacitive coupling when air, freshwater, and seawater
are the mediums separating the couplers. Using the conformal transformation,
the chapter proposes a mathematical model to calculate the capacitive coupling.
Besides, it shows that submerging the couplers under seawater can enhance
the coupling, and changes in the gap distance and the operating frequency
does not significantly affect the underwater coupling.

Chapter 5 proposes three possible solutions to achievemaximum efficiency,max-
imum power, or conjugate matching. Mathematical analysis shows that all the
solutions are a function of the coupling admittances. The chapter investigates
the efficiency and power transferability of underwater cpt at medium-range
operating frequencies.

Chapter 6 expands the work in chapter 5 by considering the losses in the source
to calculate the maximum efficiency of a cpt system. It shows that the input re-
sistance of cpt system seen watching from the source should be high enough
to achieve good efficiency. Thus, an impedance matching or more complex
compensation on the transmitter side should be adopted to achieve high effi-
ciency.

Chapter 7 summarizes the main findings of the research, discusses the relation-
ship between the results of this study and the results of similar studies in the
published literature, and indicates the research limitations. It also concludes
and suggests future works.
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Paper’s Contribution

This paper presents the current situation and future trends in the electrification
of ships. Although power converters play a key role in electrification, they have
received much less attention in the research. Thus, The main contributions of
the paper are: (1) It focuses on the reviews of the shore-to-ship and shipboard
converters found in the literature and on the market, (2) it also gives instruc-
tions for designing, analyzing, and selecting suitable ship converters, and (3)
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ABSTRACT Capacitive power transfer (CPT) is a near-field wireless power transfer (WPT) technology
that has attracted attention in different charging applications. Using electric fields, CPT gives charging
systems advantages in terms of cost, weight, flexibility, and mobility. This paper discusses theoretical
and practical design considerations of a CPT system to understand and improve the technology and its
applications. The paper proposes one- and two-port measuring approaches using vector network analyzers
to determine the coupling parameters and validate the measurements by simulated values using COMSOL
Multiphysics©. The two-port approach gives more accurate results than the one-port approach. The paper
designs and tests a 13.56MHz CPT system using the two-port measurement results. The system transfers
100W at 87.4% efficiency and 30mm separation distance. The paper also discusses the design limitations
and challenges of the CPT systems aiming to highlight the design challenges that can advance the CPT
systems for wireless charging applications.

INDEX TERMS Wireless power transmission, Capacitive power transfer, Couplings, VNA, Two-port

I. INTRODUCTION

W IRELESS power transfer (WPT) has received con-
siderable attention in various electric charging ap-

plications. The International Telecommunication Union [1]
defines WPT as “the transmission of power from a power
source to an electrical load using the electromagnetic field.”
Near-field WPT, or “non-beam” WPT, is a non-radioactive
propagation WPT technique in which the sizes of the trans-
mitter and the receiver are much smaller than the wavelength
of the electromagnetic waves [2]. It can transfer low to
medium levels of electric power over a range of hundreds
of millimeters without mechanical contact and using simple
to moderate system architecture. It provides an autonomous,
safe, flexible, and reliable charging approach for high-power
charging applications.

Based on the type of coupling, near-field WPT comprises
magnetic field coupling and electric field coupling. Magnetic
coupling, or Inductive Power Transfer (IPT), transfers power
between a power source and an electrical load by means of
magnetic fields. Capacitive coupling, or Capacitive Power
Transfer (CPT), transfers power wirelessly using alternating
electric fields confined between conductors. Unlike mag-

netic field coupling based WPT technologies, CPT has some
merits, including lightweight, low-cost, low eddy-losses in
nearby metals, and good misalignment tolerance [3], [4].

Capacitive charging provides solutions in many appli-
cations such as safety fields, consumer electronics, trans-
port, electric machines, biomedical, and miscellaneous ap-
plications [5]. For transport charging applications, CPT was
proposed to charge on-road vehicles [6], maritime vessels
[7]–[9], and unmanned maritime vehicles [10], [11]. In the
literature, many papers have reviewed different perspectives
on CPT investigating converter topologies, compensation
circuits, and structures [12]–[17].

However, this paper discusses the theoretical and practical
considerations, challenges, and limitations of designing a
CPT system. It also proposes measurement techniques using
Vector Network Analyzer (VNA) to determine the capacitive
coupling parameters. Based on the measurement results, a
13.56MHz CPT system is designed as a case study. The
paper aims to highlight aspects of designing a CPT system.
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II. ELEMENTARY CONSIDERATIONS
This section discusses the fundamental principle of capaci-
tive coupling, the main design factors, and the general struc-
ture of CPT system.

A. FUNDAMENTAL OPERATION PRINCIPLE
As previously defined in the introduction, CPT transfers
power from an electrical power source to an electrical load
using alternating electric fields. The fields induce displace-
ment current between the transmitter and the receiver electric
circuits. The physical principle of the CPT is embodied in
Maxwell’s equations which can be presented by
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#„▽× #„

E
)
= − ∂
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(
▽× #„

B
)
, (1)

where E is the electric field (V/m), B is the magnetic field
(T). Isolating electric and magnetic fields in (1) gives
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where µ permeability (H/m), σ is the conductivity of
the medium Ω/m, and ε is the absolute permittivity of the
medium (F/m). The right terms in (2) are the displacement
currents corresponding to the time-varying electric displace-
ment fields.

If two conductive plates are charged with opposite charges
uniformly distributed over their surface, uniform electric
fields are confined between them. When the separation dis-
tance between the plates is comparable to the dimensions
of the plates, the uniform electric field assumption is no
longer valid, and the fringing effect cannot be neglected. The
fringing is the nonuniform distribution and the bending of
electric fields near the edges. Several analytical and numeri-
cal models tried to calculate the capacitance considering the
fringing effects [18]. The fringing fields can couple the plates
with the ground or any charged object in the proximity of
the plates, forming stray and parasitic capacitors. The stray
and other parasitic coupling capacitances have an essential
effect on the design and performance of CPT system. Besides
capacitance, some factors are important in the design of CPT
systems.

B. DESIGN FACTORS
The power transferred using a CPT system is a function
of the capacitive coupling, the frequency of the alternating
electrical fields, the voltage across the coupling plates, and
the phase angle between the voltages and the currents in the
systems. Thus, the design metrics or factors that can affect
the overall system performance of a CPT system and play
an essential role in enhancing power transfer for charging
applications are [9]:

1) The capacitive coupling
The capacitance depends on the geometries of the plates, the
distance between the couplers, and the medium characteris-

tics between them. The plate thickness can negligible affect
the coupling [19]. But it should be considered for accurate
design depending on the side-by-side distance between the
plates and the separation distance. Various geometric config-
urations were adopted for CPT coupling structures, namely,
conventional rectangular shape, cylindrical [20], disk [20],
and matrix platform [21]. The coupling factors of these struc-
tures widely vary, where the rectangular factor is higher than
0.95, whereas the disk shape is less than 0.5 [20]. The matrix
structure gives freedom of movement, but it suffers from low
efficiency and may require complex control techniques.

A large surface area of the plates causes an increase
in the capacitance, a reduction in the electric field, and a
reduction in the fringing effect. However, vast areas can be
a challenge to realize in practice. The separation distance
between the couplers is another factor that affects the value of
the coupling capacitance. If the transmitter and the receiver
couplers are farther apart, the effective coupling drastically
decreases, and the system is said to be “loosely coupled.”

The electric properties of the separation medium between
the transmitters and receivers play a critical role in capacitive
coupling. The air is the common medium between the plates
for on-road EV charging applications. As the permittivity of
the air is about 1.0006 times the permittivity of the vacuum
(i.e., ε0 ≈ 8.85 × 10−12 F/m), the air-gapped coupling
capacitance is in the pF range. Inserting a material layer with
a high dielectric between the couplers instead of air enhances
the coupler’s capacitance.

Researchers proposed the vehicle’s wheels [22], windows
[23], or bumper [12] to minimize the air gap and confine
the field during charging. Water or air can be a separation
medium for maritime charging applications between the CPT
couplers. Unlike air, the permittivity of water is about 80
times higher than that of air. The permittivity of water
depends on the characteristics of water, such as salinity
and temperature. The salinity of seawater can increase the
coupling capacitance. But it also causes a dielectric loss that
degrades the overall efficiency of the system [10], [11], [18].

2) The operating frequency

Operating at a higher operating frequency can result in im-
proving the overall energy density of the system and the ca-
pability of increasing the distance of power transfer between
the couplers. Operating frequency ranges from Medium Fre-
quency (MF) to High Frequency (HF) were proposed in
the literature. In the MF ranges, 200 kHz [24], [25] and
848 kHz [26] were used but over air-gapped separation dis-
tance of less than 1mm. Higher frequencies in the MF ranges
were also proposed such as 1MHz [27], 1.5MHz [28], and
2MHz [29]. In the HF ranges, 3.4MHz [30], 6.78MHz [31],
13.56MHz [32] and 27.12MHz [33]. But, high operation
frequency can cause high losses and complicate the design
and controlling processes.
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FIGURE 1. Block diagram of a CPT system.

3) The voltage across couplers
The power transfer is proportional to the voltage squared, and
it also depends on the phase shift between the voltage across
the couplers and the induced current flows through the circuit
nodes. Thus, if a high voltage is applied across the couplers,
electric fields increase, and more energy can be transferred.
A wide variation of compensation networks helps achieve
high voltage levels and compensates the phase shift between
the voltage and current to achieve high power transfer. The
compensation networks can be categorized based on the
resonation principle, where each category has pros and cons
[3]. Isolating transformers can also isolate, compensate and
boost the voltages [34].

If the separation medium between the couplers is the air,
the coupling capacitance is in pF range, and the voltage
across the couplers can reach hundreds or thousands of volts.
Applying a very high voltage across the couplers may result
in arcing or even a breakdown voltage fault. It also requires
expensive components for the compensation circuits that
can withstand high voltage ranges. Besides, increasing the
voltage increases the electric field between the plates and the
fringing field intensity field, which may exceed the safety
requirements of the human body.

C. GENERAL SYSTEM STRUCTURE
A block diagram of a CPT for charging applications is
shown in Fig. 1. The power source can be an ac grid, a dc
grid, a battery unit, or a hybrid combination of ac and dc
sources. The connection to an ac grid can face harmonics
and power factor challenges due to the nonlinear behavior
of the power electronics interface. Thus, the connection
should comply with the international standard, IEC 61000-
3-2, which prescribes the maximum amplitude of the line
frequency harmonics [35].

Passive filters or front-end ac-dc converters are needed to
correct the power factor and minimize the current harmonics.
Whereas the passive filters comprise bulky components and
cannot regulate the power flow and output voltage levels,
front-end converters suppress the harmonic contents and con-
trol the power flow actively. Various bridgeless converters are
proposed for power factor correction applications [36], [37]
that can be an attractive option for a CPT charging system.
In contrast, connecting to a dc grid or batteries requires dc-
dc converters to step up or down the source voltage to the
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FIGURE 2. Capacitive couplers structure: (a) A Two-plate structure [38]. (b) A
four-plate horizontal structure [39]. (c) A four-plate vertical structure [40]. (d)A
six-plate structure [19], [31], [41].

required input voltage for the CPT system.
Capacitive coupling is the essential part that transfers be-

tween electrical networks by means of electric fields. Various
arrangements of plates to form capacitive couplers were
proposed, as illustrated in Fig. 2. The two-plate arrangement
is a quasi-CPT, proposed to simplify the capacitive coupling
structure, where the ground forms the common return path
[38]. In this structure, the stray capacitance between the
chassis of Electrical Vehicles (EV) and the ground provides
a return path that can result in dangerous high voltage varia-
tion on the vehicle chassis and Electromagnetic Interference
(EMI) problems.

The four-plate horizontal structure is the most commonly
used and tested in the literature [39]. Compared to the four-
plate horizontal structure, the four-plate vertical structure was
proposed as a more compact arrangement to save space [40].
But the size of plates B and D should be larger than that of
plates A and B. Finally, the six-plate recently received more
attention, a four-plate horizontal structure with two extra
plates shielding the electric field and expanding the safety
area [19], [31], [41].

Compensation circuits are required to achieve zero re-
active power and Zero Phase Angle (ZPA) reducing the
reactive power and increasing the active power transfer-
ability. Double-sided symmetrical compensation typologies,
including L, LC, LCL, LCLC, CLLC compensations, were
commonly used [5]. Other researchers proposed a single-
sided primary compensation [27], [31], [41]. Although the
compensation for a capacitive coupling can be applied on
the transmitter side only, an impedance-matching network is
required at the secondary side to achieve high efficiency over
a wide load variation.

The configuration of compensation circuits depends on the
type of input and output of the resonant circuits. For instance,
a T-circuit configuration is required to have a constant-
voltage output. In contrast, a π-circuit configuration is re-
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quired to achieve a constant-current output for a constant-
voltage input of the compensation circuits [14]. Increasing
the resonant components in the compensation circuits will
increase the overall cost of an CPT system and the difficulties
of the design and realization in practice.

The compensation or impedance-matching network on the
receiver side is followed by an ac-dc rectifier which converts
the received alternating power to constant power. Following
the rectifier, a dc-dc converter is required to keep the effective
output load of the rectifier close to the optimal load. The
dc-dc converter is needed to connect to the onboard dc grid
or batteries, whereas a dc-ac converter might be required to
connect the CPT system to the ac grid. The dc-dc or dc-ac
converters adjust the output voltage to the required voltage
level and can also be operated as active impedance matching.

III. THEORETICAL CONSIDERATIONS
Operating in MF to HF, the corresponding electromagnetic
wavelength will range from tens to hundreds of meters,
making the lumped circuit element approximations of circuit
theory valid. The network theory would help bridge the gap
between field analysis and circuit theory. Thus, this section
presents some of the elements of the network theory that are
useful in the study of CPT systems.

The section discusses the main concepts, the fundamental
principles, and the basic elementary network theorems based
on the details in [42], [43]. Then, it presents the admittance
matrix, its corresponding impedance matrix, and their rep-
resentation as π-network and T -network models. Finally, it
introduces the s-parameters and how they can be used to
analyze CPT.

The physical principles of the network theory are embod-
ied in Maxwell’s equations, as expressed in (2). Thus, the
network theory follows some physical principles.

The first principle is the linearity principle, which is based
on the linearity of Maxwell’s equations. A CPT system can be
modeled as a linear two- or multi-port network, characterized
by using a number of linear impedance elements, which are
passive elements with two terminals. Capacitance and induc-
tance are impedance element values that describe the lossless
operation of a network and represent the flow of energy in
the form of electric and magnetic fields. The resistance and
conductance are the impedance element values that represent
the losses in the network.

The second principle is the duality principle, resulting
from Maxwell’s equations’ symmetries. The duality gives
great convenience in analyzing WPT systems. Based on this
principle, the inductive coupling or Inductive Power Transfer
(IPT) systems can be considered dual for CPT systems. For
instance, a IPT system can be modeled as a black box that
contains a network of impedances. In contrast, a CPT system
can generally be modeled as a black box with a network of
admittances.

Four network theorems are helpful for WPT analysis:
superposition, reciprocity, Thevenin/Norton, and bisection
theorems. The superposition theorem follows directly from

the linearity of Maxwell’s equations. It states that if more
than one source is present in a linear bilateral network, the
response across any element in the network is the sum of
the responses obtained from each source separately. The reci-
procity theorem, which follows the symmetry of Maxwell’s
equations, states that the admittance and impedance matrices
are symmetrical. However, this theorem fails if the network
contains active devices or nonreciprocal mediums (e.g., Fer-
rites).

Norton’s (Thevenin’s) theorem states that any network
having two accessible terminals can be simplified to an equiv-
alent circuit consisting of a single current source (a single
voltage source) and parallel admittance (series impedance)
that is connected to a load. Finally, the bisection theorem
states that if equal voltages are applied to the terminals
of a symmetrical network, no current will flow across the
symmetrical components.

A capacitive coupler is an electrical network with one
or more impedance elements connected at nodes forming
electric meshes. If the impedance elements are known, then
the current flows into, and the voltages applied on a network
can be found using the law of conservation of energy and the
law of conservation of charge (i.e., Kirchhoff’s voltage law
and Kirchhoff’s current law, respectively). Using these two
laws, the mesh currents can be expressed as a function of the
applied voltages in a mesh.

Various electrical network configurations were proposed to
model the capacitive coupling between plate structures. The-
oretically, capacitive couplers can be modeled considering
the medium losses using coupling admittance, as illustrated
in Fig. 3 (a). In practice, however, three types of coupling
can exist (1) effective-coupling (YAC and YBD), (2) cross-
coupling (YAD and YBC), and (3) self-coupling (YAB and
YCD), as shown in Fig. 3 (b).

An ideal voltage or current transformation can be used to
model these coupling admittances, which are equivalent to a
transformer model, as in Fig 3 (c) and (d), respectively. In
these models, the admittance Y12 or the impedance Z12 are
equivalent to the mutual coupling in an electromagnetic net-
work, while the admittances Y11 and Y22 or the impedances
Z11 and Z22 are equivalent to the leakage or the stray coupling
to the ground.

Using the concept of the electrical network, the voltages,
and currents in the network can be considered unknown
variables, which can be obtained using a simple set of
equations. Fig 3 (e) shows the circuit equivalent π-network
model, which is the most common model used to model CPT
systems in the literature. The circuit equivalent T -network
model is mainly used in modeling IPT. Still, it can be used to
model CPT systems using the duality principle, as illustrated
in Fig 3 (f).

Behavior source models are other approaches to represent
WPT system. 3 (g) shows the behavior current-source model,
which is the most commonly used in CPT [19], [38]. The
behavior current-source model has recently attracted more
attention in CPT analysis [25], [44], as shown in 3 (h).
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FIGURE 3. Capacitive couplers: (a) Theoretical coupling admittances. (b)
Mutual-, self-, and cross-coupling admittances. (c) Circuit current type model.
(d) Circuit voltage type. (e) Circuit equivalent π- network model. (f) Circuit
equivalent T -network model. (g) Behavior current-source model. (h) Behavior
voltage-source model.

All the models presented in Fig. 3 are 2-port models. The
models shown in Fig. 3 (d), (f), and (h) are proposed to
compare magnetic field coupling to electric field coupling.
However, the models in Fig. 3 (c), (e), and (g) are closer to
the actual capacitive coupling system. The calculated or mea-
sured values of the coupling admittance can be implemented
directly into these models.

Mathematically, the π-network model can be expressed as

Y11 − Y12 = YAB +
(YAC + YAD) · (YBC + YBD)

YAC + YAD + YBC + YBD
(3)

Y22 − Y12 = YCD +
(YAC + YBC) · (YAD + YBD)

YAC + YAD + YBC + YBD
(4)

Y12 =
YAC · YBD − YAD · YBC

YAC + YAD + YBC + YBD
(5)

Using the duality principle, the connections between the
π- and T -network models can be linked by the following
equations

Z11 − Z12 =
Y1 · Y12 + Y12 · Y2 + Y2 · Y1

Y2
(6)

Z22 − Z21 =
Y1 · Y12 + Y12 · Y2 + Y2 · Y1

Y1
(7)

Z12 =
Y1 · Y12 + Y12 · Y2 + Y2 · Y1

Y12
(8)

If the impedance elements are known, the current flows
into, and the voltages applied on a network can be found us-

ing Kirchhoff’s voltage and current laws. The mesh currents
can be expressed as a function of the applied voltages in a
mesh as follows.

[
I1
I2

]
=

[
Y11 Y12
Y21 Y22

] [
V1
V2

]
, (9)

The diagonal elements are the self-admittance Y11, which
is the input admittance seen in port 1 when port two is
short-circuited. Similarly, the self-admittance Y22 is the input
admittance seen in port 2 when port two is short-circuited.
The off-diagonal element Y21 is the mutual admittance and
is driving port 1 with the voltage V1, short-circuiting port
2 and measuring the short-circuit current at port 2 (i.e.,
Y21 = I2

V2
|V1=0).

Likewise, an impedance matrix can express the T -network
model as

[
V1
V2

]
=

[
Z11 Z12

Z21 Z22

] [
I1
I2

]
(10)

The element Zii is the input admittance seen looking into
ports i when all other ports are open-circuited. The element
Yij can be determined by driving port j with the current
Ij, open-circuiting all other ports and measuring the open-
circuit voltage at port i (i.e., Zij =

Vi

Ij
|Ik=0). The admittance

or impedance matrix size is 2 × 2 symmetrical matrix for
an arbitrary 2-port network. The impedance elements do not
change with changing current or voltage in any direction in
the network, as they are only functions of the geometry of
the couplers. An electrical network is called “a bilateral” if
its behavior remains the same regardless of the direction of
currents flow through its various components.

From the duality principle, the elements in the admittance
matrix can be expressed as a function of the elements in the
impedance matrix.

Y11 =
Z22

∆
(11)

Y12 = −Z12

∆
(12)

Y22 =
Z11

∆
(13)

∆ = Z11Z22 − Z2
12, (14)

where ∆ is the determinant of the impedance matrix, the
negative sign in 12 is due to the direction of the currents in
the circuit equivalent T -network model.

If a 2-port network is connected to a current source (Is and
Ys) and an arbitrary load YL, as shown in Fig. 4 (a). Then, the
input admittance Yin, as seen watching from the source side
is expressed as

Yin = Y11 −
Y 2
12

Y22 + YL
(15)

The source circuit can be replaced by its Norton equiva-
lent, as illustrated in Fig. 4 (b), and expressed as
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FIGURE 4. A general representation of CPT system connected to a source
and a load: (a) Two-port network connected to a source and an arbitrary load.
(b) The equivalent circuits use Norton’s theorem.

Yout = YN = Y22 −
Y 2
12

Y11 + YS
, (16)

IN =
−Y12

Y11 + YS
Is. (17)

The degree of coupling between the transmitter and the re-
ceiver side is the coefficient of coupling and can be expressed
as

k =
Z12√

Z22 · Z22

=
Y12√

Y22 · Y22
(18)

This parameter ranges from negative unity to unity, where
the negative represents the phase inversions.

Equations (9) can be rewritten to express the relationship
between the input current and voltage to the output current
and voltage as

[
V1
I1

]
=

[
A B
C D

] [
V2
I2

]
(19)

=

[
Y22−Y21

Y12

1
Y12

(Y11−Y12)(Y22−Y21)−Y 2
12

Y21

Y11−Y12

Y21

] [
V2
I2

]
(20)

The determinant of the matrix is unity, and for a lossless
CPT system, A and D are purely real, and B and C are pure
imaginary values if the CPT system is symmetric (i.e., Y12 =
Y21), then A = D. This representation is more convenient
when the capacitive two-port network is cascaded with other
networks, such as the compensation circuits. Corresponding
to impedance or admittance matrices is the scattering matrix
which comprises the scattering parameters, also known as
“s-parameters”. Researchers also used the s-parameters to
analyze CPT systems [10], [45], [46]. The admittance Y and
impedance Z matrices are related to the scattering matrix S
by

Y = 50 · (E + S)
−1 · (E − S) (21)

Z = 50 · (E − S)
−1 · (E + S) , (22)

where E is the identity matrix, 50Ω is the reference resis-
tance, and S =

[
S11 S12

S21 S22

]
is the scattering matrix.

Accurate determination of coupling parameters is essential
in designing a CPT system. Some researchers use Finite
Element Method (FEM)-based software [19], [38], [40] to
calculate the coupling between the plates, or they measure
the parameters using impedance analyzer [18], [31], [32],
[41]. Other researchers [10], [11], [46], [47] use VNA to
utilize the s-parameters directly. Calculating or measuring
the coupling parameters requires accurate modeling. The
next section will introduce some practical considerations for
finding these parameters.

IV. PRACTICAL CONSIDERATIONS
Selecting the required compensation and optimizing the effi-
ciency of the system depends on accurately measured or cal-
culated capacitive coupling parameters. Usually, FEM-based
software calculates the coupling capacitance between the
plates. Calculating the capacitances between several plates
is achieved by calculating the charge of any plate and the
electrostatic potentials on all other plates. The relations be-
tween the charge of the ith plate to the voltages of all plates in
the system are described by the Maxwell capacitance matrix
[48]. The diagonal elements of his matrix Cii are determined
by calculating the charge on the ith plate when only the
voltage is applied to this plate and other plates are grounded.
Thus, the diagonal elements are the addition of the self-
capacitance (i.e., the stray or parasitic capacitance between
the plate to infinity.) and the mutual capacitances (i.e., the
capacitances due to the potential differences between the
plates.)

The Maxwell capacitance matrix is calculated numerically
by solving the electrostatic potential, which depends on
the boundary condition. In Ansys Maxwell©, the boundary
condition is floating at infinity in which a matrix reduction
operation is applied within a margin of error [49]. In this
condition, the boundary is disconnected from the ground at
infinity and assumed as it is a perfectly conducting surface
over which the potential is constant. The condition implies
that the electric fields are perpendicular to the boundary.
Another approach is the zero charge boundary condition
which assumes that the electric field lines are tangential to the
boundary. In this condition, the boundary is assumed to be a
perfectly insulating surface through which the charge cannot
redistribute itself. COMSOL Multiphysics© can apply both
conditions and take the average of the two is sufficient for
practical application [50].

The coupling parameters can be measured using either an
impedance analyzer or VNA. An impedance analyzer is a
four-terminal device that uses the I-V method (i.e., a current
source and sensitive voltmeter) to measure the impedance
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FIGURE 5. Types of measurement techniques: (a) Reflection, (b)
Shunt-through. (c) Series-through.

over a wide frequency range accurately. It has excellent
measurement stability after calibration, but test fixture stray
impedance and admittance need to be accurately eliminated
[51]. In contrast, VNA is a device that has one or two
ports that use s-parameters to measure the impedance over
a frequency range from a few hundreds of hertz to GHz. It
requires calibration each time the instrument is turned on or
the frequency setting is changed [51]. Both devices should
give results that agree with each other within the uncertainty
in a frequency range from 30 kHz to 100MHz [52].

Several measurement techniques can measure the coupling
parameters using VNA: reflection, shunt-through, series-
through, π-network, and the I-V method [51]. Fig. 5 illus-
trates the reflection, shunt-through, and series-through tech-
niques.

The reflection technique requires one port only to achieve
the measurements, as it uses the reflection coefficient by
measuring the ratio of the incident signal and reflected signal
(i.e., Γ = Vr/Vi). The admittance can be calculated from the
reflection coefficient as

Yc =
1

50
· 1− Γ

(1 + Γ)
(23)

The directional coupler measures the reflected signal at a null
balance point. Thus, this technique gives accurate results if
the measured impedance is close to or equal to the device
reference impedance (50Ω).

The shunt-through technique requires two ports. The cou-
plers are connected parallel to the two ports, and the mea-
surements can be calculated using the following expression.

Yc =
2

50
· 1− S21

S21
(24)

This technique is more suitable for high admittance measure-
ments since it depends on the transmission coefficient.

The series-through technique requires two ports. The cou-
plers are connected in series to the two ports, and the mea-
surements can be calculated using the following expression.

Yc = 2 · 50 · S11

1− S11
(25)

This technique is more suitable for low-admittance measure-
ments as it depends on the reflection coefficient but is still
sensitive to calibration uncertainty.

The series-through can measure the coupling capacitance
between using a one-port of VNA. Measurements can be
modeled using the π-network model for capacitive cou-
pling. For instance, the effective-coupling admittance be-
tween plates A and C is modeled as YAC, as illustrated in Fig.
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FIGURE 6. Shielded CPT: (a) physical dimensions. (b) One-port
measurement approach. (c) Two-port measurement approach.

6. The stray admittance YAC0 models the leakage admittances
to the ground and the parasitic coupling with other plates.

The short-circuit and open-circuit approaches can be used
to measure the effective-coupling admittance as

Ysc = YAC0 = YAC0 (26)

Yoc = YAC0 −
Y 2
AC

YAC0
, (27)

where YAC0 = gAC0 + jωCAC0 models all the stray and
parasitic addmitances. In the air-gapped shielded CPT sys-
tem, the conductivity (i.e., the real part of the admittance) is
negligible. Then the capacitances can be calculated directly
from the imaginary part of the admittances.

The two-port of VNA can also measure the capacitive
coupling. Fig 6(c) shows the measurement can be achieved
using the two-port of the VNA. The two-port approach can
achieve the measurement in one step compared with the one-
port approach, which requires two measurement steps. The
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FIGURE 7. Calculated and measured values of effective and cross-coupling
coupling capacitance.

admittances can be measured using the two-port as follows

Y =
1

Z0
(E − S) (E + S)

−1 (28)

=

[
YAC + YAC0 −YAC

−YAC YAC + YAC0

]
, (29)

where Z0 = 50Ω is the reference impedance, E is the
identity matris, and S is the s-parameter matrix that achieved
from the measurements.

V. CASE STUDY: DESIGN A 13.56 MHZ CPT SYSTEM
This section discusses the design of a 13.56MHz shielded
CPT system. The system composes four 150 × 250 mm
plates which form the couplers (A, B, C, and D), and two 250
× 300 mm shield plates. The distance between the adjacent
plates (i.e., AB or CD) is 10mm, and the distance between
the plates and shields is 30mm, as shown in Fig. 6(a).

The coupling parameters can be measured using the one-
and two-port approaches discussed in section IV. Using the
one-port approach, the effective-coupling capacitance can
be calculated using the short-circuit and open-circuit tech-
niques, as illustrated in Fig. 6 (b). In contrast, the parameters
of the π-network model are directly achieved from (29)
using the connection shown in Fig. 6(C). Similarly, the cross-
coupling between plates A and D or B and C can be measured
using the aforementioned approaches.

Fig. 7 shows the measured and simulated changes in the
effective- and cross-coupling capacitances with the changing
of separation distance. The calculated values are achieved
using C = εA/d, the simulated values are given by COMSOL
Multiphysics©, and the measured values are achieved using
both one- and two-port approaches.

The two-port measurement approach gives close values to
the simulated ones. In contrast, the one-port measurements
give close values to calculated ones. The difference between
the one-port and the two-port measurements is attributed to
the high stray capacitance values at short separation distances
resulting in calculation error using (26) and (27), making the
two-port approach more accurate than the one-port approach.

Fig. 8 shows the stray capacitances for both the effective
and cross-coupling cases. The stay capacitances have higher

FIGURE 8. Measured values of stray capacitance.
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FIGURE 9. A schematic of the 13.56MHz CPT system.

values than effective and cross-coupling ones. It results in an
inaccurate calculation of the effective coupling capacitance
using (27). The stray capacitance of the effective coupling
(YAC0 or YBD0) mainly composes the self-coupling capac-
itance and the parasitic capacitance between the plates and
shields. Thus, it merely changes when the separation distance
between the plates is increased. In contrast, The stray capaci-
tance of the cross-coupling (YAD0 or YBC0) mainly composes
of the stray capacitance between A and C. Thus, it decreases
when the separation distance is increased.

The effective coupling capacitances and the stray capac-
itance are the main design factors. While the distances be-
tween the plates and the shields and between the adjutant
plates affect the stray capacitance, the separation distance
between the transmitter and receiver couplers affects the
effective coupling. In practice, the plate D is not connected
to the ground, resulting in a π-network model similar to the
one shown in Fig. 9.

Fig. 9 illustrates the schematic of the proposed CPT sys-
tem. An RF generator (Advanced Energy RFX600A) gener-
ates a 13.56MHz ac power. A Ruthroff balun is connected
to the shield plate to achieve a stable ground level. The
series compensation enhances the overall efficiency, reduces
the reflected power, and achieves ZPA operation condition.
The compensation inductance should compensate for both
the stray and coupling capacitance. The compensation induc-
tances can be calculated as

L1 = L2 =
1

2ω0

CAC0

C2
AC0 −

(
CAC

2

)2 , (30)
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TABLE 1. Design parameters

Symbol Quantity Value
f Operating frequency 13.56MHz
d Separation distance 30mm
CAC Effective coupling capacitance 11.5pF
CAC0 Stray capacitance 20.6pF
L1 & L2 Compensation inductance 3.6 µH
Cr Resonant capacitance 63.1pF
Lr Resonant inductance 1 µH
R Load resistance 400Ω
D1, D2, D3 & D4 Diode of the rectifier GD30MPS12H

Directional Coupler

RF Generator
Resonant Rectifier

Shielded

Capacitive Coupler

Power Meter

FIGURE 10. The CPT system undertest.

where ω0 is the angular resonant frequency. Symmetrical
compensations on each side are used to achieve stabilized
ground voltage.

Resonant rectifier achieves dc output at power factor op-
eration and minimizes the reflected power. The components
of the resonant rectifiers are optimized using LTspice© to
achieve minimum reflected power [53]. Reflected power is
an important factor to achieve an efficient CPT. Minimizing
the reflected power maximizes the forward transferred power
and the overall system efficiency.

At a 30mm separation distance, the design parameters are
listed in Table 1. Fig. 10 depicts the proposed CPT system
under test. The proposed system transfer 100W input power
at an 87.4% efficiency at 187V output voltage. Fig. 11 shows
the testing results. The input voltage is in phase with the input
current resulting in minimum reflected voltage. Table 2 lists a
comparison of this work with other underwater CPT systems
in the literature in terms of the number of plates, transfer
power, system efficiency, operating frequency, transfer dis-
tance, and coupler size. Compared to other underwater CPT
systems, this work proposes a shield CPT system is shielded
to reduce the EMI problem and increase the safety around
the couplers. Although the system transferred 100W at an
efficiency of over 87.4% at 30mm separation distance, it can
operate at higher power than 100W.

VI. DESIGN LIMITATIONS AND CHALLENGES
This section discusses design challenges, including operat-
ing frequency, voltage stress, stray capacitance and ground
stability, and overall system efficiency.

Forward voltage

Input voltageInput current

Reflected voltage

FIGURE 11. The waveform results.

A. OPERATING FREQUENCY
Unlike IPT, the operating frequency of CPT systems has not
been standardized, as these systems are still under testing in
laboratories. Medium to the high-frequency range is adapted
to transfer from hundreds of watts to a few kW. Operating
at high frequency adds an extra challenge to designing and
tuning circuits in practice. Besides, if the intensity of the
fields exceeds the limits, they can induce electric fields in
the exposed bodies that cause tissue heating or nerve stim-
ulation. Although the electric fields in this frequency range
are non-ionizing, they are only safe within a prescribed limit.
The International Commission on Non-Ionizing Radiation
Protection (ICNIRP) [57] specifies the basic restriction for
the electric field exposure from 100 kHz to 10MHz for any
region of the human body by the following

Eind = 2.7× 10−4f, Occupational (31)

Eind = 1.35× 10−4f, General public (32)

where Eind the induced electric fields (V/m) and f is
the operating frequency (Hz). The induced electric field is
a function of voltage stress across the couplers; increasing
the voltage stress increases the safety clearness around the
coupling plates.

B. VOLTAGE STRESS
The voltage across the plates in a CPT system can reach
several kV to transfer power effectively over a few hundreds
of mm. As the breakdown voltage of the air is 3 kV/mm,
this limits the distances between the plates to avoid arcing or
breakdown faults. For a non-shielded CPT system, operating
with high voltage stress not only increase the safety clearness
around the system but also induces voltage through the stray
capacitors on the metallic body of the vehicle or nearby
objects, which increases the risk of electric shocks in case
of any contact with these objects.

For a shielded CPT, the shields can decrease the range of
the safety clearance from the plates. However, it still has lim-
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TABLE 2. Comparison between the proposed CPT System and other systems in the literature.

Ref. Plates No. Power (W) Efficiency (%) Frequency (MHz) Distance (mm) Size (mm)
[54] 4 590 88.4 6.78 120 122.5 × 122.5
[55] 4 100 83.5 6.78 12 100 × 100
[56] 4 122.9 73.6 16.5 1 100 × 100
This work 6 100 87.4 13.56 30 250 × 150 and

250 × 300

itations concerning the compactness of the system due to the
high voltage stress. Operating frequency at 13.56MHz and
a separation distance of 180mm, the shielded-CPT coupling
structure requires about 30mm gap between the shields and
the coupling plates [58]. Several voltage stress optimization
methods were proposed to reduce the voltage stress across
the couplers in [25], [59]–[61].

C. STRAY CAPACITANCES AND GROUND STABILITY
The electric fields are divergent, terminating between any two
electrodes with potential differences. Because of the poten-
tial difference between the coupling plates and the ground
resulting in stray capacitances, which can be a source of
EMI. Besides, the leakage fields around the plates can couple
with any low electric potential objects, which raises safety
issues. The shielded CPT [19], [31], [41], using a six-plate
structure shown in Fig.2 (d), results in a small field leaking
out to the surroundings, and it decreases the safety range to
about 100mm away from this plates. However, the coupling
between the shielding plates and the ground through the stray
capacitances results in an unbalanced ground of the CPT.
The Ruthroff transmission line transformer balun can tackle
the unbalanced ground of the shielded CPT and enhance the
stability of ground level at the shield plate [62].

D. EFFICIENCY
The efficiency of the coupling capacitance is a function of
the coupling parameters. Any change in these parameters
might result in a degradation of the overall efficiency. For
instance, by increasing the separation distance, any interfer-
ence of objects between the couplers can directly degrade
the overall system efficiency [63]. Operating in the high-
frequency range is another challenge for the CPT systems.
Soft-switching in both the inverter and rectifier is required
to achieve low losses. Impedance matching circuits are also
required to enhance the overall system efficiency and power
transferability, but they also contribute to some of the overall
losses in the system.

VII. CONCLUSIONS
This paper overviews and discusses the theoretical and prac-
tical considerations in designing a CPT system. It presents
the fundamental operation principle and some theoretical and
practical considerations for measuring the coupling parame-
ters. The coupling parameters are determined in the literature
using numerical calculations using the FEM approach or
measuring the s-parameters using VNA. This paper proposes

the measurement of the coupling admittances using one- or
two-port VNA. The two-port approach gives more accurate
measurements than the one-port one. Based on the two-port
measurement results, a 13.56MHz CPT system is designed.
The system transfers 100W at 87.4% efficiency and 30mm
separation distance. Finally, the paper highlights some of the
design limitation and challenges of CPT systems. Voltage
stress and breakdown issues, EMI and ground stability, and
overall system efficiency are the main challenges that need
further study.

.
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Paper’s Contribution

This paper studies the capacitive coupling when the mediums separating the
couplers are air, freshwater, and seawater. The main contributions of the paper
are: (1) It uses the conformal transformation to calculate the coupling capac-
itance and model the capacitive coupling, (2) it verifies the negative impact
of the parasitic capacitance on the efficiency and power transferability of the
cpt system, and (3) it shows that submerging the couplers under seawater
can enhance the coupling and changes in the gap distance and the operating
frequency do not significantly affect the underwater coupling.
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ABSTRACT This paper studies the capacitive coupling in a capacitive power transfer (CPT) system
designed for charging applications. It proposes mathematical models using the conformal transformation
for calculating air-gapped and underwater capacitance and verifies the proposed models using COMSOL
multiphysics and measurements. The measured results show that we can achieve nano-farad capacitance
ranges if we submerge the capacitor in seawater. The seawater’s capacitance slightly changes when we
increase the gap distance or the operating frequency. As the under seawater CPT system can be an attractive
option for loosely-coupled charging applications, we further examine the system by focusing on the cross-
coupling effects. The results show that the cross-coupling between the plate degrades the system’s power
transfer capability and efficiency. With negligible cross-coupling effects, the system gives 129 W output
power at an efficiency of 81.2%.

INDEX TERMS Wireless power transmission, capacitive power transfer, couplings, energy efficiency,
conformal mapping, network theory.

I. INTRODUCTION
Wireless power transfer (WPT) utilizes electromagnetic
fields to transfer power between a transmitter and a receiver
(couplers) without mechanical contact. It has emerged in
high-power charging applications providing safe and conve-
nient solutions. In such applications, the standard practice
is to use near-field WPT in which the distance between the
couplers is much shorter than the wavelength of the electro-
magnetic fields. Near-fieldWPT comprises twomain groups:
inductive and capacitive power transfer.

Inductive power transfer (IPT) carries the power between
the inductive couplers using magnetic fields. IPT is the most
commonly used technique in high-power charging [1], as it
provides the convenience of automatic charging through three
modes: static, quasi-dynamic, and dynamic [2]. Thus, it has
begun to receive attention for electric cars, buses, and trains
charging applications [3].

The associate editor coordinating the review of this manuscript and

approving it for publication was Kaigui Bian .

IPT suffers from eddy-current losses in the nearby metal,
causing temperature rise problems [4]. Additionally, it con-
tains expensive and heavy parts. As an alternative, capacitive
power transfer (CPT) provides a cheaper and lighter solution
than IPT using alternating electric fields. In the literature,
many papers have proposed CPT charging on-road electric
vehicles [5], [6], electric ships [7], [8], [9], and autonomous
underwater vehicles [10], [11], [12].

Three performance metrics affect the overall system
performance: the operating frequency of the system, the
voltage across the capacitive couplers, and the coupling
capacitance [7]. Decreasing the transfer distance, increas-
ing the operating frequency, or increasing the voltage
across the capacitors can enhance the power transfer of the
system [12]. While safety regulations limit the operating fre-
quency and voltage, we can improve the capacitance between
the couplers.

The air-gapped capacitance is in the pico-farad (pF) range
which limits the power transfer capability of the CPT sys-
tem [5], [6]. One way to improve the coupling capacitance is
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by decreasing the separation distance between the couplers
or increasing the couplers’ dimensions, but in both ways,
we limit the applications of the CPT systems. Another way
is by increasing the electrical permittivity of the medium
between the couplers.

In electrical vehicle charging applications, researchers
have tried inserting a layer of material with a high dielec-
tric between the couplers instead of air to enhance the cou-
pler’s capacitance. For instance, Sakai et al. [13] proposed
a CPT system through the road surface and the vehicle
wheels utilizing steel belts in tires to overcome the short
field-reachable range. Another approach by Yi [14] used the
vehicle’s windows to trap the electric fields for the coupling.
In contrast, Dai and Ludois [15] transferred power through
a flexible and compressive bumper that molds and contours
itself to the vehicle to minimize the air gap and confine the
field during charging.

Submerging the couplers in fresh- or seawater enhances
the coupling and makes the CPT system more attractive for
charging ships and underwater vehicles. In [9], the study
analyzed the underwater CPT system using the finite element
method (FEM) at a high frequency (HF) range. Similarly,
other studies investigated the capacitive coupling at a short
separation distance (up to 20mm) in freshwater [10] and
seawater [11], [12] at aMHz frequency range. The capacitor’s
behavior at the frequency range below the MHz range has
received less attention.

This paper investigates the admittance of an air-gapped
capacitor and capacitors submerged in fresh- and seawater.
The investigation is carried out over 100 kHz to 1MHz fre-
quency range and 10mm to 500mm separation distances.
We analyze the capacitance using a conformal transformation
approach to consider the fringing effect. We propose mathe-
matical models to calculate the capacitance of the air-gapped
and underwater couplers. Moreover, we explain how we can
consider the two-port π model as a conformal transformation
in the complex domain. Finally, we investigate the effect of
cross-coupling on the power transferability and efficiency
under seawater CPT systems.

We arrange the rest of the paper as follows: Section II
investigates the fringing effect on the capacitance of the
coupling plates in air and underwater. It also proposes ana-
lytical models based on the conformal transformation anal-
ysis. Section III presents the two-port model and explains
how we can consider this model as a conformal transfor-
mation in the complex domain. In section IV, we verify
the proposed analytical models using numerical analysis and
experimental results. Then, we examine in detail the effect
of the cross-coupling admittance on the under seawater CPT
system’s power transferability and efficiency in section V.
Finally, we conclude in section VI.

II. FRINGING EFFECT
Using a simplified electrostatic approximation model, we can
approximate capacitance of the plates (coupling plates) as

C0 =
κε0A
d

, (1)

TABLE 1. Capacitance models considering fringing effects.

where κ is the dielectric constant, ε0 (C/V ·m) is the permit-
tivity of the free space, A (m2) is the area of the plates, and
d (m) is the distance between the plates.

In this model, assumptions are a uniform charge density
distribution on the plates and negligible fringing fields at the
edges. However, these assumptions are only valid when the
aspect ratio (b), given by

b =
electrode distance
electrode width

, (2)

is very close to zero [16]. The assumptions fail when the
charge density at the edges of the plates is more extensive than
at the center. The electric fields near the edges of the plates are
weaker than between them due to the fringing effect, which
is the bending of electric field lines near the edges. Thus,
the total capacitance of the plates increases because of the
non-uniform distribution of fields near the edges.

A. THE FRINGING EFFECT IN AIR
Although we might know the total charge on the plates, it is
not easy to calculate the total charge density because of the
non-uniform distribution of charges. We can attribute the
non-uniformity to the induced charge densities on nearby
conductors or polarization of dielectric material. Conformal
transformation and the finite element method (FEM) are two
approaches that can deal with the boundary problem. While
the FEM approach might require expensive software to cal-
culate the capacitance numerically, the conformal transfor-
mation can be a cheaper alternative.

Palmer [17] derived an analytical model using the con-
formal transformation approach for square-shaped plates.
Sloggett et al. [18] also used the conformal transformation
approach to study the fringing capacitance for a disc-shaped
capacitor. In contrast, Nishiyama and Nakamura [19] pro-
posed a numerical model using the boundary element method
to derive the capacitance of square and rectangular plates.
Table 1 lists some of the proposed models for both square-
and disc-shaped plates.

We can apply the disc plates’ models for square ones by
assuming that the area of the disc electrode equals the area of
the squared one.

A = L2 = πR2, (3)

where L is the length of the edges of the square electrode and
R is the radius of the disc.
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FIGURE 1. Illustration of the Schwartz-Christoffel transformation for the
plates.

The conformal transformation approach uses complex
conjugate functions to solve two-dimensional problems.
According to [20], the theorem of Schwartz-Christoffel is a
conformal mapping technique that transforms any polygon
bounded by straight lines in the z-plane, where z = x+jy, into
the real axis α of a new γ -plane, where γ = α + jβ. We can
express the Schwartz-Christoffel transformation as [20]

dz
dγ
= k

n∏
i=1

(γ − γi)ai/π−1, (4)

where ai are the internal angles of the polygon in the z-plane,
k is a constant and γi are points on the real axis in γ -plane
that correspond to the angular points of the polygon in the
z-plane. The a1, a2, . . . , an in (4) are given values, while we
can arbitrarily assume the constants γ1, γ2, . . . , γn.

The value of dz/dγ (|dz/dγ |) in (4) is either infinite or
zero at the angles of the polygon. In contrast, |dz/dγ | cannot
vanish or become infinite for the area bounded by the real
axis (α-axis) and infinite semi-circle in the γ -plane. This
area corresponds to the area bounded by the polygon in the
z-plane. If the boundaries of the plates are considered the side
of the polygon, then (4) transfer these lines into the real axis
in the γ -plane.

Let φ be the potential function and ψ be the electric field
function, whereω = φ+jψ , are conjugate functions that each
solve Laplace’s equation (O2φ = 0). A point in the boundary
of the plate in z-plane corresponds to a point on the real axis
in the γ -plane, and a line constant potential in the ω-plane.

Fig. 1 illustrates the successive Schwartz-Christoffel trans-
formation of the plates in three planes: z-plane, γ -plane,
and ω-plane. The upper electrode (CD) is assumed to be a
semi-infinite plane with a potential function (φ = V ) in
parallel to the electrode (AB) in an infinite plane with a
potential function (φ = 0). The sides of the plates describe
the polygon (ABCD) as a dashed line in the direction of the
arrows. The surfaces of the plates are straight lines stretching
from x = −∞ on the AB electrode to x = ∞ on the
CD electrode in the z-plane.

In the z-plane, if a point travels over a straight line parallel
to the y-axis, then the point moves around a semi-circle in the
γ -plane, as (4) implies. Thus, the polygon consists of the two
arc lines at the plates’ edges. In the γ -plane, we arbitrarily
select the values of γ to be γ = −1 corresponding to the
corner at B and γ = 0 corresponding to the corner at C.
The internal angles of the polygon are zero at B and 2π at C.
By substituting the values of γ and the corresponding angles
in (4), it gives

dz
dγ
= k1

γ

γ + 1
, (5)

where k1 is a constant. When the polygon passes through
γ = −1, then the value of y increases k1π and hence
y = d = k1π , where d is the separation distance.

The ω-plane only consists two lines, V and zero, as shown
in Fig. 1. The internal angle at γ = −1 is zero. Thus, the
transformation of ω-plane to a real axis in the γ -plane can be
expressed as

dω
dγ
= k2

1
γ + 1

, (6)

where k2 is a constant.
When the polygon passes through γ = −1, then the value

of y decreases k2π , that is, y = V = −k2π . Solving (5)
and (6) give

z =
d
π
[1+ γ − ln(1+ γ )+ jπ ] (7a)

w = −
V
π

[ln(1+ γ )− jπ ] (7b)

From (7a), the real part of the z-plane can be written as

x =
d
π
[1+ γ − ln(1+ γ )] (8)

The surface charge density σ can be expressed as

σ = ±
1
4π

dψ
dy
= ±

1
4π

dφ
dx

(9)

Now,we can calculate the surface charge density for the upper
surface and the lower surface of the CD plate. Starting with
the lower surface, as the values of γ ranges from −1 to zero,
then we can simplify γ from (8) as

γ =
πx
d

(10)

From (7b), (9), and (10), we can express the charge density
of the lower surface from zero to γ , in the γ -plane, as∫

σda =
1
4π

[φ(γ )− φ(0)] = −
V
4π2 [ln(1+ γ )]

≈
V
4π2 (1+ γ ) =

V
4πd

(
x +

d
π

)
, (11)

where da is an element of the section of the conductor.
The charge density on the lower part of the electrode equals

the uniform charge distribution on an infinite electrode that its
width increases by a factor (d/π ).
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For the upper surface, as the values of γ ranges from zero
to infinity, then we can simplify γ from (8) as

γ =
[πx
d
+ ln(1+

πx
d

)
]

(12)

Similarly from (7b), (9), and(12), the surface charge den-
sity of the upper surface of the electrode is∫

σda =
1
4π

[φ(0)− φ(γ )] = −
V
4π2 [ln(1+ γ )]

≈
V
4π2

{
ln
[
1+

πx
d
+ ln

(
1+

πx
d

)]}
(13)

The total charge surface density is the algebraic summation
of the charge density on the upper and the lower surfaces.
If the width of the plate is not semi-infinite, that is x = L,
then the capacitance because of the fringing can be expressed
as

Cf =
ε0

4π

{
1+

πL
d
+ ln

[
1+

πL
d
+

1
π
ln
(
1+

πL
d

)]}
(14)

We can physically interpret the fringing capacitance as a
capacitor that is connected in parallel with the capacitor of
a uniform charge distribution on the plates, which is given
in (1). Thus, we express the total capacitive of the air-gapped
coupler as:

C = C0 + Cf =
ε0L2

d

+
ε0

4π

{
1+

πL
d
+ ln

[
1+

πL
d
+

1
π
ln
(
1+

πL
d

)]}
(15)

B. THE FRINGING EFFECT IN WATER
Taking the electrical properties of water into consideration,
we can write (6) as

dω
dγ
= k2

1
γ + a

, (16)

where the factor a represents the conductivity effect of water
and we can assume it to be a = π2/x. From Fig. 1, if we
neglect the surface charge density of the upper surface of the
plates, due to the higher concentration of charges between the
coupling plates in comparison with upper surfaces. Then we
can express the charge density of the plates equals the charge
on the lower surface as∫

σda ≈
V

4πd

(
x +

πd
x

)
(17)

The charge density equals the uniform charge distribution
on an infinite plate whose width increases by a factor (πd/L).
Similar to (15), we can approximate the total capacitance in
water as:

C ≈
κε0L2

d
+
κε0

4πd

(
L +

πd
L

)
(18)

FIGURE 2. Model of the plate coupling: (a) The coupling between the four
plates structures. (b) The circuit model of coupling admittance between
the plates. (c) The π model.

III. TWO-PORT MODEL
The coupling between plates depends on the dimension of the
plates and the medium’s characteristics between the plates,
as shown in (15) and (18). In the case of the air-gapped
CPT system, we can neglect the air’s conductivity and use
the capacitors as circuit elements to represent the coupling
between the plates. While in the case of an underwater CPT
system, we cannot neglect the water’s conductivity due to the
presence of the dissolved ions in the water; hence, we repre-
sent the conductivity of the water by the conductance. As a
general case, we can principally use the admittance to model
the coupling between the plates in a CPT as

Y = G+ jB, (19)

where G is the conductance of the medium and B is the
susceptance between the plates.

Fig. 2(a) shows four plates (A, B, C, and D) which are a
simple CPT structure where the plates (B and D) generate
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a return path for the resonant current. The admittance YAC
and YBD are the mutual coupling between the plates. While
the admittance YAD and YBC are the cross-coupling between
the plates. Finally, the admittance YAB and YCD are the
self-coupling between the plates, as illustrated in Fig. 2(b).

The mutual and cross coupling form a general lattice
network which is unstable due to the inevitable interaction
between the elements of the network. We can simplify in to a
π -network whose elements are [21]

Yab =
(YAC + YAD) · (YBC + YBD)
(YAC + YAD)+ (YBC + YBD)

(20)

Ycd =
(YAC + YBC) · (YAD + YBC)
(YAC + YBC)+ (YAD + YBC)

(21)

Y12 =
YAB · YCD − YAD · YBC
YAC + YAD + YBC + YBD

(22)

As Yab and Ycd are in parallel with YAB and YCD, we can
express them in

Y1 = YAB + Yab (23)

Y2 = YCD + Ycd (24)

Using (20) to (24), we can illustrate the π -network model,
as in Fig. 2(c). Based on [21], we can consider the two-
port π -network model as a conformal transformation in the
complex domain. In other words, if we consider the load
admittance as a point on the complex domain YL-plane, the
input admittance is a point on the complex domain Yin-plane,
then the two-port model maps the output plane onto the input
plane or vice versa without changing the angles.

Fig. 3 illustrates the connection of the two-port network
to a source and a load and the mapping between the input
and the output complex planes. The input admittance (Yin)
is a conformal transformation of the load admittance to the
input complex plane. In contrast, the two-port model maps
the source admittance (Ys) and the current source (Is) to the
output complex plane, as the output admittance (Yout) and the
output current source (Iout).

Thus, we can express the mapping as

Yin = Y1 −
Y 2
12

Y2 + YL
, (25)

YN = Yout = Y2 −
Y 2
12

Y1 + Ys
(26)

iN =
Y12

Y1 + Ys
is (27)

Yin = Y1 −
Y 2
12

Y2 + YL
, (28)

IV. EXPERIMENTAL VERIFICATION
In the first step, wemade a capacitor for verifying the fringing
effect using two 150× 150mm aluminum plates insulated by
covering themwith a plastic lamination pouch. Using an Agi-
lent 4285A LCRmeter in the four-terminal pair measurement
configuration, we measured the air-gapped admittance at a
distance ranging from 10mm to 500mm. In the second step,

FIGURE 3. Model of source and a load connected to the pi -network:
(a) pi -network connected to source and load. (b) The conformal
transformation of admittance between transmitter and receiver sides [8].

FIGURE 4. Comparison between the models listed in Table 1 and the
measured capacitance as a function of separation distance in air.

we compared the measurements with the proposed analytical
model, the models in Table 1, and the numerical model based
on FEM using COMSOL Multiphysics. We used tap water
as freshwater and collected seawater from the local harbor.
In the last step, we tested a series compensated CPT system in
seawater to examine the cross-coupling effect on the system’s
power transferability and efficiency.

A. AIR-GAPPED CAPACITANCE
Fig. 4 shows a comparison between the models in Table 1,
the FEM model, and the measured air-gapped capacitance
at 100 kHz. The results, with an experimentally determined
error that does not exceed 2 pF, show that the simplified
model fails to predict the measurements. Fig. 5 explains the
reason for the difference between themeasured values and the
ones based on the simplified model. It shows the electric field
norm contours where the electric field is about 10V/m at the
edges of the plates. The fringing effect cannot be neglected for
the air-gapped or submerged capacitor even when the aspect
ratio (b) is small.

The FEM models for squared- and disc electrodes give
approximately the same results, which shows that the approx-
imation in (3) is valid. The maximum difference between
the FEM-square and FEM-disc is 10 pF at 10mm separation
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FIGURE 5. Fringing effect with aspect ratio b = 0.067: (a) Air-gapped
capacitor. (b) Underwater capacitor.

distance, which we can attribute to the fields irregularities
near the edges of the squared plate. The FEM models predict
the measured values more accurately than the other models
over the distance range. In contrast, the other models such
as Palmer 1927, Ignatowsky 1932, Cooke 1958, and Hus-
ton 1963 can predict the measured values when the gap is
in the range of 50mm to 200mm. These models can predict
the measured capacitance more accurately when the aspect
ratio b is tiny.

Fig. 6 illustrates the proposed analytical approach (confor-
mal transformation model), the numerical approach (FEM),
and the measured capacitance for the air-gapped capacitor.
Using (15) the conformal transformation model predicts the
measured capacitance better than the FEM analysis. The
highest achieved capacitance is 37.9 pF at 10mm distance,
and it reduces exponentially with the increase of the gap to
reach 3.4 pF at 500mm. The percent error of the conformal
transformation model is lower than that for FEM, as shown in
Fig 7. The error for both models increases as the aspect ratio b
approaches zero. The analytical approach must consider elec-
trode thickness to reduce errors for small aspect ratios.

B. WATER CAPACITANCE
Like the air-gapped capacitor, we investigated the proposed
analytical model, the numerical model, and the measured

FIGURE 6. Comparison between the analytical approach, the numerical
approach, and the measured capacitance of separation distance in air.

FIGURE 7. Percent error of the analytical and numerical approaches for
the air-gapped capacitor.

FIGURE 8. Comparison between the analytical approach, the numerical
approach, and the measured capacitance of separation distance in water
with κ = 82.

capacitance for the seawater capacitor. Fig 8 shows that
using (18) the conformal transformation has a better pre-
diction of the measured capacitance than the FEM analysis.
However, both models fail to predict the measured values
when the separation distance is 100mm or lower. We can
attribute this difference between the models and measured
values at a short separation distance to the air bubbles that
got trapped in the plastic lamination pouch.

The percent error of the conformal transformation model is
lower than FEM for the submerged capacitor in seawater with
82 dielectric constant, as shown in Fig. 9. The plots show that
the analytical approach predicts the capacitance in seawater
more accurately than the FEM approach. The differences
between the measured, the analytical, and the numerical val-
ues could be explained by different water characteristics, such
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FIGURE 9. Percent error of the analytical and numerical approaches for
the submerged capacitor.

FIGURE 10. Measured capacitance of air-gapped electrodes (dotted line),
in freshwater electrodes (solid line), and in seawater electrodes (dashed
line).

as temperature and salinity. Both the analytical and numerical
approaches can give a good approximation to the design of a
CPT system.

V. UNDERWATER CAPACITIVE CHARGING
The air-gapped capacitance range is much lower than those of
the submerged in water, as shown in Fig.10. At 100mm, the
air-gapped capacitance decreases by only 0.1 pFwhen the fre-
quency increases from 100 kHz to 1MHz. The increase in the
transfer distance has more effect on the capacitance. In con-
trast, the underwater capacitance can reach the nF range,
which is about a thousand times higher than that of an air-
gapped one. This high difference attributes to the presence of
the water dipoles and the ions.

At 100mm, the freshwater capacitance is about 819 pF
at 100 kHz and decreases to 250 pF at 1MHz. At the same
separation distance, the under seawater capacitance is 1.3 nF
at 1MHz and increase to 1.6 nF at 1MHz. The capacitance in
freshwater ismonotonically decreasingwhen the gap distance
and frequency increase. In contrast, the capacitance in sea-
water slightly increases with increasing the frequency, and it
does not significantly change with changing the transfer dis-
tance. We can attribute these differences between fresh- and
seawater capacitance to the higher percentage of dissolved
ions in the seawater than in freshwater.

The conductance of the air-gapped coupling is almost neg-
ligible compared to underwater coupling, as shown in Fig. 11.
It is in the µS range and does not change with frequency

FIGURE 11. Measured conductance of air-gapped electrodes (dotted
line), in freshwater (solid line), and in seawater electrodes (dashed line).

FIGURE 12. Converter topology.

or distance, which we can attribute to the insulation charac-
teristic of the air. Fig. 11 also shows that the conductance
of the freshwater is about a hundred times lower than the
one under seawater. Both the conductivity of the fresh- and
seawater decrease with the separation distance and rise with
the increase of the frequency.

From the above results, we continue testing the power
transfer capability of the CPT system in seawater. Fig. 12
illustrates the converter topology we used to test underwater
CPT. We used a four-plates structure by submerging four
aluminum plates in the seawater. In addition, we utilized a
GaN bridge inverter (Infineon EVAL1EDFG1HBGAN) and
four Schottky diodes (C6D04065A) to build the rectifier
bridge. The series L-compensation was chosen as a simple
design that can provide electromagnetic interference (EMI)
suppression. We set the switching frequency slightly higher
than the resonant frequency to operate in the inductive mode
and achieve soft-switching.

Using a single inductor in series at both transmitter and
receiver sides, we can operate the CPT system in constant-
current (CC) or constant-voltage (CV) modes through fre-
quency splitting. It was chosen to operated the system in
CC mode to achieve a zero-phase angle, aiming to can-
cel transferring reactive power, which is hard to achieve in
CV mode. Table 2 lists the design parameters used in the
experiment.

In a previous work [8], we showed that both the power
transfer capability and the system’s efficiency are a func-
tion of the admittance Y12. Increasing the mutual capacitive
coupling can enhance the power transfer capability and the
system’s efficiency. However, we notice from (20) that the
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TABLE 2. Design parameters.

FIGURE 13. Experimental setups: (a) With the cross coupling effect.
(b) Without the cross coupling.

cross-coupling, YAD and YBC, has a negative impact on the
admittance Y12 and hence the system’s power transfer capa-
bility and the efficiency. To examine the influence of the
cross-coupling, we submerged the four plates in a common
container, as shown in Fig. 13(a). While neglecting the effect
of the cross-coupling, we submerged the plates (A and C)
and (B and D) in two different containers, as depicted in
Fig. 13(b). In practice, we can increase the distance between
plates A and B and C and D to eliminate the cross-coupling
effect.

Firstly, when we submerged the plates in the same con-
tainer, we achieved 14.7W the output power with 41.9 %
efficiency. Fig. 14 shows the currents on both the transmitter
and the receiver sides and the voltage across the couplers A
and C. The phase shifts between the currents and voltage indi-
cate a high reactive power circulating in the system, which
explains the system’s low power and efficiency. The figure
also shows that the switchesQ1 andQ4 switched on when the
transmitter side’s current is negative, thus achieving a zero
voltage switching (ZVS) condition. In addition, the results
show that the current on the receiver side suffers from high
harmonic contents, as shown in impure sinusoidal sine wave,
which may result in EMI problems.

FIGURE 14. With the cross coupling effect: the output voltage of the
inverter (yellow), the current on the transmitter side iT (blue) the current
on the receiver side iR (red), and the voltage across the couplers A and C
(green).

FIGURE 15. Without the cross coupling effect: the output voltage of the
inverter (yellow), the current on the transmitter side iT (blue) the current
on the receiver side iR (red), and the voltage across the couplers A and C
(green).

Secondly, we separated plates A and C from plates B
and D to neglect the cross-coupling effect. Under the same
design parameters, we achieved an output power of 129.2W
with about 81.2 % efficiency. Fig. 15 shows the currents and
the voltages with a neglected cross-coupling case study. The
phase shift between the current and voltage is small, which
explains the system’s high output power and good efficiency.
Moreover, the result shows that the inverter achieved zero cur-
rent switchings (ZCS), as the switching frequency is close to
the CC mode frequency. As with the fringing, the harmonics
problem increases in the current on the receiver side.

Fig. 16 shows the breakdown losses of the system with
and without the effect of the cross-coupling. More than 90%
of the losses are in the underwater capacitive coupling for
both cases. We can attribute the losses to the water conduc-
tivity. The cross-coupling also increases the losses under-
water resulting in low efficiency and less transfer power.
Table 3 lists a comparison of this work with other underwater
CPT systems in the literature in terms of compensation cir-
cuit, transfer power, system efficiency, operating frequency,
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TABLE 3. Comparison between underwater CPT systems.

FIGURE 16. Power loss breakdown: without the cross coupling effect and
with the cross coupling effect.

transfer distance, and coupler size. In this work, the underwa-
ter CPT system is smaller in size and simpler in compensation
than the others and can achieve an efficiency of over 80%
at 300mm separation distance if we solve the problem of
cross-coupling.

VI. CONCLUSION
This paper investigated the fringing effect on the capacitance
of both an air-gapped CPT system and an underwater CPT
system. It proposes mathematical models to calculate the
air-gapped and underwater capacitance using the conformal
transformation and verified the models using FEM models
in COMSOL and experimentally measured values. The pro-
posed models showed improvements over previously pro-
posed FEM and other analytical approaches. The paper also
modeled the capacitive coupling using the two-port model
and analyzed it as a conformal mapping transformation in the
complex domain. The experimental measurements demon-
strated that we can improve the coupling by submerging the
coupling plates in seawater. The results also showed that
changes in the gap distance and the operating frequency do
not significantly affect the underwater coupling. Thus, the
paper further examined the effect of cross-coupling on the
underwater system’s power transferability and efficiency and
found that it can degrade the system’s power transfer capabil-
ity and efficiency. A system without cross-coupling effects
can achieve an output power of 129W with an efficiency
of 81.2%.
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Paper’s Contribution

Submerging the capacitive couplers under seawater results in the strong con-
ductive coupling, which can highly affect the overall system efficiency and
power transferability. The main contributions of the paper are: (1) It proposes
three possible solutions to achieve maximum efficiency, maximum power, or
conjugate matching considering the dielectric losses of the medium, and (2)
it investigates the underwater coupling efficiency and power transferability at
low operating frequencies.
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Abstract: Capacitive power transfer (CPT) has attracted attention for on-road electric vehicles,
autonomous underwater vehicles, and electric ships charging applications. High power transfer
capability and high efficiency are the main requirements of a CPT system. This paper proposes
three possible solutions to achieve maximum efficiency, maximum power, or conjugate-matching.
Each solution expresses the available load power and the efficiency of the CPT system as functions
of capacitive coupling parameters and derives the required admittance of the load and the source.
The experimental results demonstrated that the available power and the efficiency decrease by the
increasing of the frequency from 300 kHz to 1 MHz and the separation distance change from 100 to
300 mm. The maximum efficiency solution gives 83% at 300 kHz and a distance of 100 mm, while
the maximum power solution gives the maximum normalized power of 0.994 at the same frequency
and distance. The CPT system can provide a good solution to charge electric ships and underwater
vehicles over a wide separation distance and low-frequency ranges.

Keywords: wireless power transfer; wireless energy transfer; capacitive coupling; network theory;
underwater losses; conjugate matching; maximum efficiency; maximum power

1. Introduction

Wireless power transfer (WPT) is a promising alternative to conductive (wired) power
transfer for on-road electric vehicles, underwater vehicles, and ship charging applications.
It has the potential to provide the convenience of automatic charging through three different
modes, namely, static, quasi-dynamic, and dynamic [1]. Near-field WPT technologies are
the most commonly used for high-energy charging applications. In the near-field WPT,
the transmitter and the receiver sizes are much smaller, and the distance between them is
much shorter than the wavelength.

The main near-field WPT approaches are inductive power transfer (IPT) and capacitive
power transfer (CPT). IPT has begun to receive attention for charging electric cars, buses,
and trains [2]. Many manufacturers have recently started to provide wireless charging sta-
tions with power transfer capability ranges from 3.3 up to 450 kW. However, the challenges
associated with IPT are electromagnetic interference (EMI) with communication systems
and human safety issues, eddy current losses, bulky size, and high cost [3,4].

CPT uses the alternating electric fields confined between the coupling plates (capaci-
tive coupler) to transfer energy between a source and a load without physical connections.
It provides a cheaper and lighter alternative to IPT with a better misalignment perfor-
mance. It also addresses the IPT’s interaction problem with nearby metals and results
in avoiding the eddy current losses and fire hazard potential. Consequently, it has been
proposed for on-road electric vehicles [5–7], underwater vehicles [8–11], and ship charging
applications [12–14].

In the electric vehicle charging applications, papers use an equivalent π-model to
analyze and design air-gapped capacitive couplers [5–7,15]. Using this model, Orihara
provides a simple formula to calculate the maximum efficiency of a CPT system using the
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coupling coefficient (k), the quality factor (Q), and parameters of their extended product
(kQ) [16]. Dionigi et al. [17] extend Orihara’s analysis to include three possible solutions,
namely, the one that maximizes the efficiency, one that maximizes the transferred power,
and one that realizes power matching.

For underwater vehicles, Tamura et al. examine the efficiency of submerged CPT
systems in freshwater [9,10] and seawater [11] using the same parameters that Orihara pro-
posed. However, they do not consider the medium losses between the coupler. Moreover,
they investigate the seawater at the MHz frequency range and separation distance between
the couplers up to 180 mm. In contrast, Mahdi et al. study the CPT system’s maximum
available efficiency and power using a conjugate matching approach and consider the
dissipative losses of the seawater [14]. The main contributions of this paper are:

1. It extends the analysis proposed in [14] to include three possible solutions, namely,
the one that maximizes the efficiency, the one that maximizes the transferred power,
and the one that realizes power matching.

2. It considers the dielectric losses of seawater, unlike the previous analysis for lossless
medium in [17].

3. It investigates the under seawater CPT system behavior at the 0.3 to 1 MHz frequency
range and separation distance up to 300 mm.

The analysis shows under which conditions each solution is achieved and demon-
strates the reciprocal relationship between power and efficiency.

2. System Analysis

As proposed in [14], the reciprocal two-port network representation provides a general
formulation for the CPT scheme. In this representation, the capacitive couplers are a black
box from which only the voltages (u1, u2) and the currents (i1, i2) can be measured. The two-
port model presents the admittance representations of the π-model in a matrix form,
as illustrated in Figure 1. The system is assumed to be passive, linear, and reciprocal.

Y12

Y1 -Y12 Y2 -Y12

+

u1

-

-

u2

+

i1 i2
+

u1

-

-

u2

+

i1 i2

[Y]

(a) (b)

Figure 1. Network representation of CPT: (a) A π model. (b) A linear two-port network.

2.1. Passive Linear Reciprocal System

The black box model of the system contains passive components, which means there
are no energy sources. Thus, the power on the receiver is less or equal to the power on
the transmitter side. In addition, the system is linear as the admittance is assumed to be
independent of the voltages and currents. Moreover, it is reciprocal, meaning that the
transmission of the signals at any side does not depend on the direction of the propagation.
The reciprocal characteristics are a result of the fundamental symmetries of Maxwell’s
equations. Based on these assumptions, the admittance matrix expresses the voltage-to-
current relationship as: [

i1
i2

]
=

[
Y1 Y12
Y12 Y2

][
u1
u2

]
, (1)

where Yi = gi + jbi, i = 1, 2, or 12 is the admittance. The direction of u2 has been reversed
to achieve a positive definite matrix as noticed in Equation (1).

Figure 2a illustrates when the two-port network is connected to a source and a load.
The current flows through the load is (i2 = −YLu2); where the negative sign is attributed
to the reversed direction of the receiver voltage (u2). By substituting this current in the
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second row of the matrix, the input admittance (Yin) as it is seen by the transmitter side,
can be expressed as:

Yin = Y1 −
Y2

12
Y2 + YL

, (2)

where YL is the load admittance at the receiver side. The input admittance replaces the
two-port network and the load. The voltage gain across the coupler can be expressed:

Gu = −u2

u1
= − Y12

Y2 + YL
(3)

+

u1

-

-

u2

+

i1 i2

[Y]

(a)

Yin

is YLYs

Yout

Transmitter Receiver

+

u1

-

-

u2

+

i1 i2

is YLYs

Transmitter Receiver

(b)

Yin iN YN

Figure 2. A general representation of CPT system: (a) two-port network connected to source and
load. (b) The transmitter and receiver are equivalent circuits.

By substituting the source current (is = Ysu1 + i1) in the matrix the two port model,
Equation (1), can be replaced by:

[
is
i2

]
=

[
Y1 + Ys Y12

Y12 Y2 + YL

][
u1
u2

]
(4)

This matrix is an extended form of the matrix in the Equation (1) when the two-port
network is connected to the source and the load. By applying an open circuit condition
(i2 = 0) in the second row and substituting the results in the first row, then the transmitter
voltage can be expressed as a function of the source current:

u1 =
Y2 + YL

∆
is, (5)

where ∆ = (Y1 + Ys )(Y2 + YL ) − Y2
12 is the determinant of the matrix in Equation (4).

While Equation (3) shows that the voltage gain depends on the load, Equation (5) indicates
that the current gain is independent of the load.

Similarly, the source and the two-port network can be replaced using the Norton
equivalent circuit connected to the receiver side. The corresponding Norton equivalent at
the receiver side, as illustrated in Figure 2b, can be expressed as:

YN = Yout = Y2 −
Y2

12
Y1 + Ys

(6)
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iN =
Y12

Y1 + Ys
is (7)

From Equations (3) to (7), the source power is expressed as:

Ps =
1
2

Re(Ys)|u1|2 =
1
2

gs

∣∣∣∣
Y2 + YL

∆

∣∣∣∣
2

|is|2 (8)

The input power can also be expressed as:

Pin =
1
2

Re(Yin)|u1|2 =
1
2

gin

∣∣∣∣
Y2 + YL

∆

∣∣∣∣
2

|is|2 (9)

Likewise, the power transfer to the load can be defined as:

PL =
1
2

Re(YL)|u2|2 =
1
2

gL

∣∣∣∣
Y12

∆

∣∣∣∣
2

|is|2 (10)

Then, the efficiency of the system can be expressed as:

η =
PL

Ps + Pin
=

Re(YL)

Re(Ys + Yin)

∣∣∣∣
Y12

Y2 + YL

∣∣∣∣
2

(11)

Based on the previous analysis, there are three possible solutions to design the system:

(a) Maximum efficiency: determine the value of the source and the load admittance
that achieve maximum efficiency.

(b) Maximum power: determine the value of the source and the load admittance that
achieve maximum power transfer to the load.

(c) Conjugate-image: determine the values of the admittance that realize the principle
of power matching.

2.2. Maximum Efficiency Solution

For mathematical convenience, the source is considered lossless (g2 = 0), and the
following expressions are defined:





α = g1

β = 2 g1 g2 − g2
12 + b2

12

γ = 2 g1 b2 − 2 g12 b12

λ = g1
(

g2
2 + b2

2
)
− g2

(
g2

12 + b2
12
)
− 2 b2( g12 b12 )

ζ = g2
12 + b2

12

(12)

The Equation (11) can be rewritten as:

η =
ζ gL

α
(

g2
L + b2

L
)
+ β gL + γ bL + λ

(13)

In addition, defining the following two parameters for the convenience of mathemati-
cal symbols in [14]:

ψ2 =
g2

12
g1 g2

(14a)

χ2 =
b2

12
g1 g2

, (14b)
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where ψ represents the ratio between the coupling conductance and the self-conductance
and χ is an equivalent to the quality factor. Another two expressions θG and θB are used,
which were defined in [18] as intermediate variables, but their physical meanings are not
given. The source and load admittance can be rewritten as:

θG =
√
( 1− ψ2 ) ( 1 + χ2 ) (15a)

θB = ψ χ (15b)

The maximum efficiency is achieved when ∂η/∂gL = 0 and ∂η/∂bL = 0. By solving
∂η/∂bL = 0, the b(a)

L can be calculated. This paper denotes the following: superscript
(a) the parameters of the maximum efficiency solution, superscript (b) those relative to
the maximum power solution, and superscript (c) those related to the conjugate-image
solution. Substituting the calculated value b(a)

L in Equation (13), the g(a)
L can be calculated:

g(a)
L = g2 θG (16a)

b(a)
L = g2 θB − b2 (16b)

The source admittance is expressed as:

Y(a)
s = jb(a)

s = −jb1 (17)

The expression for the maximum efficiency is obtained by substituting Equation (16)
into (13), giving:

η(a) =
ψ2 + χ2

( 1 + θG )2 + θ2
B

(18)

Evaluation of |∆ |2 for a given values in Equation (16) gives:

|∆ |2 = ( g1 g2 )
2
{[

θG( 1 + θG ) + θ2
B

]2
− θ2

B

}
(19)

The maximum power available from the source can be calculated from Equation (9)
as:

Ps,max =
1
8
| is |2
gin

(20)

The available power transfer to the load at the maximum efficiency can be calculated
from Equation (16) and (19) into (10) as:

P(a)
L = 4Ps,max

(
ψ2 + χ2 ) θG[

θG( 1 + θG ) + θ2
B
]2

+ θ2
B

(21)

If the loses of the seawater is neglected, then the conductance, the ψ parameter, the θG
parameter are zeros. Then Equations (18) and (21) can be rewritten as:

η(a) =
χ2

(
1 +
√

1 + χ
)2 (22a)

P(a)
L = 4Ps,max

χ2

√
1 + χ2

(
1 +

√
1 + χ2

)2 (22b)

Equations (22) are the same for the lossless medium analysis reported in [17].
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2.3. Maximum Power Solution

The load admittance (YL) that realizes maximum power transfer can be achieved in
a simpler way than the procedures in Section 2.2. By using the equivalent circuit at the
receiver side, which is illustrated in Figure 2b, the load admittance can be calculated using
the maximum power transfer theorem. This theorem states that maximum power transfer
is achieved when the YL is the conjugate of the output admittance expressed in Equation (6)
(i.e., when the following condition is achieved gL = gN and bL = −bN). Thus, the value
b(b)L and the g(b)L can be calculated:

g(b)L = g2

(
θ2

G + θ2
B

)
(23a)

b(b)L = 2 g2 θB − b2 (23b)

The source admittance can be expressed as:

Y(b)
s = jb(b)s = −jb1 (24)

The expression for the maximum efficiency is obtained by substituting Equation (23)
into (13), giving:

η(b) =
ψ2 + χ2

2
(

1 + θ2
G + θ2

B
) (25)

Evaluation of |∆ |2 for a given values in Equation (23) gives:

|∆ |2 = ( 2 g1 g2 )
2
[

θ2
G + θ2

B

]2
(26)

Similarly, the available power transfer to the load at the maximum efficiency can be
calculated from Equation (23) and (26) into (10) as:

P(b)
L = Ps,max

ψ2 + χ2

θ2
G + θ2

B
(27)

If the loses of the seawater is neglected, then the conductance, the ψ parameter, the θG
parameter are zeros. Then the Equations (25) and (27) can be rewritten as:

η(b) =
1
2

χ2

( 2 + χ2 )
(28a)

P(b)
L = Ps,max

χ2

1 + χ2 (28b)

Similarly, the two equations (28) are the same for the lossless medium analysis
reported [17].

2.4. Conjugate-Image Solution

In this solution, the conjugate-image theorem [18] considers the input admittance
as the conjugate of the source admittance (Yin = Y∗s ), and the output admittance as the
conjugate of the load admittance (YN = Y∗L ). Equations (4) and (5) are identical, if the
dielectric losses of the water is neglected. In contrast, if the dielectric losses is considered,
then these two Equations (4) and (5) can be solved for Ys and YL. Thus, the source and load
admittance can be rewritten as [14]:

Y(c)
s = g1 θG + j( g1 θB − b1 ) (29a)

Y(c)
L = g2 θG + j( g2 θB − b2 ) (29b)
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If the real part of the Equation (29a) is assumed to be zero, then the expression for
the maximum efficiency is obtained, which is exactly the same results of the maximum
efficiency solution in the Section 2.2. Likewise, the maximum available power derived
from the load is expressed in [14] is the same solution achieved in the Section 2.3.

In contrast to [14], if the real part of Equation (29a) is not neglected, which is the case
(i.e., gs = g1 and θG 6= 0), a more precise solution can be achieved. The expression for the
maximum efficiency is obtained by substituting Equation (23) into (11), giving:

η(c) =
1
2

ψ2 + χ2

( 1 + θG )2 + θ2
B

(30)

Evaluation of |∆ |2 for a given value in Equation (29) gives:

|∆ |2 = ( 2 g1 g2 )
2
[

θ2
G(1 + θG)

2 + θ2
Gθ2

B

]
(31)

The maximum available power to the load when gs = g1 θG 6= 0 becomes:

P(c)
L = Ps,max

ψ2 + χ2

θG

[
( 1 + θG )2 + θ2

B

] (32)

Again, if the losses of the seawater are neglected, then the conductance, the ψ pa-
rameter, and the θG parameter are zeros. Then Equations (30) and (32) can be rewritten
as:

η(c) =
1
2

χ2

(
1 +
√

1 + χ
)2 (33a)

P(c)
L = Ps,max

χ2

√
1 + χ2

(
1 +

√
1 + χ2

)2 (33b)

Similarly, the two equations (33) are the same for the lossless medium analysis
reported [17]. Table 1 lists a summary of the three solutions.

Table 1. A summary of the three solutions.

Maximum Efficiency Maximum Power Conjugate-Image

gs 0 0 g1θG
bs –b1 –b1 g1θB
gL g2θG g2

(
θ2

G + θ2
B
)

g2θG
bL g2θB–b2 2g2θB–b2 g2θB–b2

Lossy System

PL 4Ps,max
(ψ2+χ2 ) θG

[ θG( 1+θG )+θ2
B ]

2
+θ2

B

Ps,max
ψ2+χ2

θ2
G+θ2

B
Ps,max

ψ2+χ2

θG [ ( 1+θG )2+θ2
B ]

η
ψ2+χ2

( 1+θG )2+θ2
B

1
2

ψ2+χ2

( 1+θ2
G+θ2

B )
1
2

ψ2+χ2

( 1+θG )2+θ2
B

Lossless System

PL 4Ps,max
χ2

√
1+χ2

(
1+
√

1+χ2
)2 Ps,max

χ2

1+χ2 Ps,max
χ2

√
1+χ2

(
1+
√

1+χ2
)2

η χ2

( 1+
√

1+χ )
2

1
2

χ2

( 2+χ2 )
1
2

χ2

( 1+
√

1+χ )
2
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3. Calculated and Measured Results

This section provides the calculated and the measured results of the three solutions
mentioned in the previous section.

3.1. Calculated Results

The normalized load power to the maximum available power from the source (PL/Ps,max)
and the efficiency of the three solutions are shown in Figure 3 as a function of ψ and χ.
The results show that, for the three solutions to increase the efficiency, the χ coefficient
should be increased. In particular, the mutual capacitance should be increased and the
resistances should be decreased. The maximum efficiency solution gives 100% efficiency as
ψ asymptotically approaches 1.

It is also clear that the power transfer capability might reduce if the system is de-
signed to achieve maximum efficiency. This result demonstrates the reciprocal relationship
between the power and the efficiency of the system. The maximum power solution
can achieve 50% efficiency, but with a high power transfer range. On the other hand,
the conjugate-image solution shows that if the source inductance is not zero, both the
efficiency and the power transfer capability of the system decrease. However, the three
solutions fail if the value of the ψ is asymptotically approaching 1.

3.2. Measurement Results

Figure 4 shows the experimental setup in which two pairs of square-shaped aluminum
plates covered with a plastic lamination pouch for isolation were used. The coupling
parameters were measured using a PicoVNA Vector Network Analyzer. The measurement
was carried out over a distance (d) from 100 to 300 mm and a frequency range from 300 kHz
to 1 MHz in seawater collected from the local harbor. Equation (14) is used to calculate the
two coefficients ψ and χ from the measured parameters.

Figure 5 shows the two parameters ψ and χ with the change of the separation distance
between the plates and the change of the frequency. Both parameters reduce with the
increase in the separation distance, as the susceptance (b12) decreases. Figure 5a shows that
the ψ cannot be neglected over the frequency or the distance ranges. Thus, if the analysis
for a lossless system is considered, then imprecise results are achieved.

In Figure 5b, the parameter χ decreases with the increase in the distance and the
frequency ranges. As χ decreases, it is expected from Figure 3 that the efficiency will also
decrease. Figure 6a depicts the change of the efficiency of the three solutions with the
change of the distance and frequency. The efficiency of the system decreases with both
the increase in the distance and the frequency. The maximum efficiency solution gives the
highest efficiency of about 83% at 300 kHz and 100 mm. Both the maximum power and
conjugate-image solutions give about half of the maximum efficiency solutions.

Figure 6 also shows the normalized power of the three solutions versus frequency
and distance. The maximum power solutions have higher normalized power transfer
capability as expected. The maximum normalized power at 100 mm distance and at
300 kHz is 0.994 and decreases to 0.976 at 1 MHz. The maximum efficiency solution gives
a higher normalized power solution than the conjugate-image one, as shown in Figure 3.
The increase in the normalized power of the later two solutions with the increase of the
frequency is caused by the increase of the ψ parameter, as shown in Figure 5a.

Dionigi et al. [17] previously studied the three solutions for non-dissipative CPT
systems where the dielectric of the medium is neglected. The analysis in that study works
for air-gapped CPT systems but not for underwater ones. Due to the dissolved ions in the
seawater, the conductivity of the water causes the losses, as shown in Figure 5b. Figure 7
depicts the relationship between the efficiency and normalized power of the underwater
CPT for both dissipative (lossy) analysis and non-dissipative (lossless) analysis. It is clear
that, regardless that the difference between them is small, the medium losses should be
considered in the design of the system to obtain more accurate results.
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(a)

(b)

(c)

Figure 3. The efficiency of CPT system: (a) Maximum efficiency solution. (b) Maximum power solution. (c) Conjugate-
image solution.

Pico VNA

100 mm

d

480 mm

1
5

0
 m

m

300 mm

200 mm

PicoVNA

150 mm

Port 1Port 2

Figure 4. The measurement setup [14].
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(a)

(b)

Figure 5. The measured ψ and χ versus the separation distance and the frequency: (a) The ψ

coefficient. (b) The χ coefficient.

(a)

(b)

Figure 6. Cont.
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(a)

(b)

Figure 6. The efficiency and normalized power versus the separation distance and the frequency:
(a) Maximum efficiency solution. (b) Maximum power solution. (c) Conjugate-image solution.

(a)

(b)

Figure 7. The efficiency and normalized power versus χ for lossy and lossless solutions: (a) Maximum
efficiency solution. (b) Maximum power solution.
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4. Discussion

This section discusses the results of the three proposed solutions: maximum efficiency,
maximum power, and conjugate-image solutions. The parameters ψ and χ are the main
factors based on which the three solutions are proposed and, hence, they should be dis-
cussed thoroughly. The frequency of the electric fields and the distance between plates
affect the conductance and the admittance of the underwater seawater couplers and, hence,
affect the values of both ψ and χ.

4.1. The Parameters ψ and χ

The parameters ψ2 and χ2, which are expressed in Equation (14), are equivalent to the
k-coefficient and Q-factor that are defined in [16], respectively. Specifically, the parameter
ψ2 = k1k2 where k1 = g12/g1 and k2 = g12/g2 are the normalized conductance, while
the parameter χ2 = k1k2Q2 where Q is the quality factor. Although the paper used the
parameters ψ and χ that are equivalent to the k and Q factors proposed in [16], the analysis
in this paper provides three different solutions while the kQ-factor approach only focuses
on the maximum available efficiency.

The analysis in this paper can become meaningless if negative resistances are present.
For instance, if g1, g2 are negative the system operates as oscillator [18]. The negative ter-
minal resistance is also possible if ψ is asymptotically approach unity, as shown in Figure 3.
Specifically, g2

12 > g1g2 results in a negative θG and, hence, negative terminal resistance.
Thus, the sign of the coefficient θG can be an indicator to whether or not the system is
potentially an oscillator [18]. For a pure non-dissipative system with pure admittance
coefficients in Equation (1), the coupling coefficient (κ = Y12/

√
Y1Y2 = C12/

√
C1C2) is

used to express the degree of coupling in the loosely coupled system. This parameter
has a value between zero and unity. In such a system, the power output must equal the
power input.

4.2. The Frequency Effect

Seawater has high conductivity caused by the dissolved salts presents as cations
(Na+, Mg2+, Ca2+, and K+), and anions (Cl− and SO2−

4 ) [19]. A water molecule is a polar
molecule directed along a symmetry axis with its negative endpoints at the oxygen atom
and its positive endpoints at the hydrogen atoms [20]. When the external electric fields act
on the water molecules, the permanent dipoles experience torques that reorient them along
the direction of the electric field. Thus, the water becomes polarized, and the polarization
is proportional to the applied field [21].

The plates attract the oppositely charged ions results in the adsorption of the anions
and the cations to the oppositely charged electrodes. The adsorbed ions form a layer near
the surface of the electrode, known as the “Helmholtz layer”. The probability of formation
of this layer in seawater is high due to the high concentration of the ions. At a low frequency,
forming this layer reduces the conductance, which explains the reduction of the ψ shown
in Figure 5b. However, with the increase in the frequency, the plates’ polarity changes fast,
causing the dissolved ions’ fast mobility, increasing the seawater’s mutual conductivity.

Water has higher relative permittivity than air, meaning submerging the coupling
capacitor in water increases the capacitance. The polarization also causes accumulations of
bound charges (electron charges) within the water and on the surfaces of the electrodes.
These charges produce electric fields in opposition of the applied field, which causes
the increase in the mutual- and self-capacitance and, hence, the admittance. Moreover,
the effects of the fringing fields increase the capacitance. Nevertheless, the rate of the
increase in mutual-susceptance (b12) is less than the product of the conductance (g11 · g22)
with the increasing of the frequency, which results in decreasing the χ parameter, as shown
in Figure 5b.

The calculated results showed that the efficiency increases with the increase of both
the parameters ψ and χ, as shown in Figure 3. Thus, the efficiency can be improved
by decreeing the frequency, as depicted in Figure 6a. Likewise, the maximum available
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power at the load increases with the parameters ψ and χ. As a result, more power can be
transferred to the load at a low-frequency range if the maximum power transfer solution is
followed. In contrast, if the maximum power transfer of the conjugate-image solutions is
considered, then increasing the frequency improves the power transfer capability of the
system, as shown in Figure 6b.

The previous studies suggested MHz frequency ranges for the CPT systems for under-
water autonomous underwater vehicles [9–11] or underwater electric ship [12] charging
applications. However, the three solutions showed that the increase in frequency could
degrade the system efficiency and/or power transfer capabilities.

4.3. The Distance Effect

The distance between the plates at the same side (the transmitter or the receiver side)
is fixed to 100 mm, as shown in Figure 4. Thus, the change conductance (g11 & g22) is almost
negligible. At the same time, the distance between the transmitter and the receiver plates
(d) is changed over a range of 100 to 300 mm, resulting in decreasing the conductance (g12).
As a result, the parameter ψ decreases with the increase of the transfer distance, as shown
in Figure 5a. In contrast, the change in the distance has a negligible effect on the mutual
susceptance (b12), as shown in Figure 5b. As the χ is the critical parameter in calculating
the available power and the system efficiency, the difference between the results of the
three solutions with the change of the distance is negligible, as shown in the overlapped
lines in Figures 6 and 7.

5. Conclusions

This paper investigated a dissipative capacitive power transfer (CPT) system submerged
in seawater using three solutions: maximum efficiency solution, maximum power solution,
and conjugate-matching solution. The available load power and the efficiency were expressed
as functions of capacitive coupling parameters. The experimental results showed that the
available power decreased by the increasing of the frequency from 0.3 to 1 MHz and the
separation distance change from 100 to 300 mm in the maximum available power solution.
The maximum power solution gave the maximum normalized power of 0.994 at 300 kHz
and a 100 mm distance. Likewise, the maximum efficiency was 83%, which was achieved
using the maximum efficiency solution at the same frequency and distance. The efficiency
was degraded when the frequency and the distance increased to 1 MHz. The CPT system
can be a good solution for underwater wireless charging applications over a wide separation
distance and low-frequency range.
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Paper’s Contribution

Submerging the capacitive couplers under seawater results in high capacitive
coupling due to the high permittivity of water. The conductive coupling because
of the dissolved ions in the water is a challenge that faces the underwater cpt
systems. The main contributions of the paper are: (1) It proposes and validates
a mathematical model to calculate the maximum achievable efficiency of the
underwater CPT system considering the dielectric losses of the medium and the
compensation circuits, and (2) it examines the effect of changing separation
distance and switching frequency on the transmitted power and the overall
efficiency.
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Abstract—Underwater capacitive power transfer (CPT) can
provide an inexpensive and light charging solution with good mis-
alignment tolerance for charging unmanned maritime vehicles.
This paper investigates the effect of the changing of the frequency
and the distance on the power transfer and overall efficiency of
the underwater CPT system, considering the dielectric losses of
the medium. It also proposed and validate a mathematical model
for calculating the maximum available efficiency of the system.
Using series compensations, the proposed CPT can transfer 48
W at 500 mm, 48 V input voltage, 516 kHz, and 54%.

Index Terms—Underwater structures, marine vehicles, wireless
charging, capacitive power transfer, maximum efficiency

I. INTRODUCTION

Unmanned maritime vehicles (UMVs) have attracted con-
siderable attention in recording oceanographic observations,
studying climate change, and observing marine pollution.
They can operate autonomously in challenging and hazardous
shallow or deep water [1]. Both surface and underwater UMVs
have been extensively used in marine exploitation investigation
and emergency search rescue [2], [3]. Powered by lithium-ion
batteries, these vehicles profile up hundreds to thousands of
kilometers of the ocean vertically or horizontally under remote
control over months [4].

Charging infrastructure can play a critical role in the de-
velopment of battery-powered autonomous UMVs. Battery-
swapping, wired charging, and wireless charging are three
main charging approaches that can be adapted for charging
maritime vehicles. Batteries swapping is time-consuming and
requires human intervention, which losing their autonomy.
Wired charging techniques are another approach that can be
achieved manually or automatically. Automatically, various
robotic docking and latching mechanism are proposed for
both unmanned surface vehicles (USVs) [5] and autonomous
underwater vehicles (AUVs) [6]. However, these techniques
require high-precision connection mechanisms, which increase
the design complexity and overall price of the system [7].

Wireless power transfer (WPT) technologies can provide
autonomous charging without mechanical contact between
the power source and maritime vehicles or ships. Inductive
power transfer (IPT) uses inductive coupling to wirelessly
charge AUVs [8]–[11]. However, the proposed IPT systems
can transfer power over a distance range of tens of millimeters
to reduce the underwater eddy current losses. Besides, the sys-
tems comprise heavy, expensive, and fragile parts. Capacitive
power transfer (CPT) is another WPT technology that utilizes
electric fields to transfer power. It is an inexpensive and light
charging solution with good misalignment tolerance.

Tamura et al. [12], [13] proposed underwater CPT systems
for charging USVs. In [12], they transferred 400W power
under freshwater over 20mm distance at 10.77MHz and ac-
ac efficiency exceeding 90%. While in [13], they designed
under seawater CPT system that can transfer data and 100W
power under freshwater over 20mm distance at 6.78MHz and
ac-ac efficiency exceeding 90%. Operating at a high-frequency
range increases the complexity of the design and increases the
losses at wide separation distances. This paper will investigate
the effect of the changing of the frequency and the distance on
the power transfer and overall efficiency of the under seawater
CPT system, considering the dielectric losses of the medium.
It will examine the horizontal and vertical four-plate structure
to reduce the cross-coupling effect and improve the system’s
transferability and efficiency.

The rest of the paper is organized as follows: Section
III introduces simple optimization criteria using a two-port
approach to achieve maximum power transfer efficiency. Com-
pensation circuits are analyzed in section ??. Section III
presents the experimental results. Finally, Section IV con-
cludes the work.

II. MODELING APPROACH

The two-port network is a general formulation for the CPT
scheme in which the capacitive couplers can be modeled as
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Fig. 1. The two-port network model of CPT system.

a black box from which only the voltages (u1, u2) and the
currents (i1, i2) can be measured, as shown in Fig. 1(a). The
two-port network comprises the capacitive coupling parame-
ters, which can be modeled using the conventional CPT π-
network model, as illustrated in Fig. 1(b). The relationship
between the input current and voltage to the output current
and voltage can be expressed as

[
u1
i1

]
=

[
A B
C D

] [
u2
i2

]
=

[
Y22

Y12

1
Y12

Y11Y22−Y 2
12

Y12

Y11

Y12

] [
u2
i2

]
(1)

This mathematical representation is more convenient when
the capacitive two-port network is cascaded with other net-
works, such as the compensation circuits, as shown in Fig.
1(c). The determinant of the matrix is unity. For a lossless
CPT system (i.e., the dielectric medium between the couplers
is lossless), A and D are purely real, while B and C are
pure imaginary values. If the CPT system is symmetric (i.e.,
Y1 = Y2), then A = D.

In Fig. 1(c), the source resistor Rs represents the sum of the
turn-on resistance of the switches in the inverter and the losses
in the compensation circuit of the transmitter side. The resistor
Ri represents the overall resistance of the CPT system seen by
the source. The admittance Yin represents the admittance at the
transmitter side, while the admittance Yout is the admittance
at the receiver side. Finally, the admittance Ye is the effective
admittance of the load seen from the input of a rectifier. The
input and output admittances can be expressed as

Yin = Y11 −
Y 2
12

Y22 + YLo
(2)

Yout = Y22 −
Y 2
12

Y11 + YLo
, (3)

where YLo is the total admittance of the load and receiver
compensation seen from the capacitive coupler.

The input power can be expressed as

Pin = |u1|2 Re(Yin) =
|us|2Ri

(Ri +Rs)
2 , (4)

where Ri represents the load, the dielectric losses in the
seawater, and the losses in the compensation circuit of the
receiver side seen by the transmitter side. Using (4), the
normalized input voltage of the CPT two-port network can
be written as

∣∣u1
us

∣∣2 =
1

Re (Yin)

Ri

(Ri +Rs)
2 (5)

The voltage gain across the network is

∣∣u2
u1

∣∣2 =
∣∣ Y12
Y22 + Yout

∣∣2, (6)

From (5) and (6), the normalized output voltage of the network
can be expressed

∣∣u22
us

∣∣2 =
1

Re (Yin)

Ri

(Ri +Rs)
2

∣∣ Y12
Y22 + Yout

∣∣2, (7)

Using (7), the efficiency of the CPT considering the source
losses can be express

η =
Ri

Ri +Rs

Re (Yout)

Re (Yin)

∣∣ Y12
Y22 + Yout

∣∣2, (8)

Defining the following two parameters for the convenience of
mathematical symbols:

ψ2 =
g212

g11 g22
(9a)

χ2 =
b212

g11 g22
, (9b)

where g12 is the conductance, b is the susceptance, ψ
represents the ratio between the coupling conductance and
the self-conductance, and χ is equivalent to the multiplication
of the quality factor and the coefficient of coupling (i.e.,
χ ≈ k Q).

The maximum efficiency is achieved when ∂η/∂gout = 0
and ∂η/∂bout = 0. First, ∂η/∂bout = 0 is solved to optain

bout = g2 (ψ χ)− b2, (10)

Substituting the value for (10) into ∂η/∂gout = 0 gives

gout = g2
√
( 1− ψ2 ) ( 1 + χ2 ) (11)

Then substituting both (10) and (10) into (8) gives

ηmax =
1

1 + a

ψ2 + χ2

(
1 +

√
( 1− ψ2 ) ( 1 + χ2 )

)2
+ (ψ χ)

2
,

(12)
where a = Rs/Ri normalized source resistance to the overall
resistance of the CPT system seen by the source. The first
term in (12) represents the efficiency of the source and the
compensation circuit on the transmitter side. The second term
represents the maximum available efficiency of the capacitive
coupling network similar to the one reported in [14].
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Fig. 2. The test setups: (a) Horizontal four plates configuration. (b) Vertical
four plates configuration.

If the parameter is unity (i.e., Rs = Ri), then maximum
available power is achieved at 50% of maximum system effi-
ciency similar to the solution in [14]. For a lossless medium,
such as in an air-gapped CPT system, the (12) become

η∗max =
1

1 + a

χ2

(
1 +

√
( 1 + χ2 )

)2 , (13)

Compared maximum efficiency of the lossless CPT system
reported in [15], then χ represents the kQ product as men-
tioned previously in this section.

III. EXPERIMENTAL RESULTS

Four 150 × 150 × 30 mm aluminum plates are used as
capacitive couplers. The plates are insulated from water using
a plastic lamination pouch and submerged in 480 × 300 ×
200 mm seawater that is collected seawater from the local
harbor. Using a Pico Vector Network Analyzer, the underwater
admittance is measured at a distance (d) 300 mm for both
horizontal and vertical configurations, as illustrated in Fig 2.

Fig. 3 shows the susceptance underwater as a function
of frequency. The susceptances are linearly proportional to
the frequency for horizontal and vertical configurations. The
slopes of the lines are the coupling capacitance underwater.
The coupling capacitance underwater is constant for both
configurations over the frequency range.

Similarly, Fig. 4 presents the conductances underwater as a
function of frequency. The conductances are ten times lower
than the susceptances at the frequency ranges. The increase
in the conductances with the increase of the frequency is
attributed to the parasitic conductances of the wires that
connect the plates to the VNA cables. Operating at low-
frequency ranges reduces the conductive coupling under sea-
water, enhancing overall efficiency. The conductive coupling
g12 of the vertical configuration has higher values than the
horizontal one. The overall area of the horizontal configuration
is higher than the vertical one, resulting in high conductive
parameters.

The changing of the parameter ψ2 with the frequency for
horizontal and vertical configurations is shown in Fig. 5. The
vertical configuration has higher values than the horizontal
one as the conductive coupling g12 values of the vertical
configuration are higher than the horizontal one. In contrast,

300 400 500 600 700

Frequency (kHz)

1

2

3

b
1

2
 (

m
S

)

 Horizontal

 Vertical

Fig. 3. The coupling susceptance under seawater for horizontal and vertical
configurations.
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Fig. 6 shows that the parameter χ2 increases with the decrease
of the frequency for horizontal and vertical configurations.
Although both the coupling susceptance and conductances
decrease with the increase of the frequency, the rate of
decrease in the conductive parameters in the denominator in
(9b) is faster than the numerator making the parameter χ2

linearly increase with the decrease of the frequency. As the χ
asymptotically approaches infinity, the efficiency approaches
100% according to (12).

Using the relationship in (12), Fig. 7 shows the efficiency
of the underwater capacitive coupling over a frequency range
300 kHz to 700 kHz. The underwater couplers have higher
efficiency at lower frequency ranges. Although the vertical
configuration has higher values of the parameter ψ2 than
the horizontal one, both vertical and horizontal configurations
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Fig. 5. The ψ of underwater capacitive coupling plates.
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Fig. 7. The efficiency of underwater capacitive coupling plates.

have very close values of efficiency. This is attributed to the
parameter χ2, which is the key parameter to achieve highly
efficient coupling at frequency range 300 kHz to 700 kHz, as
the coupling conductivity is very low.

For experimental convenience, the vertical configuration
will be further examined. Series compensation circuits are
used. A GaN bridge inverter (Infineon EVAL1EDFG1HBGAN
[16]) inverts the dc voltage into square-waveform, which is
modeled as a square-wave voltage source in Fig. 1. Four
Schottky diodes (C6D04065A [17]) are used to build a diode
bridge that rectifies the ac transmitted power to dc. The overall
CPT system configuration is illustrated in Fig. 8. PA2203A
IntegraVision Power Analyzer is used to measure the output
power and the dc-dc efficiency of the system.

The effect of the separation distance on the transmitted
power and overall system efficiency is examined at 409 kHz
and 48Vdc input voltage. Fig. 9 shows the change in the
output power and the overall efficiency of the system with
the change in the separation distance. The output power and
efficiency are not changing significantly with the changing of
the separation distance between the transmitter and receiver
couplers. When the separation distance increase from 50mm
to 500mm, the efficiency increases from 43.5% to 44.7%
while the output power decreases from about 30W to 27W.
The enhancement in the efficiency is attributed to the decrease
of the coupling conductance, and hence the parameter χ2, with
the increase of the separation distance as explained in [18].

Similarly, the effect of the operating frequency on the
transmitted power and overall system efficiency is examined
at the frequency ranges about 200 kHz to 700 kHz. Fig. 10
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Fig. 12. The waveforms at maximum efficiency: the output voltage of the
inverter Vab (yellow), the transmitter current iT (blue), and the receiver
current iR (red).

shows the change in the output power and the overall efficiency
of the system with the change in the operating frequency.
The maximum efficiency is 57.3% is achieved at 337 kHz,
while the maximum output power is about 48W at 516 kHz
operating frequency. Fig. 11 shows the calculated efficiencies
from (12) and measured values under the change of the operat-
ing frequencies. The maximum ON-resistors of enhancement
mode transistors and the losses in the transmitter inductor
are considered as the source resistance Rs, as mentioned
previously in section and shown in Fig.1. However, the internal
resistance of the dc source is not considered in the calculated
efficiencies, which might explain the difference between the
calculated and measured values.

Fig. 12 and 13 shows the inverter output voltage and
the transmitter and receiver current waveforms at maximum
efficiency and maximum power, respectively. In both cases,
the phase shift between the transmitter and receiver currents
is about 90 degrees which result in zero transmitted reactive
power [19]. Fig. 12 shows that the transmitter current is
slightly lagging behind the output voltage of the inverter,
which helps to achieve the zero voltage switching condition
for the switches. In contrast, Fig. 13 shows that the transmitter
current is in phase with the output voltage of the inverter,
which means the zero phase angle condition is achieved, and
hence a minimum VA rating of power supply is required.
However, as the transmitter and receiver currents are high,
there will be more losses in the system.

Table I summarizes a comparison of the performances of
the designed system with the recently proposed underwater
CPT systems. The papers [12], [13] investigate high-frequency
operating CPT systems under fresh and seawater, respectively.
They managed to transfer hundreds of watts over a separation
distance of 20mm, which is short enough to achieve high
ac-ac efficiency of higher than 90%. However, operating at
high-frequency to transfer high power might face practical
challenges.

The researchers in [20] transmitted 100W at 500 kHz

Fig. 13. The waveforms at maximum power: the output voltage of the inverter
Vab (yellow), the transmitter current iT (blue), and the receiver current iR
(red).

operating frequency and separation distance of 400mm. As the
operation conditions are not far from this work, the efficiency
that they achieved is 50%. However, the input voltage that they
used is 100V, increasing the input voltage results in increasing
the resistance Ri. Thus, operating the system proposed in
this paper at 100V is expected to have better efficiency and
higher power. Another approach to improve the efficiency
further is using another compensation circuit to provide large
voltage (i.e., large Ri hence better efficiency) and reactive
compensation for underwater CPT transfer system.

Finally, paper [21] transferred 100W at 625 kHz operating
frequency and separation distance of 150mm using more com-
plex compensation circuits. However, the paper investigated
the underwater effect by placing a seawater bag between
air-gapped plates, which neglects the fringing effects and
the cross-coupling effects between the plates. Neglecting the
cross-coupling effects can explain the high efficiency that the
paper achieved, as explained previously in [18]. Thus, the
reported results will be different if the capacitive couplers are
submerged in water.

IV. CONCLUSION

This paper investigated CPT submerged in seawater for
maritime charging applications. It proposed and validated a
mathematical model to calculate the maximum achievable
efficiency of the CPT system considering the dielectric losses
of the medium. Moreover, the effect of changing separation
distance and switching frequency on the transmitted power
and the overall efficiency is examined using SS compensa-
tion. While the distance has an almost negligible effect on
the power transfer and efficiency, the operating frequency
considerably affects the performance of the system. In this
paper, SS compensation is used to transfer 48W at 500mm,
48V input voltage, 516 kHz, and 54%. Operating the system
at low frequencies can improve the overall efficiency while
limiting the transferred power. Matching circuits are required
to achieve a better solution to enhance efficiency and power
transferability.



TABLE I
COMPARISON OF THE RECENTLY PROPOSED UNDERWATER CPT SYSTEMS.

Ref. Compensation Frequency (MHz) Distance (mm) Power (W) Efficiency (%)
[13] SS 6.78 20 1000 94.51

[12] SS 107.7 20 400 901

[20] SS 0.5 400 100 50
[21] LCLC-LCLCL 0.625 150 100 80.2

This work SS 0.516 500 48 54
1ac-ac efficiency
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7
Discussion and Conclusions
This chapter summarizes the works in this research, discusses the relationship
between the results of the research and the results of similar studies in the
published literature, and indicates some of the research limitations. Finally, the
chapter concludes this research and suggests future works.

7.1 Discussion

The maritime sector exerts considerable effort to phase out fossil fuels and
mitigate their negative environmental effects. It implements policies to ensure
sustainable operations in shipping, ports, and maritime fields. Maritime electri-
fication can facilitate the integration of more renewable and environmentally
friendly resources in this sector. Electric energy storage system technologies
are needed because of the intermittency nature of most renewable energy re-
sources. Lithium-ion batteries are a promising energy storage technology for
the maritime industry, in general, and maritime vessels and vehicles, in specific.
Charging infrastructure is essential for enhancing onboard battery systems and
would encourage the development of more battery-powered ships andmaritime
vehicles.

Although the electrification of ships has more than a century of history, it has
only started to receive more attention in the last decade. In the literature,
different aspects related to the electrification of ships were studied, such as the
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shipboard power system, onboard ess, and shore-to-ship stability connections
[93–95]. In contrast, paper J1 [96] investigates the converter topologies used
in the electrification of ships found in the literature and on the market, trying
to answer the research questions Q1 and Q2.

Power converters play an essential role in the electrification of ships, specifi-
cally battery-powered ones. However, they have received much less attention in
the literature. Paper J1 [96] gives systematic instructions for designing, analyz-
ing, and selecting a suitable ship converter. It aims to anticipate future trends
and potential challenges. The main findings of the paper are: (1) The research
focuses on large shipboard AC systems and has raised the dc power architec-
tures as an alternative in the future, (2) wired connection is the conventional
shore-to-ship connection where transformers and frequency converters are the
main equipment, and (3)wpt technologies are promising options for maritime
electric charging applications.

For large ships that require MW power, the conventional shore-to-ship connec-
tions are wired connections, or plug-ins known as “cold ironing”. Cold ironing
supplies ships with power through cables while they are at berth. For ships that
require power up to 1MW, some manufacturers have recently started to pro-
vide commercial inductive charging solutions. For small ships and unmanned
maritime vehicles, wireless charging provides flexibility, mobility, convenience,
and safety.

Inductive charging has attracted considerable attention in previous studies. In
contrast, due to its power transfer and short-distance limitations, cpt receives
less attention for maritime electrical charging applications. Paper C1 [90] pro-
poses the cpt for small ships charging applications. The paper studies the
operation principle and main design factors of a cpt system and evaluates
the system using behavior circuit voltage type-based and circuit equivalent
𝜋 -network models. The main finding is that enhancing the capacitive coupling
can improve the efficiency and transferability of the system. The coupling ca-
pacitance can be increased by reducing the separation distance via integrating
the couplers within a vacuummooring system or submerging them underwater.
The paper concludes that it is theoretically feasible to transfer hundreds of kWs
using cpt.

Transferring hundreds of kWs in practice is difficult due to technical and safety
limitations. It can even be challenging to transfer tens of kWs, as the system
might suffer safety operation challenges, such as high voltage stress. Paper J2
discusses the theoretical and practical design considerations for cpt systems,
answering the research question Q3. It also presents some design limitations
and challenges of capacitive wireless charging. The aim is to be used a theoret-
ical framework for the analysis and design of a cpt system.
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Air-gapped cpt was well investigated in the published literature for on-road
charging applications [46, 83, 97, 98]. Underwater cpt has also been inves-
tigated for maritime charging applications [88, 91, 92]. In [88], the coupling
capacitance of underwater cptwas studied using fem software. However, two
seawater bags are placed between the couplers to enhance the coupling ca-
pacitance, but it does not emulate the practical application of cpt. In [91, 92],
fresh and seawater cpt were investigated but at hf operating range and tens
of millimeters separation distances. Operating in hf range limits the amount
of power transferred due to safety and operational considerations.

Paper J3 [99] tries to fill the gap in the previous studies by examining the
capacitive coupling when the mediums separating the couplers are air, fresh-
water, and seawater. The paper answers a part of the research question Q4 by
examining the fringing effects in these mediums and proposing mathematical
models that can be used to calculate the capacitive coupling. The main findings
of the paper are: (1) It shows that submerging the couplers under seawater can
enhance the coupling and changes in the gap distance and the operating fre-
quency do not significantly affect the underwater coupling, (2) it demonstrates
that at mf ranges the power can safely be transferred over a wider separation
distance than air-gapped counterparts, and (3) it shows that the stay capaci-
tances also increases resulting in a negative effect on the performance of the
system.

Submerging the couplers in seawater increases the coupling capacitances to
nF range, and hence the under seawater cpt systems can be operated in mf
range. Because the permittivity of water is about eighty times higher than the
permittivity of air, submerging the capacitive coupler results in an increase in
the coupling. The power stored in a capacitor is proportional to the capacitance,
the quadratic of the voltage across the capacitor, and the operating frequency.
Thus, submerging the couplers underwater can increase the power transfer over
a wider separation distance. Nevertheless, the high permittivity of the water
increases the stray and parasitic capacitances. Besides, underwater capacitive
charging suffers dielectric losses of the medium due to the dissolved ions.

Papers C2 [100] and C3 [101] answers the other part of the research question
Q4 by investigating the effect of the conductivity of seawater. The papers use
the conjugate-image approach to study the maximum available power and
efficiency of a dissipative cpt system. However, the conjugate-image approach
does not guarantee the optimal efficiency or maximum power transferability
of the system.

paper J4 [102] expands the works in papers C2 and C3 to involve three pos-
sible solutions to achieve maximum efficiency, maximum power, or conjugate
matching. Over a distance ranges from 100mm to 300mm and operating fre-
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quency ranges from 300 kHz to 1MHz, the main findings are as follows: (1) all
the solutions are a function of the coupling admittances, thus measuring the
admittances and choosing the compensation that is needed to achieve the re-
quired solution, (2) more power can be transferred, and better efficiency can be
achieved at low operating frequencies than higher ones, and (3) the variation
of efficiency and power transferability does not significantly change with the
separation distance. The results only use the coupling parameters to calculate
the ac-ac cpt system efficiency.

The limitation of papers C2, C3, and J4 is that they consider the ac power
source lossless, which does not represent the practical case. A dc-ac inverter
is required to achieve ac waveforms and generate alternating electric fields
between the couplers. The inverter has two types of losses: switching losses
that occur during the moment of switching and conducting losses that occur
due to the conducting parasitic losses of the switches in the inverter.

Paper C4 considers the losses in the source to calculate the maximum efficiency
of the system. The paper also examines the coupler structures, operating fre-
quencies, and separation distances on the overall dc-dc efficiency and power
transferability. In this paper, the proposed cpt system is suitable to charge
a usv and uuv. Using series compensation, the system achieves 48W with
about 54% at 48V input voltage, 500mm separation distance, and 512 kHz op-
erating frequency. The input resistance of the system seen watching from the
source should be large enough to achieve high efficiency. Thus, an impedance
matching or more complex compensation on the transmitter side should be
adopted to achieve high efficiency.

An air-gapped cpt operating in mf range is also studied in paper J6 [103].
Although the shielded cpt system is proposed for a manufacturing system, it
is suitable for maritime applications. The two platforms in the manufacturing
system can emulate two maritime vehicles or ships charging each other. The
system can transfer about 135W using 300 × 450 mm coupling plates, and at
a separation distance of 50mm, a total efficiency of about 83.9%, and 1MHz
operating efficiency. However, the size of the plates can be large for usv or
uuv. Increasing the operating frequency can improve the power density of
the air-gapped system and the separation distance between the transmitter
and receiver. Operating in a high-frequency range can be adapted to transfer
from hundreds of watts to a few kW, but it adds extra design and operation
challenges. Paper J2 examines a 13.56MHz shielded cpt system to transfer
100W over a 30mm separation distance and an 87% ac-dc efficiency.

Submerging the plates in water can increase the capacitive coupling and the
separation distance between the couplers. In Paper J3 [99], the proposed sys-
tem transfers 129W using 150 × 150 mm coupling plates, and at a separation
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distance of 300mm, a total efficiency of about 81.2%, and 1.1MHz operat-
ing efficiency. Under the same operation conditions, the size of the coupling
electrodes is reduced, and the separation distance between them is increased
compared to the air-gapped cpt system in paper J6 [103]. The stray capaci-
tance and conductivity are the main challenges facing cpt systems. Because
of the presenting ions in seawater, the displacement current increases. This
problem can be tackled by increasing the separation between the couplers or
reducing the operating frequency. Regarding the stray capacitance, the cou-
pling between adjacent plates, or the plates and the shielding, results in high
stray and self-coupling coupling capacitance. The stray coupling problem can
be solved by proposing a proper compensation.

Thus far, cpt systems can provide charging solutions for uuv, usv, and small
ships that do not require high power. The cpt systems examined in this work
can be scaled up to transfer a few kW. However, many challenges are facing
cpt, such as the stray capacitance, the break-down voltage, and safety oper-
ation. The stray capacitance can result in leakage current circulating in the
hull of ships or maritime vehicles, resulting in operational and safety issues.
The stability of the grounding on the receiver side is another challenge that
faces wpt in general and cpt in specific. Shielded cpt should be further in-
vestigated to solve this problem. The break-down voltage and compactness of
the design are some challenges facing the shielded cpt system. Submerged
coupler underwater requires accurate modeling and measurements to design
a system with high efficiency. The stray capacitance should be examined, and
the insulation of the electrodes requires correct modeling. The effect of the
water circulation on the coupling parameters also should be considered for
more practical aspects.
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7.2 Conclusions

Charging infrastructure can play a critical role in concentrating the effort to-
ward maritime electrification. Battery swapping provides fast energy refueling
but suffers from the complexity of swapping structure, space requirement, high
cost, and station congestion. Wired charging is the common charging approach
for large ships, and it can take placemanually or using robots. Wireless charging
can provide an autonomous, flexible, and safe solution for small ships and mar-
itime vehicles. Near-field wpt technology can offer autonomous and reliable
charging over hundreds of millimeter distances. Inductive charging comprises
heavy, expensive, and fragile parts and suffers from high eddy losses in near
metals and sharp degradation in efficiency during misalignment conditions.
Capacitive charging has recently been studied as an alternative to inductive
charging in on-road applications, but it received low attention for maritime
charging applications.

This work investigated cpt technology for charging small ships and unmanned
maritime vehicles. Unlike on-road charging applications, air or water can be
utilized as charging mediums to charge ships, usv, or uuv. Because of the low
permittivity of the air, air-gappedcpt has capacitive coupling in pF range. Thus,
aMHz operating frequency is required to transfer power over a few centimeters
distances. The system transferability and efficiency degrade sharply with the
increase in separation distances. The air-gapped cpt system can transfer about
135W using 300 × 450 mm coupling plates, and at a separation distance of
50mm, a total efficiency of about 83.9%, and 1MHz operating efficiency. By in-
creasing the operation frequency to 13.56MHz, the air-gapped cpt system can
transfer about 100W using 150×250 mm coupling plates, and at a separation
distance of 30mm, and a total efficiency of about 87%.

Submerging the plates in water improves the capacitive coupling to hundreds
of pF or few nF. The underwater cpt system transfers 129W using 150 × 150
mm coupling plates, and at a separation distance of 300mm, a total efficiency of
about 81.2%, and 1.1MHz operating efficiency. The underwatercpt system can
also operate with mf range, which can transfer more power within hundreds
of millimeters distances. But submerging the couplers in water also increases
the cross-coupling, self-coupling, and stray capacitances, which has a negative
effect on the system performance. Besides, the water conductivity can increase
system losses and decrease overall efficiency. Both air-gapped and underwater
cpt systems can provide charging solutions with up to transfer a few kW for
small ships and unmanned maritime vehicles. However, these systems are still
facing several challenges that need further investigation.
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7.3 Future works

The shielded cpt system is more suitable for practical applications. Both air-
gapped and underwater shielded-cpt require further study. An optimal design
is required to achieve a trade-off between the size of the plates, the distances
between them, the system efficiency, and the safe operation. The following
points are investigated as an expansion to this work:

• The packaging of the shield capacitive couplers when the separation
media is water should be modeled accurately. The coupling parameters
are essential in designing a wireless capacitive charging system. Insula-
tion material that encloses surrounds or supports the couplers, should
be considered in the model. The insulation critically affects the stray
capacitances, the breakdown voltages, and the safe operation.

• The stability of the ground voltage on the receiver side and the leakage
current are important topics that require more investigation. The high-
frequency oscillation on the ground voltage can result in emi and safety
problems.

• Changing of load can degrade the efficiency and transferability of the cpt
system. Active or passive impedance matching networks require further
studies. Besides, the dynamic motion in small ships and unmanned mar-
itime vehicles can also change the coupling parameters. Control mecha-
nisms are required and should be carefully examined under more practi-
cal scenarios.

• Any foreign objects between the couplers can highly affect the coupling
parameters. The electric fields between the couplers can generate inter-
nal heat causing temperature rise in these objects or any nearby bodies.
Transferring high power by means of electric fields can endanger the ma-
rine environment. The safety of the maritime charging system requires
further investigation.
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Paper’s Contribution

This paper investigates wireless electrification for manufacturing applications
and proposes an autonomous battery platform based on CPT for the electrifica-
tion of a Reconfigurable Manufacturing System (RMS). Moreover, it builds and
demonstrates how an RMS can be energized using WPT to increase flexibility
and automation. Finally, the paper tests and demonstrates the CPT system with
the battery platform to prove the concept.
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A B S T R A C T

Reconfigurable manufacturing systems (RMS) with a rearrangeable structure can quickly adjust their produc-
tivity to meet the dynamic market changes and the demand for high-variety products. Industry 4.0 technologies
have enhanced the RMS flexibility and made the automation of the reconfiguration of the manufacturing system
possible. As an Industry 4.0 technology, wireless power transfer (WPT) can further increase the flexibility of
RMS by providing safe, reliable, and maintenance-free autonomous charging. This paper examines the wireless
electrification of RMS by investigating different WPT configurations that increase flexibility and autonomy,
creating a highly flexible RMS. It also proposes a battery charging platform for further enhancement of the
flexibility of RMS. As a low-cost WPT solution, the paper tests capacitive charging systems. The proposed
charging system has about 135 W power transfer capability at a 5 cm distance and about 84% efficiency.

1. Introduction

Automated manufacturing systems have experienced noticeable
changes passing through three main paradigms. The first paradigm
is Dedicated Manufacturing System (DMS), which focuses on mass
production for cost-effectiveness but with a low variation. The second
paradigm is Flexible Manufacturing System (FMS) that address the pro-
duction variety with low production volume. Finally, Reconfigurable
Manufacturing System (RMS) is the third paradigm with high volume
and high variation production combining the characteristics of the
previous two paradigms. The RMS has a rearrangeable structure that
can quickly adjust its productivity, variety, and flexibility based on the
demand [1].

The dynamic market changes and the increasing competition be-
tween manufacturers to produce high-quality products with innovative
technologies make the RMS an attractive paradigm. Bi et al. [2] pro-
posed a systematic design methodology for RMS, including architec-
ture, configuration, and control design. In practice, however, there is
still a lack of research on how to solve design issues because a limited
number of case studies are available [3]. Although the researchers
have exerted considerable effort in developing RMS for several decades,
there are still significant challenges, and barriers to the actual develop-
ment of RMS in industry [4]. Rösiö et al. [5] explored the theoretical
and practical challenges to achieving RMS design and summarized

∗ Corresponding author.
E-mail address: halldor.arnarson@uit.no (H. Arnarson).

them in three main challenges: to use a structured design methodol-
ogy and gain knowledge in reconfigurability and its characteristics,
and to include the reconfigurability knowledge in a structured design
methodology.

For research and educational purposes, the Engineering Research
Center for Reconfigurable Manufacturing Systems at the University of
Michigan developed a distributed reconfigurable factory testbed [6].
Kovalenko et al. [7] proposed real and virtual environment interaction
(digital twin) framework to evaluate the performance of different ma-
chines and system configurations in a mixed virtual–real environment.
Zuehlke D. [8] proposed adopting the basic principle of the Internet-
of-Thing (IoT) in a testbed to proof-the-concept that moving toward
intelligent manufacturing is a reality. Although the researcher tried to
emulate RMS using a testbed, however, these systems require human in-
tervention to rearrange the system, which is a time-consuming process
and may suffer from limited positioning.

In general, the RMS suffers from several challenges, such as it is
not the complete solution to meet all of the manufacturing require-
ments [2]. Besides, there is still no perfect or the most realistic model
and method for RMS implementation. The rearrangement of the RMS
structure is also time-consuming [6]. The RMS still depends on labor
to rearrange the system structure and energize the platforms, which
might affect the production time and limit the flexibility of the systems.
And recently, the COVID-19 pandemic has added more challenges to

https://doi.org/10.1016/j.jmsy.2023.01.002
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Fig. 1. An illustration of wireless electrification system.

Fig. 2. An exploded view of IPT’s different shape power pads.

the manufacturing systems, including lockdown and maintaining social
distance [9], which can increase the rearrangement time of RMS and
reduce its flexibility.

To tackle the challenges above, Arnarson et al. [10] introduced
the autonomous RMS by using a mobile robot to rearrange robot
arm platforms automatically to achieve flexibility and mobility. As
an expansion, Arnarson et al. [11] presented a highly flexible RMS
by retrofitting a number of manufacturing machines to automate the
reconfiguration of the system, decrease the setup and programming
time, and enhance the system’s flexibility. Randanovi et al. [12] tried
to solve one of the common problems of the conventional wired electri-
fication of RMS by standardizing the connectors and plugs. In contrast,
Arnarson et al. [11] considered Wireless Power Transfer (WPT) as an
emerging industry 4.0 technology for electrifying RMS that tried to
remove the plugs, connectors, and cables to increase the flexibility and
reliability of the electrification of RMS.

The previous research on RMS investigated testbed manufacturing
cells which are aimed for educational and research purposes [6–8].
Recently, researchers tried to develop a practical RMS using industry
4.0 technologies [11]. However, the proposed system still requires
labor to connect the machines to electricity or charging batteries. As
an industry 4.0 technology, wireless electrification can provide the
required energy to these platforms without mechanical contact, similar
to how IoT communication brings wireless communication. Previous
research investigated wireless electrification for various applications in
general and industrial robots in specific. There are also various products
for robot charging applications on the market. However, the focus is
more on one type of WPT, which utilizes magnetic fields.

This paper investigates the state-of-the-art WPT for robotics in
manufacturing applications in the literature and on the markets. Based
on the investigation, the paper proposes a novel approach to the elec-
trification of manufacturing applications based on Capacitive Power

Table 1
A comparison between the main three groups of WPT.

Near-field Mid-range Far-field

Wave Electric/Magnetic Magnetic Electromagnetic
Rang Very short (cm) short (m) Medium long (km)
Frequency low high high Very high extreme high
Power low moderate Moderate Very low
Architecture Simple/Moderate Complex Complex

Transfer (CPT), which creates a new foundation for RMS that signifi-
cantly increases the system’s flexibility and reconfigurability. Thus, we
propose and test a battery platform using CPT that utilizes electric fields
to wirelessly electrify other manufacturing machines in an RMS. We can
summarize the main contribution of the paper as follows:

• Investigating wireless electrification for manufacturing applica-
tions.

• Proposing an autonomous battery platform based on CPT for
electrification of RMS.

• Build an RMS and demonstrate how it can be energized using
wireless power transfer to increase flexibility and automation.

• Simulating, testing, and demonstrating the CPT system with the
battery platform to prove the concept.

We organize the rest of this paper as follows: Section 2 presents
the general concept of wireless electrification of RMS. Section 3 in-
vestigates the state-of-the-art WPT for robotics and manufacturing ap-
plications. Section 4 expands the RMS by building a battery platform
that can power the system in static, dynamic, or quasi-dynamic mode.
Section 5 presents the experimental and testing results of the CPT
system. Section 6 gives a comprehensive discussion of WPT systems in
general and CPT systems in specific. Section 7 concludes this work and
presents our future works.

2. Wireless electrification

Wireless electrification, or WPT, is to transfer electric power with-
out mechanical contact. International Telecommunication Union [13]
defines WPT as ‘‘the transmission of power from a power source to an
electrical load using the electromagnetic field." The three main groups of
these technologies are near-field, mid-range, and far-field [14]. The
classification depends on the size of the transmitter and the receiver,
and the transfer distance. Table 1 summarizes a comparison between
the three main groups in terms of the type of wave, distance range,
operating frequency range, power level, and system architecture.

Near-field WPT utilizes medium- to high-frequency range electro-
magnetic fields for high-power charging applications. Thus, the sepa-
ration distance between the transmitter and the receiver is in the cm
range. WPT can provide static, quasi-dynamic, and dynamic electrifica-
tion [15,16]. It can also energize the system autonomously and poten-
tially address the challenges in the conventional conductive charging
approach, including long charging time, wear and tear of the contrac-
tors and plugs, and the hazard of the electric shock. Using WPT in RMS
provides autonomous electrification and removes the time consumption
of plugging the cables.
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Fig. 3. Capacitive coupler: six plates CPT system (left) and an exploded view of capacitive couplers (right).

Fig. 1 illustrates the functional blocks in the WPT system. The
inverter converts the DC source voltage into a square wave which
depends on the operation frequency of the inverter. The resonant circuit
improves the system’s overall efficiency by minimizing the reactive
power, achieving soft-switching, and high misalignment tolerance. The
resonant circuits also act as low-pass filters that filter out the high
harmonics in the current of the inverter and reduce electromagnetic
interference. Finally, the rectifier stage converts the ac resonant current
into a DC. The wireless electrification system might need other DC/DC
converters, for instance, between the power source and the inverter
or between the rectifier and the load, which depends on the design
specifications. The near-field WPT embraces three sub-group, namely,
Inductive Power Transfer (IPT) and Capacitive Power Transfer (CPT).

2.1. Inductive power transfer

Inductive electrification, or IPT, operates on loosely coupled mag-
netic fields between transmitter and receiver coils. It includes inductive
and inductive resonance. The only difference between inductive and
inductive resonance is the resonance compensation circuits. The trans-
mitter and receiver of the IPT system are also called ‘‘power pads,"
composed of coils to produce alternating magnetic fields, Ferrite to
align and shield the fields, and mechanical supports, as shown in Fig. 2.
The Litz wire provides a solution for increasing the conductivity of
the coil at high operation frequency while screening the magnetic
fields. Nevertheless, both the Litz wire and the Ferrite make the pads
expensive, heavy, and fragile [17]. Depending on the dimension of the
power pads, the coupling and hence the efficiency of IPT systems can
significantly change with the separation distance, and misalignment
changes [18]. Increasing the power pads is one way to achieve better
misalignment performance [19]. However, it will increase the overall
system’s weight, cost, and design complexity.

2.2. Capacitive power transfer

Capacitive electrification, or CPT, utilizes alternating electrical
fields that are confined between transmitter and receiver plates, also
called ‘‘capacitive couplers," to transfer power. We can build CPT sys-
tems using two-, four-, or six-plates configurations. Fig. 3 illustrates a
six-plate configuration of the CPT system’s transmitter–receiver, which
includes four plates forming the capacitive couplers and two plates
screening the electric fields. The six plates configuration can reduce
the safety clearance range from 1m to 10 cm [20]. The transmitter and
the receiver consist of aluminum capacitive couplers, plastic plates,
wooden plates, and shielding plates. The plastic plates offer insulation
protection, while the outer plates work as a shield to screen the leakage
electric fields and offer extra protection. The wooden plates insulate
the screening plates from the couplers. Based on the structure, the
capacitive coupler is lighter and costs less than the IPT power pad. The
CPT system is still sensitive to misalignment [20], yet it has a much
better misalignment performance than the IPT system [17].

Table 2
A Comparison between IPT and CPT.

IPT CPT

Power Range tens of kW hundreds of W
Eddy Current Losses high low
Misalignment Performance bad good
Cost high low
Pads’/Couplers’ Weight heavy light
Efficiency high medium
Fields Shielding complex simple

To sum up, IPT systems contain Litz wires and magnetic screenings,
which are expensive, fragile, and heavy. Besides, the magnetic fields
can interact with the metal parts of the platforms resulting in high
eddy losses, which can increase the temperature of the platforms. As
an alternative, CPT is more suitable for the platform as it tackles the
challenges that face IPT systems. Table 2 lists a comparison between
IPT and CPT systems in terms of power density, losses, misalignment
performance, cost, weight, and efficiency.

3. The state-of-the-art WPT for robotics in manufacturing applica-
tions

Wireless power transfer has several distinctive advantages, includ-
ing reliability, flexibility, and autonomy, making it an attractive solu-
tion in many applications. More than 30 years ago, Esser and Skudelny
[21] investigated wireless inductive electrification using rotatable
transformers fixed on the joint of a robot. They managed to transfer
20 kW over 100 μm. About ten years later, Hirai et al. [22] proposed
IPT for an autonomous decentralized manufacturing system for electri-
fication and data transfer purposes. The proposed system transferred
a consecutive 1250GB data transmission under the continuous 2 kW
power transmission over 100 μm to 500 μm to a servomotor. Since then,
the research has focused more on IPT industrial robot applications. In
this section, however, we focus on the most recent studies on high-
power WPT for robotics in manufacturing applications and investigate
the available WPT solutions on the market. Low power and data
transfer are out of the scope of this paper.

3.1. Robotic arms

Wireless power transfer offers robotic arms distinct merits such as
no risk of electrocution, high convenience and robustness, and water-
and dust-proof [23]. Thus, wireless electrification (WPT) applications
for robot arms have gained more attention. Inductive electrification
(IPT) is the common approach used in robotic arms by applying mag-
netic connections at the joint. Han et al. [23] energized two perma-
nent magnet dc motors in a robot arm using IPT. And they reported
output power of 142.9W at 88.7% transmission efficiency. Besides,
Kikuchi et al. [24] proposed IPT to power a robot manipulator used
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Table 3
Summary of WPT applications in the literature.

Ref. Application Power [W] Eff. [%] Freq. [kHz] Dist. [mm]

[23] Robotic Arm 142.9 88.7 85 100
[24] Robotic Arm 311.6 92 246 5
[25] Robotic Arm 39.9 78 6780 250
[26] Robotic Arm 85.9 84 150 100
[28] Logistic Robot 150 90 300 200
[30] Transport Robot 30 74.2 100 8

in warehouse automation systems. They built a prototype with a maxi-
mum power of 311.6W and total efficiency of 94%. Moreover, Tokano
et al. [25] experimented with a 39.9W and 78.0% power-delivery
efficiency for conventional robot arms. Finally, Wu et al. [26] proposed
and tested a 85.9W multidegree freedom and bidirectional transmission
capability WPT system for robot arm’s joints (see Table 3).

3.2. Transport and mobile robots

For flexible manufacturing, IPT systems have found their appli-
cation with clean factory automation through the dynamic power-
ing of vehicles on monorails which have spread to floor-mounted
automatic guided vehicles and other industrial vehicles [27]. Zhang
et al. [28] proposed an IPT system for a logistic robot within a confined
three-dimensional space around the charging station. In addition, Lee
et al. [29] proposed an IPT system for continuous wireless powering
of multiple transport robots in an electrified monorail system. Table 3
lists the available wireless solution in the literature.

3.3. WPT on the market

Many manufacturers are working to develop WPT technologies for
robot joints of robotic arms applications. TDK [31] offers a 200W IPT
system for mobile robots that has a power distance 100mm to 300mm,
88% efficiency, and a 50W IPT system for robot arms. Moreover,
Waypoint Robotics [32] offers a 300W non-contact charging and energy
delivery system that ensures maximum availability of their mobile
robot fleet. Delta [33] provides a 1 kW IPT system for mobile with a
maximum efficiency of 93%. In addition, Wibotic [34] provides a 300W
IPT charging solution for mobile robots. Table 3 lists the WPT systems
on the market for manufacturing.

Thus far, the previous research has focused more on IPT industrial
robot applications and less focus on manufacturing cells. The examples
in the literature and on the market only use IPT. The IPT systems
comprise expensive, fragile, and heavy components, and they have high
eddy losses. In contrast, CPT is more suitable for the platform as it
tackles the challenges that face IPT systems. To the authors’ knowledge,
there has not been any investigation on CPT to power a manufacturing
cell. In the next section, we propose a CPT system for the electrification
of a RMS manufacturing cell.

4. RMS with battery platform

4.1. The structure of the proposed RMS

Previously, Arnarson et al. [11] proposed an RMS consisting of
five platforms; two industrial robots (Scara and Nachi), a conveyor
platform, a conveyor lift platform, and a 3D printing platform. The
RMS can move and rearrange automatically with the help of a mobile
robot in a manufacturing environment that is flexible and scalable,
and it has the potential to be fully autonomous. A demonstration
video [35] shows the mobile robot picking up the platforms and
assembling two manufacturing layouts. In this paper, we expand the
system by proposing a battery platform to increase the flexibility of
the RMS (see Fig. 4).

Table 4
Power usages of the modules.
Module Power [W]

IRB1 (Scara) 141
IRB2 (Nachi) 242
Conveyor 38
Conveyor lift 54
3D printer 350

4.2. Battery platform

In this paper, we suggest adding two extra platforms to the system,
containing only batteries. While one platform is charging, the other is
powering the system, as shown in Fig. 5. When the platform powering
the system is running out of power, a fully-charged battery platform
can replace it. The capacity of the batteries on the battery platform
decides how long the platform can power the system. The mobile robot
drives to pick up a full battery platform at the charging station and
places it within the RMS. Then, the mobile robot picks up the empty
battery platform and transports it to the charging station. Afterward,
the mobile robot can do other logistics tasks. A video https://youtu.be/
o3jhAhYdPUc demonstrates a simulation of how the battery platforms
change.

The battery platform can also power other platforms in the system in
the static, dynamic, or quasi-dynamic modes, as shown in Fig. 6. Thus,
the mobility of the battery platform gives the system more flexibility,
reconfigurability, and reliability. In addition, the battery platform can
also charge the mobile robot. When the mobile robot is moving the
battery platform, the battery platform can charge the mobile robot. This
allows a flexible method to charge the mobile robot without the need to
turn to a charging point, but it depends on the capacity of the batteries.

5. Experimental validation and testing

5.1. The power requirement

All the platforms have small computers and microcontrollers to
collect data from the sensors and operate independently. For each plat-
form, we measured the power consumption under normal operation.
This means measuring the total power consumption of the computers
and robots/conveyors while they are moving. Table 4 lists the power
usage of all platforms under test operation conditions. The platforms
require low power consumption to run the system, which ranges 43W
to 350W. As the required power is not high, using WPT can be a flexible
solution to power the system.

It should be noted that the conveyor uses only 38W in this sys-
tem since the motor uses a gearbox with a 75:1 ratio. The idea of
this demonstration is to show that a manufacturing system that has
low power consumption can be wirelessly powered. Each platform is
equipped with batteries that can be used to supply the manufacturing
platforms with power peaks as long as the power draw is not higher
than from the WPT system. Large machines, such as CNC and 3D print-
ers, consume large power, which will be a challenge to electrification
wirelessly. These large machines are not reconfigurable, as they re-
quire re-calibration; hence the reconfigurable platforms are rearranged
around them. Thus, we will not consider wireless electrification for
these large machines.

5.2. Capacitive wireless electrification for RMS

As an inexpensive and simple solution for electrifying the RMS, we
will continue investigating the CPT system. We use the same config-
uration shown in Fig. 3 to build the capacitive couplers. The size of
the couplers is 25 × 25 cm, the wooden plate is 30 × 70 cm, and
the shield plate is 25 × 70 cm. The distance between the plates on



Journal of Manufacturing Systems 67 (2023) 379–388

383

H. Mahdi et al.

Fig. 4. The expansion of RMS with battery platform. (1) conveyor with lifting (2) Scara platform, (3) conveyor, (4) battery platform, (5) 3D printer, and (6) Nachi platform.

Fig. 5. The operation principle of the battery platform: The mobile robot drives to pick up a full battery platform (steps 1 to 4), picks up the empty battery platform, and
transports it to the charging station (steps 5 to 6).

the same sides is 10 cm. We utilize a GaN bridge inverter (Infineon
EVAL1EDFG1HBGAN [36]) and four Schottky diodes (C6D04065 A
[37]) to build the rectifier bridge. We also used air-cored inductors
in the series resonant circuit to compensate both transmitter and the
receiver sides with the inductance of 235.1 μH for 𝐿𝑇 and 268.3 μH for
𝐿𝑅.

Fig. 7 presents testing results in the laboratory. The CPT output
power is about 109W with an efficiency of about 73% at 150V input
voltage and 1.3MHz. The maximum voltage is more than 600V across
the couplers, and the maximum current through the receiver side
inductor is about 1A. Due to the harmonics, the current is not a pure

sine waveform. This video https://youtu.be/-mubROmWRcI shows the
testing of the CPT system.

We can further increase the output power by increasing the input
voltage. To further improve the efficiency and increase the transmitting
distance, we also increased the size of the coupling plates to 30 × 45
cm, and the distance between the couplers was 18 cm. The CPT output
power is about 134.6W with a total efficiency of about 84% at 1MHz
and about 5 cm distance between the transmitter and the receiver.

Fig. 8 shows the separation distance’s effect on the CPT system’s
efficiency. The efficiency decreases with the increase of the distance,
which we can attribute to the sensitivity of the compensation circuits
(i.e., the resonant frequency) to the distance change. One way to
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Fig. 6. The two operation modes of battery platform: (a) The dynamic mode. (b) the static mode.

Fig. 7. The voltage across the couplers and the current on the receiver side.

enhance the efficiency is by proposing control techniques to operate the
inverter at a frequency that can adapt to the change in the distance.

When the maximum output voltage of the inverter is 300V, the
voltage across the couplers can reach about 1.9 kV, which is high
voltage stress, as shown in Fig. 9. Fig. 10 shows the currents through

the transmitter’s and the receiver’s indicators. The transmitter’s current
is about 2.2 times the amplitude higher than the receiver’s current.

To prove the concept, we designed a battery platform with three
batteries connected in parallel as a power source and the CPT system
transmitter plates, shown in Fig. Fig. 4. We also equipped it with
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Fig. 8. The efficiency of the CPT system versus the change in the separation distance
between the platforms.

a converter that steps up the 12V input voltage to 300V voltage to
achieve the required electric field strength. Moreover, we retrofitted
the conveyor platform with the receiver couplers, and the step-down
converter stage converted the output voltage from 300V to 12V. The
functional blocks of the proposed CPT system show the parts of the
systems and the components that are used in each part, as shown in
Fig. 11.

Fig. 12 shows the demonstration of a CPT system between two
platforms. In the demonstration, the mobile robot picks up the battery
platform and brings it to the other platforms. Then, the battery platform
starts energizing the conveyor platform, which is not equipped with
batteries. Fig. 12 and the video https://youtu.be/KRwIdJ8fu5A show
the experiment described above.

6. Discussion

Arnarson et al. [11] tried to tackle the challenges that RMS en-
counters by retrofitting manufacturing machines with industry 4.0
technologies. Their system can automatically arrange five platforms
using a mobile robot for manufacturing a specific product. The system
is flexible and scalable and can be autonomous, but all platforms
are energized with batteries, which require human intervention to
charge them. Thus, there is a need for an autonomous method for
charging or electrifying the platforms to make the proposed system
fully autonomous.

Dealing with the charging problem, Randanovi et al. [12] tried to
solve one of the common problems of the conventional wired electri-
fication of RMS by standardizing the connectors and plugs. Another
solution is to use the same principle of charging a mobile robot through
electro-mechanical parts, but this solution limits the platforms’ posi-
tioning and increases the need for maintenance due to the wear and
tear of these contacts.

From the opposing point of view, Arnarson et al. [11] proposed
WPT, which tried to remove the plugs, connectors, and cables to
increase the flexibility and reliability of the electrification of RMS. They
also proposed WPT as industry 4.0 technology to increase the flexibility
of the manufacturing system. One of the industry 4.0 technologies
is the IoT, where we can communicate wireless between machines
and sensors. Similarly, we can wirelessly electrify machines and other
robots, removing restrictions and making them more flexible. It was,
therefore, suitable to include WPT as an industry 4.0 technology and
be implemented in the following paradigms of RMS.

Using WPT, we can utilize static or dynamic WPT to electrify the
system to improve its flexibility and reduce the time to reconfigure
the system [11]. The dynamic WPT can electrify the platforms and the
mobile robot, increasing the system’s extent and cost. In contrast, static
WPT offers a good option to electrify the platforms from each other or a
main fixed machine. The system will get better efficiency by correcting
the misalignment between the platforms.

The researchers previously investigated WPT for industrial robot
electrification with power ranges from tens to hundreds of watts. On
the market, there are already commercial solutions with power ranges
50W to 300W. However, IPT is commonly used in the literature and
industrial robot applications markets. We can utilize static IPT for high
power requirements of the platforms or vast distances between them.
However, IPT systems contain heavy, fragile, and expensive power
pads and are sensitive to misalignment and eddy losses, decreasing the
overall system efficiency.

One limitation of the WPT system which proposed to RMS in [11] is
that when the platforms are not connected to a wireless charging point,
they need to be moved back when their battery is running low. As a
novel approach to the electrification of manufacturing applications, we
proposed a battery platform that can electrify other platforms of mobile
robots in static, dynamic, or quasi-dynamic charging modes to increase
the flexibility and reliability of the WPT charging system.

Building this platform, we increased the distance between the cou-
plers to 5 cm and the input voltage to 300V to achieve 134.6W and
about 84% system efficiency at 1MHz. The proposed system demon-
strated that static CPT is a low-cost alternative. However, the system’s
efficiency can be degraded with the increase in the distance as the
system operates in an open loop. To solve this problem, we will prove
a control technique that changes the operating frequency with the
change in the separation distance to track the maximum efficiency of
the system.

The results also showed that increasing the input voltage increases
the voltage across the couplers to about 2 kV, which increases the
electric fields between the plates. However, the shielding plates screen
the electric fields from interacting with the platform’s parts or en-
dangering the workers near the plates. The results also show that the
current on the transmitter and receiver sides have harmonics, which
can have electromagnetic interference with the system. We can tackle
this problem by investigating better compensation circuits to filter out
the harmonics and enhance the electromagnetic compatibility of the
CPT system in RMS.

Implementing the battery platform allows us to reconfigure the
system in any place. Depending on the capacity of the batteries, the
battery platform can charge other platforms or mobile robots in static
or motion, which can further increase the flexibility and reliability
of the system. For instance, the battery platform can electrify the 3D
printer platform, which has the maximum power usage of 350W, for
8 h if we connect ten batteries in parallel. The capacity of the batteries
is an essential factor that decides the charging period, but increasing
the capacity by adding more batteries will increase the weight of
the platform resulting in a docking problem for the mobile robot, as
Arnarson et al. [11] discussed.

7. Conclusion and future works

This paper investigated WPT solutions for robotics in manufacturing
applications. Focuses are more on IPT industrial robot applications
manufacturing cells in the literature and on the market. However, the
paper presented the general concept of wireless electrification using
near-field WPT technologies, namely, IPT or CPT for RMS. It also
proposed and tested a static CPT system as an inexpensive and light
alternative for manufacturing cells, as the proposed system comprises
no expensive, fragile, or heavy parts. Utilizing a six-plates configura-
tion, the safety clearance of the CPT system can be reduced to a few
centimeters. As a novel approach to the electrification of manufacturing
applications, a battery platform is designed based on the CPT system,
which is a part of an RMS consisting of five other platforms: two
industrial robots (Scara and Nachi), a conveyor platform, a conveyor
lift platform, and a 3D printing platform. The battery platform can
charge the batteries of other platforms. Hence it gives the system more
flexibility, reconfigurability, and reliability. The proposed CPT system
gives an output power of 135W with 84% efficiency at 5 cm separation
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Fig. 9. The output voltage of the inverter (𝑉inverter ) and the voltage across the couplers (𝑉TR).

Fig. 10. The current on the transmitter side (𝑖T) and the receiver side (𝑖R).

Fig. 11. The experimental setup.

distance. The efficiency decreases with the increase of the distance,
which can be attributed to the sensitivity of the compensation circuits
to the distance change. One way to enhance the efficiency of the system
is by proposing control techniques to operate the inverter at a frequency
that can adapt to the change in the distance. As further work, we will
further improve the system efficiency and increase the transfer distance
by proposing different resonant circuits. We will also investigate a
control technique to achieve high efficiency with the variation of the
separation distance.
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Fig. 12. Demonstration of how the CPT is implemented into the RMS: The mobile robot drives to pick up a full battery platform (step 1 to 4) and transports it to the charging
RMS (step 5 to 6).
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A B S T R A C T   

Manufacturing industries are moving from mass production towards customized production, aiming for high- 
quality products with innovative technologies, low prices, and high reliability. A reconfigurable 
manufacturing system (RMS) is an attractive approach to facilitate the movement toward such flexible 
manufacturing systems. However, reconfiguration and programming of RMS are time-consuming and labor- 
intensive. Industry 4.0 technologies (such as robotics, digital twin technology, and IoT solutions) decrease 
human interaction in the preparation phase of a new production series. One challenge that industry 4.0 does not 
address is a flexible electrification of the system. The lack of electrical outlets limits the available space on the 
shop floor, and extensive cabling constrains the motion of humans and machines in the same area. This paper 
solves these challenges by proposing a highly flexible RMS system with advanced robotics, a digital twin pro-
gramming interface, and a wireless power transfer (WPT) solution. Experimental results, through simulations 
and verification by laboratory experiments, show great potential in the reduction of human interaction and time 
to set up a new manufacturing line.   

1. Introduction 

Globalization has put intense competition between manufacturing 
companies to produce high-quality products with innovative technolo-
gies, low prices, and high reliability. The increasing competition be-
tween manufacturers motivates them to move away from mass 
production towards mass customization and personalized production 
[1]. Competitors need to adapt and change depending on the market 
changes, product changes, system failures [2], or global health crises 
[3]. 

We can categorize manufacturing systems into three main categories; 
dedicated manufacturing system (DMS), flexible manufacturing system 
(FMS), and reconfigurable manufacturing system (RMS). The DMS fo-
cuses on high volume and low variety production, while the FMS focuses 
on low volume and wide variety. In contrast, RMS combines the ad-
vantages of both systems to produce with high volume and wide variety. 
Koren et al. [4] defined RMS as a manufacturing system that can adjust 
its resources. Thus, RMS is an attractive approach to solve the previously 
mentioned challenges. 

Reconfiguration of RMS can be time consuming. Kim et al. [5] found 
that in their RMS, the most time-consuming part is the physical 

rearrangement of the modules and reconfiguring of the system. The 
system also needs physical labor to rearrange or change the modules in 
the manufacturing system. As the RMS is scalable, increasing the size of 
the system results in scaling up the RMS challenges. In other words, with 
the increasing number of modules of the RMS, the reconfigurable time 
increases, and the required labor to reconfigure the system will also 
increase. Moreover, increasing the system scalability adds more demand 
on the computation, communication, and system complexity [6]. 

Industry 4.0 is the next technological revolution that focuses on 
increasing connectivity, automation, and intelligence in manufacturing 
[7]. The technologies in industry 4.0 are advanced robotics, the internet 
of things (IoT), cyber-physical systems (CPS), cloud computing, 
augmented reality, additive manufacturing, and big data are essential 
for the success of RMS in the future [8]. Industry 4.0 technologies can 
improve and automate the rearrangement of RMS. However, Bortolini 
et al. [9], revealed that there is still a lack of research on industry 4.0 
integration in RMS. Maganha et al. [10] mentioned that using industry 
4.0 technologies must be considered when designing the layout of the 
system and that the technologies can allow for smart layout design of the 
RMS. 

Morgan et al. [11] suggested that there is a need to retrofit current 
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manufacturing equipment with the new technologies. Thus, we can 
retrofit old robots with new controllers, IoT functionality, and adaptable 
control systems. Using advanced robotics, IoT, and digital twins, we can 
control and automate the reconfiguration of RMS. The robots can rear-
range the modules in such a system, while the IoT offers wireless control 
and communication. 

Although industry 4.0 tackles most RMS problems, there is still a 
challenge with electrification. Systems need labor to connect all parts to 
power, and it is time-consuming. Besides, the conventional electrifica-
tion uses cables that require large areas, which limits the flexibility of 
the systems. Therefore, there is a need for more flexible methods to 
power RMS without human intervention. Wireless power transfer (WPT) 
can energize the system autonomously and has the potential to address 
the challenges in the conventional conductive charging approach, 
including long charging time, wear and tear of the contractors and plugs, 
and hazard of the electric shock. 

To the authors’ knowledge, there is no publications which use mobile 
robot to rearrange the machines in the manufacturing cells. Arnarson 
et al. [12] used one mobile robot to move multiple robot arms. We can 
expand this conceptual idea by moving different manufacturing ma-
chines using a mobile robot. In addition, there is no investigation of WPT 
for manufacturing systems or consideration of WPT as an industry 4.0 
technology. Industry 4.0 is a dynamic concept where various technolo-
gies are in industry 4.0 can and will change over time [7]. For instance, 
one of the main technologies in industry 4.0 is IoT which can connect 
devices wirelessly. WPT provides wireless electrification of systems, we 
can argue that WPT is a new and emerging industry 4.0 technology that 
can allow manufacturing systems to become more flexible, modular, and 
automated. 

Expanding Bortolini framework [9], we can categorize the research 
directions of industry 4.0 in RMS, as shown in Fig. 1. The first industry 
4.0 technology is RMS with robots, including industrial robots, collab-
orative robots, mobile robots, and autonomous industrial mobile ma-
nipulators (AIMM) in RMS. RMS with additive manufacturing looks at 
implementing 3D printers into the system. RMS with digital technolo-
gies which embrace augmented reality, industrial internet of things 
(IIoT), cloud, simulation, and digital twins. Smart RMS encompass data 
analysis, machine learning, and other artificial intelligence techniques. 
Finally, RMS with WPT looks at flexible and autonomous electrification 
for manufacturing systems. 

In this paper, we propose an autonomous RMS by integrating a 
mobile robot into RMS, to increase the reconfigurability of the system, 
decrease the setup and programming time, and enhance the system’s 

flexibility. Besides, we investigate different WPT configurations that 
increase flexibility and autonomy, creating a highly flexible RMS. We 
can summarize the main contribution of the paper as follows: .  

• Proposing a new RMS in which a mobile robot can reconfigure the 
system.  

• Rearranging, and monitoring the proposed system using a digital 
twin solution.  

• Proposing static and dynamic WPT as industry 4.0 technology for 
RMS.  

• Retrofitting old manufacturing machines with industry 4.0 
technology.  

• Simulating and verifying through laboratory experiments and video 
presentations. 

We organize the remainder of this paper as follows: Section 2 pre-
sents previous studies on RMS. Section 3 proposes the concept of a 
highly flexible mobile RMS with WPT. Section 4 describes a mobile RMS 
with a digital twin, a physical demonstration of the system. Then, we 
discuss the results in Section 5. Finally, we conclude and present our 
future works in Section 6. 

2. Previous studies 

Sanderson et al. [13] developed the Smart Manufacturing and 
Reconfigurable Technologies (SMART), which is an assembly system 
that can be set up with different configurations. The system is based on 
the HAS-200 system [14] and applies adaptive multi-agent control. 
There are other similar examples on smart RMS [15–18]. They used 
standardized platforms from the CP Factory. CP Factory is a universal 
modular manufacturing systems for research, training, and teaching, 
produced by FESTO [19]. The systems use platforms that can be rear-
ranged based on the system’s capacity and functionality. 

In another study, Kim et al. [5] introduced a modular factory testbed. 
The system consists of 10 main workstations producing portable battery 
chargers, electric endodontic handpieces, and electric toothbrushes. The 
system uses a infrared communication system that automatically rec-
ognizes how the system is configured. However, all the previous systems 
(i.e., CP factory, HAS-200, and testbed) are only used for training, 
educational, and research purposes. 

Adamietz et al. [20] presented a miniaturized RMS. The system uses 
a standardized container, in which it is possible to change the 
manufacturing modules inside the container. This system can have a 

Fig. 1. The research direction for RMS based on Bortolini schematic [9], with a focus on industry 4.0 integration to RMS.  
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maximum of six small modules, three large modules, or a combination of 
big and smaller modules. The system reconfiguration takes less than 8 h 
using a forklift, where a human needs to move the parts between the 
machines. 

Seok et al. [21] built a modular manufacturing system using the 
additive manufacturing concept. Their system consists of, 3D printers, 
post-processing, inspection, and packing modules. It uses a 3D printer as 
the main manufacturing process, and it is possible to achieve personal-
ized production or mass customization. We can categorize the system as 
an RMS with digital technologies. 

One approach that can save time and automate the RMS is the AIMM 
principle. Hongtai et al. [22] explained the concept of AIMM as a mobile 
robot combined with an industrial manipulator. The robots are easy to 
integrate and can carry out tasks at different workstations. The AIMM 
increases manufacturing flexibility and we can implement it into exist-
ing manufacturing systems [23]. Recently, Inoue et al. [24] proposed 
AIMM to be a key component of RMS. Andersen et al. [25] examined 
how to integrate an AIMM into a modular CP Factory. 

Regardless of these previous studies, there is little attention to 
building and designing RMS for manufacturing industries. For instance, 
Singh et al. [26] revealed that there is inadequate research on the 
development of principles for reconfigurable machines. Moreover, 
Khanna et al. [27] found that the implementation of RMS into 
manufacturing systems is still a significant problem. In addition, there is 
a lack of studies that explain RMS in practices and how RMS can be 
adapted and used by companies [28]. 

The previous studies showed that the physical reconfiguration of the 
platforms is the most time-consuming, and they require labor to change 
and modify the layout. Morgan et al. [11] proposed smart reconfigurable 
machines that can change autonomously. In another study, Singh et al. 
[26] found that there is immense potential for further research on 
wireless sensor networks for automatic configuration, interoperability, 
and scalability. 

WPT plays a crucial role in charging applications without human 
intervention, making it attractive for developing flexible and reliable 

RMS systems. It reduces the hazards of electrical shocks by plugin ca-
bles. It can also minimize the systems’ maintenance by removing the 
plugs, cables, and contractors. WPT provides an attractive solution in 
different applications: IoT devices [29,30], lightning [31–33], heating 
[34], wind turbines and oil drilling tools [35], energy encryption [36], 
unmanned aerial and underwater vehicles [37–40,41], and trans-
portation applications [42–44]. 

To summarize, we found there is less focus on industry 4.0 integra-
tion. Moreover, all the previously proposed systems suffer from setup, 
layout, and programming restrictions. In addition, systems are still 
highly dependent on humans for reconfiguration and powering the 
system. If we use advanced robotics, IoT, and digital twin to rearrange 
the system, this can improve the flexibility and reconfigurability of the 
system. At the same time, implementing WPT will make manufacturing 
systems more flexible, modular and automated and support the other 
industry 4.0 technologies. 

3. Concept of a highly flexible system 

3.1. RMS with robots 

To integrate industry 4.0 in RMS, we can use the concept of AIMM to 
utilize robots in a flexible manner. Arnarson et al. [12] proposed an 
AIMM for RMS, where the AIMM is divided into two separate parts, one 
for the mobile robot and a second for a robot arm. The mobile robot and 
robot arm can work together or separately. With such a system, one 
mobile robot can move multiple platforms and increase the utilization of 
both the robot arm and the mobile robot. In this example, they created 
two robot platforms. Using the same principle, we can expand the idea 
by adding conveyors, 3D printers, or other manufacturing machines to 
the platforms instead of a robot arm. 

A mobile robot can move and rearrange all system parts to manu-
facture a specific product. The mobile robot can also rearrange around 
large manufacturing machines (CNC, turning, and 3D printer) that are 
fixed and hard to move. This solution is scalable since adding new 

Fig. 2. Different examples of how the system can be configured (a, b) and scaled up and down (c, d): (a) The platforms are arranged around the turning center, (b) 
the platforms are arranged around a large 3D printer, (c) a small manufacturing system using the platforms, and (d) the previous manufacturing system is expanded 
with more platforms to increase production. 
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platforms to the system can increase the output and production capacity. 
Therefore, it is easy to downscale and upscale production based on de-
mand. Fig. 2 shows how to configure the system with different scalable 
layouts. At the same time, we can also use collaborative robots in open 
environments where humans are working or industrial robots for tasks 
that require higher precision and accuracy. 

3.2. 3D printing 

Another emerging industry 4.0 technology is additive 
manufacturing, in which we can get an even more flexible and 

automated RMS. For instance, in the conventional manufacturing 
approach to produce a plastic box, we need to build a mold and other 
related manufacturing machines that are not flexible. In comparison, 
plastic 3D printer can produce a plastic box or any other plastic part. In 
other words, additive manufacturing can increase the mass custom-
ization capability of the RMS. In this video https://youtu.be/Z6 
WQe1bf648 and in [45], we demonstrate how a flexible additive 
manufacturing in RMS in which a plastic 3D printer can print different 
parts automatically and a mobile robot pick up the 3D printer and move 
it to different places. In addition, we can use the manufacturing material 
more efficiently and produce less waste. 

Fig. 3. A top-view of three different scenarios for static WPT: (a) the platforms charge each other through a mesh configuration. (b) the platforms charge each other 
through a mesh configuration while a big machine energizes the whole system. (c) the platforms charge from the main source while they are parking. 

Fig. 4. A top-view of two approaches of dynamic WPT: (a) railway transmitters. (b) matrix transmitters.  
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3.3. Digital technologies 

IIoT facilitates communication, allowing remote monitoring and 
control of the manufacturing system. Thus, we can retrofit the conven-
tional manufacturing systems with IIoT to create communication be-
tween machines in the system. Besides, we can simulate the system to 
see how the reconfiguration and layout of the system will look in reality. 
The disadvantage of having only offline simulation is that we cannot test 
the RMS in real-time. It cannot be used for control or monitoring the 
RMS. In addition, the current solution for manufacturing systems is basic 
human-machine interfaces, where the labor communicates with the 
machines through a screen. This type of interface makes it difficult to 
program a reconfiguration of the manufacturing system. 

However, if we use the digital twin of the system to test and see how 
the configuration looks and works. The digital twin is a real-time digital 
replica of the manufacturing system where we can transfer the data 
bidirectional between the physical and digital systems. Based on a dig-
ital twin we can simulate [46], control [47], monitor [48], predict 
failures of the system. In this paper, we simulate and monitor the system 
at the same time using a digital twin principle. 

3.4. Smart RMS 

Arnarson et al. [49] introduced industrial big data in RMS, for a 
smarter RMS system. In this work, they used the principles of industrial 
big data analysis moving towards automated RMS. Industrial big data 
analysis combined with artificial intelligence moves us toward a fully 
automated manufacturing system in which the system can manufacture 
any products without human intervention. 

3.5. RMS with WPT 

It is hard to achieve fully automated manufacturing systems with a 
conventional wired electrification approach. If we use WPT, we can gain 
autonomous electrification of the system and hence a fully automated 
system. Besides, WPT provides more flexibility and reliability to the 
RMS. In this section, we introduce the main concept of WPT to industry 
4.0 technologies and give examples of static and dynamic implementa-
tion of WPT in RMS, while we provide more detailed descriptions and 
experimental results in further work. 

The International Telecommunication Union defines WPT as the 
transmission of power from a power source to an electrical load wire-
lessly using a electromagnetic field [50]. WPT incorporates three main 
groups: near-field, mid-range, and far-field. The differences between 
these groups are in terms of the type of the electromagnetic wave, dis-
tance range, operating frequency level, power level, and the complexity 
of the system’s architecture. 

We can utilize either static or dynamic near-field WPT for RMS. The 
static approach offers electrification when the platforms are not moving.  
Fig. 3 illustrates three different scenarios. The arrows show the direction 
of the power flow. In scenario (a), we can fix the WPT transmitter- 
receiver on the platforms while electrifying each other through a mesh 
configuration. In contrast, in scenario (b), the platforms energize from a 
stationary machine, such as a turning center, while charging. The last 
scenario (c) is when the platform is not in use and charges from the main 
power source. 

On the other hand, dynamic WPT can offer a power source for the 
platforms and mobile robots. We can implement the dynamic WPT 
through two approaches, namely, the railway approach and matrix one, 
as shown in Fig. 4. The railway transmitters provide continuous power 
to the platforms in the railway approach. However, the allocation of the 
platform should be predetermined, which limits the flexibility of the 
RMS. In contrast, the matrix approach offers a flexible charging solution. 
Nevertheless, it provides discrete charging, and hence we should opti-
mize the distance between the transmitters, increasing the complexity 
and cost of the WPT system. 

4. Reconfigurable manufacturing system 

In this section, we describe the RMS and give a demonstration both 
by simulation and testing. 

4.1. RMS description 

Our system consists of five platforms:  

• IRB1 platform: Has a four degree of freedom robot arm (SCARA- 
type). In this system it is used for simple assembly, pick and place and 
sorting operations. 

Fig. 5. The proposed RMS: (1) IRB1 platform, (2) IRB2 platform, (3) conveyor, 
(4) conveyor with lifting, and (5) 3D printer. 

Fig. 6. The main components on each platform.  
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• IRB2 platform: Is a six degree of freedom robot arm. The robot arm 
can be used for the same operations as the IRB1 robot, but can also do 
more complex tasks such as machine tending, polishing, etc.  

• Conveyor platform: The conveyor platform is used to transport the 
parts between the robot arms.  

• Conveyor with lifting platform: Is used to transport parts out of the 
manufacturing system. Since it has a lift module it is more adaptable 
then the conveyor platform.  

• 3D printer platform: The 3D print platform contains a Creality CR- 
30, which is a 3D printer that prints on a conveyor. It can automat-
ically remove the parts as they are being printed. 

Fig. 5 shows a specific setup of the RMS. 
We have developed the platforms by retrofitting them with small 

single-board computers and sensors. We have used different sensors to 
measure distance, angular velocity, and acceleration. As the robot arms 
require a more powerful computer, we have used (i5–10210 U CPU) to 
run the inverse kinematics calculator in ROS MoveIT and image recog-
nition models in parallel. While the conveyor, conveyor lift and 3D 
printer platform use a Raspberry pi for control. All the computers are 
equipped with WIFI for wireless communication and we have also uti-
lized extra microcontrollers on some of the platforms to collect data and 
control motors. Fig. 6 depicts the setup of each platform. 

A MiR100 mobile robot transports the platforms to the selected 
location. It has a carrying capacity of 100 kg and can pull up to 300 kg 
[51]. The accuracy of the mobile robot is ± 50 mm, which limits the 
flexibility of the system [12]. The low accuracy of the mobile robot can 
deteriorate the docking reliability of the platform. Nevertheless, a 
marker solution is used and enhance the docking accuracy of the mobile 
robot within ± 5 mm [51]. 

We can describe the docking sequence as follows: First, once the 
mobile robot reaches in front of the platform it adjust itself to the 
marker. Second, the marker moves up, so the mobile robot can drive 
under the platform. Third, the mobile robot drives forward with a fixed 
distance. Fourth, the hooking system is activated and fasten the mobile 
robot with the platform. A demonstration video to show the docking and 
uncoupling sequence can be fund at https://www.youtube.com/watch? 
v=RtOX0HGiqRs. When the mobile robot uncouples from a platform, 
the mobile robot software saves the platform’s position. Besides, the 
mobile robot calculates and saves 1.5 m from the platform as the 
docking point for the mobile robot. 

For communications the platforms are connected to the Open Plat-
form Communications Unified Architecture (OPC UA). The OPC UA is a 
IEC 62541 standard and is used for communication in industrial appli-
cations [52]. It allows all platforms to connect to the same server and 
communicate seamlessly which facilitates the control of the robots, 
conveyors and other motors in the system. This communication protocol 
will also help to bring about machine-to-machine communication, and 
hence all platforms can operate without human intervention. 

4.2. Platform placement 

As mentioned in Section 2, reconfiguring of the RMS can be time 
consuming and often needs human labor. The idea behind this system is 

Fig. 7. An illustration of the placement requirements of the system.  

Fig. 8. A screenshot from Visual Components showing the digital twin of the platforms. (1) IRB1 platform, (2) IRB2 platform, (3) conveyor, (4) conveyor with lifting, 
and (5) 3D printer. 
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to reconfigure and change the system’s layout automatically with a 
mobile robot. Also, we can change the layout of the system based on 
demands. However, the system still faces some challenges. For instance, 
the IRB1 robot has a movement radius of 0.6 m, while the IRB2 robot has 
a maximum reach of 0.9 m. For this system to work, the robot arms need 
to reach the platforms they are working with, as shown in Fig. 7, which 
add a constraint on system’s arrangement. One way to tackle the chal-
lenges of choosing the layout of our system is by using a digital twin 
solution. 

Van Der Horn et al. [53] have described the digital twin as a virtual 
representation of a physical system, where the virtual and physical 
systems share the data. The virtual model of the manufacturing system 
can be used to test and visually various configurations of the layout. We 
can also use it to send information about the placement of the platforms. 
In addition, we can combine a digital twin with a modular system to 
create fast reconfiguration, integration, and safety validation of the 
system [3]. 

Previously, Arnarson et al. [54] have developed a two-way digital 
twin model in the Visual Components Premium simulation software 
[55] and conducted laboratory testing of the system. As Visual Com-
ponents Premium supports the OPC UA standard, we can use the digital 
twin model as a visual tool to plan the system’s layout and simulate 
assembly and production flow for different system layouts. Fig. 8 shows 
the digital twin model of the five platforms. The model in the software 
has the same scales and positions of the components as the physical 
system. The simulation takes the positions of the digital platforms and 
sends them to the OPC UA server. The mobile robot can automatically 
get the new coordinates of the platforms and start moving them. Even-
tually, the simulation software decides how the mobile robot picks the 
platform. 

4.3. Demonstrations of the RMS system 

Two demonstrations show the functionality of our system. 

4.3.1. Demonstration of simulation design 
The first demonstration shows the automatic reconfiguration. Two 

layouts are created in the Visual Components model, and when the 
simulation is executed the positions of the platforms are sent to the 
server. Afterwards, the mobile robot reads the positions of the platforms 
from the OPC UA server and pick up and place the platform in the same 
position given by the model in Visual Components. The resulting 
configuration of the mobile robot can be seen in Fig. 9. 

A video demonstration shows the functionality of the system and can 
be found at https://youtu.be/UXUlaawd8Ps with 5x speed and another 
video https://youtu.be/s8r-Q5eMy2M with normal speed. The purpose 
of the video is to showcase how the mobile robot can automatically 
change a manufacturing system’s layout. The video starts with all 
platforms in different locations in the laboratory. Then mobile robot 
picks the platforms and places them into the configuration in Fig. 9. 
Second, the mobile robot takes apart the system and reconfigures a new 
manufacturing system with the vertical storage machine (Compact lift). 
The time it takes to move and place each platform and the total time of 
the configuration can be found in Table 1. 

4.3.2. Demonstration of production simulation 
In the second demonstration, we showcase the flexibility and 

reconfigurability of the system in the simulation model. For this 
experiment, we use the process modeling component of Visual 

Fig. 9. Two layout configurations in the Visual Components (On the left side), and the resulting configuration assembled with the mobile robot (on the right side): a) 
The first digital layout. b) The first physical layout. c) The second digital layout. d) The second physical layout. 

Table 1 
The time the mobile robot used to reconfigure both layouts measured in minutes.   

Layout 1 Layout 2 

IRB1 Platform  2.2  2.2 
IRB2 platform  2.2  2.3 
Conveyor platform  2.1  2.9 
Conveyor Lift  2.0  1.9 
3D print platform  2.3  2.6 
Total time [min]  10.8  11.8  
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Components to program the system’s movements. The simulation shows 
the production and assembling of a box in six steps, as shown in Fig. 10. 
The production process are: a box without a lid is 3D printed with the 3D 
printer platform. When the box reaches the end of the 3D printer, the 
IRB2 robot picks up the box and places it on the large conveyor. The 
conveyor transports the box to the IRB1 robot, which takes the lid and 
places it on top of the box. At last, the box is transported over to the 
conveyor lift, and the mobile robot transports the conveyor lift out.  
Fig. 11, illustrates all steps. 

We can execute the same production plan of the box with different 

configurations and placement of the platforms. To test this, we create 
three different configurations, as can be seen in Fig. 12. A video 
demonstration https://youtu.be/6ir7RUN_uk0 of the three simulations 
shows a different production time for each layout. Table 2 lists the 
production times for each step in all three layouts. We can use the 
simulation to estimate the production time and test if there are any 
collisions in the simulation. 

4.4. Demonstration of manufacturing application 

To demonstrate a manufacturing application of the system, we 
simulate and implement an assembly of a manufacturing system around 
a CNC machine. In the simulation, the first step is to drag the platforms 
and rearrange them around the CNC machine. The second step is to 
check if the robot arms can reach the positions. The last step, using the 
digital twin we can transfer the positions of all the platforms to the 
mobile robot where it reconfigures the platforms automatically. Fig. 13 
shows the demonstration of the proposed RMS for manufacturing 
application. The video https://youtu.be/vxsg4zgJzTU demonstrates the 
aforementioned three steps. The results shows the system needs around 
12.75 min for rearranging around the CNC machine. In this demon-
stration, we can use one mobile robot to fill raw material to the CNC 

Fig. 10. The production sequence used to produce and assemble a box in the simulation.  

Fig. 11. An illustration of each step in the simulation.  

Fig. 12. Three different layout configuration to produce the box.  

Table 2 
The time it takes to complete each step in the simulation, without considering 
the 3D printing time measured in seconds.  

Manufacturing setup 1 2 3 

Step 1  4.6  4.6  4.6 
Step 2  3.0  2.8  2.6 
Step 3  11.3  2.4  9.8 
Step 4  3.1  3.6  3.3 
Step 5  10.1  9.5  2.9 
Step 6  17.6  17.5  25.0 
Total time [sec]  49.7  40.4  48.2  
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machine, rearrange the system, and take out the manufactured products. 

5. Discussion 

Traditionally, RMS need human interaction to reconfigure the sys-
tem. In this paper, we have proposed a new RMS solution that decreases 
the need for humans in the setup of a new manufacturing line. A mobile 
robot can reconfigure the platforms without any human intervention. A 
total reconfiguration of the system requires 10:8 min to (numerical 
range) 11:8 min depending on the layout. 

We utilized additive manufacturing as an industry 4.0 technology to 
produce various products. We simulated three different layouts to 
manufacture a box using a 3D printer. According to the simulation, the 
production time took 49.7 s, 40.4 s, and, 48.2 s, respectively, without 
considering the 3D printing time. However, this was a simple example of 
producing one type of product, but the 3D printer can print any part as 
long as it fits within the dimensions of the 3D printer. Besides, using a 3D 
printer for production can easily automate the production process. Thus 
we create a platform with a 3D printer that can be controlled, operated, 
and monitored remotely. 

Using industry 4.0 digital technologies, we retrofitted old machines 
with sensors and controllers, and by applying the IIoT, we got commu-
nication between all parts of the system. We used a two-way digital twin 
with simulation to program the system and choose the layout of the 
platforms. It gives the operator a simple drag and drop interface to po-
sition the platforms. We can also simulate the manufacturing process to 
test and see if the robot arm reaches its desired position. It creates a 
simple and intuitive interface for fast and simple programming of the 
layout. 

The IIoT and digital twin can automate the system and put the 
building blocks for smart RMS. We can collect and store data from all 
platforms in real-time, which we can use to train machine learning al-
gorithms to classify and predict the RMS. We can implement rein-
forcement learning and image recognition to create self adaptable 
control system for the robots. At the same time, we can apply image 
recognition models to detect when prints are failing or any other failure 

in the RMS. 
Industry 4.0 technologies have enhanced the flexibility and recon-

figurability of manufacturing systems by integrating robots, additive 
manufacturing, digital technologies, and smart RMS. However, we have 
several challenges that the proposed RMS is still facing. 

The first challenge is to arrange the layout of the system in such a 
way that considering the limited working area of the robot arms. 
Currently, we address this challenge by simulation through a digital 
twin. However, we need to find a better solution to solve this problem 
autonomously. The second challenge is that the mobile robot needs extra 
force to move the trolleys and often ends up spinning while moving the 
platforms. In addition, if one of the ten wheels gets stuck, it will 
dramatically reduce the accuracy and cause collisions with other plat-
forms. As a better solution, we can remove all wheels of the platforms 
and use a mobile robot with high lifting capacity. Then the mobile robot 
would be able to lift the platform and place them in different positions. 
Regardless of these challenges, the system has a unique characteristic 
that can not only be reconfigured in different layouts but can also be 
rearranged in other locations irrespective of the manufacturing space. 

We also proposed WPT systems to electrify the platforms and in-
crease the flexibility of the manufacturing system. In addition, we can 
utilize static or dynamic WPT to electrify the system. The dynamic WPT 
can electrify both the platforms and the mobile robot, increasing the 
system’s extent and cost. In contrast, static WPT offers a good option to 
electrify the platforms from each other or a main fixed machine. The 
system will get better efficiency by correcting the misalignment between 
the platforms. 

6. Conclusion 

We have proposed a number of industry 4.0 technologies to build an 
highly flexible RMS. We also expand the industry 4.0 technologies 
principle by adding WPT. The WPT system increases the flexibility and 
reliability of the proposed RMS. Our system includes five platforms 
containing robot arms, a conveyor belt, a conveyor lift, and a 3D printer. 
We have retrofitted the platforms and used a mobile robot to reconfigure 

Fig. 13. Demostration of industrial application: a) Configuring the platforms around the CNC machine. b) Simulating to check that the robot arm can reach their 
position. c) The physical configuration of the platforms around the CNC machine. 
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the platforms automatically. Then, we created a simulation model that 
controls and arranges the platforms using the digital twin to configure 
the system. The simulation model has the same scale and coordinates as 
the mobile robot. Using the OPC UA server, we send the coordinates of 
the platforms from the simulation model to the physical model. In 
addition, we present two demonstrations: the first simulation showing 
the system’s flexibility with the production and assembly of a box, and 
the second simulation showing how the mobile robot can reconfigure 
the platforms based on the simulation model. 

7. Future works 

The proposed system can be further expanded and automated. 

7.1. Automatic layout design 

As can be seen from the simulation results, there are multiple solu-
tions for positioning the platforms. Therefore, optimizing the layout 
with the shortest path or smallest area can reduce manufacturing time 
and costs. We seek to develop a mathematical model that can find a sub- 
optimal layout for a system with multiple platforms as further work. 
With the mathematical model, the system will rearrange the layout 
automatically depending on what we need to manufacture. 

7.2. Automatic programming/control 

Another challenge facing the system is to control and program the 
platforms automatically. Due to the mobile robot inaccuracy, the plat-
forms aren’t positioned with high accuracy. Therefore, using pre- 
programmed programs on the robot arms will not be feasible. Besides, 
the literature has previously shown that manually controlling, pro-
gramming, and setting up the system is time-consuming, requiring 
expertise in control systems [5]. We will investigate and create a system 
that can be programmed automatically depending on what will be 
manufactured. 

7.3. Wireless electrification of RMS 

Finally, we will study in detail different approaches of WPT and 
examine capacitive power transfer (CPT) as a low-cost solution for 
powering the RMS. In addition, we expand the system with a mobile 
battery platform that can power other platforms using CPT. 

Declaration of Competing Interest 

The authors declare that they have no known competing financial 
interests or personal relationships that could have appeared to influence 
the work reported in this paper. 

Acknowledgment 

This project has received funding from the European Union’s Hori-
zon 2020 research and innovation programme under grant agreement 
No 825196. 

References 

[1] Fathi M, Ghobakhloo M. Enabling mass customization and manufacturing 
sustainability in industry 4.0 context: a novel heuristic algorithm for in-plant 
material supply optimization. Sustainability 2020;12(16). 

[2] Koren Y, Shpitalni M. Design of reconfigurable manufacturing systems. J Manuf 
Syst 2010;29(4):130–41. https://doi.org/10.1016/j.jmsy.2011.01.001. 

[3] Malik AA, Masood T, Kousar R. Reconfiguring and ramping-up ventilator 
production in the face of covid-19: Can robots help? J Manuf Syst 2021;60:864–75. 

[4] Koren Y, Heisel U, Jovane F, Moriwaki T, Pritschow G, Ulsoy G, et al. 
Reconfigurable manufacturing systems. CIRP Ann 1999;48(2):527–40. https://doi. 
org/10.1016/S0007-8506(07)63232-6. 

[5] Kim DY, Park JW, Baek S, Park KB, Kim HR, Park JI, et al. A modular factory 
testbed for the rapid reconfiguration of manufacturing systems. J Intell Manuf 
2020;31(3):661–80. https://doi.org/10.1007/s10845-019-01471-2. 

[6] Putnik G, Sluga A, ElMaraghy H, Teti R, Koren Y, Tolio T, et al. Scalability in 
manufacturing systems design and operation: state-of-the-art and future 
developments roadmap. CIRP Ann 2013;62(2):751–74. https://doi.org/10.1016/j. 
cirp.2013.05.002. 〈https://www.sciencedirect.com/science/article/pii/ 
S0007850613001923〉. 

[7] Klingenberg CO, Borges MAV, Antunes Jr JAV. Industry 4.0 as a data-driven 
paradigm: a systematic literature review on technologies. J Manuf Technol Manag 
2021;32(3, SI):570–92. https://doi.org/10.1108/JMTM-09-2018-0325. 

[8] Singh A, Gupta P, Asjad M. Reconfigurable manufacturing system (rms): Accelerate 
towards industries 4.0. Proc Int Conf Sustain Comput Sci, Technol Manag 
(SUSCOM) 2019;01. https://doi.org/10.2139/ssrn.3354485. 

[9] Bortolini M, Galizia FG, Mora C. Reconfigurable manufacturing systems: Literature 
review and research trend. J Manuf Syst 2018;49:93–106. https://doi.org/ 
10.1016/j.jmsy.2018.09.005. 〈https://www.sciencedirect.com/science/article/ 
pii/S0278612518303650〉. 

[10] Maganha I, Silva C, Ferreira LMDF. The layout design in reconfigurable 
manufacturing systems: a literature review. Int J Adv Manuf Technol 2019;105 
(1–4):683–700. https://doi.org/10.1007/s00170-019-04190-3. 

[11] Morgan J, Halton M, Qiao Y, Breslin JG. Industry 4.0 smart reconfigurable 
manufacturing machines. J Manuf Syst 2021;59:481–506. https://doi.org/ 
10.1016/j.jmsy.2021.03.001. 

[12] H. Arnarson, B. Solvang, 2022. Reconfigurable autonomous industrial mobile 
manipulator system, in: 2022 IEEE/SICE International Symposium on System 
Integration (SII), 2022, 772–777.10.1109/SII52469.2022.9708887. 

[13] D. Sanderson, J. C. Chaplin, L. De Silva, P. Holmes, S. Ratchev, 2016. Smart 
manufacturing and reconfigurable technologies: Towards an integrated 
environment for evolvable assembly systems, in: 2016 IEEE 1st International 
Workshops on Foundations and Applications of Self* Systems (FAS*W), 2016, 
263–264.10.1109/FAS-W.2016.61. 

[14] SMC, SMC International Training – The didactic division of SMC Corporation, 
[Online; accessed 3. Feb. 2022] (Feb 2022). 〈https://www.smctraining.com〉. 

[15] Madsen O, Møller C. The aau smart production laboratory for teaching and 
research in emerging digital manufacturing technologies. Procedia Manuf 2017;9: 
106–12. https://doi.org/10.1016/j.promfg.2017.04.036. 7th Conference on 
Learning Factories, CLF 2017. 

[16] daCunha C, Cardin O, Gallot G, Viaud J. Designing the digital twins of 
reconfigurable manufacturing systems: application on a smart factory. IFAC-Pap 
2021;54(1):874–9. https://doi.org/10.1016/j.ifacol.2021.08.103. 17th IFAC 
Symposium on Information Control Problems in Manufacturing INCOM 2021. 

[17] U. of Wisconsin, IMS Centre Laboratories ∣ Intelligent Manufacturing Systems (IMS) 
Centre, [Online; Accessed 2. Feb. 2022] (Feb 2022). 〈https://www.uwindsor.ca/in 
telligent-manufacturing-systems/299/ims-centre-laboratories〉. 
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Paper’s Contribution

This paper proposes a converter incorporating a diode bridge, a class-E inverter,
and a class-D rectifier is presented for the PFC stage in single-phase offline
converters. It presents a prototype to validate the analysis and the suggested
design method. The prototype operates with zero-voltage switching (ZVS)
across the load range. It achieves up to 211 W of output power at an efficiency
of 88%, with an inherent power factor of 0.99 and a total harmonic distortion
(THD) of 8.8 %. The converter can operate at output power down to 25 W,
with a power factor of 0.95, THD of 28 %, and an efficiency of 88 %.
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ABSTRACT This paper investigates the use of the class-E inverter for power factor correction (PFC)
applications. Analytical and state-space models are derived showing the class-E inverter’s capability of
achieving inherent PFC operation with a constant duty cycle. The inherent PFC operation limits the controller
responsibility to the regulation of the output voltage, which is key for resonant converters with challenging
control. A converter incorporating a diode bridge, a class-E inverter, and a class-D rectifier is presented
for the PFC stage in single-phase offline converters. A prototype is designed to validate the analysis and
presented design method. The prototype operates with zero-voltage switching (ZVS) across the load range
and achieves up to 211W of output power at an efficiency of 88 %, with an inherent power factor of 0.99 and
a total harmonic distortion (THD) of 8.8 %. Frequency modulation is used to achieve lower output power
down to 25W, with a power factor of 0.95, THD of 28 %, and an efficiency of 88 %.

INDEX TERMS AC-DC power conversion, class-E inverter, power factor correction, resonant power
conversion, zero-voltage switching.

I. INTRODUCTION
Large-scale deployment of switch-mode power supplies to
the utility introduces line current harmonics. The injected
current harmonics result in voltage distortion and reduce the
reliability of the grid [1], [2]. As a result, several international
standards expressly limit the magnitudes of input current
harmonics and set a limit for the minimum power factor.
Thus, a power factor correction (PFC) converter needs to be
employed in offline converters for different applications to
comply with these standards.

The typical solution for offline converters is a two-stage
structure that is illustrated in Fig. 1. A front-end stage ac-dc
PFC converter rectifies the ac line voltage to a relatively
smooth dc voltage while regulating the input current to follow
the ac line voltage. A following dc-link capacitor filters the
double-the-line frequency component. Finally, a dc-dc con-
verter provides the current and voltage levels that apply to
the load. This work’s focus is on the PFC front-end stage of
the offline converter.

The associate editor coordinating the review of this manuscript and

approving it for publication was Tariq Masood .

Conventionally, pulse width modulation (PWM) con-
verters are employed for the PFC stage, including boost
[3]–[6], buck [7]–[9], buck-boost [10]–[12], SEPIC [13],
[14], Cuk [15], and flyback [16] topologies. They offer
high power quality and efficiency [17]. However, their
hard-switching nature results in high switching losses, which
sets an upper limit for the switching frequency and, in turn,
the power density. In addition, their sharp switching current
and voltage waveforms have high-frequency harmonic com-
ponents, complicating electromagnetic interference (EMI)
filters design.

Resonant converters operation is based on soft switch-
ing, which results in substantially lower switching losses
and EMI noise at higher switching frequencies [18], [19].
The soft-switching nature has been previously studied in
class-E inverter [20] and class-D inverter [21]. As a result,
resonant converters have been investigated for use in many
applications, one of which is offline converters, where prior
art reported their use in the ac-dc stage [22]–[25], dc-dc
stage [26]–[29], or both stages [30]–[32].

This paper investigates the feasibility of employing the
class-E inverter for the PFC stage in single-phase offline
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FIGURE 1. Offline converter structure.

FIGURE 2. The architecture of the proposed converter.

converters [33]. Mathematical models are derived for the
circuit showing inherent PFC capability with a constant
duty-cycle operation. A converter comprising an input bridge,
a class-E inverter, and a class-D rectifier is presented. Fig. 2
shows the proposed converter block diagram. The converter
operation is based on zero-voltage switching (ZVS) and
achieves PFC inherently. The inherent PFC operation limits
the controller responsibility to the regulation of the output
voltage, which is key for resonant converters with challeng-
ing control. At the same time, the soft-switching operation
enables the design of PFC converters with high switching
frequencies and power densities.

This paper is organized as follows: Section II describes the
principle of operation of the presented converter. Mathemat-
ical models based on analytical and state-space approaches
are covered in Section III. Section IV presents the design
procedure. Prototype implementation and experimental veri-
fication results are illustrated in SectionV. Finally, conclusion
is provided in Section VI.

II. PRINCIPLE OF OPERATION
The schematic of the presented converter is shown in Fig. 3,
which comprises a front-end diode bridge rectifier D1 – D4,
a class-E inverter, and a class-D current-driven rectifier. The
diode bridge rectifies the ac input voltage. A capacitor Cin is
connected in parallel with the bridge to suppress the EMI and
absorb the reverse current from the inverter. A class-E ZVS
inverter drives the resonant tankwith a current ir (t), where the
shape of the waveform depends on the loaded quality factor of
the tankQL and the duty-cycleD. A class-D rectifier converts
the high-frequency current into a dc output voltage Vo, where
the voltage stress across the rectifier diodes equals the output
voltage.

Considering that the switching frequency fs is much
higher than the line frequency fl , the input voltage to the
inverter vrec(t) is assumed constant across the switching

FIGURE 3. Class-E converter for PFC applications.

FIGURE 4. Simplified circuit diagram for a half-line cycle operation.

cycle.With a high-enough quality factor for the resonant tank,
the first-harmonic approximation (FHA) approach for mod-
eling resonant converters is valid, and the resonant current is
a sinewave with the form

ir (θs) = Ir sin(θs + φ) (1)

where Ir is the current amplitude, θs = ωst is the current
angle across the switching cycle, and φ is the phase shift with
the switching node voltage.

The switching cycle is divided into four intervals, as shown
in Fig. 4, with the corresponding voltage and current wave-
forms illustrated in Fig. 5, including the voltage across the
switch gate vg(t), the drain-source voltage of the switch,
i.e. switching node voltage vs(t), the inverter input current
iin(t), the resonant current ir (t), and the diodes currents iD5(t)
and iD6(t).
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FIGURE 5. Voltage and current waveforms across two switching cycles.

In interval I (t0 – t1), the switch is on and the rectified
voltage vrec(t) is higher than vs(t), thus the input current
iin(t) increases linearly, charging the input inductor Lin. The
resonant current is positive and flows in D6, while D5 is in
reverse bias. Accordingly, the current flowing through the
switch is the difference between iin(t) and ir (t).

In interval II (t1 – t2), the switch is still on, and the input
current iin(t) keeps charging the input inductor Lin, while the
resonant current reverses its direction and flows in D5 with
D6 in reverse bias.

In interval III (t2 – t4), the switch is turned off and the
capacitorCs starts charging with the input current. Thus, vs(t)
begins to increase, yet it is still less than the vrec(t). As a result,
iin(t) keeps increasing until it reaches its maximum at t3 when
vrec(t) equals vs(t). Afterwards, the input inductor Lin starts
discharging in the capacitor Cs, resulting in increasing of the
voltage stress across the switch to its maximum value by the
end of this interval.

In interval IV (t4 – T ), the switch is still turned off, the res-
onant current reverses its direction, turningD5 off andD6 on.
The capacitor Cs starts discharging, and the switch voltage
reduces until vrec(t) equals vs(t) at t5, with the inductor Lin
discharging as vrec(t) < vs(t). From t5 to the end of the
interval, the inductor Lin is charging, and the capacitor Cs
continues discharging until full depletion. By the end of this
interval, the switch is turned on by the gate driver, and a new
cycle begins.

If the switching frequency is higher than the resonant
frequency fo of the series-resonant tank (Lr – Cr ), the tank
and rectifier represent an inductive load and ZVS can be
achieved. That is shown in Fig. 5 where the switch turns
on at zero voltage, with a negative current in the resonant
tank. By modulating the switching frequency fs with respect
to the resonant frequency fo, the converter gain changes and
accordingly the output power is modulated. The choice of the
duty cycle affects ZVS operation as well as the stress on the
switch. Theoretically, the switch voltage stress in a class-E
inverter reaches about 3.6 times the input voltage with 50 %
duty cycle [34]. However, in practice, this stress could reach
more than four times the input voltage due to the nonlin-
earity of the switch node capacitance Cs [35], [36]. Accord-
ingly, this topology is more suited for low-input-voltage
applications.

III. MATHEMATICAL MODELLING
In this section, the mathematical models for the class-E
inverter are investigated with respect to the input impedance.
The conventional analytical and state-space approaches are
considered. In the former approach, the design procedure
derives the equations from the waveforms, while the latter is
based on the basic circuit equations from Ohm’s and Kirch-
hoff’s laws. The principle of operation of the class-E rectifier
as an input current shaping stage explained in [31], [32] is
adopted in this work.

A. ANALYTICAL APPROACH
The analysis of the proposed topology is carried out across the
switching cycle and using the approach given in [34], which
assumes an ideal semiconductor switch and a high-enough
input inductance such that the dc component of the input
current Iin is only considered. From the principle of operation
given in Section II and the Vs waveform in Fig. 5, the capac-
itor Cs current can be written as follows

iCs (θs) =

{
0, 0<θs 6 2π D
Iin − Ir sin(θs + φ), 2π D<θs 6 2π

(2)

The voltage across the switch is then calculated

vs(θs)

=
1

ωsCs

∫ θs

0
iCs (θ ) dθ

=


0, 0<θs 6 2πD
1

ωsCs
{Iin(θs − 2πD)

+Ir [cos(θs + φ)− cos(2πD+ φ)]}, 2πD<θs 6 2π
(3)

where θ is the variable of integration. Under optimal opera-
tion conditions, where ZVS is achieved, the voltage across the
switch equals zero by the end of the switching period. Sub-
stituting θs = 2π in (3) and equating to zero, the following
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expression for the resonant current amplitude is derived.

Ir = Iin
2π (1− D)

cos(2πD+ φ)− cos(φ)
(4)

Considering zero-derivative voltage switching (ZdVS,
dvs(2π )/dφ = 0) is also achieved, taking the derivative
for (3) with θs = 2π and equating to zero, the following
expressions for the phase shift φ is derived.

tan(φ) =
cos(2πD)− 1

2π (1− D)+ sin(2πD)
(5)

It can be seen that φ is a function of the duty cycle D.
Following, the rectified voltage can be written as follows

Vrec =
1
2π

[∫ 2π

0
vLin (θ ) dθ +

∫ 2π

0
vs(θ ) dθ

]
(6)

As the average voltage across the input inductor is zero,
eliminating the first term and substituting (3) in (6) then
evaluating the integration gives

Vrec =
Iin
ωsCs

{
(1− D)[π (1− D) cos(πD)+ sin(πD)]

tan(πD+ φ) sin(πD)

}
(7)

Dividing (7) by Iin gives the following expression for the input
resistance.

Rin =
1

ωsCs

{
(1− D)[π (1− D) cos(πD)+ sin(πD)]

tan(πD+ φ) sin(πD)

}
(8)

Since (8) is a function of the duty cycle D and phase shift φ,
which is itself a function of duty cycle as shown by (5), then
operating with a constant duty cycle results in a constant input
resistance that is independent of line changes. As a result,
the converter is seen as a resistor from the input across the
line cycle and power factor correction is achieved.

B. STATE-SPACE APPROACH
While the analytical approach assumes an ideal switch-
ing device and a sinusoidal resonant current to ensure
the validity of the FHA approach, in the state-space
approach, the design parameters are computed numerically.
The state-space approach is used in prior art [37]–[39] to
design class-E dc-dc converters with any loaded quality factor
of the resonant tank and any size for the input inductor.
Accordingly, it is considered in this section for flexibility
across different designs.

By adding the switch on-resistance to themodel, the switch
is replaced with a resistor as follows

rs =

{
ron, 0<θs 6 2πD
roff , 2πD<θs 6 2π

(9)

where ron and roff are the equivalent resistances of the switch
in on- and off-states, respectively. The circuit has four energy
storage components (Lin, Lr , Cs and Cr ), which define the
dimension of the state vector. The following expressions are

obtained by applying Kirchhoff voltage and current laws.

ωsLin
diin(θs)
dθs

= vrec(θs)− vs(θs)

ωsCr
dvCr (θs)
dθs

= ir (θs)

ωsLr
dir (θs)
dθs

= vs(θs)− vCr (θs)− ir (θs)Reff

ωsCs
dvs(θs)
dθs

= iin(θs)−
vs(θs)
rs
− ir (θs)

(10)

where vCr (θs) is the voltage across the resonant tank capac-
itor Cr and Reff is the class-D rectifier effective resistance.
By normalizing the impedance in (10) with the effective
resistances, it can be rearranged and rewritten in the following
matrix form

ẋ = A · x + B · u (11a)

A =



1
ωsCsrs

0
1

ωsReff Cs

−1
ωsReff Cs

0 0 0
1

ωsReff Cr
−Reff
ωsLin

0 0 0

1
QL

0
−1
QL

−1
QL


(11b)

B =


0
0
Reff
ωsLin
0

 (11c)

x =


vs(θs)
vcr (θs)
iin(θs)
ir (θs)

 (11d)

QL =
ωs · Lr
Reff

(11e)

where x is the state vector, A is the system matrix, B is
the control matrix, and u is the input vector. From (11),
the number of parameters is nine, i.e. ωs, D, QL , Lin, Lr , Cr ,
Cs, Reff , rs ∈ R9, and the solution of the equation is

x(θs) = xn(θs)+ xf (θs) (12)

where xn(θs) is the natural response of the system and xf (θs)
is the forced response. These two terms can be calculated as
follows [40].

xn(θs) = eAθs · x(0−) (13a)

xf (θs) = A−1 · (eAθs − I ) · B · u (13b)

where eAθs is the exponential matrix, x(0−) is the initial con-
dition vector, and I is the identity matrix, while the currents
are normalized with the input current and the voltages are
normalized with the input voltage. Since the waveforms are
continuous and periodic, the initial conditions can be found
by applying the continuity condition of the waveforms such
that

xon(0−) = xoff (θ )|θ=2π (1−D) (14a)
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TABLE 1. Design specifications.

xoff (0−) = xon(θ )|θ=2πD (14b)

Substituting (12)–(14) in (11) gives[
xon(2π )
xoff (2π )

]
=

[
−e2πDAon I

I −e2π (1−D)Aoff

]−1
·

[
A−1on (e

2πDAon − I )
A−1off (e

2π (1−D)Aoff − I )

]
· B (15)

where Aon and Aoff are the system matrices in (11) when rs
is equal to ron and roff , respectively. Under optimal operation
conditions, where ZVS and ZdVS are achieved, (15) can be
re-evaluated and solved numerically using the Matlab fsolve
solver. However, there are nine parameters and two optimum
operation conditions. Therefore, ωs, D, QL , Lin, Lr , Reff , rs
∈ R7 are chosen as the design parameters, while Cr and Cs
are solved as unknown parameters.

Since (11) is in the form of a first-order differential equa-
tion, the solution with oscillating input can also be written as

x(θl) = M cos(θl)+ N sin(θl) = G sin(θl − α) (16a)

G =
√
M2 + N 2 =

B
√
2

(16b)

α = tan−1(
N
M

) =
ωl

A
(16c)

where M and N are solution parameters that are found from
the initial conditions, θl = ωl t is the input current angle
across the line cycle, G is the gain vector, and α is the phase
shift matrix. Equation (16a) mathematically shows that the
response of the system, iin(θl) which is the main interest,
to the oscillating input voltage has the same frequency of the
input and phase-shifted by α. From (16c), it can be proven
that the input current is in phase with the input voltage (i.e.
α ≈ 0), and hence the converter emulates a resistor.

IV. CONVERTER DESIGN
This section describes the design procedure of the presented
converter. Table 1 summarizes the converter design specifi-
cations. The converter is designed to operate from US mains
input voltage for a rated output power of 300W and an
output voltage of 200V. A 90-kHz switching frequency is
chosen for this design which is intended to prove the analysis
and inherent PFC capability. Fig. 6 shows the normalized
switches voltage and current stresses with respect to the input
voltage and current. A duty cycle of 40 % is chosen for
minimal stress on the switch.

In the analytical approach, the design procedure based on
the FHA approach and given in [34] is followed in this paper.

FIGURE 6. Normalized switch stresses vs. duty cycle.

To ensure the validity of the FHA approach, a high-quality
factor of seven is chosen for this design. The procedure begins
with the calculation of the class-D rectifier effective input
resistance.

Reff =
2RL
π2 =

V 2
o

π2 · Po
(17)

where RL is the load resistance, Vo is the output voltage,
and Po is the output power. The phase angle of the resonant
current can be written as

φ = π + arctan
(

cos(2πD)− 1
2π (1− D)+ sin(2πD)

)
(18)

The capacitor Cs is calculated from (19), as shown at the
bottom of the next page. The switching frequency is chosen
to be higher than the resonant frequency such that the net
impedance of the tank is inductive. The inductor Lr can be
divided into two series inductances, such that Lr1 resonates
with the capacitor Cr at the switching frequency, while Lr2
is responsible for the phase lagging shown in (18) and can be
calculated from (20), as shown at the bottom of the next page.
Then, the resonant capacitor can be found as follows

Cr =
1

ω2
sLr1
=

1
ω2
s (Lr − Lr2)

=
1

ωs(QL · Reff − ωsLr2)
(21)

The input inductance Lin should be large enough to ensure a
small ripple current through the choke (10 % of dc current),
and calculated as follows.

Lin ≥
7Reff
fs

(22)

Regarding the output capacitorCf , it needs to be large enough
to filter the double-the-line frequency in single-phase PFC
applications, and is calculated from the following expression,
with η being the efficiency, and ωl being the angular line
frequency [32].

Cf ≥
ηPo

0.04V 2
oωl

(23)

The state-space approach is carried out numerically in MAT-
LAB. Table 2 lists the calculated values of the components
from both models. It can be observed that the values obtained
from both models are highly correlated.
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TABLE 2. Calculated component values.

FIGURE 7. Prototype picture and thermal performance at full load.

V. PROTOTYPE IMPLEMENTATION AND EXPERIMENTAL
VERIFICATION
This section covers the implementation of a prototype built
based on the analysis and design procedure. Experimental
results are then presented and discussed.

A. IMPLEMENTATION
The prototype of the proposed topology is assembled on
a two-layer PCB. Fig. 7 shows a picture of the proto-
type, and Table 3 lists the bill of materials based on the
parameters obtained from the design procedure given in
Section IV. Compared with silicon devices, wide-bandgap
devices have reduced reverse-recovery charge and better
figures of merit [41]–[43]. Considering the high voltage
stress across the switch, a silicon carbide (SiC) device is
more suited for this application than a gallium nitride (GaN)
device, as the breakdown voltage limit for commercially
available GaN devices is 650V. Cascode GaN device struc-
tures offer higher breakdown voltages up to 900V, yet that
comes with higher on-resistance than otherwise offered by
SiC devices, which is a key parameter for soft-switching
topologies. The C3M0075120D device by Cree/Wolfspeed
is chosen and is driven using a single-channel isolated gate
driver (UCC5350SBD by Texas Instruments). From (22),

TABLE 3. Bill of materials.

FIGURE 8. Prototype under testing.

a minimum value for the input choke of 205µH is needed to
guarantee a small ripple on the input current and ensure the
validity of the analytical approach equations, where a larger
value of 1.3mH is chosen to help reduce EMI and core loss,
and it does not affect the converter operation.

B. EXPERIMENTAL RESULTS
Fig. 8 shows the testing lab setup. The converter is tested from
US-mains input voltage, delivering up to 211W of power at
89.5 kHz and 55 % duty cycle, where thermal considerations
limited the delivery for the specified output power.

Fig. 9 shows the line-frequency waveforms at 211 W
load. The input and output voltages are measured using
high-voltage differential probes (LeCroy ADP305 and Testec
SI 9001), and the current is displayed using a clamp-on
current probe (Siemens 7KA1412-8AA). The figure shows
the input current to be proportional to the input voltage,
with a minor phase difference, achieving a power factor
of 0.99 inherently. The dashed waveform is the input current
filtered by the moving-average function in MATLAB and
shown for clarity.

Cs =
cos(πD+ φ)[(1− D)π cos(πD)+ sin(πD)] · 2 sin(πD) sin(πD+ φ)

π2(1− D)ωsReff
(19)

Lr2 =
Reff
ωs
·
2(1− D)2π2

− 1+ 2 cos(φ) cos(2πD+ φ)− cos
(
2(πD+ φ)

)
[cos(2πD)− π (1− D) sin(2πD)]

4 sin(πD) sin(πD+ φ) cos(πD+ φ)[(1− D)π cos(πD)+ sin(πD)]
(20)
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FIGURE 9. Experimental line-frequency waveforms of the proposed
converter at 211 W.

FIGURE 10. Experimental switching-frequency waveforms of the
proposed converter at 211 W.

Fig. 10 shows the switching-frequency waveforms at
211W. The resonant current has a sinusoidal waveform,
which goes in accordance with the analysis and design pro-
cedure based on the FHA approach, and it is about 15A
peak-to-peak. While the input current in the inductor Lin
is mainly a dc component with 0.4A peak-to-peak ripple.
The figure illustrates the inductive mode of operation, where
the resonant current lags the switch node voltage and the
switch voltage returns to zero before the switch is turned on,
achieving ZVS.

A short interval of reverse conduction of the FET is
observed, where the switch-node capacitance is fully depleted
before the switch turns on. However, with the reduced reverse
recovery charge in SiC devices, the contribution of reverse
conduction to the overall power loss is insignificant and
can be eliminated with the precise adjustment of the switch
driving signal duty cycle.

Fig. 11 and 12 show the line-frequency and switching-
frequency waveforms at 25W. The figures show that a
high-power factor is still achieved at the light load, where the
ZVS operation is maintained through the adjustment of the
switch duty cycle.

Fig. 13 shows the obtained efficiency and employed
switching frequency across the load range. The results
show that the output power can be regulated from 211W
down to 25W with switching frequency modulation between
89.5 kHz to 104.3 kHz, respectively. The peak obtained effi-
ciency is 88.3 % at 90W with 96 kHz and a duty cycle of 0.5.
The small dips in the efficiency curve are attributed to the
partial loss of ZVS, which is corrected by adjusting the duty
cycle. For lower output power down to 0W (e.g. dimming

FIGURE 11. Experimental line-frequency waveforms of the proposed
converter at 25 W.

FIGURE 12. Experimental switching-frequency waveforms of the
proposed converter at 25 W.

FIGURE 13. The efficiency and switching frequency of the proposed
converter at different output power levels.

functionality in LED driver applications), the overall con-
verter can be switched on/off with a low-frequency PWM
signal in a burst-mode control fashion. That helps limit the
maximum switching frequency of the converter and achieve
high efficiency at light loads.

The power quality results are shown in Fig. 14, where a
power factor of 0.99 and a total harmonic distortion (THD)
of 8.8 % are achieved at full load, while the minimum power
factor is 0.95 at 25W with a THD of 28 %. The harmonic
spectra of the input current at the 211W and 25W are illus-
trated in Fig. 15.

Fig. 16 shows the power loss breakdown at full load opera-
tion. The currents of the different components are obtained
from experimental and simulation results, and the loss is
calculated based on parameters from the devices datasheets.
It can be seen that 26 % of the overall loss is incurred as
conduction losses in the switch, whereas 22 % of loss is
dissipated in the resonant inductor, while 30 % is lost in
the rectifier diodes and 16 % in the bridge, which goes in
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TABLE 4. Comparison with reported literature.

FIGURE 14. The obtained power factor and THD across load range.

FIGURE 15. Input current harmonic spectra at 211 W and 25 W loads.

accordance with the thermal pictures in Fig. 7. By improving
the resonant inductor implementation and the choice of rec-
tifier diodes and bridge, higher efficiency can be achieved.

Table 4 compares the proposed work with a number of
reported solutions for PFC applications for the low-mid

FIGURE 16. Power loss breakdown at full load.

power range. It can be observed that the obtained power factor
and THD figures fall within the ranges reported by prior art.
In addition, the proposed converter achieves PFC inherently
across a wide load range. That provides freedom from the
limited bandwidths of commercial PFC controllers and sim-
plifies control requirements. In terms of cost, the proposed
solution offers a relatively low number of components, with a
single switch, two diodes (in addition to the input bridge) and
two magnetic devices. The switch is referenced to ground,
with a simple driving circuitry. In comparison with the work
in [13], which is also designed to operate from 120Vrms
and delivers about the same output power, the proposed con-
verter has a lower efficiency, yet offers a higher power factor
and lower THD, with reduced component count and lower
cost.
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Compared with the reported resonant PFC converters,
the proposed solution does not require any additional circuit
or matching network, which reduces the overall system bill
of materials. In addition, as the topology features an input
inductor, it requires a simpler input filter and diode bridge
implementations, where the input current is not pulsating as
in the case of [23].

It is noted that the proposed converter’s efficiency is lower
than that reported by PWM converters, yet it is on par
with several reported resonant converter solutions. Similar
to most of the reported solutions, the proposed topology is
compatible with universal input mains, as the analysis and
modeling results are valid for any input voltage in the range
of 85-265 Vrms, and inherent PFC functionality is achieved.
With respect to the prototype, the switch circuit needs to be
designed for the worst-case conditions, which comes with
the higher input voltage. In addition, in order to ensure the
validity of the FHA equations by operation near-resonance,
the output voltage will change across the range of the input
rms voltage. That will require the subsequent dc-dc stage to
have a wide-input line regulation capability.

As the target of the presented prototype is to demonstrate
the inherent PFC capability, there is a space for improvement
with an optimized high-frequency design that takes benefit
of the ZVS capabilities of the proposed work towards high-
power-density implementations with higher efficiencies.

VI. CONCLUSION
This paper investigates the use of the class-E inverter for
PFC applications. The circuit analytical model proves that
the converter emulates a resistance to the input when oper-
ating with a constant duty cycle. That is asserted from the
obtained state-space model, where the phase shift between
the input current and voltage is shown to equal almost zero.
A resonant converter incorporating a class-E inverter with
a class-D rectifier is designed for the front-end ac-dc stage
in a two-stage offline converter. The inherent PFC operation
limits the controller responsibility to the regulation of the
output voltage, which is key for resonant converters with
challenging control. A prototype is built and tested to prove
the concept. The prototype achieves zero-voltage switching
and inherent PFC along the load range between 25W and
211W, with a peak efficiency of 88 %, a peak power factor
of 0.99 and a minimum THD of 8.8 % at full load.
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Paper’s Contribution

This paper studies the maximum available power of a dissipative capacitive
power transfer (CPT) system submerged in seawater. The paper uses the conjugate-
image approach to drive the maximum available power of an underwater CPT
and its corresponding efficiency as functions of capacitive coupling parame-
ters.
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Abstract— This paper studies the maximum available power of
a dissipative capacitive power transfer (CPT) system submerged
in seawater. The CPT system’s maximum power capability is
driven using the network theory, precisely the conjugate-image
approach. The equations of the maximum available load power
and the system’s corresponding efficiency are expressed as a
function of the capacitive coupling parameters. The experimental
results demonstrate that the maximum available power and the
corresponding efficiency decreases by a maximum of 10%, which
occurs at 1.4 MHz, when the plates’ separation distance change
from 100 mm to 300 mm. Besides, the system has higher power
transfer capability and higher efficiency at a low-frequency
range than a high one. The maximum available load power
decreases by about 22.5% when increasing the frequency from
300 kHz to 1.4 MHz. Thus, the CPT system can provide a good
solution to charge electric ships and underwater vehicles over a
wide separation distance and low-frequency range.

Index Terms—Wireless power transmission, Couplings,
Impedance matching, and Network theory.

I. INTRODUCTION

A capacitive power transfer (CPT) system transfers power
across coupling plates based on the alternating electric field
principle. The CPT system is an attractive wireless power
transfer option because it has a simple structure, low cost
and weight, low electromagnetic interference (EMI), low
ability to penetrate through metals, and good misalignment
performance [1], [2]. Due to these intrinsic features, CPT
has been proposed for electric vehicles [3], [4], underwater
vehicles [5]–[7], and ships charging applications [8], [9].

One way to model the capacitive coupling plates (couplers)
is an equivalent π model [4], [10]. Based on this model, the
maximum available efficiency of a CPT system is investigated
using the coupling coefficient (k), the quality factor (Q), and
their extended product (kQ) [11]. The investigation is later
extended to include three possible solutions, namely, (1) the
one that maximizes the efficiency, (2) one that maximizes the
transferred power, and (3) one that realizes power matching
[12], [13].

The previous solutions are analyzed for a nondissipative
CPT system, in which a direct coupling with a lossless di-
electric is considered. However, if a CPT system is submerged
in seawater to enhance the coupling capacitance of the plates,
then the seawater’s dielectric losses cannot be neglected. The
high percentage of the dissolved ions increase the electric
conductivity and the losses of the water. Thus, the analysis
for a dissipative system is needed.

The maximum available CPT system’s efficiency has been
previously considered for a dissipative system in [14]. The
study uses the conjugate-impedance approach to drive the
maximum efficiency for the CPT system submerged in seawa-
ter. Similarly, this paper addresses the conjugate-impedance
analysis to achieve the maximum available power solution for
a dissipative CPT system.

The maximum available load power and overall system
efficiency are expressed using the coupling parameters. The
paper experimentally utilised the derived equations over a 100
to 300 mm separation distance, and in 300 kHz to 1.5 MHz
operating frequency. The rest of the paper is organized as
follows: Section II provides the theoretical analysis. Section
III presents the experimental results and discussion. The
conclusion is drawn in section IV.

II. THEORETICAL ANALYSIS

A CPT system can be modelled using both the π model and
its equivalent linear two-port network, as shown in Fig. 1. The
two-port network representation is considered to make a gen-
eral formulation for the CPT scheme. In this representation,
the couplers are considered as a black box from which only
the voltages (u1, u2) and the currents (i1, i2) can be measured.
The voltage-to-current relation can be expressed through an
admittance matrix:

[
i1
i2

]
=

[
YI −YM
−YM YII

] [
u1
u2

]
, (1)

where YI and YII are the self-admittance coefficients, and YM
is the mutual admittance coefficient, which can be expressed
as: 




YI =

GI︷ ︸︸ ︷
(G1 +GM) +j

BI︷ ︸︸ ︷
(B1 +BM)

YM = GM + jBM

YII = (G2 +GM)︸ ︷︷ ︸
GII

+j (B2 +BM)︸ ︷︷ ︸
BII

, (2)

where (G) is the conductance, (B = ωC) is the susceptance
parts of the admittance, and ω is the angular frequency. The
admittance matrix Y can be calculated from the scattering
matrix S:

Z = Zo(I − S)−1(I + S)

Y = Z−1
, (3)
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Fig. 1. Network representation of CPT: (a) A π model. (b) A linear two-port
network.

where Y =
[

YI −YM

−YM YII

]
, S =

[
S11 S12

S21 S22

]
, and Zo is the

reference admittance which has a real positive value and is
practically chosen to be 50 Ω.

Fig. 2(a) shows the connection of the two-port network to
transmitter and receiver external circuits. The input admit-
tance Yin, as seen by the transmitter side, is expressed as:

Yin = YI −
Y 2
M

YII + YL
(4)

where YL = GL + jBL is the load admittance. The source
circuit (is and YS = GS + jBS) is replaced by its Norton
equivalent at the receiver side, as illustrated in Fig. 2(b). The
Norton equivalent can be expressed as:

YN = Yout = YII −
Y 2
M

YI + YS
, (5)

iN =
−YM
YI + YS

is. (6)

The input admittance can be considered as the conjugate of
the source admittance (Yin = Y ∗

S ) and the output admittance
is the conjugate of the load admittance (Yout = Y ∗

L ), based
on the conjugate-image theorem [15]. If the network is
nondissipative, then (4) and (5) are identical. However, for a
dissipative network, (4) and (5) can be solved for YS and YL.
The following two expressions can be introduced to clearing
the fraction term in both (4) and (5):

θG =
Gs

GI
=
GL

GII
(7a)

θB =
Bs +BI

GI
=
BL +BII

GII
(7b)

The expressions θG and θB are defined in [15] as intermediate
variables, but their physical meanings are not given. The
source and load admittance can be rewritten as:

YS = GI (θG + jθB)− jBI (8a)
YL = GII (θG + jθB)− jBII (8b)

While the mutual admittance term can be expressed as:

Y 2
M = GIGII (1− θG + jθB ) (1 + θG + jθB ) (9)

From (9), the two expressions (θG and θB) can be redefined.

θG =

√(
1− G2

M

GIGII

)(
1 +

B2
M

GIGII

)
(10a)

θB =
GMBM

GIGII
(10b)

+
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-

+
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-

i1 i2

[Y]

(a)

Yin

is YLYs

Yout

Transmitter Receiver

+
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Yin iN YN

Fig. 2. A general representation of CPT system: (a) Two-port network
connected to source and load. (b) The transmitter and receiver equivalent
circuits.

The input (Pin) and output power (PL) can be expressed as:

Pin =
1

2
Re(Yin + YS)|u1|2 =

1

2

Re(Yin + YS)|is|2
|YS + Yin|2

=
1

2

Re(Yin + YS)|YII + YL|2|is|2
| (YII + YL) (YS + Yin) |2

(11)

PL =
1

2
Re(YL)|u2|2 =

1

2

Re(YL)|iN|2
|YN + YL|2

=
1

2

Re(YL)|YM|2|is|2
| (YN + YL) (YI + YS) |2

(12)

where Re( ) is the real part of the complex expression. The
maximum available power by the source is achieved when
Yin = Y ∗

S , and it can be calculated as:

Ps,max =
1

2

Gs|is|2
| (Yin + YS) |2 =

1

8

|is|2
Gin

(13)

Defining the following two parameters for the convenience of
mathematical symbols:

ψ2 =
G2

M

GIGII
(14a)

χ2 =
B2

M

GIGII
(14b)

ψ represents the ratio between the coupling and the self-
conductance. χ is an equivalent to the quality factor. Similarly,
the maximum available power derived to the load by Norton-
equivalent circuit is achieved when YN = Y ∗

L . The maximum
available load power can be calculated from (12) and (14) as
follows.

PL,max = Ps,max
ψ2 + χ2

(1 + θG)
2

+ θ2B
(15)

For a nondissipative network and lossless source, that is ψ =
0 and Gs = 0 respectively, the maximum available power
becomes:

PL,max = Ps,max
χ2

(1 + χ2 )
(16)



Fig. 3. The theoretical maximum available power calculated from (15).

Fig. 4. The theoretical available efficiency at maximum power transfer
calculated from (17).

which is the same equation that reported in [12]. From (11)
(12), the available efficiency at maximum power transfer of
CPT system is given as:

η =
PL

Pin
=

1

2

ψ2 + χ2

(1 + θG )
2

+ θ2B
(17)

For a nondissipative network and lossless source, the effi-
ciency becomes:

η =
1

2

χ2

(1 + χ2)
(18)

From (15) and as illustrated in Fig. 3, when χ and ψ in-
creases, the maximum available load power increases to reach
the Ps,max. Likewise, from (17) when χ and ψ increases,
the maximum efficiency of the CPT system reaches 50%,
as shown in Fig 4. For a nondissipative CPT system and
from (16) and (18), as asymptotically χ → ∞ provides
PL,max → Ps,max and η → 50%, respectively.

III. EXPERIMENTAL RESULTS AND DISCUSSION

Two pairs of square-shaped electrodes of 6082 aluminium
sheets covered with a plastic lamination pouch for isolation

Pico VNA

100 mm

d

480 mm

1
5
0
 m

m

300 mm

200 mm

PicoVNA

150 mm

Port 1Port 2

Fig. 5. The measurement setups
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Fig. 7. The measured χ2 versus frequency

were used to realize the couplers. A PicoVNA Vector Network
Analyzers is used in the measurements, as illustrated in Fig. 5.
The measurement is carried out over a distance (d) from
100 mm to 300 mm and a frequency range from 300 kHz to
1.5 MHz in seawater that is collected from the local harbour.

The two coefficients ψ2 and χ2 are measured using (14).
Fig. 6 shows that the ψ2 cannot be neglected over the fre-
quency range. Thus, if the nondissipative analysis is used, then
imprecise results are achieved. The increase of ψ2 the increase
of the ions’ mobility in the seawater. When the frequency
of the electric fields increases, the coupling conductivity and
hence ψ2 also increases.

Fig. 7 shows that χ2 monotonically decreases with the
increase of frequency. This coefficient is asymptotically ap-
proaching zero around 1.5 MHz, which is the self-resonant
frequency of the couplers (at which CM → 0 and χ2 → 0).
The maximum rates of change of ψ2 and χ2 are 42% at
736.5 kHz and 24% at 736.5 kHz, respectively, when the
separation distance is increased from 100 mm to 300 mm.

According to (15) and (17), the CPT system is expected to
give higher power transfer capability and better efficiency at
lower frequency ranges than at higher ones. Fig. 8 depicts the
maximum load power, which is plotted using the measured
values of ψ2 and χ2 and into (15) and (16). The results
show that at low frequencies, more power can be transferred
than at higher ones. For example, the maximum power that
can be transferred to the load at 100 mm separation distance
decreases from about 86% of the maximum source power at
300 kHz to about 57% at 1.5 MHz.

The results also demonstrate that the change of the separa-
tion distance has almost a negligible effect on the maximum
power transfer capability. The maximum available power
decreases by a maximum of 10% at 1.4 MHz when the
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plates’ separation distance change from 100 mm to 300
mm. Moreover, the analysis for a nondissipative system
gives overestimated results compared to the analysis for
the dissipative one, except when approaching 1.5 MHz. The
maximum available load power decreases by about 22.5%
when increasing the frequency from 300 kHz to 1.4 MHz.

The available efficiency of the CPT system, from (17) and
(18), is also investigated over the frequency and distance
ranges at maximum power transfer. Fig 9 illustrates that the
nondissipative analysis gives overestimated values compared
to the dissipated analysis. Similar to maximum available
power, the separation distance has a negligible effect on the
efficiency. Besides, the system has higher efficiencies at a low-
frequency range than at a higher one. At 100 mm distance, for
instance, the CPT system’s efficiency decreases from about
43% at 300 kHz to about 28% at 1.5 MHz.

IV. CONCLUSION

This paper investigates a dissipative capacitive power trans-
fer (CPT) system submerged in seawater using the conjugate-
image approach to drive the maximum available power.
The maximum available load power and the corresponding
efficiency have been expressed as functions of capacitive
coupling parameters. The experimental results show that the
maximum available power and the corresponding efficiency
of the system decrease maximum by 10% when the plates’
separation distance change from 100 mm to 300 mm.

The system has higher power transfer capability and effi-
ciency at low frequencies than at higher ones.When increasing
the frequency from 300 kHz to 1.4 MHz, the maximum
available power decreases by about 22.5%. Unlike in the case

of air-gapped CPT systems, which require high frequency
to increase their power transfer capabilities, seawater CPT
systems can operate at low frequencies to transfer high
power with low EMI problem. Higher efficiency can also be
achieved if the maximum power transfer is not considered as
in [14]. Based on the analysis, the CPT system can provide
an attractive wireless charging solution to electric ships and
underwater vehicles with a wide separation distance and low-
frequency range.
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Paper’s Contribution

This paper studies the maximum efficiency of a dissipative capacitive power
transfer (CPT) system submerged in seawater. The paper uses the conjugate-
image approach to calculate maximum efficiency and its corresponding power
as functions of capacitive coupling of underwater CPT systems.
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Abstract— This paper studies the maximum available efficiency
of a capacitive power transfer (CPT) system submerged in
seawater. The maximum efficiency for a dissipative CPT system
is derived using the network theory, namely the conjugate-image
method. Submerging CPT system in seawater gives a coupling
capacitance in the nF range, which is higher than that in an air-
gapped CPT system with similar dimensions. The experimental
results demonstrate that the capacitive coupling decrease by 6.3%
when the distance increase from 100 mm to 300 mm. The results
also show that the efficiency decreases by about 17.5% when
the frequency increases from 300 kHz to 1 MHz. These results
imply that submerging the CPT system in seawater does not
need to operate at a high-frequency range, as in air-gapped CPT
counterparts. Thus, a loosely coupled underwater CPT system is
a promising solution for wireless charging applications.

Index Terms—Wireless power transmission, Couplings, Energy
efficiency, Impedance matching, and Network theory.

I. INTRODUCTION

A capacitive power transfer (CPT) system utilizes alternat-
ing electric fields confined between coupling plate electrodes
(capacitive coupler) to transfer electric power. The CPT system
has low cost and weight and shows good misalignment perfor-
mance [1]. Thus, it is proposed for electric vehicles [2], [3],
underwater vehicles [4]–[6], and ships charging applications
[7], [8].

The air-gapped capacitive coupling is in the pF range, which
requires high-frequency or high voltage across couplers for
high power transfer [9]. Submerging the coupling plates in
water improves the capacitance range because of the high
relative permittivity and conductivity of seawater compared to
air. The increased coupling could enhance transferred power
over a wide transfer distance range.

The air-gapped capacitive coupling is previously studied,
and an equivalent π model is proposed in [10] and [3]. Based
on this model, the maximum available efficiency of the CPT
system is investigated using the coupling coefficient (k), the
quality factor (Q), and their product (kQ) parameters [11]. The
investigation is extended to include three possible solutions:

YM

Y1 Y2

+

u1

-

+

u2

-

i1 i2 +

u1

-

+

u2

-

i1 i2

[Y]

(a) (b)

Fig. 1. Network representation of CPT: (a) A π model. (b) A linear two-port
Network.

the one that maximizes the efficiency, one that maximizes the
transferred power, and one that realizes power matching [12].

The efficiency of CPT systems submerged in water is
examined using the same parameters, k,Q, and kQ in [4], [5],
[13]. The maximum available efficiency of a submerged CPT
system in freshwater is about 81% [5] and 91% [4] at transfer
distance of 20 mm and MHz frequency range. Under the same
separation distance and frequency range, an efficiency of over
90% is achieved in sweater [13].

The previous studies have only considered the direct cou-
pling with a lossless dielectric. In addition, the submerged
CPT system is investigated over narrow separation distance
and high-frequency ranges. In contrast, this paper addresses
the indirect coupling analysis for the maximum available
efficiency solution, in which the dielectric losses of water are
considered in the analysis.

The paper proposes the equations of maximum available
efficiency, its corresponding maximum power, and voltage
and current gain using the coupling parameters. Moreover,
the coupling capacitance, the maximum available efficiency,
and its corresponding available power are tested over a wide
separation distance of 100 to 300 mm and low-frequency range
of 300 kHz to 1.5 MHz operating frequency.

The rest of the paper is organized as follows: Section
II provides the theoretical analysis. Section III presents the
experimental results and discussion. The conclusion is drawn
in section IV.



II. THEORETICAL ANALYSIS

A CPT system can be modelled using the π model, as
well as a linear two-port network, as shown in Fig. 1. The
two-port representation of the CPT network is considered to
make a general formulation for the CPT scheme. The two-
port network assumes a black box model from which only the
voltages (u1, u2) and the currents (i1, i2) can be measured.
The voltage-to-current relation can be expressed through an
admittance matrix:

[
i1
i2

]
=

[
YI −YM
−YM YII

] [
u1
u2

]
, (1)

where YI and YII are the self-admittance coefficient, and YM
is the mutual admittance coefficient. These coefficients can be
found from the π model as:

{
i1 = YIu1|u2=0 ⇒ YI = YM + Y1

i2 = YIIu2|u1=0 ⇒ YII = YM + Y2
(2)

The admittance matrix Y can be calculated from the scattering
matrix S:

Z = Zo(I − S)−1(I + S)

Y = Z−1
, (3)

where Y =
[

YI −YM

−YM YII

]
, S =

[
S11 S12

S21 S22

]
, and Zo is the

reference admittance which has a real positive value and is
practically chosen to be 50 Ω.

Fig. 2(a) illustrates when the two-port network is connected
to a source and a load. The source is replaced by its Norton
equivalent (Is and Ys). The input admittance Yin, as seen by
the transmitter side, is expressed as:

Yin = YI −
Y 2
M

YII + YL
(4)

The corresponding Norton equivalent at the receiver side, as
illustrated in Fig. 2(b), can be expressed as:

YN = Yout = YII −
Y 2
M

YI + Ys
(5)

iN =
−YM
YI + Ys

is (6)

Based on the conjugate-image theorem of a network anal-
ysis [14], the input admittance is the conjugate of the source
admittance (Yin = Y ∗

s ) and the output admittance is the
conjugate of the load admittance (Yout = Y ∗

L ). If the network
is nondissipative then (4) and (5) are identical. However, for a
dissipative network, (4) and (5) can be solved for Ys and YL.

The following two expressions can be introduced to clearing
the fraction term in both (4) and (5):

θG =
Gs

GI
=
GL

GII
(7a)

θB =
Bs +BI

GI
=
BL +BII

GII
(7b)

+
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-

+
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-
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[Y]
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Transmitter Receiver
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Yin iN YN

Fig. 2. A general representation of CPT system: (a) Two-port network
connected to source and load. (b) The transmitter and receiver equivalent
circuits.

The letters G and B represent the conductance and the
susceptance parts of the admittance, respectively. Then, the
source and load admittance can be rewritten as:

Ys = GI (θG + jθB)− jBI (8a)
YL = GII (θG + jθB)− jBII (8b)

The mutual admittance term can be expressed as:

Y 2
M = GIGII (1− θG + jθB ) (1 + θG + jθB ) (9)

From (9), the two expressions can be redefined as:

θG =

√(
1− G2

M

GIGII

)(
1 +

B2
M

GIGII

)
(10a)

θB =
GMBM

GIGII
, (10b)

where YM = GM + BM. Substitute (i2 = −YL u2 ) in (1)
gives the voltage ratio.

Gu =
u2
u1

=
YM

YII + YL

=

√
GI (1− θG + jθB )

GII (1 + θG + jθB )

(11)

Similarly from (11), the current ratio is expressed as:

Gi =
i2
i1

=
−Yin
YL

· YM
YII + YL

=
− (GI (θG − jθB) + jBI)

GII (θG + jθB)− jBII

√
GI (1− θG + jθB )

GII (1 + θG + jθB )

(12)

Equations (11) and (12) show that voltage and current gains
are function of the load. The input (Pin) and output power
(PL) can be expressed:

Pin =
1

2
Re(Yin) |u1|2 (13)



PL =
1

2
Re(YL) |u2|2 (14)

Where Re(Y) is the real part of the admittance. From (8),
(11), (13) (14), the efficiency of CPT system is given as:

η =
PL

Pin
=
YM Y ∗

M

GIGII

1

(1 + θG )
2

+ θ2B
(15)

Defining the following two parameters:

χ2 =
B2

M

GIGII
(16a)

ψ2 =
G2

M

GIGII
(16b)

The parameter ψ represents the ratio between the coupling and
the self-conductance. The parameter χ is an equivalent to the
quality factor. The (15) is rewritten as:

η =
ψ2 + χ2

(1 + θG )
2

+ θ2B
(17)

In a nondissipative network, that is ψ = 0, the efficiency
becomes:

η =
χ2

(
1 +

√
(1 + χ2)

)2 (18)

which is the same formula that reported in [12].
Rewriting (13) in terms of the source current (is) and ap-

plying the conjugate-image principle, the maximum available
source power can be calculated as follows.

Ps,max =
1

2

Gsis i
∗
s

(Yin + Ys) (Y ∗
in + Y ∗

s )

=
1

8

is i
∗
s

Gin

(19)

The maximum power driven to the load can be written as a
function of (19).

PL =
1

2

GLis i
∗
s

(Yin + Ys) (Y ∗
in + Y ∗

s )

YM Y ∗
M

(YII + YL) (Y ∗
II + Y ∗

L )

= 4Ps,max
ψ2 + χ2

θG

[
(1 + θG )

2
+ θ2B

]
(20)

The formula is reduced to (21) for a nondissipative netwrok
(ψ = 0 and θB = 0) similar to the one reported in [12].

PL = 4Ps,max
χ2

√
(1 + χ2)

(
1 +

√
(1 + χ2)

)2 (21)

III. EXPERIMENTAL RESULTS AND DISCUSSION

The capacitive couplers are made of two square-shaped
electrodes of 6082 aluminum sheets covered with a plastic
lamination pouch for isolation. PicoVNA Vector Network
Analyzers (VNA) is used in the measurements, as illustrates
in Fig. 3. The measurement is carried out over a distance (d)
from 100 mm to 300 mm and frequency range from 300 kHz
to 1.5 MHz. Seawater is collected from the local harbor.
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5
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Fig. 3. The measurement setups
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Fig. 4. The self-capacitance CI and CII versus frequency

Fig. 4 illustrates the ranges of self-capacitance CI and CII

with changes of the frequency. The CI almost equals CII where
the maximum difference between the values is about 0.8 nF.
The capacitance increases by about 34% with the increase
of the frequency until the self-resonation at 1.7 MHz. When
the separation distance increases from 100 mm to 300 mm the
capacitance decreases by only 1%, the overlapped lines in the
figure depict that the effects of the separation distance are
negligible.

Similarly, the mutual capacitance is illustrated in Fig. 5.
The value of the capacitance does not vary significantly with
changes in the frequency and separation distance. Both the
mutual and the self-capacitance of the seawater system are in
nF range. The capacitance is much higher than whose in air-
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gapped CPT reported in [3]. This behavior is attributed to the
electrical properties of seawater and the fringing effect of the
electric fields near the edges of the conducting plates.

The two parameters ψ2 and χ2 are calculated over the
frequency range using (16) and shown in Fig. 6 and Fig. 7,
respectively. Fig. 6 shows that the ψ is not zero over the
frequency range. Thus, the nondissipative (lossless) analysis
could give imprecise results.

According to (18), if χ→∞ provides an efficiency of η →
100%. The results show that it monotonically decreases with
the increase of frequency. Thus, the CPT system is expected to
give higher efficiency at lower frequency ranges. As depicted
in Fig. 8, the efficiency is plotted using (17) and (18) over the
frequency range.

The results show that the efficiency decreased by about
16% when the frequency increases from 300 kHz to 1 MHz
which attributes to the reduction of the χ2 parameter with the
increase of the frequency. The maximum efficiency is about
86% which is achieved at a separation distance of 100 mm
and frequency of 300 kHz. The 14% losses are due to the
conductivity behavior of seawater.

Since the separation distance has a negligible effect on ψ2

and χ2, then the effect of the separation distance on efficiency
is almost negligible, as shown in Fig. 8. In addition, the lossy
and lossless analysis give the same efficiency at low frequency
range. This shows that the χ2 parameter is a crucial parameter
in measuring the maximum efficiency and its corresponding
maximum available transmitted power.

The available normalized power derived, from (20) and (21),
is also investigated over the frequency and distance ranges.

0 0.5 1 1.5

Frequency (MHz)

0

20

40

60

80

100

 (
%

)  100mm lossy

 200mm lossy

 300mm lossy

 100mm lossless

 200mm lossless

 300mm lossless

Fig. 8. Maximum efficiency versus frequency

0 0.5 1 1.5

Frequency (MHz)

0

0.5

1

1.5

N
o

rm
a

liz
e

d
 P

o
w

e
r 

P
L
/P

s
,m

a
x

100mm lossy

200mm lossy

300mm lossy

100mm lossless

200mm lossless

300mm lossless

Fig. 9. Available normalized load power at maximum efficiency versus
frequency

The results demonstrate that the lossless analysis gives over-
estimated values compared to the dissipative (lossy) analysis,
as shown in Fig 9. Besides, the maximum available power
to the load is deficient at the system’s maximum efficiency.
Moreover, the normalized power does not significantly change
with distance or frequency. The results also demonstrate that
both lossy and lossless analysis fails near the self-resonant
frequency.

IV. CONCLUSION

The paper investigates a capacitive power transfer system
(CPT) submerged in seawater. The investigation is carried
out using the conjugate-image method to drive the maximum
efficiency for a dissipative CPT system. The experiment results
show that both the seawater’s mutual and self-capacitances is
in nF range, which is much higher than whose in air-gapped
CPT. The results also show that the maximum change in the
available efficiency is about 6.3% when the transfer distance
increases from 100 mm to 300 mm. Besides, the efficiency
decreases by about 17.5% when the frequency increases from
300 kHz to 1 MHz. The maximum efficiency is about 86%
which is achieved at a separation distance of 100 mm and
frequency of 300 kHz. Thus, the CPT system can be used for
wide-distance charging applications, but the analysis should be
extended to include the solution that maximises the transferred
power.
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