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A B S T R A C T

Wireless power transfer (WPT) technology has received much attention due to its flexibility and safety, becoming 
an important area of research and development for various applications. However, conventional WPT systems 
are often constrained by the inherent properties of physical circuit components, leading to limitations in power 
density and transmission efficiency. The advent of high-temperature superconducting (HTS) materials offers a 
promising pathway to significantly enhance WPT performance by leveraging the nearly zero resistance and 
higher current-carrying capacity of HTS materials. This review comprehensively examines the state-of-the-art in 
HTS devices and HTS-based wireless power transfer (HTS-WPT) technology. By systematically analyzing the 
theoretical and experimental advances in HTS-WPT systems, this review aims to provide a comprehensive un
derstanding of their advantages and limitations, offering insights for future research and practical imple
mentations in various promising applications.

1. Introduction

Since Nikola Tesla introduced the concept of cordless electric energy 
transfer (Tesla, 1904, 1914), wireless power transfer (WPT) technology 
has received widespread attention for its flexibility and safety, and has 
become one of the most attractive research hotspots in recent years 
(Kurs et al., 2007; Assawaworrarit et al., 2017; Lerosey, 2017; Qiu et al., 
2013). Among various WPT technologies, inductively coupled magnetic 
resonant WPT is widely regarded as one of the most effective solutions, 
offering superior performance in terms of power capacity, energy effi
ciency, flexibility, and safety compared to other WPT technologies (Liu 
et al., 2023). It is now widely applied in fields such as transportation (Mi 
et al., 2016), energy (Liu et al., 2022a), information (Basir and Yoo, 
2020), and medicine (Haerinia and Shadid, 2020), ranging from 
numerous low-power portable electronic components to high-power 
applications exceeding 200 kW, including electric buses and ferries 
(Martha’s vineyard buses get wirelessly charged up with 200-kW sys
tem, 2018; Wireless charging for a smooth and safe power transfer from 
shore to the ferry, 2019). However, the system performance of con
ventional WPT systems is constrained by the inherent properties of 
commonly used metallic materials (Bosshard et al., 2015). The reduction 
in system size may directly lead to a decrease in transmission efficiency 
and maximum transmission power. Consequently, conventional 

high-power WPT systems are typically limited to heavy machinery ap
plications, while suitable alternatives are needed for applications with 
stringent size and weight constraints.

The advent of superconducting materials offers a promising solution 
to break through the performance limitations of conventional WPT 
systems. The phenomenon of superconductivity was first documented in 
1911 by Dutch scientist Heike Kamerlingh-Onnes, when he observed 
that the resistance of mercury dropped dramatically to zero when it was 
cooled to a temperature of 4.2 K, which is equivalent to that of liquid 
helium (LHe) (Kamerlingh Onnes, 1911). Following this ground
breaking discovery, in 1933, German scientists Walther Meissner and 
Robert Ochsenfeld discovered the complete diamagnetism of super
conducting materials, a property where superconducting materials expel 
all magnetic flux lines from the inside, which is known as the Meissner 
effect (Meissner and Ochsenfeld, 1933). Leveraging the perfect con
ductivity and complete diamagnetism of superconducting materials, 
superconducting circuit components can be manufactured to replace 
conventional circuit components in WPT systems, which can help to 
overcome the limitations of material properties, achieving better WPT 
performance (Chen and Jin, 2011; Kim et al., 2012). Considering the 
cost of cooling materials, high-temperature superconducting (HTS) 
materials, which exhibit superconductivity at liquid nitrogen (LN2) 
temperatures, are more favoured by researchers compared to 
low-temperature superconducting (LTS) materials, which require 
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cooling to liquid hydrogen (LH2) or even LHe temperatures (Chow et al., 
2023).

This review primarily focuses on HTS-based inductively coupled 
magnetic resonance wireless power transfer (HTS-WPT) systems. A 
comparison of conventional WPT systems with HTS-WPT systems is 
shown in Fig. 1. Compared to conventional WPT systems, HTS-WPT 
systems leverage the nearly zero resistance and higher current- 
carrying capacity of HTS circuit components to establish stronger 
magnetic field coupling between the transmitter and receiver while 
minimizing circuit losses. This results in superior system performance 
with reduced volume and weight. However, achieving the exceptional 
performance of HTS-WPT systems while ensuring their stability and 

reliability involves more than simply replacing conventional circuit 
components with HTS elements; numerous practical challenges must be 
addressed. Due to the high operating frequencies of WPT systems, HTS 
materials experience notable alternating current (AC) losses when high 
frequency (HF) currents flow through them, dissipating as heat into the 
environment (Zhang et al., 2013). To maintain the low-temperature 
conditions necessary for superconductivity, additional cooling appa
ratus is required, which consumes non-negligible extra power. Without 
adequate cooling, the HTS components risk losing their superconducting 
properties. The installation of cooling systems increases the overall 
complexity of the system, and the power required for cooling can 
diminish the overall performance, thereby jeopardizing the advantages 

Nomenclature

AC alternating current
Ag silver
BSCCO bismuth-based cuprate superconductingmaterials
CC coated conductors
Cu copper
DC direct current
EV electric vehicle
HF high frequency
HTS high-temperature superconducting
IBS iron-based superconducting materials
IGBT insulated gate bipolar transistors
LH2 liquid hydrogen

LHe liquid helium
LN2 liquid nitrogen
LTS low-temperature superconducting
MOSFET metal-oxide-semiconductor field-effect transistors
MRI magnetic resonance imaging
PIT powder-in-tube
REBCO rare-earth barium copper oxide superconducting materials
WPT wireless power transfer
Hc critical magnetic field strength
Jc critical current density
Tc transition temperature
k coupling coefficient
Q quality factor

Fig. 1. Comparison of conventional WPT system with HTS-WPT system.
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of HTS-WPT systems (Machura et al., 2020). Furthermore, the current 
level of HTS circuit component fabrication poses a major bottleneck in 
the development of HTS-WPT systems (Sekiya and Monjugawa, 2017; 
Sekiya and Sawada, 2023). Additionally, the operational characteristics 
of other circuit components within the system under low-temperature 
conditions require further research and validation (Gui et al., 2019). 
As shown in Fig. 2, over the past few years, an increasing number of 
theoretical and experimental studies on HTS-WPT systems have been 
conducted, yielding significant insights into their system characteristics, 
advantages, and limitations. This review systematically and compre
hensively examines these studies, aiming to provide a thorough under
standing of HTS-WPT systems and outline a blueprint for future research 
and practical applications.

The article is organised as follows. Section 2 will introduce the 
characteristics, applications, and recent developments of HTS devices, 
including HTS materials, HTS inductors, and HTS capacitors. Section 3
will review the relevant research on HTS-WPT systems and summarize 
potential applications based on their characteristics. Section 4 will 
discuss the development trends and existing limitations of HTS-WPT 
systems. Finally, Section 5 will conclude this review.

2. HTS devices

2.1. HTS Materials

Initial studies on superconducting materials revealed that main
taining a superconducting state is contingent upon satisfying three 
fundamental conditions, as shown in Fig. 3. Firstly, the ambient tem
perature must be below the transition temperature Tc; secondly, the 
applied magnetic field should remain below the critical magnetic field 
strength Hc; and thirdly, the current flowing through the super
conducting material should not exceed its maximum current-carrying 
capability, known as the critical current density Jc (Tinkham, 2004). 
Different superconducting materials exhibit significant variations in the 
three critical parameters, which are pivotal for the practical applications 
of superconducting materials. Collectively, to date, thousands of 
superconducting materials have been identified, which can be broadly 

classified based on their Tc into two categories: LTS materials and HTS 
materials.

This classification stems from the principles set forth by the BCS 
theory, proposed in 1957 by John Bardeen, Leon Cooper, and Robert 
Schrieffer (Bardeen et al., 1957). The BCS theory, grounded in quantum 
mechanics and condensed matter physics, describes how electrons in 
superconducting materials pair up to form Cooper pairs, leading to the 
complete disappearance of electrical resistance. This theory elegantly 
explains the perfect electrical conductivity and complete diamagnetism 
observed in LTS materials, providing a crucial foundation for the study 
and application of superconductivity. However, it fails to account for the 
behaviours of superconducting materials with Tc above 30 K. Thus, a Tc 
of 30 K serves as the dividing line between LTS materials and HTS 
materials.

Mercury, recognized as the first discovered superconducting mate
rial, has a Tc of 4.2 K, marking the initial discovery of LTS materials. 
Over the subsequent decades, numerous metals, alloys, and interme
tallic compounds exhibiting superconductivity have been discovered. 
Among these, Nb-Ti and Nb3Sn reported in 1954 and 1961 respectively, 
are the most extensively used LTS materials to date (Rogalla and Kes, 

Fig. 2. Annual publications regarding HTS-WPT technologies in IEEE Xplore, MDPI, and Springer, dated between inception and June 18th, 2024.

Fig. 3. Superconducting state diagram.
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2012). Nb-Ti, an alloy, exhibits a Tc of 9.5 K and can achieve a Jc 
exceeding 2000 A/mm2 at 4.2 K, with an Hc of approximately 11 T (Lee, 
2018). Due to its excellent ductility, Nb-Ti alloy is relatively easy to 
manufacture into superconducting wires and was industrialized in 1968. 
Currently, Nb-Ti remains the most cost-effective LTS material, exten
sively used in constructing magnetic resonance imaging (MRI) systems 
and maglev trains. In contrast, Nb3Sn, an intermetallic compound, has a 
Tc of around 18 K and can reach a Jc of over 104 A/mm2 at 4.2 K, with an 
Hc of about 25 T (Lee, 2018). Compared to Nb-Ti, Nb3Sn, due to its 
brittleness, presents more complexities in the wire manufacturing pro
cess and was industrialized after 1970; however, it is more expensive. 
Owing to its higher Hc, Nb3Sn is primarily used in applications requiring 
higher magnetic fields, such as particle accelerators and tokamak fusion 
devices.

In 1986, Johannes Georg Bednorz and Karl Alexander Müller re
ported the first HTS material, LaBaCuO, with a Tc of 35 K, sparking 
widespread research into HTS materials (Bednorz and Muller, 1986). 
The following year, 1987, the HTS material YBCO was reported, 
achieving a Tc of 93 K. This marked the first instance of a super
conducting material’s Tc surpassing the temperature of LN₂, which is 
approximately 77 K (Zhao et al., 1987; Wu et al., 1987). In the same 
year, the bismuth-based cuprate superconducting materials (BSCCO), 
Bi-2212 and Bi-2223 were reported, with Tc reaching up to 110 K 
(Michel et al., 1987). YBCO is a type of rare earth barium copper (Cu) 
oxide superconducting materials (REBCO) and both REBCO and BSCCO 
belong to the family of Cu oxide superconducting materials, character
ized by their high Tc, allowing them to maintain a superconducting state 
at the temperature of LN₂. Given the abundant availability of nitrogen 
compared to helium, using LN₂ for cooling is much more cost-effective. 
However, due to the brittleness of these materials, they are more chal
lenging to process into wires compared to LTS materials. BSCCO and 
REBCO were not successfully manufactured on an industrial scale until 
the 1990s and after 2000, respectively (Uglietti, 2019). So far BSCCO 
tapes have been widely used in various superconducting power equip
ment demonstration projects around the world, such as power cables, 
superconducting energy storage devices, and fault current limiters (Sato 
et al., 2012; Xiao et al., 2012). Compared to BSCCO, REBCO exhibit 
lower anisotropy and a higher Jc at 77 K, and it have been utilized in 
numerous superconducting power devices to optimize electrical systems 
and in the manufacturing of high-field Tesla magnets to pursue new 
records in magnetic fields (Obradors and Puig, 2014; Liu et al., 2020). 
These applications highlight REBCO’s tremendous potential.

In 2001, MgB2 was reported, making it the binary intermetallic 
compound with the highest known Tc at that time, reaching up to 39 K 
(Nagamatsu et al., 2001). Although this is still lower than that of Cu 
oxide superconducting materials, MgB2 can maintain superconductivity 
at the temperature of LH₂, making it a potentially ideal alternative to 
conventional LTS materials that require LHe. Additionally, MgB2 is 
characterized by its abundant raw materials, lightweight nature, and 
relatively easy wire fabrication process, which have attracted wide
spread attention in the scientific community. Compared to the cost of 
REBCO, which is approximately 230 $/(kA⋅m), the manufacturing cost 
of MgB2 is considerably lower, around 20 $/(kA⋅m) (Uglietti, 2019). In 
contrast, Cu materials cost about 11.6 $/kg. Given that the rated current 
density for Cu wires usually does not exceed 10 A/mm2, the cost of Cu 
wire is approximately 10.4 $/(kA⋅m). Therefore, the discovery of MgB2 
material holds promise for significantly reducing the cost of HTS ma
terials, thereby promoting the widespread application of HTS technol
ogies. However, due to a lack of pinning centers within the material, the 
Jc of MgB2 under high magnetic fields is severely limited (Dou et al., 
2002). As a result, its primary applications are currently in low magnetic 
field areas such as fault current limiters, power cables, and wind 
turbines.

In 2008, iron-based superconducting materials (IBS) were reported 
with Tc reaching up to 56 K (Kamihara et al., 2008). Although these Tc 
values are significantly lower than those of cuprate superconducting 

materials, IBS exhibit high Hc and notably lower anisotropy. Research on 
the grain boundary properties in IBS has highlighted the potential of the 
low-cost powder-in-tube (PIT) method, which has been successfully 
applied in the commercial production of Nb3Sn, Bi-2223, and MgB2 
wires (Katase et al., 2011). Consequently, IBS wires developed using the 
PIT method are promising due to their low cost and high strength, 
indicating a bright future for applications. Currently, IBS materials are 
still in the experimental research stage, and they hold potential as ma
terials for high magnetic field applications such as magnets in 
high-energy accelerators (Zhang et al., 2021a).

In recent years, there have been reports concerning materials that 
exhibit superconducting-like properties at room temperature under 
extremely high pressures (Snider et al., 2020). However, the classifica
tion of these materials as true superconducting materials remains un
certain (Hirsch and Marsiglio, 2021). Moreover, the necessity of 
maintaining such high pressures to achieve these properties at room 
temperature poses significant challenges for practical engineering ap
plications. Therefore, this article will not discuss these materials in 
detail.

Based on the preceding discussion, the discovery dates and Tc of 
some landmark superconducting materials are depicted in Fig. 4. Table 1
illustrates the conductor forms of practical superconducting materials. 
Table 2 provides a comprehensive summary of the critical parameters, 
key features, and commercialization status of these materials. As shown 
in the table, HTS materials offer considerable advantages over LTS 
materials, including higher Tc and Hc. Therefore, HTS materials are 
more advantageous for use in WPT systems, where high efficiency and 
power density are crucial.

2.2. HTS inductors

Inductors, which are integral components within power electronic 
circuits, fulfil several critical roles including filtering, energy storage, 
and moderating the rate of change of current. With the ongoing ad
vancements in power circuit technology, there has been an increasing 
emphasis on enhancing both efficiency and power density (Zhao et al., 
2014). Consequently, inductors have been developed towards smaller 
size, reduced losses, and higher saturation current capabilities. Never
theless, conventional inductors are manufactured by winding Cu wire 
around a magnetic core, which presents certain limitations. Firstly, Cu 
wire inherently exhibits low current density and introduces significant 
parasitic resistance. Secondly, in HF applications, the magnetic core is 
prone to considerable hysteresis and eddy current losses. Additionally, 
skin and proximity effects further exacerbate Cu losses. These issues 
collectively pose substantial barriers to achieving higher efficiency and 
power density in power electronic circuits.

Like many other metals, Cu exhibits lower resistivity at reduced 
temperatures. Many studies have explored the low-temperature opera
tion of conventional Cu inductors (Gui et al., 2019; Dionne, 1997; Chen 
et al., 2018; Wadsworth et al., 2023). Research on HF core materials has 
revealed that only high-flux powder cores maintain relatively stable 
magnetic permeability and loss characteristics at low temperatures, 
whereas the performance of other core materials deteriorates, as indi
cated in Table 3 (Chen et al., 2003; Gerber et al., 2004; Quach and Chui, 
2004; Claassen, 2005; Willard and Heil, 2007; Daniil et al., 2010, 2015). 
On the one hand, the reduction in magnetic permeability may necessi
tate increased core volume, adversely affecting power density. On the 
other hand, increased losses not only reduce system efficiency but also 
require additional power consumption to maintain a low-temperature 
environment. One solution is to use air-core inductors, which are 
wound without a magnetic core. Studies documented in (Park et al., 
2020) have investigated the performance of air-core Cu inductors car
rying direct current (DC) at 77 K, finding that their parasitic resistance is 
significantly lower—about one-tenth of that at room temperature—thus 
allowing for a notable increase in power density. However, when car
rying HF AC, the parasitic resistance may significantly increase due to 
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the skin effect, leading to heat generation that adversely impacts the 
performance of air-core inductors.

Compared to conventional Cu wire inductors, HTS inductors exhibit 
significantly higher current density and lower losses at cryogenic tem
peratures, facilitating the achievement of higher efficiency and power 
density (Chen et al., 2016a). HTS inductors (or HTS coils) are already 
widely used in high-power applications such as superconducting energy 
storage systems, superconducting fault current limiters, and super
conducting power transformers (Chen et al., 2021; Zheng et al., 2023; 
Kumar et al., 2023). These HTS inductors are characterized by their 
ability to handle large currents, operate at low frequencies (50–60 Hz), 
and provide substantial inductance.

However, the application of HTS inductors in HF power electronic 
circuits is still in the experimental research phase (Chen et al., 2016a). 
introduced the concept of using HTS inductors in boost converters, and a 
simulation study of a 40 kW system with a switching frequency below 
500 Hz demonstrated the superiority of HTS inductors over conven
tional inductors. Following this concept, studies in (Chen et al., 2022) 
and (Garcia et al., 2024) conducted experiments at power levels of 1 kW 
to 4 kW and under 100 W, with switching frequencies of 1 kHz to 
10 kHz and 3.92 kHz, respectively. The results from these studies 
confirmed that employing HTS inductors in boost converters signifi
cantly enhances efficiency, power density, and voltage gain. Addition
ally, (ul Hassan et al., 2022) explored the use of HTS inductors in a 
two-level current source inverter for all-electric aircraft operating at 
cryogenic temperatures, conducting a 20 kW/30 kHz experiment which 
demonstrated the effectiveness of HTS inductors in enhancing efficiency 
and power density.

Nevertheless, for WPT systems, which commonly operate at 
switching frequencies above 85 kHz—significantly higher than those 
used in the aforementioned HF power electronic circuits—it is crucial to 
consider the AC losses of HTS materials at such elevated frequencies.

Based on their underlying mechanisms, AC losses in superconducting 
materials can be divided into transport current losses and magnetization 
losses. Transport current losses occur solely due to the current carried by 
the superconductor and do not require an external magnetic field. 
Magnetization losses, on the other hand, are induced solely by the 
external magnetic field acting on the superconductor without the ne
cessity of a current. Furthermore, magnetization losses can be sub
divided into eddy current losses, hysteresis losses, and coupling losses, 
which are associated with the flux pinning in superconductors, eddy 

currents induced by external magnetic fields within the superconduc
tors, and the flow of these currents in multifilamentary superconductors, 
respectively (Zhang et al., 2021b).

In the context of WPT systems, transport current losses and magne
tization losses, especially eddy current losses and hysteresis losses, play 
a dominant role in overall AC losses (Zhang et al., 2013). The issue of AC 
losses in WPT systems is complex, which is affected by a number of 
factors, such as switching frequency, current magnitude, magnetic field 
strength and material properties. Studies in (Chen and Li, 2020) and 
(Utschick et al., 2021) show that both transport current losses and eddy 
current losses are positively correlated with frequency, while hysteresis 
losses are frequency-independent. This suggests that AC losses can be 
particularly significant at higher frequencies in WPT systems (Machura 
et al., 2020; Weng et al., 2024). investigated the effect of external 
magnetic fields and current magnitude on AC losses and showed that 
both parameters are positively correlated with AC losses. Furthermore, 
(Machura et al., 2020) analysed the effect of coil configuration on AC 
losses and quantitatively compared the main types of losses for different 
coil configurations (Utschick et al., 2021; Machura and Li, 2021). also 
explored how coil parameters such as air gaps, thickness, and width 
affect AC losses, offering guidance for the structural design of super
conducting coils. In (Inoue et al., 2017), comparisons between YBCO 
tape and Bi2223 tape in WPT systems demonstrated that YBCO tape 
exhibits lower AC losses. In summary, the classification and influencing 
factors of superconducting coils are illustrated in Fig. 5. Compared to 
conventional WPT systems, quantifying and controlling AC losses is 
critical because the resulting heat increases the burden on cooling sys
tems, further reducing system efficiency.

2.3. HTS capacitors

Although HTS inductors offer advantages such as low losses, compact 
size, and high saturation current, using HTS inductors in conjunction 
with conventional room-temperature capacitors can lead to thermal 
leakage issues caused by current leads (Xiao et al., 2016). This exacer
bates the burden on cooling systems and reduces the overall system 
efficiency. Similar to HTS inductors, HTS capacitors also exhibit lower 
losses, which can significantly enhance the efficiency and power density 
of power electronic circuits. Therefore, exploring HTS capacitors and 
developing fully cryogenic power electronic circuits have become ideal 
strategies for realizing the large-scale industrial application of HTS 

Fig. 4. Discovery dates and Tc of some landmark superconducting materials.
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materials (Ogawa et al., 2019).
The concept of HTS capacitors was proposed as early as in 1991 

(Jones et al., 1991). Similar to conventional capacitors at room tem
perature, HTS capacitors are composed of HTS electrodes and dielectric 
materials. Due to the varying properties of different dielectric materials 
with decreasing temperature, extensive literature has explored this 
issue. Common changes in capacitance values and dissipation factors of 
conventional capacitors at low temperatures are summarized in Table 4
(Andrade et al., 2024; Faria et al., 2012; Pan, 2005; Teyssandier and 
Prêle, 2010). Compared to most ceramic capacitors, film capacitors 
demonstrate superior performance at low temperatures. When 
manufacturing capacitors with larger capacitance values, tantalum ca
pacitors are preferred over electrolytic capacitors, which tend to lose 
almost all their capacitance at low temperatures, although tantalum 
capacitors result in significantly higher losses. The use of dielectric 
materials in thin-film capacitors has prompted research in laboratories 
to explore the potential application of HTS capacitors in WPT systems. 
According to (Yu et al., 2019), an HTS capacitor made from Bi2223/Ag 
tapes and polyimide dielectric material, with a capacitance of 20 nF, was 
compared to conventional capacitors, showing that WPT systems uti
lizing HTS capacitors achieve higher efficiencies. However, the WPT 

experimental setup described in (Yu et al., 2019) was relatively rudi
mentary, achieving a peak efficiency of just under 60%. Another study in 
(He et al., 2018) utilized YBCO tapes as electrodes to create a 0.608 nF 
HTS capacitor for use in a repeater coil in a multi-stage resonant WPT 
system, demonstrating the advantages of HTS capacitors in enhancing 
power transmission capabilities in WPT systems.

The technology for manufacturing HTS capacitors capable of oper
ating normally at high frequencies and large currents is still in its in
fancy. A key issue is the cold deformation of dielectric materials, which 
significantly impacts the lifespan of HTS capacitors. Consequently, 
further research is required to identify dielectric materials suitable for 
HTS capacitors. Additionally, to integrate HTS power electronic circuits 
into WPT systems, more in-depth studies are needed on the effects of 
current magnitude and frequency, as well as external magnetic fields, on 
the properties of HTS capacitors.

3. HTS-WPT systems

3.1. WPT system configurations

WPT systems offer significant advantages including convenience, 

Table 1 
Illustration and unit cost for practical superconducting materials (Lee, 2018; Zhang, 2019; Osabe et al., 2019; Jiang et al., 2019; Li et al., 2013; Yao et al., 2015).
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safety, and flexibility, which make them increasingly popular in appli
cations ranging from mobile devices to electric vehicles (EVs). The 
typical structure of WPT system is illustrated in Fig. 6, which primarily 
consists of two subsystems: the transmitter and the receiver (Qiu et al., 
2013). The transmitter subsystem includes a power source, an inverter, a 
compensation network, and a transmitting coil. The power source out
puts an appropriate DC link voltage through a converter, which is then 
transformed into HF AC by the HF inverter to supply power to the 
coupler. Due to the inherently low quality factor of conventional Cu coils 
at room temperature, it is crucial to maintain high current frequencies 
and high coupling coefficients within the coupling coils to ensure high 
efficiency (Machura and Li, 2019). On the receiver side, the subsystem 
comprises a receiving coil, a compensation network, a rectifier, and the 
load. The HF AC current received by the coil is converted to the required 
DC output through rectification and filtering processes that powers the 
load.

3.1.1. Coupler design
The core mechanism of WPT involves the generation of an HF AC in 

the transmitting coil, which produces a time-varying magnetic field to 
induce energy into the receiving coil. Consequently, the coupling coef
ficient k between the transmitting and receiving coils is crucial. More
over, the quality factor Q of a coil, defined as the ratio of its reactance to 
resistance, quantifies the energy losses at resonance (Long et al., 2016). 

A higher Q-value indicates that a greater proportion of the energy is 
converted to and transmitted via the magnetic field, rather than being 
dissipated as heat in the coil’s resistance. As such, to optimize the effi
ciency of WPT systems, it is essential to maximize both the k-value and 
the Q-value during coil design.

For conventional WPT systems, increasing Q-value can be achieved 
through methods such as increasing switching frequency and optimizing 
coil parameters (e.g., increasing wire diameter). However, increasing 
switching frequency also raises frequency-related losses, such as 
switching losses in converters, and core losses and resistive losses in 
coils. Moreover, converters designed to operate at higher switching 
frequencies generally incur higher costs. Regarding the operating fre
quency of WPT systems in EVs, standards have been issued by the In
ternational Electrotechnical Commission (IEC) and the Society of 
Automotive Engineers (SAE), recommending an operating frequency 
range of 81.38–90 kHz (Rakouth et al., 2013; Wireless Power Transfer 
for Light-Duty Plug-In/Electric Vehicles and Alignment Methodology, 
2016). On the other hand, due to the intrinsic properties of commonly 
used metallic materials at room temperature, there are inherent limi
tations on the extent to which Q-value can be enhanced by optimizing 
coil structures (Kim et al., 2013). To enhance k-value, strategies such as 
using magnetic core materials, reducing transmission distance, and 
optimizing coil parameters (e.g., increasing coil area) can be employed. 
However, the introduction of magnetic core materials introduces 

Table 2 
Critical parameters, key features, and commercialization status of practical superconducting material.

Temperature: LN2 > LH2 > LHe
Data from (Lee, 2018; Yao and Ma, 2021; Parrell et al., 2003; Li et al., 2013; Kanithi et al., 2014; Song et al., 2021; Braccini et al., 2010; Gurevich, 2014; Zhang et al., 
2021b)

Table 3 
Performance of different core materials at cryogenic temperatures.

Material Powder Ferrite Nano-crystalline Amorphous

Moly permalloy High flux Kool Mμ

Permeability Remain Remain Decrease Significantly decrease Increase Remain
Loss Increase Remain Remain Significantly increase Increase Increase
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additional core losses and can lead to variations in coil inductance when 
the coil’s position changes, potentially resulting in system detuning. 
Moreover, reducing the transmission distance and optimizing coil design 

are constrained by practical application limits, as coil positioning and 
structure cannot be arbitrarily modified.

Following the methods discussed for increasing k-value and Q-value, 

Fig. 5. Classification and influencing factors of AC losses in HTS coils.

Table 4 
Performance of different dielectric materials at cryogenic temperatures.

Material Film

Polypropylene Polyester Polycarbonate Polyphenylene sulfide Polyimide

Relative permittivity Remain Decrease Decrease Remain Decrease
Dissipation factor Decrease Remain Decrease Remain Remain
Material Ceramics Tantalum Al electrolytic

X7R Z5U NP0
Relative permittivity Significantly decrease Significantly decrease Remain Decrease Significantly decrease
Dissipation factor Significantly increase Significantly increase Remain Significantly increase Decrease

Fig. 6. Typical structure of WPT system.
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extensive studies have investigated the structural and parameter design 
of couplers. Commonly used coil structures and their characteristics are 
summarized in Table 5.

The circular coil, the earliest coil structure utilized, boasts a simple 
design and requires less core material, achieving optimal coupling when 
aligned directly opposite each other (Bosshard et al., 2013). However, 
its limited flux path height restricts the energy transmission distance. 
Furthermore, it exhibits poor tolerance to misalignment: radial 
misalignment of 40% can reduce k-value to nearly zero (Budhia et al., 
2011; Zaheer et al., 2014). Consequently, circular coils are typically 
used in static WPT systems that have simple structures and short 
transmission distances. To enhance misalignment tolerance, rectangular 
coil is a popular design choice, particularly in applications like EVs 
where lateral misalignment tolerance is crucial. This design increases 
the effective power transfer area of the coil, making it suitable for dy
namic WPT (Luo and Wei, 2018; Chen et al., 2016b). Additionally, the 
flux path height of rectangular coil is twice that of circular coil, effec
tively increasing the transmission distance (Luo and Wei, 2018). 
Inspired by magnetic flux tubes, DD coil was proposed, featuring two 
coils connected in reverse series (Budhia et al., 2013). Unlike the vertical 
magnetic flux coupling of the previously mentioned two coil structures, 
the DD coil couples magnetic flux horizontally. Therefore, a DD coil used 
as a transmitter cannot transfer energy to a circular or rectangular coil, 
and vice versa (Bosshard et al., 2016). has compared the performance of 
rectangular and DD coils, concluding that DD coil has slightly lower 

transmission efficiency at the same power density, primarily due to 
higher core losses caused by increased magnetic flux density within the 
core. However, the DD coil reduces stray magnetic fields by half 
compared to rectangular coil, significantly enhancing the safety of WPT, 
especially in high-power applications. Yet, due to its horizontal flux 
coupling, the DD coil’s lateral misalignment tolerance is limited. To 
address this issue, (Budhia et al., 2013) has proposed the addition of an 
orthogonal coil between the two original DD coils, thereby forming what 
is termed DDQ coil. The DDQ coil can couple magnetic flux both verti
cally and horizontally, greatly improving its misalignment tolerance. 
However, this new coil structure requires an additional HF inverter to 
drive the orthogonal coil, increasing both cost and complexity.

The analysis above clearly demonstrates that in coil design, it is 
crucial to not only maximize coupling coefficient k and quality factor Q 
but also to account for misalignment tolerance to enhance the stability 
of WPT.

3.1.2. Compensation network
The coupler in WPT systems functions similarly to a transformer. 

However, due to the loose coupling between the two coils, there is a 
large leakage inductance, which makes the use of compensation net
works on both sides necessary. These compensation networks are tuned 
such that both the transmitter and the receiver can operate near the 
resonant frequency of the system, compensating for the reactive power 
caused by leakage inductance. Table 6 summarizes the structures and 

Table 5 
Structures and characteristics of commonly used couplers.

Coil design Structure Direction of flux coupling Misalignment Tolerance (lateral) Flux path height

Circular Vertical Null at 40% of diameter 1/4 of coil diameter

Rectangular Vertical Better than circular coil 1/4 of coil length

DD Horizontal Null at 34% of length 1/2 of coil length

DDQ Horizontal and vertical Null at 95% of length 1/2 of coil length
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characteristics of frequently used compensation networks (Cota et al., 
2019; Zhang et al., 2018, 2014; Mai et al., 2017; Huang et al., 2024). The 
four basic types of compensation network configurations are SS, PP, SP, 
and PS. These configurations are noted for their simplicity: SS and PS 
networks typically output a constant current, while PP and SP networks 
provide a constant voltage output. However, apart from the SS 
compensation network, the parameters of the other networks are 
influenced by the mutual inductance between coupling coils or by the 
load. This susceptibility can result in detuning when either the load or 
the mutual inductance changes. From a cost-effectiveness perspective, 
the SS network is also the most advantageous for high-power WPT 
systems among the basic compensation topologies (Sallán et al., 2009). 
However, it is not suitable for dynamic WPT due to its high sensitivity to 
changes in mutual inductance and load. Given the limitations of these 
four basic networks, higher order compensation topology compensation 
networks have been developed. The LCC-S and LCC-LCC configurations 
depicted in Table 6 are exemplary, offering better load dynamic char
acteristics and additional tuning flexibility compared to the four basic 
networks. However, these advanced configurations also increase design 
complexity and introduce additional losses. Therefore, it is crucial to 
select the appropriate compensation network based on specific appli
cation requirements.

3.1.3. Power converter
In WPT systems, the power source can be either a low frequency (LF) 

AC source, such as the utility grid charging EVs, or a DC source, such as 
energy trading between EVs (Mi et al., 2016; Patil et al., 2018). To 
enhance the quality factor of the coupler, it is necessary to convert the LF 
AC or DC from the power source side into HF AC through a power 
converter and inject it into the coupler. For most WPT systems, this 
conversion typically requires a two-stage process (Song et al., 2020). 
Initially, the LF AC source and DC source are connected to a 
voltage-stabilized DC bus via an AC/DC converter and a DC/DC con
verter, respectively. Subsequently, HF AC is generated from the DC bus 
through an HF DC/AC converter, which then powers the transmitter 
coil. Typically, the AC/DC or DC/AC converters employ an H-bridge 
structure with two switching components on each bridge. In this 
configuration, the ends of each bridge are connected to the DC side, and 

the midpoint is connected to the AC side (Ning et al., 2013). Switching 
components commonly used include metal-oxide-semiconductor fiel
d-effect transistors (MOSFETs) or insulated gate bipolar transistors 
(IGBTs). However, due to the limited switching frequency of IGBTs, they 
are generally used only in LF converters. To further enhance overall 
system performance, various converter structures have been developed 
with the goal of optimizing conversion efficiency and elevating both 
voltage and power levels (Wang et al., 2019; Baros et al., 2017; Mali
nowski et al., 2010; Liu et al., 2022b; Nguyen et al., 2014; Li et al., 
2023). Moreover, due to the high switching frequency of the HF DC/AC 
converter, efforts must be made to achieve soft-switching to reduce 
switching losses (Li et al., 2021).

On the receiver side, the HF AC received is converted into DC 
through rectification and subsequent filtering to supply power to the 
load. In scenarios where ripple requirements are not significant and 
energy transfer is unidirectional, a diode bridge rectifier combined with 
a capacitor for filtering is typically employed (Li and Mi, 2015). How
ever, to achieve bidirectional WPT, the rectifier must be configured as an 
HF converter (Pasupuleti et al., 2023).

3.2. HTS-WPT technology

So far, Cu Litz wire is commonly used as the coil material in WPT 
systems due to its low cost and minimal susceptibility to skin and 
proximity effects. However, due to the inherent properties of Cu, there is 
a limit to the coupling coefficient at a given operating frequency, which 
constrains the transmission efficiency of WPT systems. In contrast, 
superconducting materials exhibit virtually zero resistance below tran
sition temperatures and can support current densities ranging from 103 

to 105 A/mm2, far surpassing the typical current density of 5–10 A/mm2 

in Cu, Theoretically, this allows for the production of coils with a smaller 
size yet higher Q-value, significantly enhancing the transmission effi
ciency and power density of WPT systems. Considering the complexity 
and costs associated with the cooling systems required for super
conducting technology, HTS materials are favored over LTS materials 
because they can achieve superconductivity at the temperature of LN2. 
Research on HTS-WPT systems is still in its early stages, with some re
searchers exploring various power levels and system configurations in 

Table 6 
Structures and characteristics of commonly used compensation networks.

Compensation network Basic

S-S S-P P-S P-P

Structure

Output type Constant current Constant voltage Constant current Constant voltage
Parameter-dependent 

property
Independent Dependent on mutual 

inductance
Dependent on mutual inductance & 
load

Dependent on mutual inductance & 
load

Sensitivity of Efficiency 
to load

High High High High

Compensation network High order
LCC-S LCC-LCC

Structure

Output type Constant voltage Constant current
Parameter-dependent 

property
Independent Independent

Sensitivity of Efficiency 
to load

Low Low
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laboratory settings. Depending on their system structures, HTS-WPT 
systems can be categorized into three types: transmitter-side super
conducting, receiver-side superconducting, or dual-side super
conducting, as illustrated in.

3.2.1. Receiver-side superconducting HTS-WPT system
Kim et al., (2012), (2013) were the first to propose the use of HTS 

coils as replacements for Cu couplers in WPT systems, with configura
tions set to receiver-side superconducting and experiments conducted at 
a radio frequency of 13.56 MHz (Kim et al., 2012). evaluated the 
transmission efficiency using HTS versus Cu materials for the receiving 
coil at a power level of 200 W, and observed notable enhancements in 
efficiency with HTS coils (Kim et al., 2013). examined a multi-coil 
resonant system, illustrated in (a), consisting of four coils tuned to the 
same resonant frequency, including the power coil, transmitter coil, 
receiver coil, and load coil. In this setup, the receiver coil and load coil 
were fabricated from HTS materials, while the power coil and trans
mitter coil were made of Cu. The study investigated the transmission 
characteristics over a 1.1 m distance between the transmitter and 
receiver coils. The findings highlighted that at a 0.3 m distance from the 
Cu transmitter coil to the HTS receiver coil, the peak transmission effi
ciencies for current and voltage exceeded 50% and 70%, respectively. 

However, the absence of a comparative analysis with conventional Cu 
coils in the study did not highlight the system’s performance superiority. 
Additionally, both studies indicated that using HTS coils with a higher 
Q-value as receiving coils appears to be more advantageous than using 
them as transmitting coils.

Following these two studies, (Do Chung et al., 2019; Qian et al., 
2019; Do Chung et al., 2017) conducted extensive theoretical and 
experimental research on receiver-side superconducting HTS-WPT sys
tems. The system configurations and parameters for these studies are 
summarized in Table 7 (Do Chung et al., 2019). compared the system 
performance using Cu coils versus HTS coils as receiving coils at reso
nance frequencies of 100 kHz and 370 kHz. The experimental results 
indicated that transmission efficiency significantly improves at 370 kHz. 
Furthermore, a comparison at LN2 temperatures showed that, even 
though the resistance of the Cu coil decreases at low temperatures, its 
transmission efficiency remained lower than that of the HTS coil. 
Additionally, due to higher thermal losses, the Cu coil consumed more 
LN2 (Qian et al., 2019). integrated the receiving coil with a cryogenic 
rectifier to collectively power a superconducting magnet, thereby 
eliminating interface losses from the cryogenic vessel and room tem
perature. However, the experimental setup in this study exhibited low 
efficiency, which the researchers attributed to the long transmission 

Fig. 7. Typical structures of three types of HTS-WPT systems. (a) Transmitter-side superconducting HTS-WPT systems. (b) Receiver-side superconducting HTS-WPT 
systems. (c) Dual-side superconducting HTS-WPT systems.
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Fig. 8. Experimental setup of receiver-side superconducting HTS-WPT systems. (a) Topology (Kim et al., 2013). (b) Topology (Do Chung et al., 2017).

Table 7 
System configurations and parameters of reported HTS-WPT studies.

System 
configuration

Reference Year of 
publication

Power level Peak efficiency 
(Transmission efficiency/ 
System efficiency)

Coil diameter 
(Transmitter/ 
Receiver)

Transmission 
distance

Q-value of 
HTS coil

Resonant 
frequency

Receiver-side 
superconducting

(Kim et al., 
2012)

2012 200 W –/– –/0.28 m 0.5 m ~934 13.56 MHz

(Kim et al., 
2013)

2013 – –/– 0.33 m/0.3 m 0.3–1.1 m – 13.56 MHz

(Do Chung 
et al., 2019)

2019 250 W ~60%/– 
(100 kHz)

~70%/– 
(370 kHz)

0.3 m×0.8 m/ 
0.3 m×0.4 m 
(rectangular)

0.1–0.2 m 200/260 100/ 
370 kHz

(Qian et al., 
2019)

2019 – – 0.1 m/0.1 m 0.03–0.1 m – 80–90 kHz

(Do Chung 
et al., 2017)

2017 300 W <70%/– 0.3 m/0.3 m 0.15 m 200–350 370 kHz

Transmitter-side 
superconducting

(Do Chung 
et al., 2013)

2014 <50 W –/– 0.28 m/0.3 m 0.3–1 m – 370 kHz

(Do Chung 
et al., 2014)

2015 500 W <60%/– 0.3 m/0.3 m 0.3 m 200 370 kHz

(Do Chung 
et al., 2016)

2016 600 W 70%~80%/– 0.3 m/0.3 m 0.25 m 200 370 kHz

(Okeda et al., 
2022)

2022 – <80%/– 0.235 m/0.248 m 0.65 m 14100 9 MHz

(Sekiya et al., 
2023)

2023 – <50%/– 0.235 m/0.01 m 0.15 m 13102 9 MHz

(Zuo et al., 
2014)

2015 200 W >90%/~80% 0.315 m/0.315 m 0.1 m ~664 50 kHz

(Inoue et al., 
2024)

2024 1 kW –/>98% 0.41 m/0.4 m 0.05 m 2884 4.8 kHz

(Inoue et al., 
2023a) *

2023 100 kW >98%/91.4% 0.5 m/0.5 m 0.1 m 1318 4.5 kHz

Dual-side 
superconducting

(Machura 
et al., 2020) *

2020 <150 kW 94.6%/62.17% 0.125 m/0.125 m 0.01–0.125 m – 85 kHz

(Sekiya and 
Sawada, 
2023)

2023 1 mW 90%/– 0.25 m/0.25 m 0.8 m 19617 8.06 MHz

(Utschick 
et al., 2021)

2021 6 kW 97%/– 0.22 m/0.22 m –(k = ~0.5) <100 110 kHz

(Inoue et al., 
2022a,b,c) *

2022 200–600 kW –/92.6% 0.8 m/0.8 m 0.12 m – 10 kHz

(Inoue et al., 
2019) *

2019 38.7 kW >90%/– 0.8 m×0.8 m/ 
0.8 m×0.8 m 
(rectangular)

0.075 m – 0.8/4.3 kHz

(Inoue et al., 
2021)*

2021 20–100 kW –/>87% 0.8 m/0.8 m 0.08 m – 2 kHz

(Inoue et al., 
2022a,b)

2023 1 kW 99%/96% 0.4 m/0.4 m 0.04 m >1000 0.92 kHz

(Inoue et al., 
2023b) *

2023 250 kW –/>90% ~0.8 m×1 m/ 
0.8 m×1 m 
(rectangular)

0.12 m ~1000 1–5 kHz

References marked with * are without experimental set-ups.
– indicates that it is not mentioned in references.
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distance and higher optimal operating frequency. Thus, this system re
quires further investigation (Do Chung et al., 2017). developed a 
receiver-side superconducting HTS-WPT system with multiple trans
mitter coils and one receiver coil, as shown in (b), achieving 300 W 
power transmission at 370 kHz. Although the experimental results 
demonstrated that the HTS receiving coil improved efficiency by 
approximately 20% compared to the Cu coil at cryogenic temperatures 
and reduced LN2 consumption by about 30%, the peak system efficiency 
was still below 70%, affecting the demonstration of research outcomes.

3.2.2. Transmitter-side superconducting HTS-WPT system
Contrary to the findings of (Kim et al., 2012, 2013), (Zhang et al., 

2013) demonstrated that using HTS coils as transmitter coils resulted in 
better system performance than using them as receiver coils in HTS-WPT 
systems. This conclusion was drawn by comparing the performance of 
transmitter-side superconducting, receiver-side superconducting, and 
dual-side superconducting HTS-WPT systems at a resonance frequency 
of 3 kHz and a transmission power of 11 W (Yu et al., 2018). further 
investigated this asymmetry through experiments at resonance fre
quencies of 3 kHz and 20 kHz. The theoretical analysis and experimental 
results revealed that the asymmetry originated from the different re
sistances of HTS and Cu coils. The study suggested that optimizing the 
load could eliminate the effects of this asymmetry (Do Chung et al., 
2013, 2014, 2016; Okeda et al., 2022; Sekiya et al., 2023; Zuo et al., 
2014; Inoue et al., 2024, 2023a). conducted theoretical and experi
mental research on transmitter-side superconducting HTS-WPT systems, 
with the system configurations and parameters summarized in Table 7. 
In (Do Chung et al., 2013), researchers investigated the effects of 
replacing Cu coil at the transmitter side with an HTS coil at a resonant 
frequency of 370 kHz, and further increased the transmission distance 
by adding a resonant coil to the experimental platform. The results 
showed that as the transmission distance d increased from 0.3 m to 1 m, 
the HTS-WPT system transmitted 11% (d = 0.7 m) and 52% (d = 0.3 m) 
more power compared to the conventional WPT system (Do Chung et al., 
2014, 2016). conducted by the same principal researcher focused on the 
transmitter-side superconducting HTS-WPT system. Both studies had a 
coil diameter of 0.3 m and a resonant frequency of 370 kHz, with 
transmission distances of 0.3 m and 0.25 m, respectively. The difference 
lies in the experimental setup; (Do Chung et al., 2016) added an HTS 
resonant coil between the HTS coil and the Cu coil, enhancing the 
transmission efficiency compared to the setup in (Do Chung et al., 
2014). Moreover, (Okeda et al., 2022; Sekiya et al., 2023) utilized HTS 
coils with a Q-value of over 10,000 to design WPT systems. In (Okeda 
et al., 2022), the HTS-WPT system maintained nearly 80% transmission 
efficiency at a distance of 0.6 m, significantly higher than the approxi
mately 50% efficiency of conventional WPT systems (Sekiya et al., 
2023). details the design of a WPT device for biomedical capsule 
endoscopy, maintaining a 50% charging efficiency even when a liquid 
phantom is present in the transmission path (Zuo et al., 2014). con
structed an experimental platform for an HTS-WPT system with SS 
compensation network, transmitting power of 200 W at a resonance 
frequency of 50 kHz. The study investigated its output characteristics 
and found them to be consistent with the general trends of conventional 
WPT systems. Unlike the studies at resonance frequencies above 
370 kHz, this platform achieved a transmission efficiency above 90%, 
with an overall efficiency, including the cooling system, of approxi
mately 80% (Inoue et al., 2024). and (Inoue et al., 2023a) respectively 
conducted simulation and experimental studies on transmitter-side 
superconducting HTS-WPT systems at even lower frequencies (Inoue 
et al., 2024). focused on a LF, high-power HTS-WPT system, establishing 
a 1 kW experimental platform that achieved a system efficiency of over 
98% at a resonance frequency of 4.8 kHz. The study highlighted the 
need to suppress conductor resistance losses and capacitor losses, in 
addition to AC losses, in high-power HTS-WPT systems (Inoue et al., 
2023a). performed a simulation analysis of an HTS-WPT system with a 
resonance frequency of 4.5 kHz and power of 100 kW, achieving a 

transmission efficiency of 98% and a system efficiency of 91.4%. The 
study noted that HTS coils with high Q-value are more suitable for LF 
WPT systems, and increasing the frequency can reduce the mutual 
inductance of the coupler, thereby decreasing the size and weight of the 
coils.

3.2.3. Dual-side superconducting HTS-WPT system
It is reasonable to infer that dual-side superconducting HTS-WPT 

systems exhibit higher Q-value in the coupler, resulting in superior 
transmission performance compared to the HTS-WPT systems employ
ing HTS coil on only one side (Machura et al., 2020; Utschick et al., 
2021; Inoue et al., 2022a,b,c, 2019, 2021, 2023b). focus on dual-side 
superconducting HTS-WPT systems, with the relevant system configu
rations and parameters summarized in Table 7 (Machura et al., 2020). 
analyzed an HTS-WPT system with a resonance frequency of 85 kHz for 
WPT system of EVs based on simulations. The peak transmission effi
ciency and system efficiency were 94.6% and 62.17%, respectively. 
These results indicate that using conventional HTS coated conductors 
(CC) in HF WPT systems is impractical. The significant AC losses 
generated by HTS coils lead to excessive cooling power requirements, 
ultimately reducing overall system efficiency (Sekiya and Sawada, 
2023). reported a pair of HTS coils that achieved a Q-value close to 20, 
000. These coils were comprised of two REBCO CC tapes connected 
together using PTFE film strips, and by reducing the thickness of the Ag 
protection layer, skin effects were suppressed. This led to lower AC 
losses and thereby enhanced coil performance. When these coils were 
used in a WPT system with a resonant frequency of 8 MHz, they ach
ieved a greater transmission distance compared to similar systems using 
Cu coils. At a transmission distance of 80 cm, this system achieved a 
measured transmission efficiency of 90%, while the efficiency of the 
conventional WPT system was only 28%. Furthermore, as previously 
analyzed, the AC losses of HTS coils increase with both current magni
tude and frequency. Therefore, to achieve high efficiency in high power 
transmission applications, it is necessary to lower the resonance fre
quency (Inoue et al., 2022a,b,c, 2019, 2021, 2023b). investigated LF 
HTS-WPT systems through simulation analyses and experimental vali
dations. These studies consistently demonstrated that LF, high-power 
HTS-WPT systems exhibit significantly higher transmission and system 
efficiencies compared to conventional WPT systems, underscoring the 
potential of HTS-WPT technology. Among these studies, the maximum 
transmission power achieved in simulated HTS-WPT systems was 
600 kW, with system efficiencies reaching up to 92.6% (Inoue et al., 
2022a,b,c). In practical HTS-WPT experimental setups, the highest 
transmission power achieved was 6 kW, with a transmission efficiency 
of 97% (Utschick et al., 2021). The power density related to coil area, 
weight, and volume for this system were 1.59 kW/dm2, 5.71 kW/kg, 
and 7.95 kW/dm3, respectively. These values surpass the power density 
of the most advanced conventional WPT systems currently available. 
However, this comparison only considers the power density of the coils. 
When taking into account the overall power density, including the 
cooling vessel, the advantages of HTS-WPT systems may be diminished.

In addition to the three typical HTS-WPT system configurations 

Fig. 9. Typical structures of resonant coil superconducting HTS-WPT systems.
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mentioned above, (Li et al., 2019) and (Oshimoto et al., 2023) investi
gated resonant coil superconducting configurations, as shown in, 
through simulations and experimental studies, respectively. This 
configuration enhances system efficiency by incorporating HTS resonant 
coils between conventional Cu transmitter and receiver coils in WPT 
systems. Both experimental and simulation results demonstrated that 
HTS resonant coils significantly outperform Cu resonant coils.

These studies above encompass a variety of system configurations, 
power levels, coil structures, and transmission distances in HTS-WPT 
systems. A common finding across these studies is that HTS coils can 
achieve a Q-value significantly higher than that of Cu coils with identical 
structural parameters. Consequently, HTS-WPT systems exhibit superior 
transmission performance compared to conventional WPT systems 
based on Cu coils.

3.3. System applications

Due to the higher Q-value of HTS coils compared to Cu coils, re
searchers have explored replacing Cu coils in conventional WPT systems 
with HTS coils to achieve better transmission performance. These 
studies span a range of applications, from a few watts in implanted 
medical devices (Sekiya et al., 2023) to several tens of kilowatts in 
high-power EV WPT systems (Do Chung et al., 2014, 2016; Inoue et al., 
2024, 2023a). However, unlike Cu coils, HTS coils need to operate at 
LN2 temperatures or even lower, and the AC losses in HTS coils during 
operation lead to significant increases in cooling power requirements. 
Additionally, the installation of cooling apparatus requires extra space 
and adds costs, which undermines the HTS coils’ advantage in terms of 
power density.

Advancements in cryogenic technology or alternative cooling 
methods can alleviate the challenges associated with cryogenic opera
tions. There are several approaches: firstly, the development of more 
advanced cooling technologies, such as pulse tube refrigerators, which 
can substantially reduce the energy required to maintain cryogenic 
conditions (Yazdani-Asrami et al., 2022). Secondly, innovations in 
coolants represent a significant breakthrough in technology. Lastly, in 
appropriate scenarios, the use of alternative energies, such as energy 
recovery systems that utilize waste heat to power cooling systems, can 
enhance the overall energy efficiency of the systems. However, the 
effectiveness of these cryogenic technologies or alternative cooling 
methods in terms of cooling performance and cost-efficiency remains to 
be further verified. Regardless of the progress in these cooling methods, 
the need for cooling equipment continues to pose a significant challenge 
to HTS-WPT systems.

Therefore, to fully leverage the advantages of HTS-WPT systems, it is 
recommended to use HTS-WPT technology in applications where cryo
genic environments are more readily achievable, thereby reducing the 
costs associated with cooling apparatus. Compared to conventional ap
plications like EVs, the recommended scenarios for HTS-WPT systems 
include settings where HTS materials are already in use and require 
cryogenic operational environments. By integrating HTS-WPT systems 
into such scenarios, one can not only enhance system performance but 
also capitalize on existing cooling infrastructure. This synergistic use of 
existing resources allows HTS-WPT systems to fully realize their trans
mission performance benefits, making them more viable and effective in 
these applications.

3.3.1. Power supply for HTS magnets
HTS magnets, with their zero-resistance characteristics, high 

current-carrying capacity, and excellent magnetic field performance, 
have demonstrated promising applications in MRI, maglev trains, and 
high-field laboratory magnets (Weijers et al., 2010; Iwasa, 2003). 
However, due to the flux creep in HTS materials under external mag
netic fields, the current in HTS magnets inevitably decays, necessitating 
an external power supply to maintain the current level (Beasley et al., 
1969). The conventional method involves the use of current leads, with 

one end connected to the power supply at ambient temperature and the 
other end connected to the HTS magnet at cryogenic temperatures. This 
setup, however, results in significant thermal leakage at the interface of 
the current leads and the cryogenic vessel, increasing cooling costs and 
posing a risk of quenching the HTS magnets. To address this issue, 
employing HTS-WPT system to power superconducting magnets is an 
ideal solution (Hwang and Jang, 2022; Zhou et al., 2020). The WPT 
system establishes magnetic coupling between the power supply and the 
HTS magnet, thereby eliminating physical interfaces and thereby 
reducing thermal losses. Additionally, since the HTS magnet is situated 
in a cryogenic environment, using HTS coil on the receiver side can 
significantly enhance transmission performance while reducing the 
additional costs associated with cooling apparatus. Fig. 10 illustrates the 
schematic diagram of this system (Qian et al., 2019).

3.3.2. HTS cable termination
HTS cables, with higher capacity and lower losses compared to 

conventional cables, have increasingly been applied in recent years 
(Endo et al., 2022; Fetisov et al., 2021). Currently, there is a mechanical 
connection between the HTS cables and conventional cables, as shown 
in Fig. 11(a). However, thermal intrusion from the ambient temperature 
section can lead to mechanical degradation, the contact resistance be
tween HTS and conventional cables can cause heat generation, both of 
which can result in poor contact and increased cooling losses (Masuda 
et al., 2007). The HTS-WPT system is a promising solution to these is
sues, as it physically separates the HTS cable section from the ambient 
temperature section where the conventional coils are located, as shown 
in Fig. 11(b) (Inoue et al., 2022b). In this HTS-WPT system, the gap 
between the transmitter coil and the receiver coil is minimal, ensuring 
excellent transmission performance. Furthermore, the HTS cable side 
provides the necessary cryogenic environment for the HTS coil.

3.3.3. Power supply on spacecrafts
Certain specialized systems on spacecraft, such as electronic systems 

and superconducting machines, require operation in cryogenic envi
ronments (Rajashekara and Akin, 2013). However, most current power 
supplies and power electronic circuits function reliably only at room 
temperature. Typically, the design involves isolating the power elec
tronic circuits from the cryogenic environment and supplying power to 
the low-temperature systems via current leads (Bourne et al., 2008). As 
previously mentioned, this design results in significant thermal losses at 
the interface between the cryogenic and room temperature environ
ments, thereby reducing system efficiency. The adoption of HTS-WPT 
systems can ensure the integrity of the cryogenic environment, as 
shown in Fig. 12. Additionally, recent studies have shown that some 
switching components can operate normally and even perform better at 
low temperatures, suggesting that power electronic circuits may have 
superior performance in cryogenic conditions compared to those at 
room temperature (Garrett et al., 2006; Elbuluk and Hammoud, 2005). 
This implies that future spacecraft could potentially operate entirely in 
cryogenic environments, eliminating the need for additional thermal 
insulation layers and simplifying system design. In such scenarios, an 
HTS-WPT system capable of transmitting energy from the external 
room-temperature environment to the sealed cryogenic environment 
within the spacecraft could be indispensable.

4. Discussion

4.1. Developing trend

In the rapid advancement of HTS-WPT technology, identifying and 
addressing key technical challenges is crucial. The following sections 
will delve into these research directions and their potential developing 
trends.
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4.1.1. Strategies to reduce AC losses
HTS coils must operate in cryogenic environments to maintain high 

Q-values and high current density, necessitating additional cooling 
power to compensate for the heat generated by AC losses. Unlike 

conventional WPT systems, the overall losses in HTS-WPT systems 
include not only transmission losses but also the cooling power required 
to maintain the cryogenic environment. As a result, although HTS-WPT 
systems generally exhibit much higher transmission efficiency 

Fig. 10. HTS-WPT system for HTS magnet power supply (Qian et al., 2019).

Fig. 11. Schematic diagram of HTS cable termination. (a) Conventional cable termination. (b) HTS-WPT cable termination.

Fig. 12. Schematic diagram of HTS-WPT system for spacecraft power supply.
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compared to conventional WPT systems, the overall efficiency 
improvement may not be as significant. Therefore, it is essential to 
reduce the AC losses in HTS-WPT systems and lower the required 
cooling power to further promote the application of HTS-WPT 
technology.

One mainstream approach is to reconsider the operating conditions 
of the system. In the early development of HTS-WPT systems, re
searchers initially focused on directly replacing Cu coils in conventional 
WPT systems with HTS coils. However, the experimental results were 
suboptimal. The primary reason is that conventional WPT systems, 
constrained by the material properties of Cu coils, require the selection 
of relatively high resonance frequencies to maximize the Q-value. At 
such high frequencies, the AC losses in HTS coils are substantial, which 
significantly increases the cooling power requirements and severely 
impacts system efficiency. As mentioned in Section 2, the AC losses in 
HTS materials are proportional to the frequency and magnitude of the 
current. To fully leverage the advantage of HTS coils’ high critical cur
rent density, LF, high-capacity HTS-WPT systems have become a 
research focus. Fig. 13 illustrates the relationship between power levels 
and resonance frequencies of experimental setups reported in the ref
erences. It is evident that high-power HTS-WPT systems are trending 
towards LF. Currently, the highest power level reported for an HTS-WPT 
system is 6 kW with a system resonant frequency of 110 kHz (Utschick 
et al., 2021). However, the authors of this study have noted that while 
the experiments were conducted at higher frequencies, there is an 
anticipated improvement in efficiency and accessible power levels by 
reducing the resonant frequency to the lower frequency region 
(Machura and Li, 2021; Jang et al., 2024). have also proposed other 
promising methods to reduce AC losses (Machura and Li, 2021). have 
explored the application of flux diverters in HF HTS-WPT systems. AC 
losses are primarily caused by magnetic fluxes perpendicular to the tape 
surface (Li et al., 2016). In such cases, these fluxes are mainly around the 
edges of the HTS coils, and flux diverters can effectively divert these 
fluxes, thereby reducing the losses. Although flux diverters have been 
shown to effectively reduce AC losses at LF (~50 Hz), their effectiveness 
at HF (>10 kHz) has not been significant (Jang et al., 2024). has 
attempted to minimize AC losses and improve system efficiency by 
optimizing system parameters, including coil parameters (such as coil 
size and the number of turns) and circuit parameters (such as power 
supply voltage, resonant frequency, and load).

In conclusion, before HTS-WPT systems can be fully industrialized, 
research on methods to reduce AC losses in HTS coils and ensuring 
significant improvements in system efficiency will be the most critical 

steps.

4.1.2. Advanced HTS coil materials for enhanced performance
Considering cost and manufacturing constraints, current HTS-WPT 

systems typically use REBCO CC tapes or Bi-2223 Ag-sheathed tapes to 
fabricate HTS coils (Jeong et al., 2018). The detailed fabrication 
methods for both REBCO CC tapes and Bi-2223 Ag-sheathed tapes are 
elaborately described in (Yao and Ma, 2021). For Bi-2223 tapes, the PIT 
method is utilized, starting with mixed oxides and carbonates that are 
calcined to create precursors. These precursors are then packed into a 
metal sheath and mechanically deformed into tapes. Silver (Ag) or Ag 
alloy is employed as the sheath material instead of Cu and other metals 
due to its chemical compatibility with the precursor and its transparency 
to oxygen, which is crucial for facilitating the oxygen exchange neces
sary during heat treatment. For REBCO CC tapes, in addition to the PIT 
method, REBCO films are deposited on biaxially textured buffer layers 
that are coated onto a long, flexible, tape-like metal substrate. To 
enhance environmental protection and thermal stabilization, a thin 
layer of Ag a few micrometers thick and a thicker layer of Cu are applied 
over the conductor.

However, due to the skin effect, HF currents mainly flow through the 
Cu stabilizer in REBCO CC tapes and the silver sheath in Bi-2223 Ag- 
sheathed tapes, severely compromising the coil’s Q-value (Machura 
et al., 2020; Yuan and Shen, 2004). To mitigate this issue, it is necessary 
to remove the outer Cu stabilizer and Ag sheath, but this renders the 
materials difficult to process further. Additionally, for REBCO CC tapes, 
removing the Cu stabilizer exposes the outermost Hastelloy substrate, 
which has low electrical conductivity, significantly increasing the 
conductive losses of the HTS coil.

Sekiya and Monjugawa (2017); Sekiya and Sawada (2023) have 
developed REBCO CC tapes suitable for radio frequency (MHz) WPT 
systems. A comparison between these advanced tapes and conventional 
REBCO CC tapes is shown in Fig. 14. These advanced tapes consist of two 
conventional REBCO CC tapes with the Cu stabilizer removed, allowing 
HF currents to flow within the REBCO layer, which significantly reduces 
coil losses. In terms of Q-value, coils fabricated from these advanced 
conductor tapes achieve a Q-value close to 20,000, which is more than 
4.95 times that of conventional REBCO coils and 21.07 times that of Cu 
coils. However, research on HTS coil materials at LF (kHz) remains 
limited. Balancing the cost and performance of coils, and developing 
suitable HTS coils, is crucial for the broader application of HTS-WPT 
systems in the future.

4.1.3. Component design for low-temperature operation
In the typical application scenarios of HTS-WPT systems mentioned 

in Section 3, not only do HTS coils operate in cryogenic environments, 
but other modules, such as the compensation network and converters, 
also need to function under low-temperature conditions. However, sig
nificant temperature variations can markedly affect both their static and 
dynamic characteristics. Besides HTS coils, HTS-WPT systems include 
the following components: 1) switching components, including diodes 
and active switches such as MOSFETs; 2) passive components, including 
inductors, capacitors, and resistors in power or control circuits; and 3) 
integrated circuits, including control circuits and gate drive circuits. 
Investigating the operational characteristics of these components at low 
temperatures is crucial for ensuring the safe and reliable operation of 
HTS-WPT systems.

Some literature has studied the performance of conventional 
switching components, passive components, and integrated circuits at 
low temperatures, providing a certain understanding of their low- 
temperature characteristics. However, to fully leverage the advantages 
of HTS-WPT systems, it is necessary to further design components spe
cifically for low-temperature operation, such as the HTS capacitors 
mentioned in Section 2.

Fig. 13. Relationship between power levels and resonance frequencies of 
experimental setups reported in References.
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4.1.4. Other auxiliary functions
Currently, research on HTS-WPT systems primarily focuses on one 

transmitter coil to one receiver coil static energy transfer. However, 
similar to conventional WPT systems, HTS-WPT systems need to incor
porate auxiliary functions to ensure stable and reliable energy transfer 
across different application scenarios.

Inoue et al., (2023b); Tian et al., (2022) have investigated methods 
to enhance the misalignment tolerance of HTS-WPT systems (Inoue 
et al., 2023b). examines the impact of coil structure on the misalignment 
tolerance of HTS-WPT systems. The study finds that compared to using 
circular HTS coils, employing non-circular HTS coils results in more 
robust received power and system efficiency against misalignment. It is 
recommended to use long rectangular or elliptical coils in the longitu
dinal direction of the track in WPT systems with significant lateral 
misalignment to improve system efficiency (Tian et al., 2022). explores 
an optimal current algorithm based on energy beam-forming technol
ogy, where optimal current vectors are obtained by utilizing information 
on different input impedance characteristics of the transmitting coils, 
thus achieving maximum output power tracking for various receiver 
positions.

Do Chung and Lee (2023) investigates a multi-frequency HTS-WPT 
system that employs two power sources of different frequencies to 
supply power to the load through two physically independent HTS-WPT 
systems, as illustrated in Fig. 15. The study concludes that better 

transmission performance is achieved when the frequency difference 
between the two power sources is large, due to reduced electromagnetic 
interference. Additionally, with shielding between the two HTS-WPT 
systems, the electric field energy between the transmitting and 
receiving coils is stronger.

Compared to conventional WPT systems, research on these auxiliary 
functions in HTS-WPT systems is still in its infancy and remains sparse 
and incomplete. As HTS-WPT technology continues to mature, more 
detailed investigations into these auxiliary functions will be necessary.

4.2. Limitation

So far, the primary limitation in the development of HTS-WPT sys
tems is the need for additional cooling apparatus to maintain the cryo
genic environment. On one hand, this increases losses and lowers the 
overall system efficiency. On the other hand, the installation of cooling 
equipment reduces the system’s power density and adds to its 
complexity. These factors offset the potential performance improve
ments that HTS coils could bring to WPT systems.

Another limitation is the current manufacturing level of HTS mate
rials. As mentioned earlier, commonly used superconducting tapes have 
Cu stabilizers or Ag sheaths, which are significantly affected by the skin 
effect at high frequencies. Furthermore, studies have shown that 
excessive bending of these superconducting tapes can result in the loss of 

Fig. 14. Structures of REBCO CC tape. (a) Conventional REBCO CC tape. (b) Advanced REBCO CC tape in (Sekiya and Monjugawa, 2017).

Fig. 15. Schematic diagram of the multi-frequency HTS-WPT system in (Tian et al., 2022).
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superconductivity, further complicating the fabrication of HTS coils 
(Jeong et al., 2015; Yoo et al., 2018).

Finally, the characteristics of the various components in the WPT 
system may change at low temperatures, thus affecting system reli
ability. In order to ensure better and stable system performance of the 
HTS-WPT system at low temperatures, it is necessary to investigate and 
verify the system performance in detail.

In conclusion, while HTS-WPT systems hold significant promise for 
enhancing WPT performance, several key challenges such as the ne
cessity of a complex cooling system, limitations in the current state of 
HTS material manufacturing, and changes in component properties at 
low-temperatures need to be tackled. Only by addressing these issues 
can the full potential of HTS-WPT systems be realised, paving the way 
for more efficient and reliable WPT technologies.

5. Conclusions

This article provides a comprehensive and in-depth review of the key 
topics, major characteristics, recent technological breakthroughs, and 
potential applications of HTS-WPT technology. The main contributions 
are summarized below:

(1) The article provides a detailed classification of HTS materials, 
highlighting critical parameters including transition tempera
ture, critical magnetic field strength, and critical current density. 
By leveraging the higher maximum current density and lower 
losses of HTS materials, it is feasible to fabricate circuit compo
nents such as HTS inductors and capacitors, significantly 
enhancing the efficiency and power density of WPT systems.

(2) The article systematically reviews the parameters and configu
rations of current HTS-WPT systems, analyzing the benefits and 
limitations of HTS technology. It points out that replacing Cu 
coils with HTS coils in conventional WPT systems has the po
tential to significantly enhance the transmission performance. 
Notably, in applications scenarios where cryogenic environments 
already exist, HTS-WPT systems can fully exploit their advan
tages, resulting in substantial improvements in system efficiency 
and power density. Based on this perspective, three potential 
application scenarios are recommended: power supply for HTS 
magnets, HTS cable terminations, and power supply for speci
alised systems on spacecraft.

(3) The article identifies recent technological advancements in HTS- 
WPT systems and proposes future research directions. It empha
sizes the necessity of reducing AC losses, developing advanced 
HTS material tapes, and comprehensively analyzing changes in 
component characteristics at cryogenic temperatures. Addressing 
these challenges is crucial for the further promotion and devel
opment of HTS-WPT systems.

This critical review aims to provide a comprehensive understanding 
of HTS-WPT systems and outline a blueprint for future research and 
practical applications. The main limitations involve the costs and losses 
associated with cooling apparatus, and the current state of HTS material 
manufacturing. By optimizing the operating conditions of HTS-WPT 
systems and selecting suitable application scenarios, these limitations 
can be mitigated, ultimately contributing to the realization of more 
efficient and sustainable WPT technologies.
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