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Revolution of Electric Vehicle
Charging Technologies
Accelerated by Wide
Bandgap Devices

This article introduces the evolution of wide bandgap devices and their impact on the
development of electric vehicle charging equipment.

By S1QI LI, Member IEEE, S1ZHAO LU, Member IEEE, AND CHUNTING CHRIS MI

ABSTRACT | This article presents the state-of-the-art electric
vehicle (EV) charging technologies that benefit from the wide
bandgap (WBG) devices, which is regarded as the most signifi-
cant revolution in the power electronics industry in the past few
decades. First, the recent WBG device technology evolution,
performance comparison, and reliability issues are introduced.
Then, topology development, efficiency and power density
boost, and cost reduction brought by the WBG devices for EV
charging equipment, such as onboard chargers, fast-charging
stations, and wireless chargers, are discussed. A figure of
merit (FOM) for evaluating the performance of wireless charg-
ers is also proposed. Finally, the EV charging technology
roadmap forecast is presented based on the WBG devices’
evolutionary trends.

KEYWORDS | Electric vehicle (EV); fast charger; onboard
charger (OBC); wide bandgap (WBG) devices; wireless power
transfer (WPT).

NOMENCLATURE
EVs Electric vehicles.
OBC  Onboard charger.
SAE Society of Automotive Engineers.
SOC  State of charge.
WBG  Wide bandgap.
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SiC Silicon carbide.

GaN Gallium nitride.

SBD Schottky barrier diode.

2DEG 2-D electron gas.

MOSFETs Metal-oxide—semiconductor field-effect
transistors.

JFETSs Junction field-effect transistors.

HEMT High electron mobility transistor.

E-HEMT Enhancement HEMT.

IGBT Insulated gate bipolar transistor.

GTO Gate turn-off thyristor.

PFC Power factor correction.

DNPC Diode neutral-point-clamped converter.

MV Medium voltage.

SST Solid-state-transformer.

IPT Inductive power transfer.

CPT Capacitive power transfer.

WPTFOM  Figure of merit for a WPT system.

L.INTRODUCTION

Compared with traditional fossil fuel vehicles, the advan-
tages of EVs in energy saving, environmental friendliness,
and acceleration performance have made them prosper in
recent years. Besides the cost aspect, range anxiety is a
major consideration by pure EV users [1]. Fast, efficient,
and convenient charging is very important for the further
penetration of EVs. EVs are usually equipped with an OBC.
In the United States, when the charger is connected to a
convenient 120-V outlet, the charging rate will be limited
to Level 1 power as defined in SAE standard J1772 [2]. The
maximum charging power is 1.92 kW as per Level 1 profile.
When there is a dedicated EV supply equipment (EVSE)
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or a 208-V/240-V outlet, the output power of the OBC
can be increased to Level 2 for semifast charging with the
maximum allowable charging power up to 19.2 kW. The
power of an OBC is limited by cost, volume, and weight
constraints in a vehicle. Most original preinstalled OBC for
light-duty vehicles (LDVs) is far below 19.2 kW. Chevrolet
Bolt EV has a 7.2-kW OBC [3]. The power of Tesla Model 3
and Model S OBC ranges from 7.6 to 11.5 kW [4]. With a
level 2 OBC, the miles of range for an EV can be restored
at a rate of 20-50 km/h, which means that it will take
approximately 10 h to obtain a cruising range similar to
that of an internal combustion engine car. There is an
urgent need for charging power of tens to hundreds of
kilowatts to replenish a considerable cruising range in a
few minutes; thus, the range anxiety can be alleviated. Fast
or ultrafast dc charging equipment, which can provide a dc
current directly to the battery, has been developed to meet
the demand. The SAE J1772 defines two dc fast-charging
power levels: dc Level 1 and dc Level 2. The maximum
power of dc Level 1 is 80 kW, and the maximum power of
dc Level 2 is 400 kW. There are also a few other compet-
ing dc fast-charging standards, such as CHAdeMO, Tesla
supercharger, and GB/T 20234.3. Tesla has achieved the
145-kW output capability of its supercharger v2 in 2019.
The latest supercharger v3 has a maximum charging power
of 250 kW. Considering that most of Tesla’s battery pack
capacity ranges from 75 kW to 100 kWh, the maximum
charging rate will be higher than 2 C. However, the allow-
able charging rate is inversely proportional to the SOC
of the battery [5]. When the SOC increases, the charging
power decreases linearly. The maximum power cannot be
maintained during the entire charging process, which will
significantly increase the charging time. It usually takes
about 30-60-min recharge time to reach 80% SOC for most
EVs using fast-charging stations.

Wireless charging has also gained special considera-
tion due to its convenience and safety. The SAE released
the recommended practices for EV wireless charging
SAE J2954 in 2016 and made two rounds of revisions
in 2017 and 2019. China also published its latest wireless
charging standard GB/T 38775 in May 2020. In 2018,
BWM has announced its inductive wireless charging pro-
gram for the plug-in hybrid sedan. In June 2020, Momen-
tum Dynamics and Jaguar Land Rover together initiated
the wireless charging electric taxi program in Oslo, Nor-
way. Dynamic online wireless charging can also reduce
the battery capacity, thereby greatly reducing the cost
of EVs, but requires a substantial investment in road
infrastructure [6].

Fig. 1 shows the current number of EVs and charging
infrastructure. Battery EVs (BEVs) and plug-in hybrid EVs
(PHEVs) are growing rapidly every year. It is estimated
that, by 2025, the number of EVs will increase to 50-80
million. By 2030, it will increase to 140-245 million, which
is more than 20 times that of 2019 [7]. The continuously
increasing EVs have brought a strong demand for improve-
ment of charging technology.
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Fig. 1. Growth trends of EVs and charging infrastructures (data
extracted from [7]). (a) EVs (BEV and PHEV). (b) Publicly accessible
chargers.

Whether the charging device is on the ground or on the
vehicle, wired or wireless, the energy conversion efficiency
is of paramount importance. For the large number of
EVs, even a slight improvement in efficiency can save a
significant amount of energy. More importantly, the high
efficiency in high-power applications is conducive to the
size and cost reduction of the passive components and
cooling systems; thus, the overall power density can be
significantly improved [8]. In addition to efficiency and
cost, power density and reliability are more valued on
the vehicle side, while, on the ground side, cost and
power capacity are more important considerations. Tech-
nologies related to EV charging equipment are constantly
evolving to improve efficiency, power density, and power
capacity while reducing costs. New topologies, pulsewidth
modulation strategies, magnetic materials, and semicon-
ductor power devices are the source of technological
advancement in charging equipment. Among the above,
power semiconductor devices are the most basic and key
technologies that determine and influence the evolution
of all other peripheral technologies. Their performance
and characteristics play a decisive role in the efficiency
and power density of EV charging equipment. Traditional
silicon-based power semiconductors have already reached
their theoretical limits after a few decades of develop-
ment [9]. The WBG material, which has a relatively larger
energy gap between the conduction band and the valence
band, is considered to be a new generation of materials
that can greatly improve the performance of power semi-
conductor devices. The performance of the first generation
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of WBG devices, such as the very early design of SiC
MOSFET [10], has broken through the theoretical limit of
silicon devices. A high-power-density battery charger with
97% efficiency has already been developed using WBG
devices [11].

In the past two decades, the WBG wafer fabrication
processes have continued to develop, and the performance
has improved, while the cost has dropped significantly.
More and more WBG devices have been used and intro-
duced in research projects and mass productions. The
following sections will introduce the evolution from WBG
devices to EV charging technology over the past few
decades.

II. OVERVIEW AND
ART WBG DEVICES
A. Material Basics

STATE-OF-THE-

For all materials, there are conduction bands and
valence bands, as shown in Fig. 2. When the electrons in
the valence band jump to the conduction band forming free
electrons, the material will exhibit conductive properties.
For semiconductor materials, there is an obvious energy
gap between the conduction band and the valence band.
This energy gap is also called the forbidden band. Gen-
erally, semiconductor materials with an energy bandgap
greater than 2.2 €V are called WBG materials [12].

Due to the WBG, the intrinsic carrier density is much
lower than that of silicon. The low intrinsic carrier density
ensures high-temperature operation, low reverse recovery,
and low leakage current. The breakdown field charac-
terizes the dielectric strength of the material. The high
breakdown field makes WBG devices more competitive
in high-voltage and high-power devices. Also, a high
breakdown field means thinner layer thickness or shorter
channel length to block the high voltage, ensuring a low
ON-resistance. High electron mobility is also beneficial for
achieving low ON-resistance. Thermal conductivity deter-
mines heat dissipation capability, which is essential for the
power density of the device.

The most highly touted WBG materials for now and
the near future are SiC and GaN. There are more than
200 recognized polytypes of SiC, among which 3C-SiC,
6H-SiC, and 4H-SiC are the most commonly studied.
4H-SiC is superior to 3C-SiC in terms of critical electric
field strength, and the mobility anisotropy is much smaller

than that of 6H-SiC. With the development of single-
crystal wafer growth methods, 4H-SiC has become the
most suitable and almost exclusive material for power
device applications [12]. Unless otherwise specified, all
SiCs will represent 4H-SiC hereafter.

To evaluate the semiconductor material performance,
various definitions of the figure of merit (FOM) have been
proposed. In 1965, Johnson FOM (JFOM) was derived by
defining the power—frequency product, which represents
a transistor’s voltage—ampere, power gain, and frequency
performance [13]. In 1982, Baliga FOM (BFOM) was
proposed, which represents the power-handling capability
per unit area of a power device[14]. In 2004, Huang [15]
proposed three new FOMs, among which the Huang mate-
rial FOM (HMFOM) takes the switching losses into con-
sideration and is inversely proportional to the material
minimum power loss. The JFOM, BFOM, and HMFOM
values are given in Table 1. Under all definitions, SiC and
GaN materials have much higher FOMs than that of Si.
As the fabrication matures, the performance revolution
of power semiconductor devices is advancing rapidly to
achieve the full potential of WBG materials.

B. Wafer Fabrication and Cost

The material wafer substrate is the starting point for
manufacturing power semiconductor devices. Larger and
high-quality wafers are required for the commercialization
of WBG devices. For the last two silicon wafer size tran-
sitions, from 150 to 200 mm and from 200 to 300 mm,
the cost per chip area of silicon-based devices has been
reduced by approximately 30% each time. Therefore,
in the past two decades, how to make larger WBG wafers
with low defects has always been a hot research topic.

In 1997, Cree, a leading SiC power device company,
developed a high-quality 50-mm SiC wafer with micropipe
density as low as 1.1 ecm™2 [19]. In the next few years,
75- and 100-mm SiC wafers were developed by Infineon
and Cree, respectively [20]. In 2010, high-quality 150-mm
SiC wafers were developed by Cree. In 2015, 200-mm
SiC wafers were demonstrated by both Wolfspeed [21]

Table 1 Material Properties and FOM Comparison [16]-[18]

M si AHSIC  GaN
Bandgap energy E, (eV) 1.1 3.26 3.39
Critical electric field Ec (MV/cm) 0.3 2.0 3.3
Electron mobility 1 (cm?/V-s) 1350  720°/650° 900
Saturation drift velocity vs 1.0 2.0 2.5
Relative dielectric constant & 11.8 10 9.0
Thermal conductivity A 1.5 4.5 13
JFOM™ = E v, /21 1.0 13.3 27.5
BFOM' = S,UE(S 1.0 133.9 676.8
HMFOM"® = E(_ \/; 1.0 4.87 8.98
Note: " - All FOM data are normalized against silicon, ® -
mobility along a-axis, © - mobility along c-axis

PROCEEDINGS OF THE IEEE 3



Li et al.: Revolution of EV Charging Technologies Accelerated by WBG Devices

50mm

150mm O

100$/cm?

Unit area cost ($/cm?)

1$/cm?

GaN-on-Si SiC
Wafer materials
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(rebranding from Cree’s power and RF division) and II-VI
Incorporated [22]. As the 150-mm SiC wafer manufactur-
ing process matures, the price of commercial SiC devices
has decreased by 80% compared to ten years ago. When
switching to 200-mm wafers in the near future, the price
of SiC may be reduced to half of the current price, which
means that the SiC devices will cost only 1.5 times that of
Si devices with the same ratings [23].

Compared with SiC, the progress in the manufactur-
ing process of GaN wafers is relatively slow. In 1998,
Kim et al. [24] have grown a thick GaN wafer on a
sapphire substrate using the hydride vapor phase epi-
taxy (HVPE) method. Then, the sapphire substrate was
removed to obtain a 10 mm x 10 mm free-standing GaN
substrate [24]. Later, in 2000, a 50-mm GaN wafer was
fabricated also using the HVPE method [25]. In 2013,
a 100-mm GaN wafer was reported using the HVPE
method [26]. In 2017, a 175-mm GaN wafer was first
fabricated using a tiling method together with HVPE
by SCIOCS [27]. HVPE has become the most popular
method for the epitaxial growth of GaN wafers. Although
the larger size and lower dislocation GaN wafers have
been obtained in the laboratory, there is no existing
tool for mass production, which makes the cost of GaN
wafers high. In 2018, the cost of a 50-mm GaN wafer
is about $2.000, and the cost of a 150-mm SiC wafer is
about $900 [28]. It means that the cost per unit area
of GaN wafers is about 20 times that of SiC wafers.
The fabrication difficulties of GaN wafers lead to enormous
disparity in actual device performance and theoretical
material characteristics. To take advantage of GaN materi-
als, an alternative way is using a GaN-on-Si substrate. Vari-
ous methods of heteroepitaxial growth of GaN materials on
silicon wafers are proposed [29]. An attractive point is that
GaN-on-Si wafers are compatible with the production lines
commonly used in the semiconductor industry. Thus, GaN-
on-Si substrates of 150 to 200 mm are very cost-effective
as they can be manufactured using existing depreciated sil-
icon fabricating facilities [30]. In 2018, the cost of 200-mm
GaN-on-Si wafers was less than $1/cm?, which means that
the cost per unit area was only 1/5 of SiC wafers [31].
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The comparison of different WBG wafer sizes and unit area
costs is given in Fig. 3. In contrast, the price per square
centimeter of a 300-mm Si wafer is about $0.5. The wafer
cost of WBG and Si materials has become very close. The
use of WBG devices as the key devices in high-performance
EV charging applications is already affordable.

C. Devices Structures and Performance

1) WBG Diodes: Since the manufacture of SiC bulk
wafers is very mature, the vertical structure of SiC diodes
suitable for power applications is usually adopted. The
basic structures of SiC diodes are no different from Si
diodes, as shown in Fig. 4. For the structure of Schottky
in Fig. 4(a), the N-epitaxial layer forms a Schottky contact
with the anode metal, which brings a low forward voltage
drop and a fast reverse recovery process to the SBD.
In multikilovolt high-voltage applications, the SiC p-i-n
structure is usually adopted, as shown in Fig. 4(b). The
p-i-n structure adds an additional N-layer to the traditional
p-n diodes. Due to the high critical electric field strength of
SiC, the drift region is much thinner than that of Si p-i-n
diodes. This means that much less charge is stored in the
drift region, which is conducive to high switching speed
and fast reverse recovery. As a bipolar device, the conduc-
tivity modulation effect of the SiC p-i-n diode can maintain
a low ON-resistance even at high current densities. The
downside of the SiC p-i-n diode is its higher ON-state
voltage drop due to the large energy bandgap. Fig. 4(c)
shows the junction barrier Schottky (JBS) or merged p-i-n
Schottky (MPS) structure, which is composed of a Schottky
part and a p-i-n part in parallel. It combines the structure
of Schottky and p-i-n diodes and takes the advantage of
both [34]. Due to the addition of P+ pitches, the voltage
blocking capacity of a JBS diode is about 20% higher
than an SBD diode with the same epitaxial layer [35].
The SBD and JBS/MPS diode are suitable for 600~3300-V
applications, while the p-i-n diodes are for even higher
voltage. As an example, a 21.7-kV SiC p-i-n diode was
fabricated and tested in 2012 [36].

Once the substrate and epitaxial layers in Fig. 4 are
replaced by corresponding GaN materials, GaN diodes
can be realized. GaN power devices fabricating on native
bulk GaN substrates are called GaN-on-GaN devices [37].
Although the performance of GaN-on-GaN devices is very
attractive, the cost of free-standing GaN wafers is too high.

Anode
Ohmic contact

Anode
Schottky metal / Ohmic contact

Anode
Schottky metal

Cathode Cathode

(a) (b) (c)

Cathode

Fig. 4. Sic diodes structures. (a) Schottky. (b) p-i-n. (c) JBS/MPS.
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Considering the cost issues, diodes based on GaN-on-Si
wafers have been studied recently. There are two basic
configurations of GaN-on-Si diodes. One is the vertical
structure, as shown in Fig. 5(a). The GaN-on-Si diodes
also have a lateral form, as shown in Fig. 5(b). A 2DEG
is generated at the heterojunction of the AIN and GaN
layers. Due to the high electron mobility in the 2DEG, high
conductivity can be realized between the anode and the
cathode.

2) WBG Diodes’ Performance: The relationship between
specific ON-resistance Ronsp, which is the ON-resistance per
unit wafer area, and the breakdown voltage Vg is usually
used to evaluate the conduction performance of a power
device. The theoretical Ronsp limit of the material can be
calculated as

4V

eE? )]

Ronsp =

where p is the electron mobility, ¢ is the relative dielectric
constant, and FE. is the critical electric field. It is derived
using the unipolar 1-D device model [40]. Fig. 6 shows
the performance statistics of recent SiC and GaN diodes.
The theoretical Ronsp of SiC and GaN diodes are two to
three orders lower than that of the silicon diodes, which
means a great potential in loss reduction and efficiency
improvement. As early as 1999, the reported SiC Schottky
diode had reached the theoretical material limit [41]. With
the maturity of SiC wafer fabrications, SiC Schottky diodes
have already been commercialized and widely used in EV
high-performance chargers. In the case of GaN diodes,
the recently reported GaN-on-Si lateral SBD [42] and GaN-
on-GaN SBD [37] are still far from the material limit.
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Fig. 6. Ronsp versus breakdown voltage of WBG diodes.

However, the GaN-on-Si Schottky diodes have already
exceeded the SiC limits. Considering the maturity and low
cost of GaN-on-Si wafers, it is quite possible that the GaN-
on-Si lateral SBD is commercialized in the near future.

The oN-resistance of the bipolar p-i-n diodes can be
much smaller than the 1-D limit due to the conductivity
modulation. The respective unipolar device limits have
been broken by both the SiC and GaN p-i-n diodes [43].
One drawback of the p-i-n diode is that its initial turn-on
voltage drop and switching losses are much higher than
those of SBD. The WBG p-i-n diode is more suitable
for high-voltage high-power and relatively low switching
frequency applications.

Fig. 7 demonstrates the switching performance of the
WBG diodes compared with Si diodes. In Fig. 7(a),
the reverse recovery current of a 4.5-kV SiC JBS is less
than 1/5 of a Si 4.5-kV p-i-n diode. Also, the reverse
recovery time is significantly shorter than the Si p-i-n
diode. In Fig. 7(b), a vertical GaN-on-Si p-i-n diode is
compared with a commercial fast recovery silicon diode
UF4004. The reverse recovery current of the GaN diode
is only 1/7 that of the comparative diode. In addition,
the switching characteristics of GaN diodes remain almost
unchanged over a wide temperature range.

3) Unipolar WBG Power Transistors: MOSFET and JFET
are two common types of unipolar transistors, which use

450 Fully vertical GaN-on-Si diode
. 300 / At all temperatures

Current (A)
Voltage (kV)
(m.
)

0 05 1.0 15
Time (us)

(a) (b)

20 25 30 900

Fig. 7. Diodes reverse recover current comparison. (a) 4.5-kV Si
p-i-n versus SiC JBS [44]. (b) GaN-on-Si versus ultrafast Si [38].
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only majority carriers to conduct current. SiC has SiO-
as its native and stable oxide, which is essential for
fabricating SiC MOSFET. Research and commercialization
of SiC MOSFETs have made considerable progress with
the development of SiC wafer manufacturing technology.
When the reverse blocking voltage is not too high, the
lateral structure, as shown in Fig. 8(a), can be used.
The gate, drain, and source terminals of the lateral SiC
MOSFET can be configured on the top surface, which is
particularly suitable for monolithic integration with other
circuits.

The vertical structure of the SiC MOSFETs shown
in Fig. 8(b) is preferable for high-voltage and high-power
applications. Since its structure is not much different from
that of silicon MOSFET, the development of SiC MOSFET
is very rapid. The performance of the vertical structure SiC
MOSFET is very close to its theoretical limit [47]. There are
already many cost-effective SiC MOSFETs on the market.
Manufacturers such as Infineon, Wolfspeed, and ROHM are
offering on-the-shelf SiC MOSFETs from 600- to 1700-V
voltage ratings.

SiC can also be made into corresponding JFET devices.
Compared with MOSFET, JFET has the advantages of low
ON-resistance and high reliability. However, its main dis-
advantage is that it can only work in the depletion mode,
which means that JFET is a normally-on device [48]. For
power electronics applications, it is undesirable to have
an oN-state JFET before applying the control power. As a
solution, a low-voltage Si MOSFET is usually connected to
the SiC JFET in a cascode form to make a power device
that is normally-off, as shown in Fig. 9.

Due to the maturity of the wafer fabricating process,
the GaN-on-Si FET has received extensive attention and

Drain

SiC
high voltage
JFET

Silicon

low votlage
MOSFET

Gag e

© Source

Fig. 9. Cascode normally-off SiC JFET.
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research. Its typical structure is shown in Fig. 10(a). Like
the lateral GaN diode, the lateral GaN FETs utilize high
electron mobility in the 2DEG to conduct current. This type
of device is called the HEMT. In Fig. 10(a), the 2DEG exists
even when the gate-to-source bias voltage is zero, so it is
a normally-on depletion transistor. A cascode low-voltage
Si-MOSFET can be applied to form a normally-off power
device. Despite the cascode form, a true normally-off
GaN E-HEMT can be realized by deploying a P-GaN layer
between the gate and the AlGaN barrier. By appropriately
designing the doping concentration and layer thickness,
the P-GaN layer is able to deplete the 2DEG under the gate
electrode, making it a normally-off power device [30].

Since the lateral GaN HEMT does not have a junction
structure, there is no avalanche phenomenon for lateral
GaN devices. The over voltage breakdown for a GaN device
will be destructive. In general, the actual breakdown volt-
age for GaN devices is much higher than the rated voltage.
The 650-V GaN devices from Transphorm break down at
over 1300 V [49]. The reason for designing such a high
breakdown voltage is mainly from the consideration of the
dielectric lifetime model.

To fully utilize the GaN material potential, vertical
GaN-on-GaN devices are also proposed recently. Fig. 10(b)
shows the structure of a normally-off vertical GaN-on-GaN
Fin FET studied in 2017. Recently, vertical FETs based
on cost-effective GaN-on-Si wafers have also been stud-
ied [50]. However, compared with the lateral structure,
the ON-resistance of the GaN-on-Si vertical structure does
not show many advantages due to the series resistance
introduced by the buffer layer [51].

4) Bipolar WBG Power Transistors and Thyristors: Both
majority and minority carriers are used by bipolar power
devices to conduct current. Conductivity modulation is
achieved by injecting minority carriers into the drift region,
ensuring a low ON-resistance of the device even at high
current density. The switching speed of the bipolar device
is slower than the unipolar devices due to the stored charge
in the drift region. Due to the high breakdown electric
field, the drift region of a WBG bipolar device is much
thinner than that of a silicon device. The stored charge in
the drift region is one order of magnitude lower than that
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of silicon devices. Furthermore, the lifetime of minority
carriers is two orders of magnitude shorter [52]. The
switching frequency of WBG bipolar devices is expected
to be much higher than the corresponding silicon devices.
As a high-voltage and high-power device, most bipolar
power devices have a vertical structure. Due to the lack of
high-quality, low-cost, free-standing GaN wafers, there is
less research on GaN bipolar devices. The most commonly
seen bipolar WBG devices are SiC bipolar junction transis-
tor (BJT), SiC IGBT, and SiC GTO. The typical structures
of the SiC bipolar devices are shown in Fig. 11. The
comparison of applicable voltage and current ratings of
SiC MOSFET, SiC IGBT, and SiC GTO/Thyristor is given in
Fig. 11(d).

5) Performance of WBG Transistors and Thyristors: Sim-
ilar to diode performance statistics, Ronsp Versus Vp is
also used to evaluate the performance of WBG transistors
and thyristors, as shown in Fig. 12. Research results in
2009 [53] and 2017 [54] show that SiC JFET and MOSFET
almost reach the material limit. SiC JFET and MOSFETs
have already been on the market for more than ten years.
For the performance of GaN-on-Si [55], [56] and GaN-
on-GaN [57] FETs, although it is still far from the GaN
material limit, it is very close to the SiC material limit.
Considering that the cost of GaN-on-Si wafers is much
lower compared to SiC, lateral GaN HEMTs have developed
rapidly, and commercial devices have also been on the
market for a few years.

The theoretical Ronsp limit is derived base on the 1-D
device model. The superjunction (SJ) structure proposed
in the 1990s is a major breakthrough in the field of
power semiconductors [62]. A number of thin P- and

N-type layers are configured alternatively to form a 2-D
structure. Compared with the 1-D structure, the electric
field is more uniform, and a thinner drift layer can be used
under the same breakdown voltage. Moreover, the doping
concentration can be increased. The thinner drift layer
and higher doping can reduce the ON-resistance by two
orders of magnitude. The theoretical Ronsp limit for an SJ
structure is given in [62] as

4dVp

— @)

Ronsp =

where d means the thickness of the thin P- and N-layers.
Thinner layers can significantly reduce the ON-resistance,
but the fabricating process becomes more difficult. The
dashed lines in Fig. 12 show the theoretical limit of Ronsp
for the SJ device when d is 1 um. The SJ structure promises
a further improvement in the performance of the WBG
devices. In 2014 and 2018, 1545-V/1.06-m{) - cm? and
1170V/0.63-mS - cm?® SiC SJ MOSFETs were designed
and fabricated, respectively [63], [64]. Ronsp has already
broken through the limit of the SiC 1-D device. The process
of GaN material fabrication is more challenging. GaN SJ
devices are still in the simulation research phase, and so
far, there are no fabricated GaN SJ FETs available [65].
There are already a number of commercial WBG power
devices on the market with a voltage rating below 1700 V.
The Ronsp versus Vg figure is mainly related to the
device statics performance. To evaluate the switching
dynamic performance, other FOMs, such as Rony - Qq-
and Ron - Coss, are usually referred to, where Roy is
the device ON-resistance, @, is the gate charge when
switching, and Coss is the output equivalent capacitance.
The reverse recovery time ¢, and charge Q. are also
associated with switching losses and affect the switching
frequency. Table 2 gives a comparison of seven state-of-
the-art power devices from different manufactures. All the
devices have a maximum blocking voltage of 650 V and
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Table 2 Performance Comparison of Silicon, SiC, and GaN Devices

Model Manufacture Device Type Ro,.(r'nQ) Ron Qs i tr(ns) Qr(nC)  Ren@125°C"
Typical (mQ:nC)  (mQ-pF)
IPW65R041CFD Infineon Si S) MOSFET 37 11100 14800 250 1900 2.16
SCT3030AL Rohm SiC MOSFET 25 2600 2225 26 130 1.6
SCTH100N65G2 ST SiC MOSFET 20 3240 5340 26 370 131
IMZA65R027M1H Infineon SiC MOSFET 27 1701 6588 102 239 1.22
UF3C065030B3 UnitedSiC SiC Cascode JFET 27 1377 7911 34 211 13
GS66516T GaN System GaN E-HEMT 25 302.5 3250 0 0 2.25
TP65H035WSQA Transphorm Cascode GaN HEMT 35 840 6860 65 178 1.75
* Normalized to Ron @ 25 °C

similar ON-resistance, and the smaller Rox - Qg, Ron - Coss,
trr, and Qrr, the better the high switching characteristics.
From Table 2, the silicon SJ MOSFET has the largest
Ron - Qg, Ron - Coss, tir, and @, which means that its
switching characteristics are the worst. Also, silicon MOS-
FET has the second highest normalized Rox @ 125 °C. SiC
and GaN power devices have exceeded the performance
of Si MOSFETs in almost all aspects. The revolution of
WBG devices to replace traditional Si MOSFETs is already
underway.

D. Driving Issues

For WBG devices in modular form, a dedicated driving
circuit is usually provided by the manufacture or a profes-
sional third party. Most researchers and engineers will face
how to design a driving circuit for discrete WBG devices.
Driving WBG devices is similar to driving Si MOSFETs as
most WBG devices are voltage-controlled devices. Special
attention should be paid to the difference in driving voltage
between the WBG device and the silicon device. Usually,
the recommended turn-on gate voltage of SiC MOSFETs
is higher than Si MOSFETs, while the threshold voltage
Vi is about the same or even lower compared with Si
MOSFETs. To avoid spurious gate turn-on induced by high
di/dt during the switching actions, a negative turn-off
voltage is usually required for SiC devices. Compared with
Si MOSFETs, the maximum allowable gate voltage range
of SiC is narrower, which means that the safety margin of
the gate voltage is narrowed.

The gate voltage safety margin problem of the GaN
device is more serious. The gate-ON voltage for GaN
E-HEMTs can be only 5-6 V. The low driving voltage signif-
icantly reduces the driving power requirement, especially
in MHz switching applications. However, the maximum
allowable gate voltage of GaN E-HEMT is less than 10 V.
For example, the maximum allowable gate dc voltage of
GaN Systems 66516T is only 7 V. The gate voltage safety
margin of the enhanced mode GaN devices can be as low
as 1V, which is the major challenge for the driving circuit
design.

The normally-off cascode device consists of a normally-
on depletion WBG device and a low-voltage MOSFET
structure. The gate drive characteristics are determined
by the low-voltage MOSFET, and its driving requirements

8 PROCEEDINGS OF THE IEEE

are exactly the same as the low-voltage MOSFET. For the
cascode structure, standard silicon gate driving techniques
can be applied directly. There are two problems brought
by the cascode structure. One is the reverse recovery
caused by the low-voltage silicon MOSFET, and the other is
voltage distribution in the dynamic switching process. It is
imperative to match the output capacitance of the high-
and low-voltage devices. If the matching is not appropriate,
it will cause an avalanche breakdown of the low-voltage
device and increase losses [66].

A driving characteristics comparison of different struc-
ture power devices is given in Fig. 13. It can be seen that
the GaN E-HEMT has the narrowest safety margin against
the gate overvoltage breakdown and spurious turn-on.
Infineon uses another way to improve the gate ruggedness
in their CoolGaN products [67]. A similar gate structure
can also be found in Panasonic X-GaN products. A self-
clamping p-gate structure is adopted to solve the over
voltage sensitivity brought by the reverse Schottky p-gate
structure. The drawback is that a special current source
driver of a few milliamperes is required, which may slightly
increase the driving loss.

E. Reliability Concerns

With the advanced performance of SiC and GaN power
semiconductors, more and more power electronics con-
verters are migrating from silicon to WBG. Due to the
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Fig. 14. Short-circuit endurance comparison [72].

ruggedness of WBG devices in terms of temperature,
breakdown voltage, and avalanche energy, in most cases,
WBG devices can take the place of Si devices when a
proper driving circuit is designed. Various research works
have also been conducted to ensure the reliability of WBG
devices.

1) SiC Diode Reliability: Infineon studied the reliability
of SiC MPS diodes through various tests in 2006 [68].
The diode can withstand continuous avalanche power
dissipation of 20 W/mm? for 1000 h. The switching dv/dt
ruggedness was also tested under 90 V/ns for more than
3.6 x 10* cycles at 150 °C. In addition, the current stress
test was carried out for 1 h under the condition of current
density as high as 4.6 kA/cm?, which is equivalent to
3.6 x 10° times of 10-ms half-sine wave surge current.
After all the extreme stress tests, the diode has no notice-
able degradation, showing a large margin of reliability
when using SiC diodes under normal conditions.

2) Gate Reliability: The gate reliability of SiC MOSFET
is usually considered to be more robust than GaN E-HEMT
devices due to higher safety margins. Besides the gate
voltage breakdown safety margin, attention should be
paid to the gate deterioration of WBG devices due to
long-term or repeated fatigue. One finding is that the
repetitive short circuit will degrade the gate of the SiC
MOSFET, which is manifested as an increase in the leak-
age current and change in threshold voltage and input
capacitance, while the same problem does not occur in Si
MOSFETs [69], [70]. The causes of the gate failure under
short-circuit stress have been studied, and some possible
solutions are suggested in [71].

3) Short-Circuit Endurance: The short-circuit character-
istics are related to equipment fault tolerance and the
design of protection, which is critical to the reliability of
the converter [73]-[75]. The short-circuit withstand time
of four different types of devices on the market, Silicon
SJ MOSFET, SiC MOSFET, Cascode GaN HEMT, and GaN
E-HEMT, is tested and given [72], as shown in Fig. 14.
The SiC MOSFET has a similar withstand time compared

with Si SJ MOSFET. For GaN HEMT, its withstanding time
is much shorter, which indicates that the GaN HEMT device
has the worst short-circuit endurance among the tested
devices.

4) Long-Term Reliability: Industrial manufacturers and
academic researchers have conducted various studies on
the long-term reliability and lifetime estimation of WBG
devices. Wolfspeed’s research shows that the reliability
and lifetime of SiC MOSFETs are generally similar to Si
IGBT devices. The failures per billion device hours (FIT)
of SiC MOSFETs are even lower than those of Si IGBT
devices. The expected average lifetime of 1200-V/80-m$2
SiC MOSFETs at 800-V dc voltage exceeds 3 x 107 h [76].
Efficient power conversion (EPC) studied the reliability of
their low-voltage GaN devices. Based on data obtained
from six years and 17 billion hours of operation, an FIT rate
of 0.24 of low-voltage (100 V) GaN devices is calculated,
which is even better than silicon MOSFETs [77]. GaN
device manufacture Transphorm also studied the reliability
of its cascode GaN devices using existing industrial and
automotive standards [49]. The results show that their
650-V/62-mQ GaN cascode HEMT meets the automotive-
grade AQ101 standard. The manufactures’ reliability data
are derived mainly from experimental data. The failure
mechanism and lifetime prediction model of SiC and GaN
devices and converters have also been extensively studied
by academia [70], [78]-[81]. WBG device lifetime under
high temperature is also studied. The SiC MOSFET is
expected to have a lifetime of 100 years at 375 °C with
an operation electric field strength of 3.9 MV/cm [82].
With an in-depth understanding of the failure mechanism,
the reliability of WBG-based converters is expected to
exceed traditional Si-based converters, especially under a
high-temperature environment. WBG devices are expected
to be more reliable than traditional silicon devices, which
is preferable for both EV OBC and off-board fast-charging
station applications.

III. ONBOARD CHARGER
APPLICATIONS
A. Topology Evolution

The OBC can be realized as the nonintegrated OBCs
or the integrated OBCs [83]. The nonintegrated OBC
is a separate charging circuit, which only serves as the
propulsion battery charger. The integrated OBC reuses the
existing components of the inverter and the electric motor
for the propulsion battery charging circuit, so the cost and
weight of the OBCs can be reduced [84]. For the nonin-
tegrated OBC, it can be realized as the single- or three-
phase topologies. The single-phase topology is usually used
for low-power OBCs, where the charging power is less
than 10 kW [2], [83], [85]. The traditional structure of a
single-phase OBC is shown in Fig. 15 [86]. A diode-based
rectifier and an active front-end PFC converter are used to
interface to the ac grid. The output of the PFC is followed

PROCEEDINGS OF THE IEEE 9
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Fig. 15. Typical structure of the single-phase OBC topologies.

by an isolated dc—dc converter, which is connected to the
propulsion battery.

To reduce the conduction loss of low-frequency rectifier,
a boost bridgeless PFC can be adopted by directly connect-
ing the ac grid with two boost converters [87], as shown
in Fig. 16(a). In order to reduce the common-mode noise,
two additional diodes are required to provide a current
return path [88].

By exchanging the position of a diode and a MOS-
FET, the totem-pole bridgeless PFC can be implemented,
as shown in Fig. 16(b). In the totem-pole structure, the two
diodes can be slow reverse recovery diodes, providing
lower ON-voltage compared with the two fast diodes in
the two-boost bridgeless PFC, which is essential for high
efficiency. However, due to the poor reverse recovery of
silicon MOSFETs, totem-pole PFC was once considered
impractical [88]. Due to the excellent reverse recovery
performance of the WBG device, the high-efficiency totem-
pole bridgeless PFC rectifier can be adopted in the ac—dc
stage. A 99% peak efficiency totem-pole continuous con-
duction mode (CCM) PFC with GaN HEMT was reported
by Transphorm in 2015 [89]. A higher power density can
also be realized at MHz switching frequency with the
zero-voltage switching (ZVS) method [90]. In 2017, a two-
phase interleaved totem-pole critical mode (CRM) GaN-
based PFC is used as the rectifier stage, followed by a
CLLC resonant converter as the dc/dc stage [85], as shown
in Fig. 17. A variable dc bus voltage of 500-840 V is
adopted, and a bidirectional 6.6-kW OBC with efficiency
above 96% is realized.

When the power of OBC is greater than 10 kW, the three-
phase ac input is usually adopted, and the common struc-
ture is the three-phase full-bridge topology. By simply
replacing Si IGBT with SiC MOSFET, the efficiency and

Fig. 16.
(b) Totem-pole.

Bridgeless ac-dc converters. (a) Two boosts.
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Fig. 17. Single-phase OBC based on a two-phase interleaved
totem-pole PFC and a CLLC resonant converter.

power density of the three-phase rectifier can be signifi-
cantly improved due to lower conduction loss and higher
switching frequency [91].

In [92], a three-phase 10.5-kW OBC is proposed with
three single-phase modules similar to Fig. 15. By changing
the wiring configuration, single- and three-phase input
compatibilities can be achieved. A single-stage, bidirec-
tional dual-active-bridge (DAB) converter is adopted as
the single-phase ac-dc module to increase the efficiency
and power density [11], as shown in Fig. 18. Three
single-phase modules form a three-phase OBC, which
can provide 22-kW power to the propulsion battery. GaN
E-HEMT devices are adopted as the main switches. The
input four switches work in low-frequency synchronous
rectification mode, and the power factor and power output
are all controlled by the dc—dc stage. The ac input power is
directly transferred to the battery, so the dc bus capacitance
can be greatly reduced, and high-power density can be
achieved.

B. Efficiency and Power Density With WBG
Devices

The efficiency comparison of the commercially available
Si-based OBCs and laboratory SiC-based OBC prototypes
is shown in Fig. 19 [11], [83], [85], [87], [93], [94].
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Fig. 18. Three-phase OBC based on three paralleled single-stage
single-phase OBCs [11].
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Fig. 19. Efficiency comparison. (a) Commercial OBCs.
(b) WBG-based OBC prototypes.

The efficiency of SiC-based OBCs has obvious advantages
over Si-based OBCs. The highest efficiency reaches 97%
by using GaN power devices [11]. Fig. 20 gives the power
density comparison. The power density of commercially
available OBC is less than 2 kW/L. The highest power
density of SiC-based OBC reaches 5 kW/L, which is twice
that of Si-based OBC. In 2018, Level-2 integrated OBCs
based on Si, SiC, or GaN power devices are investigated,
and a comparison of weight, volume, and peak efficiency
for the isolation converters is presented [8]. Compared
with the Si-based isolation converter, the SiC-based iso-
lation converter can increase 72% in power density and
81% in specific power. By using GaN-based power devices,
an increase of 170% in power density and 500% in specific
power can be achieved. In [95], it is demonstrated that
SiC-based OBC solution can achieve a 60% weight and
volume reduction compared with the Si-based solution.
For the WBG device-based OBCs, the GaN HEMT-based
OBC is supposed to be smaller and more efficient, while
the SiC MOSFET-based OBC exhibits a better thermal
performance [96].

IV. FAST-CHARGING STATION
APPLICATIONS
A. Topologies Evolution

The traditional fast-charging station is based on a low-
frequency transformer, as shown in Fig. 21. It can be
realized as the common ac bus architecture or the common
dc bus architecture. For the ac bus architecture, each
charger consists of a separate ac—dc converter and a dc—dc
converter. For the dc bus architecture, the common dc
bus is created by a central front-end ac-dc converter.
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Fig. 20. Power density comparison. (a) C
(b) WBG-based OBC prototypes.
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Fig. 21. Architectures of traditional fast-charging stations [5].
(a) Common ac bus architecture. (b) Common dc bus architecture.

Each charger consists of a de—dc converter and is directly
connected to the common dc bus. The common dc bus
architecture is preferred because fewer conversion stages
are needed between the common bus and the EV or the
renewable energy sources, which can reduce the system
complexity, cost, and power loss [97]. The common dc
bus can be built as a unipolar dc bus [98] or bipolar dc
bus [99]. Currently, unipolar dc bus topology is widely
used in the commercially available dc fast chargers because
of the simple structure, well-established control schemes,
and low cost [97]. Fig. 22 shows the bipolar dc bus
using three-level DNPC, and a two-phase three-level buck
converter is used as the charger [99]. More power capacity
can be offered by using the bipolar dc bus, and there are
more flexible ways to connect the loads to the dc bus.

The fast-charging station can also be built by MV, directly
connected, fast-charging topologies, which is also men-
tioned as an SST-based fast charger. In the SST-based fast
charger, the low-frequency transformer is replaced by a
high-frequency transformer. The active front-end converter
directly interfaces to the MV grid, followed by high isola-
tion de—dc converters, as shown in Fig. 23. The low-voltage
dc bus is obtained from the isolated dc—dc converters.
One or more isolated or nonisolated dc-dc converters

Fast Charging Ports
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2
Bid 1 E - E "
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Fig. 22. Bipolar dc-bus using three-level DNPC and a two-phase

three-level buck converter as the charger [99].
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Fig. 23. Modular SST-based fast charger using cascaded
three-level DNPC-bridge converters and LLC converters.

are connected to this dc bus as the charger [100]. The
SST-based fast charger can be realized as the modular
SST-based or single-module SST-based architectures. For
the modular SST-based architecture, the multilevel con-
verter, such as cascaded H-bridge converter, is usually
employed as the active front-end converter [101], [102].
The output of each H-bridge is followed by an isolated
dc—dc converter. The H-bridge can also be replaced by the
three-level DNPC-bridge, as shown in Fig. 24. The advan-
tages of using the three-level DNPC-bridge include fewer
isolation components, simple structure, lower cost, better
THD, smaller filter, and higher efficiency [100]. In Fig. 24,
each DNPC-bridge is followed by an LLC resonant dc—dc
converter to create a 1-kV dc bus. Then, interleaved buck
converters are connected to this dc bus to regulate the
charging power. The 1200-V/1700-V SiC MOSFETs are
adopted to improve system efficiency. In [103], a 25-kKW
all-SiC MVAC-LVDC SST based on direct ac-ac isolated
front-end converter is proposed. The output of the isolated
front-end converter is the rectified low voltage, which is
the absolute value of the ac voltage on the secondary side.
A boost PFC is followed to convert this ac voltage to a
constant dc voltage. The power density of 1.5 kW/L and
the modular efficiency of 97.5% are achieved with this
topology.

The number of active switches can be reduced by
adopting uncontrolled diode bridge rectifiers [104], [105].
Consequently, the system cost can be reduced. However,
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Fig. 24. Modular SST-based fast charger using cascaded
three-level DNPC-bridge converters and LLC converters.
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these topologies can only provide unidirectional power
flow with limited reactive power control. Moreover, when
using a diode rectifier, one more powerful device will be in
the main current path compared with all active switches,
which lowers the highest possible efficiency.

In an SST-based modular fast charger, commercialized
WBG devices with a voltage rating of 1200 V/1700 V can
be used. However, as the MV grid voltage usually ranges
from 2.4 to 13.8 kV, dozens of modules are needed to
adapt the high voltage for a three-phase system, result-
ing in complicated topology and multiple control loops.
With the development of 10 kV or above voltage rating
SiC-MOSFET and SiC-IGBT, the single-module SST-based
fast charger can be employed. A single two- or three-level
converter is used to directly connect to the MV grid, which
can significantly reduce the complexity of the system.
In 2014, a single-phase 10-kW SST is directly connected
to a 3.6-kV MV grid based on 13-kV SiC MOSFETs and
JBS diodes [106]. In 2015, a three-level DNPC with 15-kV
SiC IGBTs and 10-kV SiC MOSFETs is adopted to directly
interface a 13.8-kV MV grid [107], as shown in Fig. 25.
For the isolation stage, a three-phase DAB is selected
with a three-level DNPC-bridge on the primary side and
a two-level bridge on the secondary side. The internal dc
bus voltage is 22 kV, and its output dc voltage is 800 V.
In 2019, another single-phase 25-kW SST is realized based
on 10-kV SiC MOSFETs [108], [109]. The input ac voltage
is 3.8 kV, and the intermedia dc bus voltage is 7 kV. For the
isolation stage, an LLC resonant converter is selected with
a half-bridge on the primary side and an H-bridge on the
secondary side. The efficiency at full load for the complete
SST system achieved 98.1%. The single-module SST-based
fast charger not only has simple topology and control but
also shows higher power density and efficiency compared
with the modular SST-based fast charger.

B. Efficiency and Power Density With WBG
Devices

The efficiency of the commercially available dc
fast chargers is around 93% (92%-95%), as shown
in Fig. 26(a) [5]. If the efficiency of the distribution
transformer is taken into consideration [110], the over-
all efficiency would be further reduced by 0.5%-1%.
The efficiency of SST-based dc fast chargers is around
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Fig. 26. Efficiency of dc fast chargers. (a) C cially availabl

dc fast chargers [5]. (b) SST-based dc fast chargers.

97% [5], [100], [107]-[109], as shown in Fig. 26(b).
Since the low-frequency transformer is eliminated in SST-
based dc fast chargers, the overall efficiency can be
improved by 2%-3% compared with the existing trans-
former and charger system.

The power density of the commercially available dc
fast chargers is below 200 W/L, as shown in Fig. 27(a).
Currently, there are no commercialized SST-based dc fast
chargers. The power density of the SST prototype can
achieve 0.403 and 0.81 kW/L by using 1200-V/1700-V
SiC MOSFETS, as shown in Fig. 27(b). The power density
can be further improved to 1.761 kW/L by using 10-kV
SiC MOSFETS. When replacing the existing transformer
and fast charger system with an SST-based dc fast charger,
the volume can be reduced by 30 times and saving more
than half of the cost at the system level [5].

V. WIRELESS CHARGING
APPLICATIONS
A. Introduction to Wireless Charging

Wireless charging, which uses an inductive or capacitive
coupled method to transfer electric power without direct
contact, is a promising alternative for EV charging against
traditional conductive charging [111], [112]. Since there
are no charging plugs and cables, wireless charging is safer,
more convenient, and reliable. The structure of a typical
EV wireless charging system is shown in Fig. 28. The
power is transferred from the grid to the battery through a
high-frequency magnetic or electric field.

In recent years, extensive studies have been carried out
on IPT and CPT, and many wireless charging prototypes for
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Fig. 27. Power density of dc fast chargers. (a) Commercially
available dc fast chargers [5]. (b) SST-based dc fast chargers (power
modular).
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Fig. 28. Structure of a typical EV wireless charging system.

EVs have been released by companies, such as WiTricity,
Qualcomm Halo (acquired by WiTricity in 2019), Plugless
Power, OLEV, Bombardier Primove, Momentum Dynamics,
and Conductix-Wampfler [113]. The power and efficiency
of these prototypes are given in Table 3. The wireless
chargers have achieved similar or even higher power than
the OBC. The efficiency of 90% or higher can also be
achieved, which is very attractive considering the safety
and convenience brought by wireless charging.

B. Research Progress

The research papers related to WPT from the years
2000 to 2019 are collected and summarized using Google
Scholar. The total number of papers and the number
of papers indicating the use of WBG devices are shown
in Fig. 29. The number of papers related to WPT has
increased rapidly since 2007; in that year, the Massa-
chusetts Institute of Technology (MIT) demonstrated their
2-m 60-W wireless power transfer (WPT) system [114].
WBG devices have shown great advantages in high-speed
switching. Since 2010, the number and ratio of WPT
research papers that clearly stated the use of WBG devices
have increased rapidly.

For the inductive-coupled WPT, the key elements of
the WPT system, such as coil structure [115], [116],
compensation topology [117], [118], and control method-
ology [119], [120], have been widely studied. The
reported IPT systems transfer power up to 100 kW
at an airgap of 10 to 300 mm, together with an
efficiency of 70%-98% at the operating frequency of
10 kHz-13.56 MHz [121]-[124].

The maximum transfer power and dc-to-dc efficiency
of an inductive-coupled WPT system can be calculated
using (3) and (4) [125]. w is the system angular frequency;

Table 3 Specifications of EV Wireless Charging Prototypes

Company Power Frequency Airgap Efficiency

Plugless power 3.6-7.2kwW N/A 100 mm 90%

WiTricity 11 kw 85kHz 100-250 mm  90-93%
Qualcomm Halo Up to 20 kW 85kHz  160-220mm 90%
HEVO Power 2-10 kW 85 kHz 304.8mm 85%
Conductix Wampfier ~ 60-180 kW 20 kHz 40 mm >90%
Momentum Dynamics 10 kw 20 kHz 200 mm >92%
Bombardier 200 kW N/A 10-30 mm >85%
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M is the mutual inductance between the transmitting and
receiving coils. I; and I are the currents in transmitting
and receiving coils, respectively. It is clear that, with
the same mutual inductance and current configuration,
the transferred power is proportional to frequency. @ and
Q2 are the quality factors of the transmitting and receiving
coils; k is the coupling coefficient between the transmitting
and receiving coils, as defined in (5). L1 and L, are the
inductances of the two coils, while R; and Rz are the coil
resistances at the operating frequency. When appropriate
Litz wire is adopted, increasing the frequency can improve
the coil quality factor, and the maximum efficiency will also
increase

P =wMII, 3)

2
Thmax = K Q1Q2 (4)

(1+ VITFQ@s)
Q1 =wLi/R1, Q2=wL3s/Ra, k=M/vVLiLa. (5)

Although the SAE J2954 standard specifies the operating
frequency around 85 kHz (81.38-90 kHz), higher fre-
quency shows superior characteristics in terms of efficiency
and power density. The study from ETH Ziirich also shows
that high power density and efficiency can be realized by
increasing the frequency properly [116]. Compared with
Si devices, the switching frequency of WBG devices can be
up to MHz, providing a better choice for wireless charging
applications.

The dual of inductive-coupled WPT is the
capacitive coupled WPT. For many years, the CPT system
can only transfer low power over a short distance. Usually,
the power is limited to a few watts [126], and the distance
is less than 10 mm [127], [128]. With the development
of WBG power devices and compensation topology [129],
the CPT system can transfer kilowatt power at MHz,
together with an efficiency over 90% [130], and the
airgap can also be as large as 150 mm [131]-[133],
showing the great potential of CPT in EV wireless charging
applications [134].

To compare the performance difference of Si, SiC,
or GaN devices in WPT, the latest research papers on WPT
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applications with power higher than 100 W are collected
and summarized. Fig. 30 shows the comparison of the
power and efficiency of the WPT system. All three types
of devices can reach a dc-to-dc efficiency higher than 95%
[121], [123], [135]. Si and SiC devices are mostly used
in applications with power up to tens of kilowatts, while
GaN devices are mainly used for devices with power below
2 kW. When the transferred power is higher than 10 kW,
SiC devices perform better than Si devices in terms of
efficiency.

C. Figure of Merit for WPT Systems

The performance of the WPT system can be evaluated
from its transferred power P, dc-to-dc efficiency 7, air gap
d, and coupler area S. When the transmitting and receiving
coupler areas are different, the geometric mean of the two
areas can be used as the coupler area S. Higher power,
efficiency, and air gap are always desired with a smaller
coupler area. Thus, a WPTFOM can be designed as follows:

P-d
WPTFOM = . 6
° (100 — 77 - 100) - 5372 ©

The 3/2 order of the coupler size S comes from two
parts. First, the power should be normalized to the unit
coupler area S to represent the power density. The remain-
ing 1/2 order is related to the coupling coefficient. For
a given shape of the coil, the coupling coefficient is
proportional to v/S/d [136]. We would like to optimize
the coil structure for a higher coupling coefficient with
a smaller size and a larger airgap. Thus, the coupling
coefficient related to the size and airgap parameters should
be normalized. Similar coupling coefficient ideas can also
be applied to CPT couplers; thus, (6) is also applicable
for CPT systems [137]. It can be seen that the WPTFOM
has a unit of W/m?. The proposed WPTFOM can represent
the power density of a WPT system while considering
efficiency and transfer air gap at the same time.
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and GaN devices and (b) versus time for IPT and CPT in EV WPT
applications.

Fig. 31(a) shows the relationship between WPTFOM and
frequency for the wireless charger using Si, SiC, and GaN
devices. The system based on SiC has obvious advantages
when evaluated by WPTFOM. The highest WPTFOM is
achieved at a frequency of 85 kHz with SiC devices [115].
One possible reason is that the frequency recommended
by the WPT standards is around 85 kHz; most IPT sys-
tem is studied and optimized at this frequency. At higher
frequencies such as around 1 MHz, the researchers focus
more on the CPT system, and currently, the WPTFOM of a
CPT system is much lower than that of an IPT system.

For EV wireless charging, in addition to considering the
area of the coupler, we also prefer a thinner and lighter
coupler at the EV side. A modified WPTFOM by multiplying
a factor of 1/h, where h is the thickness of the receiving
coupler, could be more comprehensive. However, there is
very limited data published about the coupler thickness.
In this case, we still use WPTFOM defined in (6) to
evaluate the state-of-the-art EV WPT system published in
recent ten years, as shown in Fig. 31(b). It can be seen that,
for EV wireless charging, the IPT system has a much higher
WPTFOM than that of CPT systems. Khurram K. Afridi’s
recent research on high-frequency (6.78 and 13.56 MHz)
CPT systems has shown great advances in CPT sys-
tems [138]-[143]. WPTFOMs of these CPT systems are
already comparable to IPT systems. However, there are
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two points that need to be clarified. One is that the
efficiency data are from dc-to-ac in most of these studies
in [138]-[143]. If dc-to-dc efficiency is adopted, the WPT-
FOM could be lower. The other point is that there is no
information on how the power and efficiency are measured
in the experiments. It is difficult to accurately measure
high-frequency ac power.

VI. FUTURE TRENDS OF EV CHARGING
TECHNOLOGY
A. WBG Devices’ Adoption

The SiC Schottky diode below 1700-V ratings is replac-
ing Si fast recovery diode in EV charging applications
due to better cost-performance. SiC MOSFETs and cas-
code normally-off SiC JFET under 1700 V have already
been commercialized. SiC FETs currently show a strong
advantage at a 1200-V voltage rating. The cost of those
SiC devices will be only 1.5 times traditional Si devices
when migrating to 200-mm SiC wafers in one or two
years. By then, considering the cost reduction of passive
components and heat sinks, the total cost of SiC chargers
with higher efficiency and power density will be equal to
or even lower than Si-based chargers.

Both the GaN-on-Si lateral Schottky and GaN-on-GaN
vertical Schottky diodes have surpassed the theoretical
limits of the SiC Schottky limit. Considering that the cost of
GaN-on-Si wafer is only 1/5 of SiC wafer, GaN-on-Si lateral
Schottky would be a potential future diode structure on the
market. The performance of GaN-on-Si lateral HEMT has
also been very close to the limit of SiC 1-D. Moreover, GaN
HEMT is a zero reverse recovery device. For high switching
frequency applications with rated voltages below 900 V,
GaN HEMTs are also a good choice.

The performances of SiC and GaN devices have already
been far beyond the 1-D Si devices limit and superior
to the Si SJ MOSFET. The reliability of commercial WBG
devices has been verified by mass experiments. The overall
converter cost using WBG devices is going to be similar to
or even lower than Si devices. It is recommended that SiC
or GaN devices should be adopted in all newly designed
and developed EV chargers where 1700 V or under-rated
voltage devices are needed.

B. Onboard Chargers

WBG devices can achieve higher switching frequency
while keeping high efficiency [8]. They will penetrate
the high-power OBCs with a higher power density and
higher efficiency. For the two-stage OBCs, the totem-
pole bridgeless PFC rectifier becomes a popular imple-
mentation as the ac-dc stage because of the greatly
improved reverse-recovery effect of the WBG-based power
devices [85], [144]. Meanwhile, planar magnetics and
windings are utilized in order to achieve a higher power
density. Moreover, single-stage OBCs based on WBG
devices show the advantage to achieve higher efficiency
compared with two-stage solutions [11].
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C. DC Fast Chargers

SST-based fast chargers directly connected to the MV
grid show the advantages in the system-level efficiency,
power density, and cost. The SST-based architecture is a
trend for the next-generation dc fast chargers. However,
there are some challenges to overcome before we can fully
exploit the advantages of SST-based technology. The first
one is that 10-kV-level SiC MOSFETS and SiC IGBTs are
still under development and have not been commercial-
ized; the modular SST-based architecture would be the first
choice for the coming MV interfaced dc fast charger. How-
ever, the design and control for this modular SST-based
dc fast charger are the challenges. The second challenge
is the lack of comprehensive and fast-acting protection
for MV power converters. The traditional mechanical MV
circuit breakers are too slow to protect the MV power con-
verters against the fault currents [5]. The third challenge
is the standardization and certification for the SST-based
fast-charging equipment. SST-based fast-charging equip-
ment should meet the standard requirements for the MV
equipment and the EV chargers developed by IEEE, IEC,
CHAdeMo, and SAE [97].

D. Wireless Chargers

When we take efficiency, power, coupler size, and
charging distance into comprehensive consideration,
WBG-based WPT systems have obvious advantages over
silicon-based systems. It is foreseeable that GaN and SiC
devices will be the most widely used devices in wireless
charging systems. The current wireless charging system
achieves the best WPTFOM at 85 kHz, which accords with
the latest wireless charging standards. With the continuous
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