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Abstract: The wide-scale adoption and accelerated growth of electric vehicle (EV) use and increas-
ing demand for faster charging necessitate the research and development of power electronic
converters to achieve high-power, compact, and reliable EV charging solutions. Although the
fast charging concept is often associated with off-board DC chargers, the importance of on-board
AC fast charging is undeniable with the increasing battery capacities. This article comprehen-
sively reviews gallium nitride (GaN) semiconductor-based bidirectional on-board charger (OBC)
topologies used in both 400 V and 800 V EV applications. Moreover, comparative evaluations of
GaN-based bi-directional OBC topologies regarding power conversion losses (conduction loss
and soft switching capabilities), power density, implementation considerations, power quality,
electromagnetic interference, and reliability aspects have been presented. The status of com-
mercially available GaN power modules, advancements in GaN technology, applicable industry
standards, and application requirements for OBCs have been also included in this study. Finally,
in light of forthcoming advancements in GaN power transistor technology, this study highlights
potential areas of research related to the reviewed topologies. Such research can aid researchers
and designers in improving the performance and user experience of electric vehicles, ultimately
supporting the widespread adoption of EVs.

Keywords: on-board charger; electric vehicle; vehicle-to-grid (V2G); topologies; modulation; GaN;
AC/DC; DC/DC

1. Introduction

Transportation, or mobility, serves as the driving force behind contemporary civ-
ilization and has a serious impact on the environment and various aspects of human
existence. The years ahead are expected to bring significant changes as electrification,
shared mobility, and eventually, autonomous vehicles reshape customary transportation
of passengers and goods. There are now almost 20 million passenger EVs and 1.3 million
commercial EVs, including buses, delivery vans, and trucks. It is expected that plug-in
electric vehicles will account for 23% of the new passenger car sales (75% of this com-
prised of battery electric vehicles (BEVs)) reaching 77 million passenger EVs by 2025 [1].
Passenger EV sales have continued rising in recent years as incentives continue, and
more models are being introduced in addition to more than 60 already available [1], and
consumer interest increases day by day. The global electric car fleet exceeded 16.5 million
units by 2021 [1], and it is anticipated that annual sales will increase to 20.6 million in
2025 [1] from 6.6 million reached in 2021. The market mainly comprises China, Europe,
and the U.S., where the share of EV sales are expected to reach 80% by 2040. To support
the speed of Europe’s shift to electric vehicles, policies are extended towards a ban on
the sale of new petrol and diesel cars as of 2035 [1]. The rising cost of batteries does
not impede short-term EV adoption due to the factors driving the battery raw material
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costs up, such as war, inflation, and trade sanctions, which are also pushing the price of
gasoline and diesel to all-time highs as well. Despite the undergoing commodity price
elevation after the COVID-19 pandemic, it has been observed that the cost per kilowatt
hour for batteries has decreased over time, with a value of USD 132 reported in 2021,
representing a 6% reduction from the previous year [1]. Despite the goal of reaching
a milestone of USD 100 per kWh for battery pack pricing appearing to be delayed, the
emergence of new cell chemistry and advancements in manufacturing methods hold
promise for ultimately achieving this target. Contrarily, current battery technology
heavily depends on the mining of lithium, cobalt, and nickel [1,2], the mining process of
which has a notable carbon footprint and raises concerns about the true environmental
impact and sustainability of electric vehicles. The adoption of new technologies, includ-
ing solid-state and cobalt-free batteries, in conjunction with the expansion of recycling
rates, which have the potential to reach up to 70% for lithium and 90% for cobalt used
in electric vehicle batteries [2], could address existing issues and transform the existing
scenario by 2030 [1]. Moreover, the range anxiety and long battery charging time are
two other major obstacles to increase customer acceptance of EVs. The demand for
electric vehicles (EVs) with greater capabilities and ranges has required higher capacity
of the propulsion battery. For example, the Nissan Leaf’s battery capacity increased from
24 kWh in 2013 to 60 kWh in 2022, a nearly threefold increase over a 9-year span of time.
In addition to increasing battery capacity, there has been a trend towards replacing 400 V
battery packs with 800 V battery pack systems to improve energy efficiency and range
(e.g., Taycan, Kia, Porsche TurboS, and Hyundai Ioniq 5). Due to the elevated demand on
HV battery pack systems, strict dimensional constraints on the OBCs are imposed during
vehicle charging. However, a high-capacity battery implies a long charging time and,
proportionally, a higher power rating of the on-board charger (OBC) is desired to shorten
the charging time. EV chargers can be categorized into on-board and off-board types,
with two sub-categories according to V2G capability: uni-directional and bi-directional.
The power module of an off-board charger is usually designed for high power flow, sup-
porting DC fast and ultra-fast charging, whereas the on-board charger allows low-power
AC Level-1 and Level-2 charging. Despite the tendency towards portable DC charg-
ers [3], for today’s conjuncture, the OBC is an indispensable EV component enabling the
charging wherever a wall outlet is available. Up to now, the single-phase OBC has been
commonly used due to the availability of single-phase grid worldwide which practically
enables the charging of EVs at private facilities. The rapid growth of the BEV market
continually raises the demand for fast charging capability.

EVs equipped with three-phase OBCs are increasing, especially in the European
market [4]. Hence, it is commercially valuable to design OBCs that are compatible
with both single and three-phase grids for worldwide use. Since bidirectional OBCs
can benefit vehicle-to-grid (V2G) power transfer capability, it is widely accepted that
the bidirectional architectures will become the dominant OBC solution in the future as
smart grid technology evolves. In addition, bidirectional OBCs can provide EV owners
with additional usage of their vehicles as well as power supplies for vehicle-to-home
(V2H) or vehicle-to-load (V2L) applications during a power blackout or vehicle-to-vehicle
(V2V) operation in case of an emergency [5]. Increasing charging power up to tens of
kilowatts is an obvious solution. However, a high-power rating comes with a penalty
of increased charger volume unless the converter efficiency is compromised, which
may also provoke a deterioration of the reliability of power converters due to high
current stress on semiconductor devices and passive components [6]. The saturation in
potential innovative properties of silicon created an opportunity for GaN semiconductor
devices, a hard-switching figure of merit (FOM) (RDS,ON · QGD) 50 times superior, and
a soft-switching FOM (RDS,ON · (QG + QOSS)) 10 times superior to the comparable Si
MOSFET, which makes GaN transistors 100 times faster than silicon [7] and an order of
magnitude greater when compared to state-of-the-art SiC devices [8]. In 2021, the size of
the market for gallium nitride semiconductor devices was USD 1.88 billion globally. It
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is projected to experience a compound annual growth rate (CAGR) of 24.4% from 2022
to 2030. One-third of this market is made up of power semiconductors. The growth of
the market can be attributed to the advantages offered by GaN semiconductor devices
over silicon devices. The advantages offered by GaN include higher energy efficiency,
lower system cost, and higher switching speed, among many others. Wide band-gap
switching transistors—especially GaN-based—can significantly improve the gravimetric
and volumetric power density of the converters [9]. For example, for power-factor-
correction (PFC) circuits, which are also a part of an OBC, a GaN-based design can reach
a power density of 9.5 kW/L, which accounts only for switching network and inductor
volume; in other words, heatsink and EMI filter volumes are not included in calculation
and achieve 99% efficiency [10]. Finally, a dual-stage commercial vehicle-to-everything
(V2X) commercial OBC example [11] utilizing GaN and SiC power transistors, achieves
a power conversion efficiency of 96.3% and a power density of 1.2 kW/L. Use of GaN-
based semiconductors also getting attention in applications such as aerospace and defence,
where reliability is the highest priority, for which an active power factor correction (APFC)
three-phase AC power converter has been demonstrated [12], claiming the industry’s
highest power density of 10 kW/kg (possibly excluding the cooling system).

The existing literature has analyzed various aspects of EV conductive charging
technology. In reference [13], an evaluation of 800 V active-front-end rectifier sys-
tems was conducted, considering various optimized configurations and the impact of
semiconductor technology choice (Si, SiC, and GaN) on the total converter volume,
including the EMI filter. In [14], authors have presented a performance comparison
based on different semiconductor technologies for auxiliary battery chargers. Ref-
erences [9,15–19] review state-of-the-art GaN technology and its benefits for power
electronic applications from several perspectives. Among them, [15] presents a general
perspective regarding the possible achievements in EV with GaN utilization but did
not elaborate on the OBC applications, and [9,16] present GaN device characteristics.
Although authors reviewed some GaN-based PFC topologies in [20], this article is
not specific to EV use, and examples given for OBC applications [18] are limited. The
uni-directional OBC topologies are reviewed in [21–24], and V2G OBC topologies have
been presented in [22,23,25–28]. In the sections of these articles, state-of-the-art EV
charger technologies and their possible grid-supporting features, such as power factor
and power quality correction and voltage regulation have been discussed. In [23,28],
the authors reviewed EV charging standards, infrastructure, and EV market analy-
sis [24] provides an overview of current electric vehicle (EV) charging technology,
encompassing off-board direct current (DC) chargers, integrated on-board chargers,
and applied on-board charger (OBC) topologies. Additionally, this article briefly dis-
cusses gallium-nitride (GaN)-based topologies in relation to charging power levels
and infrastructure. Reference [23] draws a general perspective for global projections
in on-board chargers. Reference [29] reviewed fault management techniques for EV
on-board chargers in addition to fault-tolerant architectures and topologies. Finally,
a comprehensive review of integrated charger architectures is presented in [30]. Al-
though the above-stated review articles cover a wide spectrum of topics related to EV
charging, they lack in-depth technical details and comparison of the GaN-based power
converter topologies that are applicable to OBC applications.

The remainder of this article is organized as follows: In Section 2, applicable inter-
national standards for an OBC converter are summarized; in Section 3, state-of-the-art
GaN transistor technology is reviewed briefly with available device ratings applicable to
the OBC applications; in Section 4 implementation practices regarding the bi-directional
OBC topologies are presented. In Section 5, an overview of the state-of-the-art OBC
architectures, along with a discussion of the various topologies, is presented. Modulation
schemes are a crucial aspect of topology assessment while evaluating the performance
metrics and application voltage range and are therefore included in this article as an in-
tegral part of the evaluation process. This study explores the relationship between
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modulation schemes and topologies to provide a comprehensive understanding of their
combined impact. Section 6 provides a comprehensive summary of the latest GaN-based
topologies that are currently used in OBC applications as well as potential research
opportunities for the future. In the final section (Section 7), the article concludes by
highlighting the key takeaways from the study.

2. OBC Requirements and Applicable Standards

The OBC is one of the interfacing parts of the EV that must interact with the external
world via the connection to the utility grid or to dedicated electric vehicle supply equipment
(EVSE) that is interfaced with the AC utility grid whose ratings are beyond the control
of manufacturers. Thus, standardization plays an essential role to achieve integrity and
interoperability in terms of the power and voltage levels, types of plugs and sockets, safety
measures and communication features. Initially, standardization of charging infrastructures
began at the national level; for example, classification of charging power levels applied in
the U.S. and Japan is given in Table 1 [31], and subsequently an international conformity
has been achieved to some degree in IEC 61851-1 [32]. In agreement with IEC 61851-1, AC
charging modes, which are illustrated in Figure 1, can range from single-phase 3.7 kW to
three-phase 43.5 kW (3 × 63 A) [8,33,34] by using a proper cable with suitable conductor
diameter [7]. In fact, standards-issuing cables cover very high AC charging currents up to
250 A [34] given that a dedicated substation supplies the EVSE, and very high charging
power levels are technically possible. However, in practical applications [35–37], the OBC
power rating is limited to 22 kW (3 × 32 A), and above that off-board DC charging is
preferred to keep the OBC weight at reasonable levels. International AC charging power
levels are summarized in Table 2.

Table 1. Overview of EV AC charging levels in North America [3,31].

Voltage Connection Maximum Current Power

Level 1 120 V Single-Phase 16 A 1.92 kW

Level 2 208 V Single-Phase (line to line) 48 A 9.98 kW

240 V Split Phase 80 A 19.2 kW

Figure 1. Illustration of AC charging modes (Mode 2 and Mode 3) as per IEC 61851-1 [32,38].
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Table 2. Overview of AC charging modes as per IEC 61851-1:2017 (EU, China, India, etc.).

Wall Outlet with In-Cable
Control and Protection Wall Box Public Charging Point

Mode 2 3 3

Power Class 1-ph 32A (7.4 kW) a

3-ph 32A (22 kW) Not Defined b Not Defined b

Voltage 1-ph < 250 V 3-ph < 480 V 1-ph < 250 V 3-ph < 480 V 1-ph < 250 V 3-ph < 480 V
a Single-phase current is limited to 16 A in some countries [32]. b AC current per consumer is limited to 32 A
in Europe, corresponding to 22 kW [31]. c Very high AC charging currents up to 250 A are possible with
a compulsorily captive cable with extra conductors at a maximum current of 250 A [31]. The Type 2 accessories
can be used fast charging at 43 kW (3 × 63 A) [33,34].

2.1. Power Quality

For LV low-power equipment, limits are established in the IEC 61000-3-2 standard,
where battery chargers are classified in Class A, whose scope encompasses all electrical
equipment (both single-phase and three-phase) absorbing no more than 16 A (charging
mode 1) and connected to the LV public network. For larger current levels, the reference
standard is the IEC 61000-3-12 for electrical equipment absorbing more than 16 A and up
to 75 A, thus encompassing the other two charging modes 2 and 3. Voltage harmonics
and flicker resulting from interconnection of the OBC charger are regulated as per IEC
61000-3-3 and IEC 61000-3-11. The IEC power quality standards referred above focus on
low frequency harmonics up to 40th. However, state-of-the-art power electronics converters
with high switching frequency and low frequency distortions shift above the classical 40th
harmonic frequency band to 2 kHz–150 kHz, namely in the supra-harmonics range [39].
Although this phenomena is not addressed in the current version (2019) of IEC 61851-1, it
is getting attention, e.g., IEC 61000-2-2:2017, of the scientific community [39].

2.2. Battery Pack Requirements

Due to the evaluation of battery pack systems, strict dimensional constraints on the
OBCs are imposed during vehicle charging. Moreover, high-switching GaN-based OBC is
subjected to cause a superimposed high-frequency ripple current on the battery pack system,
and studies have depicted that batteries degrade faster under charging and discharging
cycles with current ripples [40]. In [40,41], the long-term effects of superimposed current
ripple at from 55 Hz up to 20 kHz on battery ageing using 18650 model batteries have been
investigated. The results showed that, at the same number of cycles and same ripple current
magnitude, the temperature rise of the batteries with highest frequency ripple is higher
compared to the other specimens. Additionally, the BMS protection ranged in between
10–1 mS and cannot activate voltage protection timely to block the transient overcharge and
over-discharge at frequencies above 100 Hz–1 kHz. Though specific requirements are not
found in the literature, several requirements are listed from studies [40–43] for ensuring the
proper reliability of a battery pack system: (a) <5% ripple current above 1 kHz frequency,
(b) independent AC/DC conversion for lowering the ripple content on DC charge and
discharge, and (c) ripple current superposition on various CC/CV charge/discharge modes
for battery stack composed of 96 cells, as shown in Figure 2a,b. As lithium-ion batteries
(LIB) are prone to lithium plating, it is important to reduce charging currents and ripple,
particularly at a high state of charge level (SoC).
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Figure 2. Typical battery current and voltage waveforms for (a) G2V, (b) V2G.

2.3. Electromagnetic Compatibility (EMC)

As a result of the high levels of switched currents and voltages as natural characteristics
of a switching power supplies, they generate undesired electromagnetic emissions which
are guided through conductors (frequency range of interest for conducted emissions:
150 kHz–30 MHz) or air (frequency range of interest for radiated emissions: 30 MHz–1 GHz)
and which potentially lead to electromagnetic interference (EMI) with surrounding devices.
Standard 61851-21-1 [44] defines electric vehicle on-board charger EMC requirements for
conductive connection to an AC or DC supply, as per the methods described International
Special Committee on Radio Interference–CISPR standards.

2.3.1. Conducted Emissions

IEC 61851-21-1 [44] defines conducted emission limits referring to standards CISPR 12,
(protection of board receivers) CISPR 22 (replaced by CISPR 32 in 2017 [45]), and together
with CISPR 16, guidelines conducting disturbance measurements have been created for
Class A (residential) and Class B (light industrial) environments, the peak and quasi-
peak limits for conducted emissions. Additionally, from an automotive electronic product
designer’s perspective, the essential conducted emissions tests are those specified by CISPR
25 [44]. Although efforts have been made on the study of the impact of modulation schemes
and soft-switching techniques on conducted emissions, filtering circuits that effectively
limit the propagation of electrical noise cannot be avoided [34].

2.3.2. Radiated Emissions

In addition to the requirements defined in CISPR 12, CISPR 36 [45] was developed
based upon the need for a vehicle emissions standard covering the frequency range of
150 kHz to 30 MHz, excluding mild hybrid vehicles. Vehicles utilizing electric propul-
sion tend to produce emissions in the lower frequency bands not covered by CISPR 12
(a standard also for protection of off-board receivers at a 10-meter separation distance
but in the frequency range of 30 MHz to 1000 MHz). In order to comply with the re-
quirements for radiated disturbances, GaN-based OBC design needs to excel in layout
techniques, which will be discussed in Section 3, to reduce radiated emissions caused by
switching oscillations.
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2.4. V2G Functionality

Although bidirectional charging technology already exists, current editions of stan-
dards do not addresses bi-directional functions [32] to unlock the full capabilities of vehicle
V2X features, e.g., requirements for anti-islanding protection [22]. The study reported
in [5] reviews the status of V2G standards and addresses necessary improvements for
widespread adoption of V2G functions. In summary, many V2X functions have not yet
been fully commercialized, and research on GaN-based topologies for such functions is still
in its early stages of development [27]. Table 3 provides an overview of the international
standards relevant to on-board charging applications.

Table 3. International standards related to the OBC applications.

Aspect Standard Description

General aspects IEC 61851-1 General requirements

EVSE IEC 61851-22 EV AC charging station

Connectors and inlets
IEC 62196-1 General aspects

IEC 62196-2 AC vehicle couplers

Power quality

Current harmonic limits

IEC 61000-3-2 Below 16 A

IEC 61000-3-12 Between 16 A and 75 A

Voltage harmonic and flicker

IEC 61000-3-3 Below 16 A

IEC 61000-3-1 Between 16 A and 75 A

Conducted emissions

IEC 61851-21 OBC EMC requirements for conductive AC and DC charging

+IEC 61000-6-3 EMC standard for residential, commercial, and
light-industrial environments

+CISPR 12 Limits between 0.15 and 30 MHz

+CISPR 16 Test apparatus

+CISPR 22 Test setup and method

+CISPR 25 Instrumentation

Radiated emissions

IEC 61851-21 between 0.03 and 1 GHz

+CISPR 36 between 0.15 and 30 MHz

+CISPR 16 Test apparatus

+CISPR 22 Test methods

+CISPR 25 Instrumentation

Vehicle to grid
IEC ISO/IEC 15118

V2G communication interface
IEC 61850-90-8

Reliability

Automotive component reliability

AEC-Q100 IC’s

AEC-Q200 Passive components

2.5. Safety

The IEC61851-1 [32,38] describes the minimum safety requirements for EV supply
equipment with rated supply voltage up to 1 kV that a charger must meet, including
the ingress protection (IP), creepage and clearance distances, temperature rise, protection
against electric shock, protective circuit integrity, connection protocols, and overload
and short circuit protection by referring to several international normative references.
Among them, touch current and residual current limitations [46] strictly bind in the OBC
performance and requirements. The corresponding limits are defined in accordance with
IEC6 1140 [32] for Class I and II apparatuses with standard/basic and double/reinforced
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isolation, respectively [46]. An isolated OBC can be of Class I [46] or Class II type [37], but
the former is more preferred due to cost concerns. The limit for the touch current that flows
between any AC terminal and chassis of the vehicle is defined as 3.5 mA (rms) for 50 Hz.
The limits imposed by UL2202 are sterner than the ones given by IEC 61851, in which the
leakage current is limited with 0.75 mA (rms) for electrical equipment of Class I type [46].
Lastly, there are also non-isolated charger topologies presented in the literature [21–23];
however, there are many concerns regarding their implementation, which are essentially the
generation of leakage current and threats for human beings and surrounding equipment.
The IEC standard imposes leakage or residual current limit as 30 mA [46,47], which is
monitored by EV supply equipment [46,47]. Inevitably, the majority of the state-of-the-art
OBC designs adopt isolated converter topologies [15,23,37,46], since it provides a less
challenging way to fulfill the stringent requirements of the standards [32] and alleviates
interruption of the charging operation by false trips caused by common mode currents [37].
Hence, this article focuses only charging architectures based on galvanic isolation.

2.6. Reliability

The major concerns of the EV transition are user experience, driving range, safety,
battery lifespan, charging time, control robustness, and aging, where the component stress
and lifetime qualification are mainly examined in view of the standards of the Automotive
Electronics Council (AEC) Q100-Q200 in the automotive industry [48]. AEC-Q100 (ICs)
and Q200 (passive components) include four grades defining the environmental conditions,
e.g., temperature and humidity, depending on the location of the equipment within the
vehicle. In the OBC applications, ambient temperature is taken as 85 °C and 125 °C
for BEV and PHEV, respectively [48], while for the latter, the decisive parameter is the
coolant temperature, which is primarily affected by the ICE. Under these harsh operating
conditions, WBG power semiconductors excel, especially GaN, ascribed to higher operating
temperatures enabled by the high band gap [9].

3. Status of The GaN Power Transistors and OBC Application Considerations

A high-electron-mobility transistor (HEMT) [49], also known as heterostructure FET
(HFET) [49,50], is a field-effect transistor incorporating a junction between two materials
with different band gaps (i.e., a heterojunction) as the channel instead of a doped region, un-
like a typical MOSFET structure. The HEMT structure was based on the phenomenon, first
described in 1975 [9], of unusually high electron mobility described as a two-dimensional
electron gas (2DEG) near the interface between an AlGaN and GaN heterostructure. Being
a wide-band-gap (WBG) material, the GAN facilitates switching transistors with thinner
drift regions resulting in lower specific on-resistance ((RDS,ON) thanks to high electri-
cal breakdown level compared to silicon. Additionally, distinguishing the high mobility
property of GaN further reduces the specific (RDS,ON . This allows a smaller die size and
consequently lower input and output capacitances for a given current rating [16] and
enables very high frequencies, as high as 3 MHz [51] for the OBC application. Material
properties, operation, and modeling [52] of the GaN-based power transistors are discussed
in detail in the literature [19,49,53,54]. Although in GaN HEMT does not comprise a p-n
junction from source to drain, GaN can be conducted in third quadrant mode, with a higher
voltage drop than the Si body diode [10]. Another advantage of GaN HEMT devices is
its considerably low output capacitor charging loss Qoss at the hard switching turn-on
process [55], which affects the turn on losses and EMI performance [56]. Finally, despite
the SiC material excelling in high-temperature applications due to lower dependence of
on state resistance on junction temperature and excellent thermal conductivity [57], GaN-
based switching transistors are superior if the high power density is the primary design
objective [14,16–18,57]. In the following sections, the properties of available GaN power
transistor types concerning an OBC application will be summarized.
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3.1. Depletion Mode

GaN devices are naturally normally-on (depletion mode/d-mode) devices and they
offer a better figure of merit (FOM) and cost benefits for manufacturers compared to other
available GaN technologies [19]. However, the adoption of this transistor type requires
additional protection [58] and synchronization at the driver stage to ensure switch oper-
ability before energizing the converter. Failure to do so may result in short-circuits [16],
which significantly increases the risk of failure, particularly for voltage source convert-
ers [19,53]. This poses a major problem for voltage-source converters due to the potential
for shoot-through during start-up or loss of control power, which is highly undesirable.

3.2. Enhancement Mode

The main difference between normally-off (enhancement-mode/e-mode) and d-mode
devices is that the e-mode GaN is internally adapted to turn-off with 0 V or negative
voltages [57]. A common method applied for this adaptation, for example, insertion of
a p-doped layer in between the gate and the AlGaN surface of the device [19]. This addition
shifts the threshold voltage, resulting in an e-mode device. Another method is called as
recessed gate structure [9], which is created by thinning the AlGaN barrier layer above
the 2DEG. This leads to a reduction in the voltage generated by the piezoelectric field.
When the voltage generated is less than the built-in voltage of the Schottky gate metal,
the 2DEG is eliminated with zero bias on the gate [9]. Finally, the gate injection transistor
(GIT) uses an ohmic contact gate and has an embedded diode [59,60], which relies on hole
injection from the p-GaN gate to the 2DEG region, bringing out a form of conductivity
modulation [19]. Switching behavior of GIT is primarily limited by the dynamic and steady-
state current ratings, rather than voltage ratings [9], and during steady-state operation,
a few milliamps (mA) are necessary to keep the embedded gate diode forward-biased. The
main drawback of the e-mode GaN is attributed to the low threshold voltage (Vth) of the
device in which it makes the component susceptible to ringing [19]. Additionally, to fully
turn on the device, the voltage level should be 5–6 V (depending on the manufacturer),
and the margin between fully turned-on and maximum allowed gate voltage is very low
(c. 1 V). Therefore, the gate channel can collapse if the gate voltage does not stay within
the device limits [19,53]. Thus, e-mode transistors are more susceptible to malfunction due
to gate–source voltage ringing. That is why utilization of e-mode GaN semiconductors is
easier for topologies with ground connection to the source of the switch, e.g., DC/DC boost
converter [19].

3.3. Cascode

Cascode GaN structure [9,19,61], on the other hand, integrates LV Si MOSFET with
a d-mode GaN transistor, where the gate of the GaN transistor is connected to the source of
the enhancement-mode Si MOSFET. When the MOSFET is turned on, the GaN transistor’s
gate voltage drops to almost-zero volts and thus turns on. When the MOSFET is turned
off, a negative voltage is created between GaN HEMT gate and its source terminal, turning
the GaN device off. Cascode structure brings the advantage of normally-off devices with
a higher threshold voltage, i.e., the effective gate voltage rating of ±20 V (that of silicon
superjunction (SJ) technology) [18] and can be driven by standard cost-effective gate
drivers [12]. Despite their promising performance, several issues impede their switching
performance. First, even if the populated Si MOSFET is a low-voltage device, it brings
an additional resistance on the conduction path, and additional package connections lead to
increased parasitic inductances which can cause excessive ringing and limit the operating
frequency, whereas monolithically integrated GaN cascode HEMTs open new opportunities
for high-switching frequency applications [53]. Yet, the intrinsic capacitance mismatch
between the Si and GaN transistors and the body diode in the Si MOSFET can result
in additional switching losses when the Si device is driven into avalanche mode during
turn-off [53]. Finally, due to the body diode of LV Si MOSFET, they suffer from reverse
recovery, which can be problematic specifically for high-frequency applications.
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3.4. Bi-directional GaN Bi-HFET

Another important GaN based switching transistor structure promising a high potential
for power electronics applications, including the OBC, is the bi-directional GaN [50,62,63],
although they are not commercially available yet. In [50], the authors experimentally demon-
strated that unidirectional GaN-HFETs can be converted into bidirectional HFETs by adding
a second gate structure without compromising the device specific on-state resistance or voltage
blocking capability. This brings a major improvement with respect to established Si-based
solutions where the on-state resistance is at least doubled, owing to complicated device
arrangements. Moreover, thanks to the compact device integration, the resulting parasitic
inductance is lower [50]. However, a sophisticated control of each gate is required. To turn-on
the transistor, the drain side gate needs to be positively biased by 3–4 V with respect to the
drain potential, while the source side gate is controlled like unidirectional GaN HFETs.

3.5. SOC HB Architectures with Integrated Driver and Future Trends of GaN Power Semiconductors

Another major step is the combination of auxiliary circuits, i.e., gate driver, protection,
and measurement circuits associated with two GaN transistors in a single package to unlock
the full potential of fast switching GaN technology by reducing the parasitic elements
and switching node of the half-bridge. From the driver integration with level-shift and
bootstrap charging [64,65], we can expect ‘higher-order’ functions such as the inclusion
of logic, start-up, dV/dt control and robustness, temperature, overcurrent, shoot-through
protection [66], and electrostatic discharge (ESD) protection to create full-function GaN
power ICs [53]. For some applications requiring fast dynamic response, e.g., LV lidar
application [9], a monolithically integrated gate driver solution provides performance in
terms of the speed, efficiency, and robustness [53,64]. Single-die HB precursor solutions are
already commercially available for LV applications [9]. The next step in the evolution of
GaN technology is expected to be the monolithic (single die) integration of the half-bridge
module with auxiliary circuitry, as illustrated in Figure 3, also known as system-on-chip
(SOC), starting from 650 V towards 1200 V and beyond [67]. Transistors included in the
HB can have symmetrical and asymmetrical characteristics, targeting applications with
symmetric utilization (e.g., bi-directional AC/DC converter, dual active bridge (DAB)) and
asymmetric utilization (e.g., DC/DC conversion in buck and boost topologies), respectively.
However, in its basic form, integrated solutions take away the design flexibility and tailoring
of the converter behavior depending on the different application requirements.

Since state-of-the-art GaN power transistors have a lateral structure, available voltage
ratings for commercial examples are rather limited [53], such as 900 V for cascode [61] and
650 V for e-mode [12]. Although some examples of 1200 V devices are also available [68],
they are still not widely used. Although it is also possible to achieve a working voltage
above 1000 V via series connection of 650 V devices [69], it results in high conduction losses
and requires complicated driver circuitry. Adoption of GaN in the industry requires high-
performance, cost-effective, high-reliability semiconductors. For automotive applications,
GaN transistors of 1200 V–50 A and 650 V–200 A are targeted [53]. There is an ongoing
research activity to carry out 1200 V rated GaN transistors, for which manufacturers are
planning a transition to 200 mm and 300 mm Si-on-poly-AlN substrate technology to pave
the way for thicker GaN buffers, which is expected to reach 1200 V and beyond [53], and
the arrival of vertical GaN transistors is also imminent [70].

The problems related to monolithically integrated solutions such as back gating effects
in half-bridges [71], low-voltage control and diagnostics circuits integrated with HV de-
vices, implementation of passive components [71], and finally doubts related to thermal
management resulting from the confinement of two switches in a small room remain to be
solved. There is a growing interest for GaN-on-Si technology from players in the power
electronics market [72]: Infineon, Fuji Electric, Toshiba, Sanken Electric, ON Semiconduc-
tor, ST Microelectronics, Renesas Electronics, Texas Instruments, Dialog Semiconductor,
Power Integrations, GaNPower, and Nexperia. Although some companies slowed down
their patenting activity in the field [72], contrarily, new companies have been entering
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to the market in the last few years, including ON Semiconductor, Dialog, Navitas, VisIC
and STMicroelectronics. Given its proven reliability, GaN will increasingly become the
technology of choice for power conversion in automotive power electronics thanks to its
performance superiority over silicon. The price advantage of GaN-on-Si wafer cost over
SiC is compared in Figure 4; due to larger substrate (6- and 8-inch), availability and usage
of cost effective material can pave the way for the GaN transistor to dominate the converter
applications as its technology and manufacturing infrastructure matures. Being a new
technology, reliability and accelerated aging test methods to estimate application lifetime
of GaN devices are still under development [73].

Figure 3. Illustration of monolithic integration of driver and half-bridge configuration on a single
die [64,66,67].

Figure 4. Comparison of wafer cost of GaN-on-GaN and GaN-on-Si technology with SiC wafer
cost [53].

4. GaN Implementation Practices

The high switching speed of GaN transistors necessitates pursuit of delicate layout
design to minimize parasitic components and fully utilize their potential as the inher-
ent transients can create stability, interference, and safety problems [74]. Specifically, the
high di/dt during commutation, combined with parasitic inductances, leads to high tran-
sient voltages and high-voltage transients can interfere with the drive circuitry and may
create sustained gate oscillations [75,76], or in the worst-case, false turn-on causing shoot-
through [77]. The basic layout design practices for charger implementations can be listed
as follows:
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� A design challenge is to minimize cross-coupling between the DC terminals (including
both ground and HV nodes) and the switching node through the thermal interface ma-
terial (TIM) while also minimizing the equivalent output capacitance of the transistors
when using a single heat sink for both transistors in a half-bridge configuration [10,74].
Since some portion of the switching loss is caused by the transistor output capac-
itance [10,74], this brings a trade-off between better thermal conductivity through
a good TIM and increased switching losses due to stronger coupling to switch node
and necessitating a low permittivity insulator [10].

� To reduce parasitic power loop inductances in a circuit, it is important to arrange the
layout so that high-frequency currents flow in opposite directions on two adjacent
PCB traces, which is known as flux-canceling [18]. Additionally, the power loop can
be shortened by placing high-side and low-side devices close together and using
a low ESL, low ESR decoupling capacitor [74], as shown in Figures 5 and 6. By
doing this, the parasitic power loop inductances (Lsx and Ld in Figure 5) can be
reduced significantly, with values below 1 nH achievable [78] on a multi-layer PCB
(as illustrated in Figure 5), and even further reduction possible with PCB-embedded
packages. However, layout design should satisfy clearance requirements as well, such
that comparative tracking index (CTI) [79] of the dielectric material (prepreg) used
between the PCB layers should meet the dielectric withstand ratings recommended in
IEC 60950 which are referred to by IEC 61851-1 [32]. The resilience of a high voltage
PCB material over time is related to both the resin content and the curing agent [79].
Therefore, regarding the priority order shown Figure 7, the resulting design should
provide minimum parasitic inductance values while satisfying clearance requirements.

� Continuous transient voltage spikes by fringing out of the safe operating area (SOA)
result in (RDS,ON degradation [80,81] due to trapped electrons in 2DEG [9,82] if they
do not cause complete device failure due to thermal runaway or dielectric breakdown
in the long term [82]. Moreover, a typical GaN transistor has an almost square SOA due
to absence of second breakdown mechanism or Spirito effect in GaN transistors [9,82].
On the other hand, the unrivaled power density of GaN transistors has a setback
when the discussion comes to heat capacity. The dissipated power occurring in
switching events or transient changes is converted to raising the temperature of the
GaN material and nearby silicon substrate independent of the performance of the cold
plate [81]. Duration of SOA with the increasing temperature should be also kept in
mind. Additionally, repetitive peak current rating is another important parameter
for power electronic applications, essentially for the modulation schemes in which
discontinuous currents are observed, such as a TCM PFC AC/DC converter. As
long as peak current and voltage remain within the SOA throughout the operation,
including the hard-switching trajectory, the predicted lifetime is calculated as 15 years,
assuming a 1 FIT allowed failure rate under the continuous full-load operation for
a CCM PFC application [73].

� Output characteristics of GaN HEMTs show positive dependency on temperature (i.e.,
RDS,ON increases with temperature) that facilitates paralleling of multiple transistors
for high-current applications [81], paving the way for optimization of the chip area.
A practical implementation for an EV charger application based on paralleled GaN
transistors is presented by [80]. However, minimization and balancing the common
source and source inductances of paralleled transistors require a delicate layout design
to achieve reliable switching performance.

� The 650 V e-mode GaN HEMTs can survive 10 µs short-circuit (SC) test when the DC
bus voltage is lower than 50 V and gate voltage is below the rated value [83]. The
withstand duration falls to 600 ns at 350 V and to 585 ns at 400 V. According to [83],
cascode devices show similar characteristics in terms of short circuit tolerance. This
necessitates a specially tailored very-fast-acting short circuit protection for GaN power
transistors. However, the lateral GaN HFETs are not avalanche-rated since they do
not rely on a p-n junction. Therefore, a non-recoverable dielectric breakdown [16],
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casued by high di/dt rate, may occur during the turn-off event after SC. That is why
a controlled soft turn-off (STO) [66] SC protection is recommended. Conventional gate
drive ICs used for Si/SiC-based devices that have a de-saturation protection feature
usually require a response time longer than 1 µs. In the literature, a few fast short-
circuit detection methods have been presented. The most frequently used method to
achieve accurate current sensing in GaN transistor circuits is by incorporating a sense
resistor in series [66]. To ensure minimal power loss and added power loop inductance,
it is important to select a sense resistor with a small enough value and a minimal
length. Another well-known method is the desaturation technique that is used for
sensing drain–source voltage of the transistors [83]. Although this method has a subtle
impact on power loop inductance, it suffers from its long settling time and increases
stray output capacitance of transistor, resulting in the increased switching losses [84].
Moreover, to achieve short detection time may end up with a susceptible design and
be prone to false triggering caused by the interference caused by high dV/dt switching
of HEMT devices [83]. Alternatively, a sense loop which is magnetically coupled to the
power loop with subtle impact on the stray inductances can be used for short-circuit
detection by using the induced voltage due to high di/dt of the fault [84]. Finally,
current mirrors are proposed as a way of integrated overcurrent protection [83]. The
voltage across the current mirror provides rapid response to the short-circuit events.

(a)Bottom-side cooled (b)Top-side cooled

Figure 5. A practical implementation of (a) bottom-side cooled (b) top-side cooled GaN devices on
a 4-layer PCB (derived from [9,80]).

(a) (b)

Figure 6. Practical GaN transistor gate driver alternatives based on (a) bootstrap [9,74] supply (b),
isolated supply [9,74]. Blue printed and green printed symbols represent optional components and
parasitic circuit elements respectively.
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Figure 7. Switching loop inductances showing the priority, synthesized from [9,80].

Gate Driver Considerations

Technically, 0 V is sufficient to turn off the GaN e-mode devices, which is typically
preferred for bootstrap method shown in Figure 6a, [9,74] applied , typically, to low-power
applications due lower cost and lower circuit complexity. However, this configuration is
operable only if a minimum duty cycle is ensured for bootstrap capacitor charging, as in
the case of CLLC and DAB converters with equal high/low side on duration. Moreover,
practically, this method is recommended for soft switching or multi-level [85] applications
where the switching dV/dt rate is limited. On the other hand, a negative turn-off voltage is
preferred, as shown in Figure 6b, to increase the noise immunity against capacitive coupling
via Cgd due to high dV/dt rates [86] and ringing at the driver stage [18], especially hard
switching and high-power applications, e.g., CCM bridge-less PFC for stage of an OBC,
which, however, increases the conduction loss during dead time in reverse conduction
mode where the voltage drop across source and drain is much higher than the forward
voltage of a MOSFET body diode [9]. Since minimal dead time is not necessarily optimal
over the entire operating range due to soft switching ZVS requirements [57], conduction loss
during dead time can be significant for both light loads and heavy loads [87]. Using an anti-
parallel SiC Schottky diode could reduce the dead time conduction loss [78]. However,
such an approach will add an additional junction capacitance, introducing the turn-on
current spike and extra Eoss [78]. Alternatively, implementation of adaptive dead time
depending on the load has been recommended [78] instead of a fixed dead time so that
more than 10% of total power loss can be saved during light load conditions. However, this
involves an adjustable hardware for dead time adaptation.

As stated previously, cascode device areas are controlled with Si MOSFET rated gate
voltage levels (±20 V for silicon SJ) [18]; however, in some cascode devices, the gate of the
d-mode GaN HEMT included in the cascode structure is directly accessible to the external
gate driver [9]. Compared with the conventional cascode configuration [61], this variation
has the advantage of a direct control over the d-mode GaN HEMT. However, it also requires
a more complex control circuit since the gate driver must provide voltage levels of about
0 V for turn-on and a negative voltage for turn-off (typically −12 to −14 V) [9]. On the other
hand, gate terminal of Si MOSFET is used as an “enable” pin and it is typically connected
to the under-voltage lockout (UVLO) of the gate drive power supply so that the Si MOSFET
is turned off only when the negative voltage is not available to turn off the d-mode GAN in
case of a gate driver power loss. Since the maximum withstand value for a e-mode GaN
transistor is around 7 V, although some examples allow a transient overshoot up to 10 V for
less than 1 µs [88], gate loop layout needs a delicate design considering following practices:

� Mutual inductance and noise coupling between power loop and gate loop and com-
mon source inductance needs to be minimized by segregating the gate drive circuit
and power circuit on the different sides of the PCB. Additionally, the output of the
driver stage (Rgon and Rgoff) should be placed as close as possible to the gate of the
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switches to minimize the driver loop and, thereby, the gate parasitic inductance Lg,on
and Lg,off shown in Figure 7.

� Transistor packages that present Kelvin connection internally decouple the common
source inductance from the gate driver circuit. If it is not available, the gate return pad
should be connected as close as possible to the gate of the GaN device. Nevertheless,
to suppress sustained gate oscillations, use of a snubber circuit in parallel to DC-
link decoupling capacitor [74] and across transistors [18], with undesired additional
switching losses up to 40% [75], are inevitable in some cases [75].

� Use of a large area ground plane is a general practice for an overall low-noise base potential.
� A ferrite bead fitted in series with the gate can help to damp oscillations the gate-

source resonant circuit. In fact, some manufacturers even integrated a ferrite bead
inside the package [74].

� Finally, the common-mode transient immunity (CMTI) specifies the dV/dt withstand
capability of the signal isolator, level shifter, and isolated gate driver without experi-
encing common-mode glitches [9]. To guarantee a safe operation, minimum specified
CMTI of the driver circuitry must be higher than the expected voltage slew rate on the
half-bridge switch node.

5. OBC Architectures, Topologies and Associated Modulation Methods

Figure 8 illustrates main components taking a role in a mode 3 constant current/constant
voltage (CC/CV) AC charging process, which is illustrated in Figure 2a, as defined in IEC
61851-1 [31,32], including the protection functions such as leakage current monitoring [31]
and battery terminal isolation loss monitoring [89]. Although the figure shows a dual-stage
charger consisting of two stages, i.e., an AC/DC stage followed by a DC/DC stage, there are
several single-stage charger configurations as well, as explained in Sections 5.1.1 and 5.2.1.

Currently, the majority of EV/HEV powertrains are based on a 400 V nominal battery
voltage. The number of series cells comprising the pack can go up to 108, resulting in
an operating voltage range of 250 to 450 V [90]. However, there is a trend towards 800 V
EV systems, primarily due to higher performance capability [91]. Although the 800 V
EV powertrain results in higher electro-mechanical power conversion efficiency, it has
a negative effect on the charger efficiency, especially for phase modular architectures due
to large voltage conversion ratio [92]. Moreover, the secondary components in the DC/DC
converter of the OBC experience voltage stresses due to the increased battery voltage unless
multilevel approaches are adopted [93]. There are few studies that have examined the
on-board charging of EVs with both 400 V and 800 V systems [94] requiring the DC/DC
converter to have a wide operating voltage range from 150 V to 950 V. This approach
poses significant design challenges and leads to the use of different topologies for the
two EV systems rather than a one-size-fits-all approach. Alternatively, in [92], the authors
have proposed a switchable battery configuration allowing the use of DC/DC converters
designed for 400 V systems. In this method, the battery stack is divided into two modules.
DC/DC converter charges one of two modules in alternating manner using the battery
selection circuit (BSC) [92].

Several non-isolated charger topologies with high conversion efficiency have been
proposed in the literature [21,95,96], including the topologies based on WBG-based galvanic
isolation [97] and fractional power conversion concepts [28]. However, unless an LF trans-
former is utilized, which is unfeasible due to size considerations for an OBC application,
doubts about these non-isolated topologies still remain. Therefore, in this article, authors
focused only on the isolated OBC topologies based on GaN semiconductors proposed to be
used in 400 V and 800 V EV systems, and a categorization of the available studies is given
in Figure 9. The remainder of this section reviews available GaN-based isolated three-phase
OBC topologies in terms of efficiency (for both V2G and G2V modes, if they exist in the
literature), power density, and modulation technique.
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Figure 8. Typical on-board-charger architecture in Mode-3 AC charging configuration (derived
from [31,32,89]).

Figure 9. Classification of bi-directional converter topologies for the OBC.

5.1. Direct Three-Phase Systems

The single-phase OBC has been commonly used for overnight charging as the three-
phase grid is not always available in residential buildings [21]. However, increasing battery
capacities push the customer demand towards higher power ratings. As a result, three
phase compatible OBCs rated at 22 kW are increasing [35–37] in accordance with the line-
to-line rms voltage level of 400 V and the maximum phase current of 32A of European
distribution system (as listed in Table 2). Similarly, the three-wire split-phase system is more
common in the U.S. [2], with a maximum current of 80A (resulting in a maximum power of
19.2 kW) [4]. A conventional three-phase full-bridge converter is also capable of singe-phase
operation but at one-third of the nominal three-phase power. Single-phase operation with
three times the nominal AC current can be possible by adding a fourth leg [4,27] or by
using mechanical switch three-phase neutral point connection to the midpoint of the split
DC-link [4] to meet high current ratings demanded in split-phase operation. In [4], the
authors have proposed a re-configurable DC-link for a unidirectional charger by using
a high current rated switching mechanism allowing series and parallel connection of
DC-link capacitors. However, for single-phase operation use of electrolytic capacitors is
inevitable in both scenarios. In the former case, capacitor-rated voltage should meet the
three-phase operation voltage rating and capacitance rating for the second harmonic power
decoupling, resulting in a capacitor size of four times larger compared to the phase-modular
counterpart [98]. Additionally, the use of a direct three-phase configuration necessitates
the implementation of a multi-level topology as a result of the limited voltage ratings of
available GaN transistors. Automatically, the split DC-link, which is inherent to multi-
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level topologies, enables implementation of stacked isolated DC/DC converter stages [99]
allowing use of 650 V semiconductors in both stages [99,100]. When compared to two-level
topologies, multilevel converters:

� Require fewer passive components for a given switching frequency,
� Show better EMI performance [100],
� Enable use of widely available low-voltage power transistors, of which the cost and

switching losses are remarkably lower [13,101].

Taking the two-level 400 V DC-link as reference, a three-level 800 V design which
targets the same efficiency can result a much higher volume [100]. It has been shown
that [100] the same efficiency cannot be achieved with the same switching frequency, Fsw,
so efficiency can only be preserved by a large reduction of Fsw and result in a larger filter
inductor. Consequently, adopting multi-level topologies to improve efficiency inevitably
impairs power density, cost, and reliability [100].

5.1.1. Single-Stage Three-Phase AC/DC Converters

In [102], the authors have proposed a general purpose (including EV applications),
three-phase, single-stage rectifier which is shown in Figure 10. This circuit is similar to
a conventional dual active bridge (DAB) converter, but the primary side is driven by
a direct matrix converter by using back-to-back connected 900 V SiC MOSFETs. At the
secondary side. the authors propose use of 650 V GaN transistors; however, they have used
same MOSFETs, as in the primary side. Although this study does not report performance
for inverter mode of operation, it can be shown that it can be also used for V2G mode
operation [103]. This study reports an efficiency of 99% at rated power under nominal input
voltage. Finally, this topology can be further enhanced [104] with the use of bi-directional
GaN transistors [50,105]; even so, a transistor voltage rating that exceeds 900 V is necessary.

Figure 10. Matrix-type bi-directional three-phase AC/DC converter based on GaN transistors (de-
rived from [102,104]).

5.1.2. Three-Phase Active Front-End (AFE) Converters for the Dual Stage OBC Applications

A hybrid three-phase three-level active neutral point clamped converter [106] (ANPC),
(cf. Figure 11a) based on use of 650 V superjunction (SJ) Si MOSFET and GaN HEMTs has
been presented in [107]. In this study, a 10 kW laboratory prototype has been implemented,
including an electromagnetic interference (EMI) filter with a switching frequency of 140 kHz.
Although this demonstration is not focused on EV applications, it can be used in place
of an AFE converter in a dual-stage charger [106]. This converter presents a full load
efficiency of 99% and maximum efficiency of 99.34% while operating at 560 V DC-link
voltage. However, the efficiency values for the inverter mode of operation are not available.
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(a) (b)

Figure 11. (a) Three-phase three-level active neutral point clamped ANPC converter (derived
from [106,107]) and (b) three-phase flying-capacitor multi-level (FCML) converter (derived
from [100,106]).

Another popular bi-directional multi-level AC/DC topology is three-phase flying-
capacitor multi-level (FCML) converter [100,106] which is illustrated in Figure 11b. A four-
level 5-kW rated FCML with 900 V nominal output voltage utilizing 600 V/50 mΩ cascode
GaN transistors has been reported in [106]. This design has a peak efficiency of 99.2% with
similar characteristics for both V2G and G2V operation. Similarly, in [108], the authors
demonstrated a 6.1 kW rated bi-directional three-phase 6-level FCML for 208 Vac line-line
(120 Vac, line-neutral) systems. This study shows a peak efficiency of 98.5% with an effective
frequency of 1 MHz, thus catering to applications that necessitate high power density, such
as EV charging.

Finally, the T-type neutral point clamped (T-NPC) converter, shown in Figure 12, is
a three-level topology that uses bi-directional GaN transistors for neutral point clamping
switch realization rather than the conventional back-to-back connected power transistor
implementation. This converter, also known as the bidirectional Vienna rectifier, offers
the lowest conduction loss due to the current path being through only one switch during
a wide portion of the switching cycle [13]. Additionally, driver circuit structure and
control simplicity are the other important advantages over other multi-level converter
topologies. Monolithic bi-directional GaN transistors can further simplify the circuit layout
with a bonus of reduced conduction loss. Conversely, the switching loss is highest in
this configuration as it necessitates a voltage blocking capability that is appropriate for
the full DC-link voltage for both the high-side and low-side switches, i.e., S1, S2, . . . ,
S6 shown in Figure 12. For the same reason, currently, this topology requires a hybrid
semiconductor selection due to limited voltage ratings of GaN transistors [63]. According
to the calculations presented in [63], the T-type converter shown in Figure 12 can achieve
an efficiency higher than 99% for switching frequencies below 100 kHz. Table 4 provides
a summary of the comparison of the GaN based AFE topologies, with a specific emphasis on
power density and efficiency. Furthermore, the table also includes a qualitative comparison
of these architectures.
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Figure 12. T-type active-front-end rectifier using Si/SiC MOSFETs and GaN transistors [63].

Table 4. Comparison of three-phase active front end converter topologies.

Topology Year Power
Rating

Switch
Type

Switching
Frequency

Power
Density

Peak
Efficiency
(Rectifier/
Inverter)

DC-link
Voltage

Advantages/
Disadvantages

FCML
(7-level) [100] 2021 2.2 kW GaN

(200 V) 30 kHz 15.8 kW/L 99.03%/N/A 800 V
+Low switching losses,
−Additional pre-charge
hardware

ANPC
(3-level) [101] 2021 10 kW

Hybrid
(650 V GaN,
900 V SiC)

140 kHz 2.4 kW/L 99.3%/99.3% 570 V +Good loss distribution,
−High component count

ANPC
(3-level) [106] 2015 6.6 kW

Hybrid
(650 V GaN,

NA) 100 kHz 2.4 kW/L 98.5%/98.5% 800 V +Good loss distribution,
−High component count

T-NPC *
(3-level) [63] 2021 2 kW Hybrid

(1200 V)
50–200 kHz

(TCM) 15 kW/L >99%
/>99% 800 V

+Low conduction losses,
−Limited voltage range of
available GaN transistors

* Simulation study.

• Modulation ofThree-Phase AFE Converter Topologies

Review of modulation of three-phase AC/DC converter topologies have been thor-
oughly studied in the literature [13,63,108,109]. For the sake of completeness, only a sum-
mary is presented in this article. The modulation methods for three-phase categorized as
sinusoidal PWM (SPWM), discontinuous PWM (DPWM), and space-vector modulation
(SVPWM) [108]. SPWM method makes use of different triangular carriers, which are phase-
shifted or level-shifted, and then compared with reference signal [108] which expedites
the implementation process. In DPWM modulation scheme, the phase with the highest
current is clamped to either positive or negative DC-link [13], which reduces the switching
losses considerably. However, differential mode (DM) conducted undesired high frequency
currents increases compared to other methods, which subsequently necessitates a larger
EMI filter [13]. The SVPWM technique increases flexibility by providing precise control
of duty cycles and utilizing redundant switching states. Reference [108] and SPWM’s
voltage gain is less than SVPWM unless a zero sequence or third harmonic injection (ZSI)
approach is implemented [108]. However, for an N-level three-phase multilevel FCML or
APNC converter, the number of space vectors in SVPWM scales with N3, due to resulting
implementation difficulties or phase shifted or level shifted SPWM techniques, still can be
preferred for high-level converters [108]. An interesting approach relies on integration of
the AC/DC stage with DC/DC stage where several discontinuous modulation schemes of
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AFE is achieved This has two advantages, with the first being a drastic reduction of losses
(mainly given by a more than two-thirds reduction of the switching losses in the AC/DC
stage) and which consists of utilizing the DC/DC stage to control the DC-link voltage such
that in the AC/DC stage, always only one of the three phases is switching at a given point
in time.

5.2. Phase Modular Architectures

For the sake of universal compatibility, the modular single-phase architectures de-
picted in Figure 13 became popular in recent years thanks to their flexibility, inherent
redundancy, and higher efficiency [110]. Additionally, phase modular topologies clear
the difficulties faced with direct three-phase systems [111] in case of unbalanced grid or
unbalanced load conditions of V2H or V2L applications. Finally, this approach enables use
of broadly available 650 V GaN transistors.

(a) (b)

Figure 13. Phase modular charger architecture in a (a) three-phase (b) single-phase application.

An important downside of this approach is the second harmonic frequency ripple and
requirement for large electrolytic capacitors. As the required capacitance is defined by LF
current magnitude [112], improvement in power density expected from GaN utilization
is limited due to bulky electrolytic capacitor in addition to reliability concerns caused
by high failure rates of electrolytic capacitors [113]. Compared to the direct three-phase
converter approach, the capacitor requirement is even higher as each phase block must
include energy storage for power decoupling. References [114,115] reviewed the alternative
solutions, which are summarized in Table 5. An interesting approach has been proposed
by [98] using one of the converters comprising the three-phase modular structure as active
power decoupling (APD) circuit, as illustrated in Figure 14. However, this approach may
debilitate the phase modular architecture’s primary objective of split-phase high current
usage in some countries. Another approach is demonstrated for a unidirectional phase
modular rectifier in [116], where phase modularity is discarded and all three rectifiers are
coupled into a single DC-link. This mitigates low frequency fluctuations during three phase
operation. However, although the total capacitance requirement is reduced significantly,
the use of an electrolytic capacitor is still needed for single-phase operation. Additionally,
a new issue arises in the form of a circulating current problem [116].
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Table 5. Techniques to resolve the double-line frequency power pulsation (derived from [114,115]) .

Method DC-Link Waveforms Problems

Large DC-link
capacitor

Requires use of electrolytic
capacitors

Charging current with
high ripple

Large battery rms current

Variable DC-link
voltage

Over-stress of transistors

Active power
decoupling

Extra transistors and passive
elements

Figure 14. Usage of a charger module as an active power decoupling unit in single-phase operation
as explained in [98].

5.2.1. Single-Stage Phase Modular Topologies

Single-stage AC/DC converters merge the PFC stage and DC/DC stage in a single
power-processing stage, resulting in a simple structure with reduced component count [98].
However, single-stage topologies are typically preferred for low power applications [27,117].
The unfolding bridge used in single-stage charger architectues typically employs Si SJ
MOSFETs to take advantage of their low yet not negligible [20] conduction loss [80].
Back-to-back connected Si/SiC-MOSFET-based single-stage half-bridge and full-bridge
DAB examples have been presented in [118–120]. Although, GaN-based studies are very
limited [57,80,110], with the emergence of bi-directional GaN switches [105], this topology
has an undeniable potential for volume reduction due to its topological simplicity. A 10 kW
rated single-stage bi-directional series-resonant DAB AC/DC converter based on GaN
transistors, as depicted in Figure 15b, has been proposed for low voltage, i.e., 48 V, battery
charging applications [121]. This converter achieved a peak efficiency of 97.2% and a power
density of 3 kW/L. While this example demonstrates the potential of GAN-based single-
stage converter topology for OBC applications, when compared to SiC-based counterparts
for 400 V applications [122], its application voltage is not within the scope of this study.
Therefore, it will not be further discussed.
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(a)

(b)

Figure 15. Single-phase single-stage (a) dual active bridge (DAB) AC/DC converter proposed by [110]
and (b) series-resonant DAB AC/DC converter proposed by [121].

A single-stage DAB AC/DC converter with PFC that achieves ZVS over the entire
AC mains voltage period is presented by utilizing a combined phase-shift and frequency
modulation technique, as described in [123]. Achieving an acceptable performance over
a wide battery voltage range while satisfying ZVS requirements and power quality becomes
more challenging with reduced degrees of freedom of the single-stage structure. However,
achieving soft-switching while maintaining high efficiency under a wide voltage range
is challenging and complicated and requires multiple-phase shifts and frequency modu-
lation [98]. Additionally, although it provides very high peak efficiency values [121,122],
partial load efficiency is extremely low due to loss of ZVS and transformer core losses. Fur-
thermore, the single-stage converter lacks an energy storage element leading to a pulsating
instantaneous power flow to the battery unless a suitable power decoupling technique, cf.
Table 5, is implemented at the battery side. This additional AC current flow can lead to an
increase in the temperature of the battery, which can accelerate the rate of degradation and
shorten the overall lifespan of the battery. It is therefore important to minimize the amount
of AC ripple current in order to maximize the lifespan of the battery [40–43]. Additionally,
the higher rms current results in higher frequency transformer winding loss compared to
an isolated DC/DC converter transferring a constant power. The back-to-back connected
bidirectional power semiconductors lead to high conduction loss, which is exacerbated by
the high rms current. The use of a back-to-back switch implementation can be unfavorable
also due to the extended power loop layout and the potential for optimization through
the use of conductors with reduced conduction loss in an unfolding bridge configura-
tion [98,124]. Table 6 provides a summary of the abilities of the GaN-based single stage
topologies with a specific emphasis on power density and efficiency.
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Table 6. Summary of GaN-based single-stage AC/DC converter topologies.

Topology Year Power Rating Switch Type Switching
Frequency Power Density

Efficiency
(Peak/Full

Load)
Output Voltage

DAB
single-stage

AC/DC [110]
2017 7.2 kW GaN (Si LF leg)

3.3 kW/L
(2.5 kW/L
with APD)

NA-500 kHz >97% 400 V

Resonant DAB
single-stage

AC/DC [121]
2022 9 kW

GaN( pri.
600 V/s 80 V
and Si LF leg)

3 kW/L 50–300 kHz 97.2% 95% 48 V

Modulation of single-stage DAB AC/DC converters, a detailed review of which has
been presented in [125], is very similar to the DAB DC/DC converter, which will be
elaborated in Section 5.2.3.

5.2.2. Phase Modular AC/DC Converter Topologies for Dual-Stage Architectures
(a) Totem Pole Bridgeless PFC and Interleaved Totem Pole PFC

The bridgeless PFC topology is a well-known and preferred topology in the indus-
try [20] thanks to its bi-directional capability and reduced conduction losses through syn-
chronous rectification. The study reported in [126] compares the efficiency gain achieved
by using MOSFETs instead of rectifying diodes. The results showed that 3.5 kW rated
bi-directional bridge-less PFC variant achieves an efficiency improvement of 0.3% when
compared to the uni-directional equivalent while operating at 1 kW. When power density
is a primary concern, as in the case of an OBC application, this circuit configuration ex-
periences serious losses due to reverse recovery when silicon MOSFETs are used in the
high-frequency leg, i.e., in place of switches S1 and S2 in Figure 16a. Hence, the bridgeless
Totem-Pole PFC [10] and its interleaved variant [93] shown in Figure 16a) and Figure 16b,
respectively, based on GaN devices has been widely researched in recent years thanks
to their unprecedented switching characteristics [93] enabling high efficiencies of up to
99.2% [93]. Finally, to enhance reactive power injection/sinking capabilities while main-
taining good THD value and achieving ZVS operation, the authors have proposed the
modified T-type PFC topology [127] shown in Figure 16c.

(a) (b) (c)

Figure 16. (a) GaN-based totem-pole PFC rectifier, (b) interleaved GaN-based totem-pole PFC rectifier,
(c) GaN-based T-type totem-pole rectifier proposed by [127].

• Bridgeless PFC Modulation Methods

Conventionally, the state-of-the-art GaN-based totem-pole PFC converters are oper-
ated under CCM [93]. In CCM, in the positive half cycle of the AC voltage, S1 turns-on
under ZVS provided that the inductor current is sufficiently high [51] and S2 is hard
switched and vice versa during the negative half cycle. Despite the absence of reverse
recovery issues and notably lower switching losses when compared to silicon MOSFETs,
CCM-modulated GaN-based bridgeless PFC converters are typically limited to a switching
frequency of a few hundred kHz or lower [9]. For the applications targeting high power
density, switching frequencies in the MHz range is viable by utilizing triangular conduction
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modulation (TCM) [51], which is also known as critical conduction mode [128], allowing
ZVS of the transistors [20]. The extra synchronous rectification (SR) conduction time drives
the inductor current to a negative value and subsequently leads to ZVS switching of the
upcoming transistor. This operation typically requires additional zero crossing detection
(ZCD) hardware. However, the TCM approach comes with the trade-off of increased rms
current and substantially higher peak transistor current resulting from discontinuous oper-
ation. Moreover, it poses a wide range variable frequency operation, which complicates the
EMI filter design [129].

Table 7 summarizes the advantages and disadvantages of the two methods compared
to each other. The well reported zero crossing current distortion phenomena in conventional
PFC converters is mainly associated with the improper handling of naturally delayed
modulating reference signal due to the existence of Lg, as shown in Figure 16a, and
with very small instantaneous grid voltage build up of the current on the inductor and,
finally, limitations of the minimum applicable duty cycle due to dead-time and gate driver
capabilities [127]. Another less common reason is asynchronous PWM signals between
HF, i.e., S1,2, and LF, i.e., S3,4 switching legs. Since the duty cycles of the high-frequency
leg abruptly change from 100% to 0% and vice-versa at zero crossing, as a solution, a soft
start switching pattern for GaN-based PFC has been presented in [130]. Nevertheless,
accounting for the uncertainties of AC crossover sensing circuitry, typically, a dead zone of
a few hundred µs is implemented, in which both GaN transistors are kept in the off state.
In summary, the existing bridgeless totem-pole PFC topologies, together with the applied
modulation techniques, are provided in Table 8. Since power density is not available in all
studies, applied switching frequencies (frequency at peak AC current instant for TCM) and
achieved efficiency values in charging mode have been given.

Table 7. Comparison of PFC modulation techniques.

Modulation Technique Advantages Disadvantages

CCM [93] Low conduction loss, low peak current Low switching frequency

TCM (CrCM) [51] Very high switching
frequencies possible

High rms current and conduction loss
ZCD hardware

(b) Multi-level Flying Capacitor (FCML) Converter

The FCML converters are traditionally used for medium voltage power electronics [85].
Recently, they have also been demonstrated with high efficiency and high density for low-
voltage grid-connected applications [131] thanks to their modular structure and reduced
semiconductor count relative to the ANPC topology and modular aspect. A generalized
structure for N-level single-phase AC/DC FCML converter is presented in Figure 17a,b
with H-bridge and half-bridge unfolding/folding legs, respectively. The latter approach
results in lower conduction losses to the H-bridge unfolder as there is only one transistor
in the conduction path. On the other hand, the H-bridge is preferred in some designs as it
alleviates LF common-mode filter effort. For an N-level FCML, N-2 flying capacitors are
needed, which are charged at different voltages from Vdc/(N-1) up to Vdc(N-2)/(N-1) [85].
In GaN-based applications, ceramic capacitors are typically employed due to their very low
ESR values [85] since the ESR of the capacitors is a contributor to conduction losses. [132] has
demonstrated a 6-level 3.7 kW rated PFC rectifier based on GaN-based H-bridge unfolder
shown in Figure 17a for EV charging applications. Although each switch is expected to
nominally block 80 V by employing 150 V, 7 mΩ GaN switching transistors, this design
achieves a maximum efficiency of 98.5% in inverter mode including the losses of the active
power decoupling circuit. The seven-level FCML design presented in [100] rated for at
2.2 kW achieves an efficiency of 99.03% with 15.8 kW/L power density. Another study [85],
based on a half-bridge folding leg, as shown in Figure 17b, and using Si MOSFETs reported
99.25% efficiency for AC/DC rated for 2.5 kW using 200 V rated GaN devices within
a boxed volume of 397 cm3.
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Table 8. Summary of GaN-based phase modular PFC topologies.

Topology Year Power Rating Switch
Type Modulation Switching

Frequency
Power

Density

Efficiency
(Peak/Full

Load)
Output Voltage

Bi-directional totem-pole
bridgeless PFC [10] 2017 1 kW GaN (Si

LF leg) CCM 100 kHz 9.5 kW/L 99%/NA 400 V

4-Level FCML PFC [85] 2021 2.5kW GaN (Si
LF leg)

Phase-shift
PWM 120 kHz 6.34 kW/L 99.25%/99.1% 400 V

Bi-directional totem-pole
bridgeless PFC [10] 2017 1 kW GaN (Si

LF leg) CCM 100 kHz 9.5 kW/L 99%/NA 400 V

Bi-directional totem-pole
bridgeless PFC [51] 2019 3.2 kW GaN (Si

LF leg) TCM
270

kHz–1.5
MHz

7.9 kW/L 99%/99% 400 V

Bi-directional interleaved
totem-pole bridgeless
PFC [93]

2021 5 kW GaN (Si
LF leg) CCM 65 kHz 5.3 kW/L 99.2%/98.7% 400 V

Bi-directional interleaved
totem-pole bridgeless
PFC [128]

2016 1.2 kW GaN (Si
LF leg) TCM 1–3 MHz

9.2 kW/L
(includes
DC/DC

stage,
excludes
cooling )

99%/NA 400 V *

T-type totem-pole
PFC [127] 2022 1.5 kW

Hybrid (Si
LF leg and

NP
clamping)

TCM 170–800
kHz N/A 98.9%/98.9% 480 V

* Implied but not stated.

(a) (b)

Figure 17. Generalized structure of single-phase N-level FCML totem-pole GaN PFC (a) with H-
bridge unfolder/folder and (b) with half-bridge unfolder/folder.

An important disadvantage of these topologies is the requirement for start-up and
pre-charge circuits for these capacitors. Additionally, under transient conditions, the flying
capacitor voltages may experience voltage unbalance [132], resulting in a voltage stress
above the nominal value, which may necessitate choosing an inflated voltage rating for the
GaN transistors constituting the FCML. The complexity and conduction losses associated
with multi-level converters can be detrimental, particularly when applied to GaN-based
systems in which switching frequencies in the MHz range are feasible using two-level
topologies. As an example, [131] claims that the three-level FCML design based on Si
transistors outperforms the GaN-based counterpart in terms of efficiency.

(c) Modular multi-level converters (MMCs)

Modular multi-level converters, which have already established themselves as a viable
solution in high-voltage, high-power AC/DC conversion, hold promise for being advantageous
in lower-power applications, such as in the on-board chargers of electric vehicles. Reduction of
magnetic core losses, increased redundancy, and easier thermal management, strengthened by
the plethora of low voltage GaN power device options, clearly make the MMC topology an
attractive nominee for EV charging applications, especially for 800 V EV systems. A 6.6 kW
experimental prototype of the single-phase 6-level MMC converter design, cf. Figure 18,
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using EPC2029 (3.2 mΩ, 80 V) e-mode GaN transistors was demonstrated in [8]. This study
reports an efficiency of 98.22% within a volume of 0.62 L; this relatively low efficiency is
mainly attributed to inductor loss and, unexpectedly, to the switching losses. Moreover,
the reduction in EMI filter components counterbalanced with the requirement for a high-
capacity sub-module capacitance to achieve satisfactory performance. Additionally, possible
considerations regarding the increased cost and complexity remain at a standstill. Nevertheless,
multi-level topologies can still be attractive in the OBC applications thanks to reduced dV/dt
rate, frequency multiplication effect, distributed losses, and resulting reduced cooling effort.

Figure 18. Generalized structure of single-phase N-level MMC-based AC/DC converter (derived
from [8]).

Table 8 provides a summary of the comparison of the phase modular GaN based PFc
topologies, with the emphasis on power density and efficiency.

5.2.3. DC/DC Converter Topologies for Dual-Stage Architectures
(a) Dual Active Bridge (DAB) DC/DC Converter

The DAB, shown in Figure 19a, is a well-known topology that has been in use for
a few decades [133] for bi-directional isolated DC/DC converter applications due to its
high efficiency, high power density, soft switching possibility, and wide range of voltage
transfer ratios [3,109,134]. As opposed to the resonant counterpart [90], the DAB [135] has
a simpler structure since it does not require a series capacitor bank, which may occupy
considerable space. However, due to the non-ideal behaviors such as the discrepancies
among driver propagation delay characteristics, variations in the terminal voltage, and the
dynamic operational phase-shift variations, the DC-bias becomes a challenging problem in
practical applications [136]. That is why practical DAB applications may also employ a low
voltage DC-blocking capacitor in series with the transformer winding to block the DC voltage
component which will degrade the power density [135,136]. As a remedy, several active flux
control methods have been proposed in the literature [136,137], which eliminates the use
of series capacitors and the DC-bias current problem both during the transient and steady-
state conditions. Conventionally, DAB employs only one external inductor on any side of
the transformer [82]; however, as reported in [138] the inter-winding stray capacitance can
cause current resonance and finally worsen soft switching in case of simultaneous switching
events in both sides of the transformer. It is shown that splitting the external inductance
to both sides of the high-frequency transformer can effectively extend the ZVS for all the
switching devices [138]. Finally, DAB allows modular structures [99] to scale up to the higher
power level thanks to its outstanding feature that paralleling can be easily achieved, as
opposed to resonant topologies [3]. Therefore, by following a modular design approach, light
load operation duration can be minimized by shedding some parallel units for efficiency
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optimization [5]. Unfortunately, Performance of a 5 kW rated GaN-based DAB DC/DC
converter in a 400 V battery charging application has been demonstrated in [135]. Reportedly,
this design has a maximum efficiency of 98.7% while operating at half power and 98% at
rated power. Although this study provides valuable information on the magnetic components’
volume, unfortunately, it lacks details on the power density.

(a) (b)

Figure 19. (a) Dual active bridge (DAB) converter, (b) dual active half-bridge (DAHB) converter
proposed by [139].

The half-bridge variant (DAHB) of DAB, shown in Figure 19b, for PHEV charging
application utilizing GaN transistors has been presented in [139]. This configuration has
the advantage of low transistor count with the compromise of reduced efficiency resulting
from a transformer operation with half of the DC-link voltage. Therefore, this topology
can be disadvantageous for high power, i.e., 22 kW, OBC applications. Another vari-
ant with a three-level ANPC half-bridge at the primary and secondary side is given in
Figure 20a [137], which is proposed for 800 V EV charging applications. In this work,
the proposed three-level DAHB converter achieves a peak efficiency of 98.25% for an ex-
perimental prototype with a power rating of 1.5 kW. An additional option with a 10 kW
power rating is the series-input, series-output (SISO) DAB converter, shown in Figure 20b,
proposed in the recent study [99]. This converter is capable of functioning over a broad
output voltage range of 250 V to 1000 V. While the efficiency of this converter is not stated
in the study, it shows an impressive power density of 10 kW/L, including the AFE stage.

The DAB topology, while advantageous in many ways, is not without its limitations.
One of the significant disadvantages of this topology is that its efficiency may fall below
90% under light load [82], mainly due to the absence of soft-switching and the persisting
core losses with a subtle reduction from full load operation.

(a) (b)

Figure 20. (a) Three-level ANPC dual active half-bridge converter proposed by [137]. (b) series-input
series-output (SISO) DAB converter (derived from [99]) for 800 V EV applications.
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• DAB Modulation Methods

In the DAB converter, bidirectional power flow is achieved by controlling the phase shift
angle between the voltage waveforms of the two bridges [99]. Modulation techniques for the
DAB topology have been thoroughly investigated in the literature [87,133,140–144]. The most
well-known and simplest modulation method is named single-phase-shift (SPS) [133,140],
in which, primary and secondary bridges are operated with 50% duty cycle, and only their
phase difference is controlled to regulate the power flow. Power is sourced from the side
modulated with a leading phase angle. Switching the polarity of the phase shift angle
enables reverse power flow, and hence, the bidirectional operation can easily be achieved.
While operating above one-third of the rated power with input/output voltages close
to their nominal values, the SPS modulation achieves ZVS operation and high efficiency.
The two basic ZVS requirements state that the inductor current iL should be flowing
through the reverse conduction path of the upcoming switch which will take over the
current and should be higher than a certain level to ensure charge and discharge the output
capacitances of commutating transistors [125]. The ZVS range of DAB is also affected by the
utilized dead-band as it ought be set larger than the ZVS resonance transient interval which
depends on auxiliary inductor Lp and GaN transistor parasitic capacitances [87]. With
these constraints, SPS requires a high auxiliary inductance Lp, cf. Figure 19a, to preserve
ZVS ability at light load, resulting in high-circulating power and low efficiency for the DAB
converter [133,140].

Various modulation methods have been proposed to address the efficiency issues of the
SPS-modulated DAB topology at light loads. One approach is extended-phase shift (EPS)
modulation [87], which allows for increased control degrees of freedom by operating one side
of the converter below 50% duty cycle while the other side remains at 50%. Alternatively,
dual-phase-shift (DPS) modulation [142] reduces the duty cycle of both sides to below 50%.
Another method is triple-phase-shift (TPS) modulation, as discussed by Huang et al. and
Chen et al. [143,145], which achieves greater control flexibility than other symmetrical mod-
ulations by using different duty cycles for both full-bridges. TPS includes two well-known
sub-forms, namely the triangular (TRM) and trapezoidal modulation methods, whose names
comes from the inductor current shape [134,141]. TRM provides a discontinuous conducting
mode at light load with minimal rms current by reducing the circulating currents. However,
for only two of the switches, ZVS turn-on is achieved [144] as far as the minimum commuta-
tion current needed for the resonant transition is available while the rest turns-on under zero
current. However, turn-on under zero current, unfortunately, does not mean soft switching,
and in fact, turn-on loss can account for as high as 30% of its nominal current value caused by
the Eoss losses of high-side and low-side transistors [146].

As an alternative to the symmetrical modulation methods explained above, by bring-
ing another degree of freedom to the modulator, recently a few asymmetrical modulation
methods have been proposed [144,147]. In [147], the duty cycle of the low-voltage side
is fixed at 50%, while the other side is operated at a lower duty cycle without following
the half wave symmetry. Reportedly, the proposed approach has better ZVS performance,
although full ZVS operation is not possible when compared to SPS, DPS, and EPS mod-
ulation methods under light load. However, the comparison does not include TRM and
TPS modulation methods, and a circulating current is observable on transformer wind-
ings during the inactive mode. On the other hand, [144] presents a hybrid approach by
combining EPS, SPS, and a new asymmetrical modulation to minimize rms current while
guaranteeing the ZVS operation over a wide range. In their proposal, EPS is modified such
that half wave symmetry is violated in a way that transformer winding volt-second balance
is not stated. Therefore, this method requires an additional series blocking capacitor.

Depending on the transferred power and input/output voltage levels, the number of
operating modes can be as many as twelve for TPS [125], and it is challenging to obtain the
global optimal TPS parameters with three degrees of freedom. The same level of difficulty
is also apparent for asymmetrical modulation methods. Several optimization studies have
been proposed in the literature [87,134,142,143], and a review of other studies has been
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presented in [141]. The optimum modulation parameters can be obtained via different
objective functions such as minimization of peak current stress [143] and rms values of
the primary and secondary side currents [125,143,144], reactive power, i.e., circulating
current [141] or total converter losses [134] with the constraint of achieving ZVS with
different levels of complexities specific to the selected approach.

In DAB topology, both transferred power and circulating current also depend on switch-
ing frequency as well as the applied phase shift. Therefore, in addition to the phase-shift
modulation methods, manipulation of modulation frequency is another viable approach to en-
sure ZVS over a wide power range with optimal circulating current [133,134,141]. Obviously,
the switching frequency range is not infinite due to transformer saturation, core losses,
and frequency-dependent skin/proximity effects on winding losses. Additionally, a wide
switching frequency range aggravates the filter design and component choices. Finally, as
implemented in [137] (DPS in their case), the presented modulation techniques are also
applicable to multi-level DAB topologies.

Practically, these parameters (i.e., the duty-cycles, the phase-shift angle, and the dead
times if adaptive dead-time is implemented) are pre-calculated for possible operating modes
and stored as lookup tables in non-volatile memory to be used in the closed-loop control of
the DAB converter [125]. However, as the loss of ZVS can increase losses tremendously,
sensitivity analysis against variation of circuit parameters, e.g., inductance and transistor
output capacitance, should be conducted and necessary actions should be taken. A large
memory is needed to store enough data to cover all possible circuit parameter drift range.
This may favor online calculation of global optimal modulation parameters by using closed
form equations for some applications, as explained in [143]. A summary of prominent DAB
modulation techniques is given in Table 9.

Table 9. DAB modulation techniques.

Modulation Technique ZVS Range Advantages/Disadvantages

SPS [141,143,145] Narrow +Simple implementation,
−Poor light load performance

EPS [87] Moderate Neutral

DPS [142] Moderate Neutral

TPS [141,143]
Wide

+Good light load performance
• Triangular −Complex implementation and optimization
• Trapezoidal

APS [144,147] Moderate Requires additional components

Phase Shift + Frequency Modulation [148] Moderate +Simple implementation −Frequency range is
limited (due to magnetic saturation and core loss)

(b) Resonant Dual-Active-Bridge DC/DC Converter Topologies
• Resonant DAB topologies for the 400 V OBC Applications

Unidirectional series resonant isolated converter, i.e., LLC, [149,150] is a well-known
DC/DC topology for power electronic applications thanks to its advantages of soft switch-
ing and accompanying high-frequency operation capability, high efficiency, and good EMI
performance. When the secondary side diodes are replaced with transistors, this topology
can be also used for bidirectional charging applications [149]. However, in the reverse
direction, i.e., in V2G mode, large turn-off currents are observed on the secondary side
due to full AC-link current superimposed by the magnetizing current [149], and the effi-
ciency drops towards the upper end of the output voltage range due to increased switching
losses. To improve LLC performance for bidirectional power flow, another resonant tank
is utilized in the secondary side of LLC topology resulting in CLLC topology as depicted
in Figure 21a, providing similar characteristics in V2G and G2V modes [151]. Compared
to the DAB converter, the CLLC converter is controlled by a variable switching frequency
to regulate the voltage gain while achieving soft switching over a wider power range [3].
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While operating in the vicinity of resonant frequency, a peak efficiency of 97.6% can be
achievable for a CLLC converter designed for EV charging application utilizing 70 mΩ
enhancement mode GaN transistors, with a variable switching frequency between 435 kHz
and 575 kHz [152]. Results of this study show that semiconductor conduction losses occupy
almost half of the overall converter losses due to intrinsic high rms currents occurring in
a CLLC topology caused by the sinusoidal current shape. Nevertheless, by using high-
current-rated devices, conduction losses can be reduced. In fact, for a similar rated CLLC
using 34 mΩ GaN-GIT, a peak efficiency above 98% can be possible [59].

In [153], an isolated half-bridge CLLC converter, cf. Figure 21b, a prototype using
650 V GaN devices with a power rating of 1 kW has been demonstrated. This converter
has a resonant frequency of 391 kHz. The most prominent advantage of this configuration
is halved transistor count compared to the full-bridge CLLC. However, this increases the
transformer winding losses and semiconductor conduction losses since the voltages are
halved and the current is doubled compared to full-bridge CLLC with the same power
rating. Although the demonstrated prototype operates with soft switching across the
battery voltage range, it has a relatively low efficiency of up to 95.7% [153].

Table 10 compares the performance metrics of bi-directional GaN-based resonant
DC/DC converter examples to an equivalent resonant converter demonstrated in [150]. The
results indicate that incorporating bidirectional functionality does not necessarily decrease
the efficiency or power density. On the contrary, bidirectional functionality can enhance
both efficiency and power density. However, it is important to note that bidirectional
topologies come with increased complexity, requiring additional power transistors and
drivers for both resonant and non-resonant topologies as well as additional battery-side res-
onant tank components for resonant topologies. This added complexity may be considered
a potential downside.

(a) (b)

Figure 21. (a) Full-bridge and (b) half-bridge CLLC (derived from [153]) converter topologies.

The CLLC topology exhibits serious design challenges to obtain a wide output voltage
range [151]. In wide voltage range applications, a large resonant inductor is required to
obtain a steep gain curve by increasing the Q factor to extend the regulation range [150].
However, a resonant tank with a large resonant inductor incurs high rms current and high
peak voltage on the resonant capacitor. Furthermore, the switching frequency range also
increases resulting in higher semiconductor and transformer losses. Above the resonant
frequency, i.e., inductive region, circulating reactive current further increases the conduction
losses [154] despite the soft switching being retained in which, switches operate in reverse
conduction mode for longer duration. In this respect, Si- and SiC-based power transistors
presents lower conduction loss thanks to contribution of body diode. That is why, use
of GaN transistors in a CLLC converter with long operation time in this mode can be
disadvantageous [155].
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Table 10. Summary of GaN-based isolated DC/DC converter topologies for 400 V and 800 V EV applications.

Topology Year Power Rating Switch
Type Modulation Switching

Frequency
Power

Density

Efficiency
(Peak/Full

Load)

Output
Voltage

DAB HB [139] 2022 3.3 kW GaN N/A 100 kHz N/A 95.04%
(with PFC) 72 V

DAB [135] 2020 5 kW GaN DPS 100 kHz N/A 98.7%/98% 400 V

CLLC [155] 2017 3.3 kW
Hybrid
(Si sec.) Frequency + Delay

140–180 kHz N/A
98%/97.4%

400 V
GaN 97.4%/96.8%

Resonant LCL-T (pri.
stacked HB, sec. FB) [94] 2022 6.6 kW GaN Phase shift 500 kHz 7.3 kW/L 98.2%/>97% 400 V

CLLC [152] 2022 3.3 kW GaN Frequency 435–575 kHz 7.9 kW/L 97.6%/N/A 400 V

CLLC Variable tap [59] 2017 6 kW GaN N/A N/A
3 kW/L

(Including
PFC unit)

>98%/98% 400 V

CLLC (fiexed gain) [156] 2021 18 kW Hybrid
(SiC pri.) Fixed frequency N/A 8.7 kW/L >98.8%/N/A 400 V

HB CLLC [153] 2020 1 kW GaN Frequency 391–500 kHz N/A 95.7%/95.7% 400 V

Resonant LCL-T (pri. and
sec. stacked HB) [94] 2022 6.6 kW GaN Phase shift 500 kHz 7.3 kW/L 98.2%/>97.5% 800 V

DAB (stacked) [99] 2022 10 kW GaN Hybrid (SPS+DPS) 140–400 kHz
10 kW/L

(Including
AFE)

N/A 250–
1000 V

3-level DAHB [137] 2022 3.3 kW GaN DPS 100 kHz N/A >98.25%/N/A 800 V

Hybrid LLC [150]
(PSFB + LLC) * 2020 3.2 kW GaN FB pri.

and Si sec.
Frequency modula-
tion for both modes

75–300
kHz 4 kW/L 98.5%/98.5% 400 V

* Uni-directional converter is included for performance comparison.

To address the wide operating voltage requirement of the OBC applications, a possible
solution could be a variable DC-link operation [90,156] for dual-stage architectures. Liu et al.
compared the performance of conventional CLLC with variable DC-link operation [90],
where an outstanding overall efficiency improvement, up to 1%, was achieved compared to
fixed DC-link voltage operation. However, in this approach, DC-link is driven above typical
commercial GaN voltage rating, i.e., 650 V, and thereby these applications typically utilize
1200 V SiC MOSFETs at the primary side. In another approach, input-parallel output-series
(IPOS) isolated converter functions as a load-independent constant gain DC transformer
(DCX) [156], allowing it to operate in the vicinity of the resonant frequency throughout
the entire charging profile. This gives a flat efficiency profile for DC/DC stage optimized
for best efficiency thanks to fixed voltage gain. Another partial power resonant converter
was cascaded (cf. Figure 22b) with a non-isolated bi-polar bi-directional DC/DC converter
assigned for battery voltage regulation. The two converters are supplied from a common
750 V DC-link, with the first one functioning as a fixed-gain DCX, which handles the
majority of the power and the second one being responsible for output voltage regulation.
This results in a peak efficiency of 98.8% and a relatively flat efficiency profile, excluding
the light load conditions.

Several methods have been proposed to expand the output voltage range of the se-
ries resonant converters [59,150]. One of the most popular approaches is reconfigurable
transformer taps to allow different transformer turns ratios; for example, ref. [59] shows
reconfigurable turn ratios of 10:10 and 10:8 achieving an efficiency above 98% over a wide
voltage range. The ZVS operating range can also be extended by applying hybrid modula-
tion methods, which will be elaborated in the following section. Finally, there are a few
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studies proposing adjustable resonant tank parameters allowing resonant operation for
different battery voltages [157], and reconfigurable unidirectional LLC converters [150],
allowing resonant and phase-shifted full-bridge or half-bridge and full-bridge operation
mode transitions. However, according to the best search of the authors, no such study
has been found on GaN transistors that adopted this approach for bi-directional OBC
application. Nevertheless, these approaches can also be extended to bi-directional CLLC
topology [158].

• Resonant DAB converters for 800 V OBC Applications

Finally, multi-winding transformer-based stacked isolated converters are drawing
attention [99,100,106,159] for solid-state transformer (SST), DC micro-grid, and battery
charging applications, especially 800 V systems, as well. In [94], the authors have proposed
a resonant stacked half-bridge converter based on an LCL-T immittance network which
operates at fixed 500 kHz switching frequency fed from a 800 V front-end converter. This
converter can produce output voltages from 150 V up to 950 V. The measured converter
achieves a peak efficiency of 98.2% along with a power density of 7.3 kW/L. Although
this converter maintains a flat efficiency profile above > 97% across the whole output
voltage range, at rated power, the light load efficiency falls below 90% like the two-level
DAB and CLLC counterparts. The tuned LCL-T network presents a high impedance
to harmonics generated by the converters, and therefore, the primary and secondary
switch and transformer waveforms are approximately sinusoidal, minimizing the reactive
power requirement of the converter irrespective of the load. The direction and magnitude
of power flow is regulated by controlling the pulse width of primary and secondary
side switching pattern (three-level modulation) while keeping the phase shift constant.
Since this architecture does not have a series capacitor in its original form, additional dc
blocking capacitors are required in both primary and secondary side due to uni-polar
exciting voltages of stacked half-bridge. Exclusion of secondary side resonant network can
outweigh the volume increase caused by the use of an additional inductor with similar
sizing with the one used in CLLC converter. Although performance and switching behavior
has been thoroughly analyzed for CC/CP/CV charging modes, the ZVS operation range
is not detailed for V2G mode in this study. Since the magnetizing inductance can be
designed significantly higher [94] than conventional LLC converter, problems evident in
LLC reverse-mode operation [149] may not appear in this topology.

A few alternative conceptual topologies are shown in Figures 22b–d and 23d based
on multiple transformers and have been recommended in [106]. In case of a 400 V DC-
link, ref. [106] proposes the topology given in Figure 22b for 800 V EV systems. An
important advantage of this approaches is the re-configuring capability of the output circuit
for parallel operation, as shown in Figure 23d for 400 V EV systems, despite the fact that par-
alleling of resonant converters is a challenging task [3]. Unfortunately, experimental studies
issuing the performance evaluation of these topologies are very limited or not available
yet. A stacked structure for 800 V charging application can be formed by connecting the
two half-bridges in series [106,160], as shown in Figure 22b. Table 10 presents a summary
of the comparison between GaN-based isolated DC/DC topologies for 400 and 800 V EV
charging applications, with a particular focus on power density and efficiency. Finally, the
table incorporates information on the modulation techniques used in each topology.
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(a) (b)

(c) (d)

Figure 22. Multi-level DC/DC resonant converters proposed in the literature. (a) LCL-T resonant
converter (edited from [94]) and conceptual (b) DAB converter with series stacked half-bridge
secondary, (c) Stacked half-bridge (d) and its symmetrical full-bridge variant for 800 V EV charging
applications (edited from [106]).

(a) (b)

(c) (d)

Figure 23. Bi-directional (a) hybrid resonant input-series output-parallel (ISOP) isolated resonant
converter (derived from [90]), (b) input-parallel output-series (IPOS) isolated resonant partial power
(PP) converter (derived from [156]), (c) LCL-T resonant converter [94], (d) (conceptual) SIPO resonant
converter (edited from ([106]) for 400 V EV charging applications.
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• CLLC Modulation Techniques

Basic modulation of CLLC converter is known as pulse frequency modulation (PFM)
technique [111], which is based on the DC gain characteristics of the resonant converter
practically obtained by fundamental harmonic analysis (FHA) [161]. In this modulation
technique, the timing of rectifying bridge gate signals has a crucial role to achieve ZCS at
the secondary side [152], which necessitates employment of carefully tuned and sensitive
zero crossing detection circuits. Dead-time optimization, depending on the loading, is also
needed including the effect of GaN transistor output capacitance and the circuit parasitic
capacitances [162,163]. Ref. [161] proposes a specialized version of frequency modulation to
implement synchronous rectification of secondary side switches without using sensors. As
stated in the previous section, this technique has significant disadvantages when applied
to wide input/output voltage range applications. In order to address these limitations,
numerous alternative techniques have been proposed in the literature, a summary of which
is presented in Table 11.

Among them, the half-bridge mode implements a unipolar switching pattern at the
primary side. This method reduces the switching speed by half, although the converter
still operates at resonant frequency. Additionally, since half of the input voltage is blocked
on the resonant capacitor, the fundamental component of the applied voltage is half
of its nominal value [160]. However, in an EV charging application, converter output
current is maximum when battery voltage is low in a CC/CV or CC/CP/CV charging
profile [32,94,154]; thus, optimum efficiency may not be attained as the converter operates
with a reduced effective input voltage. The burst mode [151] operation, on the other hand,
is the intermittent operation of the converter during the light load conditions while being
still excited typically at the frequency providing the best efficiency.

Table 11. Summary of CLLC modulation techniques.

Modulation Technique Advantages Disadvantages

Frequency control (natural syn-
chronous rectification ) [111,161] Easy to control Poor performance over wide

voltage range

Delay time control [151,155] Reduces operation frequency
range and increases voltage gain

Slight increase in controller
complexity

Burst Mode [149,151,155] Enables operation at resonant
frequency Only applicable to light load

Extended phase-shift con-
trol [164] ZVS for both sides Relatively complex

implementation

Half-bridge or asymmetrical
mode [111,160]

Increased performance at low
voltage range Unequal aging

Inner phase-shift control [165] Soft switching range extended Advantageous only in low
voltage range

Delay time control [151,155] is another approach targeting extension of operation
voltage range. In this method primary side is operated like in basic frequency modulation.
On the other hand, secondary side HB legs, displaced by a phase difference above 180°,
results in a state shorting the secondary side winding. This boost behavior [151] provides
a higher output voltage compared to the conventional frequency control. This mode
is typically only applied in the high output voltage CV region, which elevates circuit
performance by enabling selection of a larger magnetizing inductance and higher turns
ratio to reduce the conduction losses.

In contrast, when the primary side HB leg gate signals are displaced by a phase angle
different from 180°, a new modulation technique known as inner phase-shift control (IPS)
is obtained [165]. By controlling the phase shift between the primary side bridge legs, the
output voltage can be regulated. Moreover, the primary side zero voltage switching, and
secondary side zero current switching features are also ensured. Although the resulting
mode is a step-down mode (if transformer turns ratio is equal to 1:1), it can replace the
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above resonance operation of PFM modulation, narrowing the switching frequency range
significantly and eliminating the semiconductor turn-off losses which are inevitable for the
above resonance operation [154].

The extended phase-shift (EPS) control [164], also known as the dual-phase-shift
control technique [111], introduces an outer phase shift between primary and secondary
bridges in addition to the IPS. Fundamental wave amplitude of the square wave voltage of
the primary side bridge is adjusted by reducing the duty cycle below 50% to achieve high
light load efficiency. Study [164] shows that by optimizing the phase-shift combinations for
EPS control in the CLLC converter throughout the operation range, ZVS can be assured
for both primary and secondary side switches. In practical applications, typically a hybrid
modulation technique is adopted combining basic PFM and a phase-shift modulation [158]
to optimize the converter design and reduce the operation frequency range.

The modulation techniques given in this study are also applicable to stacked CLLC
converters [94,160]. Practically, a combination of two-level modulation [166] and three-level
modulation can increase operation voltage range for multi-level resonant converters while
achieving full range ZVS operation with reduced circulating current. For instance, in the low
battery voltage range, [94] utilizes an asymmetrical modulation technique that alternates
between the top and bottom half-bridges. This method leads to a switching frequency that
is half of the resonant frequency. In normal operation, phase-shift modulation resulting
in three-level waveforms is implemented. Notoriously, increasing degrees of freedom of
stacked CLLC converters enables further extension of conventional modulation methods
to achieve ZVS operation over a wide battery voltage range. However, this topic waits as
future research, for now.

Table 12 illustrates how the choice of modulation method affects converter efficiency
across the battery voltage range. By utilizing advanced modulation techniques, it is possible
to achieve a flat efficiency profile throughout the charging process, specifically improving
the light load performance, for both resonant and non-resonant isolated DC/DC converter
topologies. Therefore, the impact of modulation technique on topology performance should
not be overlooked.

Table 12. Effect of modulation technique on the efficiency of DAB and CLLC topologies designed for
400 V EV charging applications (in G2V Mode).

Topology Power Rating Modulation

CC Mode
Efficiency

Max Power
Efficiency

CV Mode
Efficiency

(250 V, ICC) (370 V, Prated) (450 V, Light
Load)

DAB [140] 3.7 kW SPS <97.0% >98.0% <96.0%

DAB [140] 3.7 kW TPS 97.5% >98.0% 96.0%

DAB [135] 5 kW EPS 97.0% 98.0% <94.0%

CLLC [59] 6 kW Frequency 97.5% >98.0% 96.5%

CLLC [155] 3.3 kW Delay+ Burst 96.5% 97.4% 96.8%
+Frequency

6. Concluding Remarks and Future Research Trends

This section provides a comprehensive overview of the existing bi-directional OBC
architectures that rely on GaN power transistors. Furthermore, projections regarding
the possible transformations of applied architectures that could stem from the continued
progress in GaN power transistor technology have been summarized. The two common
structures, namely direct three-phase architecture and phase modular architecture of the EV
on-board chargers have been discussed in this article. Both can be further sub-categorized
as single-stage and dual-stage topologies. The state-of-the-art applicable OBC topologies
are limited by the available commercial GaN power transistor glossary. Nevertheless, as
the GaN technology matures, especially with the emergence of 1200 V rated [91] and/or
bidirectional GaN power transistors, applicable topologies will widen. Among the existing



Energies 2023, 16, 3433 36 of 45

applications, single-stage topologies stand out in terms of power density and circuit sim-
plicity; with the imminent bidirectional GaN power transistors, they can revolutionize the
application field, including high power use cases, i.e., 22 kW, as well. A noteworthy chal-
lenge of this approach is the limited degree of control freedom to achieve soft switching and
low conduction losses, especially when additional functions, such as reactive power injec-
tion, which can be solely achieved by the AC/DC stage in a dual-stage implementation [23],
are included.

Phase modular AC/DC topologies hold being the first choice in OBC applications
thanks to modular nature and ease of paralleling for global compatibility. Although they
require additional Si/SiC MOSFET as a folding/unfolding bridge, an associated gate driver
with this additional low frequency half-bridge is a simple low-power driver [167], and
power loss and cooling effort is not high. It is useful to compare the topologies based on
the active switch utilization [168] factor, which is expressed as Pswitch/Po, where Pswitch is
a benchmark factor being equal to the product of the peak voltage applied to semiconductor
switch, and the rms current flowing through it. According to [168], as the switch utilization
increases, the converter efficiency increases, while its cost decreases. When compared to
direct three-phase systems, phase modular PFC topology with folding leg provides a better
switch utilization by a factor of more than two times [100].

Implementation of GaN-based conventional direct three-phase, in other words, non-
phase modular configurations requires use of multilevel topologies with the currently
available GaN transistors and additional modifications for single-phase charging allowance.
With wider availability of 1200 V GaN power transistors, OBC AC/DC stages may ex-
perience significant impacts. Specifically, single-phase use of two-level three-phase AFE
topologies can be achieved with either a fourth leg or mechanical switches, leading to a de-
crease in component count. This has the potential to make these topologies the dominant
choice for AC/DC stages in OBC applications.

An important remark for both phase modular and direct three phase AC/DC converter
stages is the reduction of inductor volume thanks to GaN utilization, which may be out-
weighed by the required volume for 2nd harmonic power decoupling capacitors (to enable
single-phase comaptibilty) and the EMI filter stage. Although the switching frequency can
be driven well beyond MHz range in an OBC application, electrolytic capacitors inevitably
are used for single-phase operation, hindering the power density improvement anticipated
from GaN utilization in AC/DC stage. Thereby, innovative active power decoupling
techniques [115] and optimized EMI filter designs [4,13] with properly tuned modulation
methods can help to improve power density to make the best use of GaN utilization.

A thorough examination has been performed on the relevant applicable isolated
converter topologies for the DC/DC power stage. DAB is the first topology that springs to
mind for bidirectional operation, the power flow control of which is controlled by changing
the phase shift between primary and secondary side modulation signals. With the use of
advanced modulation techniques, such as TPS modulation, the DAB converter can achieve
soft switching for a very wide operating voltage range. Easy scaling of power rating with
paralleling is another benefit of this topology. However, the circulating (reactive) current
and associated conduction losses of semiconductors and transformer necessitates a careful
component optimization, including modulation. The DAB resonant, or CLLC, converter is
another attractive alternative for isolated DC/DC converter stages, enabling soft switching
over the complete range of EV battery voltage in a properly tuned design. Although GaN
has unrivalled switching performance, outstanding reduction of switching losses via soft
switching is still important for best-in-class efficiency and EMI performance. However, this
topology excels DAB only if it operates slightly above resonant frequency. When combined
with variable DC-link operation strategy, and by operating as a fixed gain DCX converter,
CLLC is a feasible straight choice for many applications. Finally, associated modulation
techniques with the presented topologies have also been reviewed since they are decisive
on converter performance as much as the selected converter topology.
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The research efforts should be carried out systematically and efficiently considering
the several constraints, e.g., power density, safety, reliability, cost, and environmental
impacts, in front of the successful growth and adoption of EV technology while seeking
methods to attain an OBC short term efficiency target of 98% [28] and beyond. To reach this
target, implementing partial power converters [28,156] and semiconductor-based galvanic
isolation [96] can be a game-changer, even in the present time.

Given that the SOC HB solutions [67] are realized, we can anticipate a stellar performance
from GaN-based converters in terms of these metrics thanks to higher switching frequencies
enabled by improved layout. However, they will bring new challenges regarding thermal
management since both transistors comprising the HB are confined in a small area. In this
case, emerging dual sided cooling or immersion cooling methods [169,170] and can improve
the thermal performance and heat dissipation capability substantially and open new doors
for optimization of electrical layouts to achieve high power density converters.

Ultra-compact chargers, enabled by evolving GaN technology, can allow portable DC
chargers paired with every EV to eliminate the of on-board charger from EVs in the near
future [3]. This can provide numerous benefits such as reduced EV cost, easier serviceability,
and reduced gross vehicle weight. Most importantly, the rate of charge will no longer be
limited by the power rating of the OBC. These chargers are meant to be hand-held with
a small form factor, natural convection cooled (i.e., without fans) [3]. Filter design and
controllers [4,13,115] should account for case of multiple cars being charged on the same
AC feeder in the near future to ensure converter stability requirements [13] are met.

A well-known concern about EV charging is the negative impacts on the grid. As
discussed for long time, smart charging should be implemented to reduce the peak demand
on the distribution network in which charging behavior is changed based on peak demand,
renewable source generation, dynamic pricing, and habits of EV owners [171,172]. V2G
capable efficient chargers can boost renewable integration [5] as well, by providing several
ancillary services such as grid back-up, peak shaving, and reactive power support and
grid frequency regulation [23,127,171] with associated well known control methods, e.g.,
droop control and decoupled power control [109]. Finally, the stability of parallel operating
multiple distributed generators has been discussed in several studies [173,174] which are
also applicable to V2G chargers; nevertheless, the effects of stability requirements on design
requirements need to be elaborated.

7. Conclusions

This article provides a comprehensive survey of the current status and upcoming ad-
vancements in GaN power transistor technology as it applies to on-board charging (OBC)
in electric vehicles (EVs). The application requirements are taken into consideration as well
as a summary of the associated standards. Practical issues and concerns regarding the use
of GaN transistors are also discussed. The state-of-the-art power converter topologies for
on-board chargers used in 400 V and emerging 800 V EV systems are reviewed, along with
key performance metrics and future predictions of implemented approaches. A categorization
of these topologies is presented which comprises combinations of three-phase AFE and phase-
modular single/dual-stage two-level and multilevel topologies suitable for OBC applications.
Finally, a comparative evaluation of these topologies is carried out, including their merits and
demerits in terms of various parameters such as variation of efficiency over charging profile,
switching frequency range, ability to adapt a wide voltage range, complexity, and reliability as-
pects. The efficiency and power density of the OBC greatly depend on the converter topology
implemented, which in turn affects the bi-directional charger acceptance, cost, and reliability
objectives. Additionally, determining the optimal topology is contingent upon the user’s
priorities and objectives as well as the efficiency zone being targeted, which may encompass
all power levels or a specific point of interest. As such, this paper serves as a valuable resource
for researchers and engineers seeking to study, design, and implement on-board chargers for
EVs. The presented topologies are complemented by a glossary of applied low-level control
techniques providing a comprehensive reference for practitioners in the field.
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