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ABSTRACT | Over the last decade, dc–dc power converters

have attracted significant attention due to their increased

use in a number of applications from aerospace to renewable

energy. The interest in wide bandgap (WBG) power semicon-

ductor devices stems from outstanding features of WBG mate-

rials, power device operation at higher temperatures, larger

breakdown voltages, and the ability to sustain larger switch-

ing transients than silicon (Si) devices. As a result, recent

progress and development of converter topologies, based on

WBG power devices, are well-established for power conver-

sion applications in which classical Si-based power devices

show limited operation. Currently, Si carbide (SiC) and gallium

nitride (GaN) are the most promising semiconductor materials

that are being considered for the new generation of power

devices. The use of new power semiconductor devices, such

as GaN high electron mobility transistors (GaN HEMTs), leads

to minimization of switching losses, allowing high switching

frequencies (from kHz to MHz) for realizing compact power con-

verters. Finally, design recommendations and future research

trends are also presented.
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I. I N T R O D U C T I O N
A key objective in power converter design is to decrease
power losses to improve the conversion efficiency—
this impacts applications such as in renewable energy.
By decreasing the power loss, the size of the converter
components can be reduced, which leads to a compact size
for the whole converter [1], [2].

Therefore, the converter size and cost fully depend
on the design requirements and applications, where the
power density of the converter is inversely proportional to
the size of its passive components. Due to the increased
switching frequency, the power density and switching
loss increase, resulting in decreasing converter efficiency.
Moreover, these switching losses can be reduced by using
several soft switching (SS) techniques, which increases the
complexity of the converter circuit.

In the last decade, crucial research has focused on
isolated dc–dc converters to improve the conversion effi-
ciency and voltage gain, as well as reducing the switching
losses [1], [3]–[7]. The majority of power converters can
be unidirectional to deliver power to loads, such as motor
drives, uninterruptable power supplies, renewable energy
sources, and battery chargers. On the other hand, in other
applications, it becomes a requirement to have converters
with bidirectional power conversion properties—a good
example of this is in renewable energy combined with
battery storage applications. A possible way to consider
the classification of WBG power dc–dc converter topologies
is in terms of integrated converters and discrete power
converters. In contrast to discrete converters, where the
interest is in high efficiency, integrated converters focus on
integrating the underlying logic functions in such control
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Fig. 1. ON-state characteristics currve of IGBT devices [17].

circuits on the same die to result in a highly integrated,
power-efficient, reduced system complexity, low cost, and
small area—for a wide range of applications, such as elec-
tric vehicles (EVs), switched-mode power supplies, and dc
motor drivers. Historically, silicon (Si) MOSFET technology
is well-established in power semiconductor devices [8].
Recently, WBG semiconductor materials have been intro-
duced in the power semiconductor market. Among the
various WBG devices, Si–carbide (SiC) and gallium–nitride
(GaN) devices deliver superior power converter perfor-
mance due to their outstanding material features in com-
parison to Si devices [9]–[11]. Extensive studies have been
performed on well-recognized SiC power devices [12],
[13]. On the other hand, there are only a few studies on
GaN devices for high-power (HP) applications (up to a
few kW) [14], [15].

This article reviews new WBG architectures and
new WBG semiconductor technologies, with respect
to their application in the field of power electron-
ics. High-frequency (HF), high-efficiency, switched-mode
power converter circuits using GaN on Si-based integrated
circuits are suitable for downstream applications, including
automotive and renewable energy technologies.

Today’s Si power MOSFET and Si insulated-gate bipolar
transistor (IGBT) are the main building blocks of power
electronics switching circuits [16]. Advanced Si IGBTs with
blocking voltage capability ranging from 600 to 6500 V are
emerging due to the large variety of high-volume applica-
tions [17]. In the last five years, SiC devices have become
commercially available with the potential to replace Si
IGBTs in a number of applications. However, penetration
into the IGBT market is still constrained by the high manu-
facturing cost of SiC devices. The ON-state characteristic
curve of IGBT devices is shown in Fig. 1 as a function
of blocking voltage capability. It can be seen from the
figure that the reduction in the ON-state current density
for IGBTs results in an increase in the blocking voltage.
The ON-state current density is determined by thermal
consideration, such as the maximum junction temperature
of the package [18]. However, Si power semiconductor
devices suffer from several issues [19].

1) High losses: The relatively low Si bandgap (1.1 eV)
and low critical electric field (30 V/µm) result in

high-voltage devices with substantial thickness, lead-
ing to higher conduction losses.

2) Low switching frequency: Si power MOSFETs incur
high conduction losses due to majority carriers and
hard switching operation. The gate charge capaci-
tance produces a high spike current, which leads
to increased conduction losses and switching losses
at high switching frequencies. On the other hand,
Si IGBTs have higher current density compared to
Si MOSFETs due to minority carriers and conduc-
tivity modulation. The minority carriers reduce the
switching frequency range of IGBTs, resulting in low
switching losses. Low switching frequency also leads
to larger inductors and capacitors, resulting in bulkier
systems.

3) High leakage current and high temperature: Typically,
the junction temperature and leakage current depend
on the high intrinsic carrier density, resulting in the
high intrinsic carrier density of Si power devices
leading to an increase in the junction temperature and
the leakage current. The maximum operating junction
temperature of IGBTs is typically 125 ◦C.

In the recent development of power semiconduc-
tor devices, several researchers have tried to alleviate
these problems by using WBG semiconductors. These
WBG-based converters are able to obtain high efficiency
and high voltage gain due to low switching losses, at high
operating voltages (>1 kV to tens of kV), high operating
frequencies (tens of kHz to tens of GHz), and high oper-
ating temperature (>150 ◦C) [20]–[22]. Hence, GaN on
Si delivers superior performance to bulk Si technologies
while being more cost-effective than GaN on SiC, GaN on
GaN, or GaN on diamond [23].

Typically, dc–dc converters are classified into isolated
and nonisolated converters, as shown in Fig. 2. The iso-
lation refers to the electrical barrier between the inputs
and outputs of the converter. An HF transformer can be
used as an electrical barrier in the converter. The benefits
of the barrier are in facilitating high-voltage applications
with different output voltage polarities [24]. Several con-
verter topologies and applications are proposed to increase
the efficiency of isolated dc–dc converters [6], [7], [23].
Most isolated dc–dc converters utilize zero voltage switch-
ing (ZVS) to improve the efficiency up to 97% for HP
converters ranging from 1 to 5 kW [25], [26]. However,
it is quite challenging to further improve the efficiency of
nonisolated converters.

In contrast to Si technology, GaN is a promising semicon-
ductor for HP converters for further improving switching
losses resulting in increased efficiency [10]. There are still
some limitations in the manufacturability of GaN devices,
and the cost of GaN devices is higher than Si. Recently,
manufacturers have been continually addressing these lim-
itations, reducing GaN development cost aiming for GaN
devices with cost equivalence to Si [10]. Another limitation
of WBG devices is the packaging due to the parasitic
inductances in the device and printed circuit board (PCB)
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Fig. 2. Classification of dc–dc converters.

traces [27]. These devices are more popular due to low
switching loss and frequency operation but with high
junction temperature [10]. To enable miniaturization and
full utilization of the GaN devices, HF operation is needed,
so parasitics associated with on-chip interconnects and
loads must be minimized. For loads, such reduction can be
achieved either using the point-of-load (PoL) approach or
utilizing an integrated voltage-regulator (IVR) [28], [29].

This article is organized into five sections. Section II
presents and describes classical power dc–dc converter
topologies. Then, in Section III, recent progress and devel-
opment in wide bandgap (WBG) power devices and major
challenges are described. In Section IV, WBG-based power
dc–dc converter topologies are presented, where we have
only focused on low- to mid-power WBG dc–dc con-
verter topologies for comparison and classification with
the proposed converter topology, while we have proposed
a low-power dc–dc converter with low input dc voltage
applied to obtain high output voltage gain and high effi-
ciency. These converter topologies available in the litera-
ture are capable of offering either high voltage gain or can
handle power levels within 180–2400 W, as will be shown
later in Table 17. Design recommendations, followed by
future research trends are discussed in Section V.

II. C L A S S I C A L P O W E R D C – D C
C O N V E R T E R T O P O L O G I E S
To understand the recent development and implemen-
tations of WBG power dc–dc converter topologies, it is
important to first provide a brief summary of classi-
cal Si-based power devices and their applications in
the last decade. In the 1970s, thyristor-based dc–dc
buck-boost (BB) converters were established for HP

applications [30]. A a few years later, a multilevel con-
verter (MC) was proposed [31], controlled by using a
time-sharing HF to provide large-scale dc power supplies,
which can operate over an ultrasonic chopping frequency
with frequencies above 20 kHz.

In the last three decades, MCs have been designed
and developed for medium-power (MP) to HP applica-
tions [32]–[37]. These converters featured both HF and
SS techniques combined with a three-phase symmetric
ac link transformer. Generally, these converter topologies
(such as resonant converters and bridge/multiphase bridge
converters) may be considered as classical dc–dc converter
topologies and are used in several power applications.

A. Classical Silicon-Based Power Devices

Si-based power devices can be classified into buck
converters, resonant boost converters, resonant convert-
ers, and resonant single-ended primary-inductor convert-
ers (SEPICs). Several traditional circuit configurations are
described based on the MOSFET/IGBT. Although, both
IGBT and MOSFET are voltage-controlled semiconductor

Fig. 3. TSBB converter.
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Fig. 4. Isolated BB converter [39], [43] with (a) HB buck converter, (b) FB buck converter, (c) FB-boost converter, and (d) HB-boost

converter.

devices that operate well in switched-mode power sup-
ply (SMPS) applications, IGBTs possess improved power
handling capability [38]. The IGBT has a lower forward
voltage drop compared to the MOSFET. With the increase
in selections between the two devices, it is becoming
more problematic to select the best device based on their
applications alone. Typically, MOSFETs operate at higher
switching frequencies around 200 kHz, where IGBTs oper-
ate at low switching frequencies around 10–20 kHz. The
two-switch BB (TSBB) converter, as shown in Fig. 3 [39],
is constructed by using buck and boost cells’ combination.

A well-known classical HF isolated buck dc–dc con-
verter can be obtained, as shown in Fig. 4(a) and (b),
by substituting the buck cell in Fig. 3. Similarly, the iso-
lated boost converter can be constructed, as shown
in Fig. 4(c) and (d), by substituting the boost cell in Fig. 3.
Moreover, a resonant tank circuit can be described as the

boost converter, the BB converter, the SEPIC converter,
or the hybrid bridge converter to obtain SS resonance.
The voltage across the switching elements may be made
by putting one or more components of the LC network in
series or parallel with the converter switches, so they can
turn on–off with ZVS [40]–[42]. In addition to the zero
switching voltage and current of the active switches, this
topology also has a zero switching current for the output
diodes.

Nevertheless, normally, the switching frequency has to
be higher than the preferred resonance frequency in order
to guarantee SS operation and to obtain output volt-
age or current over a wide range. This tends to result
in a bulky resonant tank, low power density, and poor
efficiency. An example of various types of resonant con-
verter topologies is shown in Fig. 5(a)–(c). Traditionally,
dc–dc resonant converters are built for low-frequency and

Fig. 5. (a) Resonant boost converter [44]. (b) Hybrid resonant and phase shift converter [7]. (c) Resonant SEPIC converter [45].
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Fig. 6. (a) Bidirectional isolated FB-boost converter [39], [46]. (b) HB-boost and FB converter [39], [47]. (c) HV dc–dc FB converter [39],

[48]. (d) SPCD converter topology [39], [49].

low-power applications, such as telecommunications, fuel
cell-based power systems, and renewable power supplies.
These topologies are limited by the use of semiconductor
device switches. To overcome these problems, recently,
several types of HF or very HF (VHF) resonant converters
were built for medium-output-power applications [4], [7],
[40]–[42].

Moreover, bridge dc–dc power converters have been
significantly developed and implemented in recent years
[46]–[49]. Fig. 6(a)–(d) shows existing implementation
of isolated full bridge (FB) converter topologies for HP
applications. Due to SS techniques, such as ZVS or zero
current switching (ZCS) techniques, a possible decrease in
system switching losses and an improvement in switching
frequency are possible. In the same way, an SS pulsewidth
modulated (SS-PWM) FB bidirectional isolated converter
is constructed for step-up function, as shown in Fig. 6(a),
where its communication process is developed to reduce
the mismatch between the leakage inductor and boost
inductor current when communication occurs.

In [47], the dual-input-based dc–dc converter is
reported where it consists of an HB-boost cell and FB-boost
cell combination, as shown in Fig. 6(b). Though this strat-
egy has some benefits, the major problem is the current
stress that raises the design complexity. In addition, due
to the dead-time effect, where a capacitor charging-based
high-voltage (HV) dc–dc converter is implemented for HP
application, as shown in Fig. 6(c) [48], it contains an FB
converter and three HV-HF transformers. A series–parallel
current-driven (SPCD)-based FB converter is represented
in Fig. 6(d) [49], while these branch combinations Ls, Lp,
and Cp offer ZVS to improve the converter efficiency [50].

B. Multilevel Converter

The classical and recent advances in MCs can be divided
into three groups: the capacitor clamp (CC) converter or
the diode-clamped (DiC) converter, the cascade H-bridge
(CHB) converter, and the flying capacitor (F-C) con-
verter [51]–[53]. These MCs can be used to obtain higher
operating voltage and reduce the voltage stress across
switches. Note that dc–dc MCs with a transitional ac link
are based on the well-known dc–ac MC. In this section,
the modular MC (MMC) is also addressed.

Recently, three-level (3L) dc–dc converter topologies
with an LLC resonant circuit have been proposed in HP
and MP applications, as shown in Fig. 7 [54], where
the neutral point clamping (NPC) structure is used by
neglecting NPC diodes [54]. The LLC resonant circuit is
presented to obtain the SS operation, which provides a
stable dc output voltage. A three-phase 3L dc–dc converter

Fig. 7. 3L dc–dc converter with the LLC resonant tank [39], [54].

Vol. 109, No. 7, July 2021 | PROCEEDINGS OF THE IEEE 1257



Parvez et al.: Wide Bandgap DC–DC Converter Topologies for Power Applications

Fig. 8. Three-phase 3L dc–dc converter [39], [55].

is shown in Fig. 8. This converter topology is a combination
of an FB converter and a 3L HB converter that uses a
symmetrical duty cycle to control the high-input-voltage
and HP applications [55]. Therefore, the switching devices
decrease to half of the input voltage upon each voltage
stress, and the output current ripple frequency sufficiently
improves. This can be adopted to minimize the filtering
requirement. Increasing the switching losses decreases
the overall performance of the converter due to a hard
switching method; therefore, the SS (ZVS/ZCS) strategy
may address this limitation. Fig. 9 shows the bidirectional
dc–dc converter with a hybrid switching circuit [56]. More-
over, several types of DiC converter and NPC-based MC
topologies have been studied [56], [57]. The significant
research interest also shows on F-C-based dc–dc converter
topologies in the literature [58], [59].

Fig. 10 shows a four-level (4L) F-C-based bidirectional
nonisolated dc–dc converter that contains six switching
operating cells creating three switching poles [59]. Note
that the converter (see Fig. 10) does not use any magnetic
components with a PWM technique to produce a fixed
duty cycle. Furthermore, the structure is usually used
as a voltage multiplier [59]. Therefore, these types of
topologies have some limitations, such as complexity, high
switching frequency, overvoltage drop, nonmodular layout,
complicated switching methods, and bidirectional power
flow limitation.

Currently, the multilevel cascade dc–dc converter is
gaining increased interest in photovoltaic (PV) applica-
tions [60]–[64]. Such a topology can be designed using
either a buck or boost converter for PV applications.

Fig. 9. Two-stage isolated bidirectional dc–dc converter [39], [56].

Fig. 10. Multilevel (4 L) F-C-based bidirectional nonisolated dc–dc

converter [39], [59].

A comparison between the three multilevel topologies is
given in Table 2 [51], [58]–[64]. As an example, a buck-
type multilevel cascade dc–dc converter topology proposed
for PV applications is shown in Fig. 11 [60]. The free-
wheeling diode in this converter allows current bypassing
in case of PV module failure. On the other hand, some
active device components can have continuous opera-
tion during a fault condition. Performance comparison of
Si-based converter topologies is shown in Table 1 [30],
[39], [65]–[76]. From the table, it can be seen that the
bridge/multiphase converter is capable of delivering both
HP with high output voltage in comparison to resonant and
MCs although the resonant converter has the advantage
that it can operate at high switching frequency. Note
that bridge, multiphase, and MCs can be based on BJT,
MOSFET, or IGBT devices, whereas resonant converters
use both SCR and MOSFET devices. Modulation control

Fig. 11. Multilevel cascaded dc–dc HB converter topology for PV

applications [39], [60].
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Table 1 Performance Comparison of Si-Based Several Power DC–DC Converter Topologies [39]

techniques, such as PWM, PS-PWM, and DPS-PWM can be
used in the bridge/MC, whereas both resonant and MCs
are limited to PWM and PS-PWM modulation and control
techniques.

As can be noted from Table 2, a cascade half-bridge
(CHB) MC is favorable for PV applications compared to
DiC- and F-C-based MCs because it uses fewer switches and
has lower voltage stress, easier switching signal control,
fault-tolerance capability, lower harmonic distortion for
higher switching frequencies, reduced circuit complexity,
low cost, and smaller size.

III. R E C E N T P R O G R E S S A N D
D E V E L O P M E N T I N W I D E B A N D G A P
P O W E R D E V I C E S
New development of high-efficiency power converters has
emerged with the advancement of WBG power semicon-
ductor materials [1]. In a majority of power converters,
magnetic components (inductors and transformers) and
capacitors contribute significantly to the overall converter
size and cost. Therefore, to miniaturize and reduce the cost
of an electrical energy processor, its switching frequency,
fSW, must be increased [16]. Emerging low-loss circuit
components are required for HP applications. This is the
basic reason for promising WBG power devices; they also
lead to increased energy efficiency in traditional Si-based
power converters and open new HV HP conversion appli-
cations. Fig. 12 shows an ON-state characteristic curve of a

WBG power device compared to an Si IGBT power device
as a function of blocking voltage rating. It may be noted
from the figure that the current density reduces for both
Si IGBT and SiC MOSFET devices when increasing the
blocking voltage rating.

In the last few years, a large number of HF, high-
efficiency, integrated power electronics based on WBG
devices using GaAs, SiC, and GaN technologies have
been reported; some converters are combined with Si or
GaAs-based logic circuits for control. The underlying logic
functions in such control circuits can be integrated on the
same die as the converter to develop highly integrated,
power-efficient, and small-area modules for a wide range
of applications, such as EVs, switched-mode power sup-
plies, and dc motor drivers. Such an approach results in
superior performance compared to existing GaN modules
interfaced with Si- or GaAs-based technologies while main-
taining low cost [1]. Fig. 13 shows the performance of both
GaN and SiC technologies in comparison with Si-based
and demonstrates that GaN performance exceeds other
technologies in all aspects except for thermal conductivity,
which is improved in the case of SiC technology [77].

A. SiC-Devices

It may be noted that SiC power devices are the most
developed WBG semiconductors. These devices have pro-
gressed significantly since 1987 due to CREE Inc., which

Table 2 Performance Comparisons of Si-Based Three MC Topologies [51], [58]–[64]
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Table 3 Comparison Figure of Merit for WBG Semiconductor Materials With Respect to Si [80], [81]

is the main provider of SiC wafers. Note that SiC Schottky
diodes have higher blocking voltage capability compared
to Si Schottky diodes. Apart from commercial devices,
many other SiC devices are operated in the kV range with
minimized ON-resistances using 4H-SiC and 6H-SiC p-n
diodes, Schottky diodes, IGBTs, thyristors, BJTs, several
MOSFETS, or gate turn-off thyristors (GTOs). Therefore,
with some exceptions, the specified devices have very low
current ratings.

The use of SiC power devices can improve system-level
gains, such as minimization of switching losses, size, vol-
ume, and increased efficiency. When SiC power devices
are implemented in a hybrid EV (HEV) instead of Si
power devices, the efficiency increases by 10%, and the
heatsink is reduced to 1/3 of the original size [78], [79].
Currently, two SiC polytypes, such as 6H-SiC and 4H-SiC,
are well-studied in the research domain, but 4H-SiC is
presently more dominant for applications. Although both
of these polytypes possess similar properties, 4H-SiC is
more popular over 6H-SiC because the carrier mobilities
in 6H-SiC are not identical in the vertical and horizontal
directions, whereas the carrier mobilities in 4H-SiC are
identical in orthogonal directions [80].

Furthermore, a performance comparison of promis-
ing power electronics technologies, using well-known fig-
ures of merit, normalized relative to Si-based transistors,
is shown in Table 3 [80], [81]. As can be seen, Si transistors

Fig. 12. ON-state characteristics curve of WBG power device is

compared with Si IGBT [17].

present the poorest performance among the semiconductor
materials, whereas SiC and GaN have almost the same fig-
ures of merit, except when it comes to thermal conductivity
for SiC technology [77]. Hence, current research activities
are directed toward creating GaN on different substrates to
improve the thermal conductivity performance [82], [83].

Recently, Infineon has released their CoolSiC gen-
eration 6 (G6) for SiC Schottky barrier diodes with
a breakdown voltage of 650 V (Infineon-IDH04G65C6,
PG-T0220-2 data sheet). This represents an enhancement
over the CoolSiC G5 via advancements, such as a novel
Schottky metal system. The implementation of highly effi-
cient, compact, and simple three-phase inverter systems
is currently limited by high dynamic losses operating at
1200 V in Si devices. Alternative designs using 600-V/
650-V devices can result in partially improved efficiency.
However, such designs result in higher cost and module
complexity when integrated into multilevel topologies,
resulting in more complex control systems. In addition,
Infineon TRENCHSTOP technology has provided HP IGBT
modules from 1200 to 3300 V with a current rating ranging
from 200 to 1500 A, especially for motor control drives,
wind energy systems, solar energy systems, uninterrupt-
ible power supply (UPS), and agricultural vehicles, which
means much lower static losses, higher power density, and
softer switching [84].

Furthermore, Littelfuse, Wolfspeed, and Microsemi pro-
vide advanced SiC devices that use Schottky barrier diodes
with high breakdown voltage in the order of 1700 V, while

Fig. 13. Summary of material properties for Si, SiC, and GaN [77].
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Table 4 Static Characteristics of SiC MOSFETs for Infineon’s IDH04G65C6, Littlefuse’s 1700-V N-Channel LSIC1MO170E1000, the 3330-V GR350MT33J,

and Infineon’s IGBT4 for the FZ2000R33HE4-IGBT4 Module That Are Commercially Available

GeneSiC has a newly developed 3300-V, 400-A SiC power
module. The static characteristics of the SiC MOSFET
for Infineon’s IDH04G65C6, Littlefuse’s 1700-V N-channel
LSIC1MO170E1000, the 3330-V GR350MT33J, and Infi-
neon’s IGBT4 for the FZ2000R33HE4-IGBT4 module are
shown in Table 4.

B. GaN-Devices

At the heart of a high-efficiency converter is a low-
loss, high-voltage, high-current power switch that can
deliver variable output power. The high efficiency within
a switching power converter is obtained by the choice of
semiconductor technology used, as well as the peripheral
drive and control topology of the system. High-quality
lateral heterostructures (e.g., AlGaN/GaN) with high elec-
tron mobility transistors (HEMTs) and high 2-D electron
gas (2DEG) density make GaN an ideal semiconductor
of choice for power devices. One of the key benefits of
lateral device technology is its high integration density,
which can be exploited for the development of on-chip
peripheral control circuits [85]. In contrast to Si design
methodology developments, which have been in practice
for almost 40 years, only the power devices themselves
are integrated onto GaN chips. However, to enable low-
cost, high-efficiency circuits, there is a need to integrate the
control logic circuitry onto the GaN chips. This requires the
development of new circuit, logic, and design strategies to
deal with this requirement. This arises because, for the last
70 years, the focus has been on Si technology, and billions
of dollars have been invested into the development of that
technology.

1) GaN Rectifiers: Currently, most GaN Schottky diodes
use a lateral configuration to overcome the conduction
losses in GaN substrates [86]. Moreover, both the for-
ward and breakdown voltages in lateral GaN rectifiers are
still high, where 9.7-kV breakdown voltages have been
found on sapphire substrates [82]. Note that GaN rectifiers
on Si substrates are more demanding significant atten-
tion because of their lower cost. Furthermore, currently,
high-junction temperature GaN substrates and 600-V GaN
Schottky diodes are commercially available in the market.
Recently, a 1500-V lateral GaN Schottky diode structure
has been reported [87]. Note that GaN junction barrier
Schottky (JBS) diodes can further increase the operating

voltage of these rectifiers from 1500- to 3000-V voltage
range.

2) High Electron Mobility Transistors and Power MOSFETs:
One of the important features of GaN is the presence of a
2DEG shaped in AlGaN/GaN lateral heterostructures due
to a large conduction band. The existence polarization
fields in AlGaN/GaN can be allowed a large 2DEG con-
centration with high electron mobility values from 1200 to
2000 cm2/Vs. Fig. 14 shows a normally-on GaN HEMT,
where a negative bias is applied between the gate and
the source to modulate the drain-to-source current. Nowa-
days, these devices are becoming more and more popular
due to their HP switching frequency with outstanding
performance tradeoff between explicit ON-resistance and
breakdown voltage. In addition, these are suitable for high
switching applications with ultrahigh bandwidth and as
microwave power devices for cellular phone base stations.

Note that GaN-based HEMTs devices have been designed
and developed on both sapphire and SiC substrates at
HF to demonstrate their output power performance from
1.1 to 40 W/mm [88], [89]. Furthermore, GaN HEMTs
are emerging with capability up to 10 kV, while GaN-based
converters have already been established. One of the lim-
iting factors affecting GaN-based HEMT configurations is
the reduced drain current failure and enhancement of
the gate to drain breakdown voltage due to adjusting the
size and superficial thicknesses [90]. In this case, various
control techniques have been considered with a superficial-
charged-controlled n-GaN cap configuration by using Si
nitride [91].

Fig. 14. Cross section of a typically-on GaN HEMT [9].
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Fig. 15. Recessed-gate GaN HEMT structure [9], [96].

Note that the blocking voltages of AlGaN/GaN lateral
heterostructures are higher than 1 kV [92] when mounted
on Si substrates. Moreover, high blocking voltage capability
and low ON-resistance of GaN HEMTs on SiC substrates
have been realized, giving rise to a record figure-of-
merit (∼ 2.3 × 109 V2/Ω · cm2) beyond the 6H-SiC the-
oretical limit [93]. Recently, a 2.2-kV GaN HEMT has been
fabricated on Si that attains a significant advancement over
HEMT configurations on bulk Si [94]. On the other hand,
GaN HEMTs have also been established on semi-insulating
SiC for HP generation using field-plated gates [95].

Note that, for power applications, normally-on GaN
HEMTs are problematic, and that normally-off GaN
HEMTs offer much higher performance. For this rea-
son, normally-off GaN HEMT switches, as shown
in Fig. 15 [96], are readily finding applications in power
systems, where the AlGaN layer under the very nar-
row gate region produces a positive threshold voltage.
Normally-off GaN HEMT structures can be produced a
different way using a fluorine-based plasma treatment of
the gate region instead of the narrow gate region of AlGaN
configuration [97]. As a result, the threshold voltage is
achieved via plasma treatment that incorporates fluorine
ions in the AlGaN barrier. An arrangement of the gate
recess together with a fluorine-based surface treatment
of normally-off AlGaN/GaN HEMTs has been a proven
solution for obtaining high performance [98]. In addition,
a normally-off p-n gate HEMT can also be utilized in a
2DEG depletion layer for observation, as shown in Fig. 16.

Fig. 16. Schematic of a p-n gate GaN HEMT [99].

Fig. 17. Schematic of a lateral GaN hybrid MOS-HEMT [100].

Generally, lateral GaN MOSFETs show outstanding per-
formance in normally-off operation and large conduction
band offset for HP applications. In this case, a large con-
duction band offset has some reliability problems and less
susceptibility that inject hot electrons, in particular, those
related to surface and current collapse—this makes them
an alternative to SiC MOSFET and GaN HEMTs [9], [100].
In the case of SiC MOSFETs, the presence of interface
states limits the performance. To overcome these limita-
tions, GaN MOSFETs can be designed by incorporating
the AlGaN/GaN heterostructure into the reduced surface
field (RESURF) region, as shown in Fig. 17.

C. GaN Cascode Configurations

The basic GaN HEMT structure is typically an
ON-state device [20], [101], [102]. In order to increase
its performance and applicability, manufactures are using
the cascode configuration to obtain normally OFF-state
behavior. The commercially available cascode configu-
ration typically has a voltage rating of around 600 V
and is constructed using a conventional MOSFET and
a high-voltage depletion GaN [103]. As an example,
the depletion mode (D-Mode) GaN HEMT device is
connected in series with low-voltage (LV) Si MOSFET
(normally, 30 V and low ON-state resistance), as shown
in Fig. 18. The cascode structure results in an enhancement
switch by applying the voltage pulse on the LV Si MOSFET
gate in order to regulate the high-voltage D-Mode GaN
HEMT to turn on and off [83], [104], [105]. When the
gate is in the ON-state condition, the GaN HEMT channel

Fig. 18. GaN cascode configuration.
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Table 5 Ratings of GaN Switch in TO-220 Package (TPH3006PS)

path can permit current in both directions because it does
not have any internal body diode. The conduction loss only
occurs in the GaN HEMT due to low ON-state resistance of
the LV Si MOSFET.

In most cases, the MOSFET body diode in a boost
[106], [107], buck, or BB converter [108], [109] does not
conduct current. In the case of a MOSFET body diode in
an HB inverter, it can only conduct current with comple-
mentary gating pulses. The MOSFET body diode produces
high conduction losses during the large dead-band time.
The short dead-band time in GaN switches produces low
conduction losses, which may be negligible. In addition,
the MOSFET body diode may recover at near ZVS during
the turn-on condition [110].

1) Gate Resistor: The GaN switch can be turned on or
off by controlling the gate of the LV MOSFET. Generally,
the gate resistor is used to control the switching time
interval to turn on and off the MOSFET. The low switch-
ing losses are obtained due to LV MOSFET. Therefore,
unlike the Si-MOSFETs, the gate resistance of the GaN
switch plays a negligible role in the switching perfor-
mance. In addition, the manufacturers have recommended
using a driving GaN switch without connecting any gate
resistor [101].

2) GaN Switch Characterization: The datasheet specifi-
cations of the GaN switch used in this article are tabulated
in Table 5. The GaN switch is in a TO-220 package.
The GaN device characterization is vital for predicting its
switching and conduction losses. This is essential when
designing and analyzing the thermal characteristics of a
power converter to calculate its efficiency. Usually, device
manufacturers provide several loss curves that are either
theoretical or experimental, under different operating con-
ditions [111]. It is, therefore, required to confirm the
thermal and device characteristics experimentally before
using them.

The basic GaN switch schematic circuit diagram of
ON-state device characterization is shown in Fig. 19. To

turn on the GaN switch, a small duration of gate pulse
can be applied through the switch. The conduction voltage
drop (VDS(ON)) and the drain current (ID) can be measured
across the source to drain terminal. The experimental
results can be presented at several junction temperature
(Tj), where GaN switch will be heated up to desired tem-
perature using a heating resistor. The ON-state resistance
(RDS(ON)) at the operating temperature (Tc) and the drain
current (ID) can be expressed as

RDS(ON) =
VDS(ON)

ID
. (1)

It is strongly recommend that the measure ON-state
resistance (RDS(ON)) characteristics depends on the junction
temperature and does not depend on the drain current.

IV. W B G P O W E R DC–DC C O N V E R T E R
T O P O L O G I E S
Renewable energy sources, such as solar PV, are a promis-
ing alternative for clean and efficient energy production.
Renewable energy sources are probably the most demand-
ing of all distributed power generation. However, it is
necessary to set strict limits on the amount of ripple
current, common-mode voltage, and load variations. The

Fig. 19. GaN characterization setup.
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Fig. 20. Classification of WBG power dc–dc converter topologies.

typically low output voltage from a renewable sources
stack needs to be boosted to a higher voltage level for
grid interfacing [112], [113]. Thus, there is a need for
high-efficiency power converters and, in the case of LV,
high current and galvanic isolation. It is worth noting that
the implementation of such converters is not a trivial task.
The favorable characteristics of these dc–dc converters are
cost, reliability, wide input range, flexibility, scalability,
and efficiency [113], [114]. Of these, scalability can refer
to the different power ratings and the ability to select a
design topology that results in lower losses and less stress
on the converter’s components in terms of the maximum
voltage or current values. Note that there are two types of
losses seen in power semiconductors: 1) static losses that
occur due to finite response time that a device takes in

response to an applied voltage and 2) conduction losses
are a function of the voltage drop across the device and
the current passing through it. For LV high-current applica-
tions, conduction losses dominate [115], [116].

However, commercial interest in WBG power devices
has been increasing over the last decade due to their
high breakdown voltage, high temperature, high-efficiency,
and HF operation for clean and efficient energy produc-
tion. Note that WBG power dc–dc converter topologies can
be classified into SiC- and GaN-based dc–dc converters,
as shown in Fig. 20, where Table 6 shows a performance
comparison of these topologies to provide some qualitative
assessment. As an example, several types of WBG-based HF
HP dc–dc converter topologies are shown in Figs. 21–31,
such as: 1) a GaN FET and SiC Schottky diode-based

Table 6 Performance Comparisons of SiC- and GaN-Based DC–DC Converter Topologies [13]–[15], [104], [117]–[123]

1264 PROCEEDINGS OF THE IEEE | Vol. 109, No. 7, July 2021



Parvez et al.: Wide Bandgap DC–DC Converter Topologies for Power Applications

Fig. 21. Schematic of 1:2 boost converter using GaN FET and SiC

Schottky diodes. A dynamic load was used to hold the output

current at 0.5 A while ramping the output voltage to 360 V [13].

boost converter; 2) a GaN HEMTs SS converter; 3) a
critical current mode (CRM) bidirectional BB converter;
4) a double-heterostructure FET (DHEFET) converter; 5) a
high breakdown voltage GaN heterojunction-field-effect
transistor (GaN-HFET); 6) a GaN isolated FB converter;
7) GaN-based HB resonant converter for speed control of
a brushless dc (BLDC) motor; 8) a nonisolated dc–dc buck
converter; 9) an SiC Schottky/GaN E-HEMT-based dc–dc
ZETA converter; 10) an SiC-cascode-based Interleaved
dc–dc SEPIC converter; and 11) an SiC-based isolated
bidirectional dc–dc converter.

A. GaN FET and SiC Schottky Diode-Based Boost
Converter

In [13], a 360-V/180-W boost converter was proposed
using GaN FET and SiC Schottky diodes at 200-kHz switch-
ing frequency, with an efficiency of >92%, as shown
in Fig. 21. The converter was built with normally-off GaN-
on-Si HEMTs that allow to high breakdown voltage (VB >

1100 V), low-leakage current (<10 µA/mm at VB/2),
highest peak current Imax = 5 A, and the highest V 2

B/Ron,sp

ratio of 272 MW/cm2. These values are reasonable for
a normally-off GaN-on-Si device. Table 7 shows the per-
formance summarized of a 1:2 boost converter for a
normally-off GaN-on-Si device compared to an Si IGBT
device [13].

B. GaN HEMT-Based SS Class-Φ2 Converter

A Class-Φ2 converter topology that uses a GaN HEMT as
soft-switching devices is shown in Fig. 22 [117], which has

Fig. 22. GaN-based HEMTs (GaN HEMTs) soft switch Class-Φ�

converter [117].

Fig. 23. GaN-based CRM (GaN CRM) bidirectional BB

converter [15].

been utilized in HP applications under zero-voltage/zero-
current conditions with very high-speed switching range
in the HF-to-VHF range [117]. The converter switching
loss is function of capacitance, voltage, and frequency, a
decrease in any of these parameters leads to reduced loss.
For verification, datasheet parameters (typical) for the GaN
device are used from every manufacturer with commer-
cially available voltage ratings over 600 VDS. The selected
GaN package GS66504B HEMT has the best combination
of the drain–source ON-resistance (RDS,ON), the output
capacitance (COSS), and the input capacitance (CISS) for
the planned family of converters. The performance com-
parison of GaN package GS66504B HEMT model is shown
in Table 8 [117].

C. GaN-Based CRM Bidirectional Buck-Boost
Converter

The GaN-based CRM bidirectional BB converter with an
inverse coupled inductor is shown in Fig. 23, which can
be continuously driven at high switching frequency (MHz
range) with low switching loss and driving loss, and also
is more compact in physical size [15]. The advantage of
the inverse coupled inductor is a reduced resonant time
period in CRM compared to a noncoupled inductor with
also improved SS and circulating energy when the duty
cycle is less than 50% and greater than 50%, respectively.

D. E-Mode GaN Double-Heterostructure FET (GaN
DHEFET) Boost Converter

Fig. 24 shows a 100-W Enhancement-mode (E-mode)
GaN DHEFET boost converter. For switching applications,
E-mode GaN devices are usually preferred. Different con-
cepts have been proposed in the literature [124] to convert

Fig. 24. GaN DHEFET converter [14].
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Table 7 Performance Summarized of 1:2 Boost Converter for a

Normally-off GaN-on-Si Device Compare to Si IGBT Device [13]

the GaN device from the conventional D-mode to E-mode.
Recently, E-mode devices have been proposed to obtain
high-efficiency values of 96.1% and 93.9% at switching
frequencies of 500 and 850 kHz, respectively [14]. The
high potential of GaN-on-Si devices for HF power switch-
ing applications is compared with commercial Si-based
MOSFET devices, as shown in Table 9 [14], [125].

E. IPT-ZVS Converter Using GaN
Heterojunction-Field-Effect Transistor

Mishima and Morita [118] proposed a novel
zero-voltage soft-switching bridgeless active rectifier-based
multiresonant dc–dc power converter while using a high
breakdown voltage GaN-HFET for an inductive power
transfer (IPT) system, as shown in Fig. 25. This converter
obtains high efficiency due to low switching losses and
normally-off operation is shown in a test of a 700-W
converter while comparing its performance with super
junction MOSFET (SJ MOSFET)-based converter. Table 10
compares GaN-HFET and SJ MOSFET devices [118].

F. Isolated FB DC–DC GaN Converter

Fig. 26 shows the GaN FET isolated FB converter,
which is attractive for synchronous rectification with a
high-efficiency value of 98.8%. Moreover, GaN-based FETs
can achieve high-efficiency power conversion even with
hard switching topologies. Unlike Si MOSFETs, GaN-based
FETs have no reverse recovery losses because no minority
carriers are engaged in reverse diode conduction [104],
[126]. On the other hand, a high forward voltage drop

Table 8 Performance Comparison of GaN Package GS66504B HEMT

Model at Several Frequencies [117]

Table 9 E-Mode GaN DHEFET-Based Converter Specifications and Effi-

ciency Demonstrated at Several Switching Frequencies Compared to

Commercial Si-Based MOSFET Devices [14], [125]

occurs due to forward diode conduction losses. These
losses can be minimized by properly selecting the duty
cycle of each of the switches. The GaN device packages,
EPC2010C and EPC2001C, are used in an FB converter
for the primary and secondary side switches, respectively,
with a breakdown voltage of 200 and 100 V, respectively.
Table 11 shows the performance comparison of GaN FET
with alternative Si MOSFET [104].

G. GaN-Based HB Resonant Converter for BLDC
Motor

A GaN-based HB resonant converter has been proposed
at 100-kHz operating switching frequency for BLDC [119],
as shown in Fig. 27. This proposed converter uses GaN
FETs switches instead of Si-based switches, which realizes
an SMPS with compact size. The use of GaN switches
not only reduces the size of the converter but also works
efficiently compared to Si-based counterparts. A resonant
circuit is also engaged in this arrangement, which confirms
ZVS and ZCS to reduce the voltage and current stresses on
GaN switches. Table 12 shows a comparison between GaN
FET and traditional Si-based MOSFET [119].

H. Nonisolated DC–DC Buck Converter Based on
Si-MOSFET, SiC-JFET, and GaN-Transistor

A nonisolated dc–dc buck converter is shown
in Fig. 28 [120], which is designed by using Si-MOSFET,
SiC-JFET, and GaN devices for industrial application. Note
that manufactures fabricated SiC devices for both lower

Fig. 25. IPT-ZVS converter using GaN-HFET [118].
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Table 10 Performance Activities of GaN-HFET and SJ-MOSFET in Comparison [118]

Fig. 26. GaN-based isolated FB dc–dc step down converter [104].

and higher voltage range, while the GaN devices are
fabricated for lower voltage range. However, the LV WBG
power devices show outstanding performance compared
to conventional Si-based power devices. They operate with
a gate voltage (VGS) of +25 and −25 V that are applied to
turn on and off the Si-MOSFET, whereas a gate voltage of
+3 and −15 V is supplied to turn on and off an SiC-JFET.
On the other hand, a gate voltage +6 and 0 V is used to
turn on and off a GaN transistor.

In addition, the switching energy losses for Si-MOSFET
during turn-on and turn-off conditions are 218.72 and
6.0312 µJ, respectively, while switching energy losses
for SiC-JFET during turn-on and turn-off conditions
are 26.731 and 12.058 µJ, respectively. The switching
energy losses for the GaN-transistor are 17.987 and
8.1175 µJ during the turn-on and turn-off conditions,
respectively. Table 13 shows a performance comparison of
several power devices [120].

Fig. 27. GaN-based HB resonant converter for the BLDC

motor [119].

Note that the design requirements depend on the size of
the power converter and power density by many applica-
tions [127]. The selection of switching frequency is most
important for the converter to operate the power switches
with high efficiency. This is because converter switching
loss depends on the selection of switching frequency, where
high switching frequency leads to higher switching loss. On
the other hand, the high switching frequency can result in
smaller reactive components, facilitating integration and
leading to a more compact converter. The total power
loss and overall efficiency are calculated for several power
devices with 20–200-kHz switching frequency at a junction
temperature of 150 ◦C, as shown in Table 14 [120]. It
is clear that the power loss of the converter dramatically
increases with increasing switching frequency, resulting in
a degradation of the overall efficiency. According to the

Table 11 Performance Comparison of GaN FET With Alternative Si MOSFET [104]
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Table 12 Comparison of GaN FET and Si MOSFET [119]

analysis of the total power losses, the GaN-based converter
provides the best performance efficiency. Noted that the
efficiencies of Si-MOSFET, SiC-JFET, and GaN-transistor-
based converter are 96%, 97.85%, and 98.25%, respec-
tively, up to a 20-kHz switching frequency.

I. SiC Schottky/GaN E-HEMT-Based DC–DC ZETA
Converter

In [121], a dc–dc ZETA converter was proposed for high
step-up applications by using a Schottky/GaN E-HEMT
device, as shown in Fig. 29. This converter can perform
with continuous output current and noninverting output
voltage.

For performance evaluation, several types of semicon-
ductor power devices, such as Si-MOSFET (R6047ENZ1),
SiC Schottky diode (CPW5-0650-Z030B), and GaN
E-HEMT (GS66506T), are integrated into this converter.
During the test condition, the Si-MOSFET/SiC Schottky
diode is turned on with +15 V and turned off with
−15 V at the gate, while the turn-on gate voltage of
+6 V and the turn-off gate voltage of 0 V are used for
the GaN E-HEMT/SiC Schottky diode. The overall effi-
ciencies using these devices are 96.186% and 98.082%
for the Si-MOSFET/SiC Schottky diode and the GaN
E-HEMT/SiC Schottky diode, respectively, at 48-V input
voltage. Table 15 shows the performance comparison of
dc–dc ZETA converters based on several semiconductor
power devices [121].

J. SiC-Cascode-Based Interleaved DC–DC SEPIC
Converter

Typically, interleaved SEPIC converters can be broadly
used in renewable power generation systems, including

Fig. 28. Nonisolated dc–dc buck converter [120].

Fig. 29. SiC Schottky/GaN E-HEMT-based dc–dc ZETA

converter [121].

PV and fuel cells, which are facing the critical problems
of high-input current ripples and varying low-output volt-
ages. These problems can be overcome by applying the
interleaved SEPIC converter, as shown in Fig. 30 [122].
The interleaved method is well-recognized, which is
applied to dc–dc converters in order to generate more
power and reduce the harmonic distortion. In order to
evaluate the performance of Si-MOSFET/Si-diode and
SiC-JFET/SiC-Schottky diode power devices, the inter-
leaved dc–dc SEPIC converter is integrated with these
power devices and with a rated power of 600 W and
input and output voltages of 100 and 400 V, respec-
tively. The performance comparison based on Si-MOSFET/
Si-diode and SiC-JFET/SiC-Schottky power devices is
shown in Table 16 [122].

K. SiC-Based Isolated Bidirectional DC–DC
Converter

During recent progress development in the area of semi-
conductor devices, the SiC MOSFET has attracted grow-
ing attention. In comparison to traditional Si MOSFETs,
the SiC MOSFET has a high blocking voltage capability, low
ON-state resistance, and short turn-on/turn-off times. An
SiC-based 1200-V/110-V isolated bidirectional dc–dc con-
verter topology is shown in Fig. 31 [123]. In this converter,
the 3L FB structure is used on the primary side, which
can make the switching device tolerate half of the input
voltage. A full-wave rectifier is used on the secondary side,
which can reduce the loss and ensure the bidirectional flow
of the system. In order to avoid switching overlap within
the primary side of the converter, a dead-band time is fixed
between S1 and S3, S2 and S4, S5 and S7, and S6 and S8

Fig. 30. Interleaved dc–dc SEPIC converter based on SiC-cascode

power devices [122].
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Table 13 Performance Comparison of Power Devices [120]

Table 14 Power Loss and Efficiency Calculated by Using Various Power Devices With 20–200-kHz Switching Frequency at the Junction Temperature

of 150 ◦C [120]

switches, while the switching pulses of the secondary side
adopt a synchronous rectification approach [123].

L. Proposed GaN-Based DC–DC Step-Up Converter
With a Voltage-Lift Switched-Inductor Circuit

In this article, an HF and HV gain GaN-based
transformerless dc–dc step-up converter with a
voltage-lift switched-inductor circuit is proposed, as shown

in Fig. 32. The proposed converter permits an increase
in the switching frequency and also high efficiency and
high voltage gain due to small switching losses. The
control strategy is improved to allow two independent
switching frequencies: one of which operates at a high
switching frequency up to the megahertz (MHz) range
to reduce the size of the converter components, and the
other one operates at a relatively low switching frequency
to obtain minimum output voltage ripple. The converter is

Table 15 Performance Comparison of the DC–DC ZETA Converter Based on Several Semiconductor Power Devices [121]

Table 16 Performance Comparison Based on Si-MOSFET/Si-Diode and SiC-JFET/SiC-Schottky Diode Power Devices [122]
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Table 17 Performance Comparison of the Proposed DC–DC Converter Topology With Several Other WBG Power DC–DC Converter Topologies

Fig. 31. SiC-based isolated bidirectional dc–dc converter [123].

demonstrated through the design of a 420-W high voltage
gain, with a maximum voltage multiplication, Mv = 13,
resulting in Vo = 650 V for a 50-V input. The simulated
peak efficiency for this structure is 98.23% at 420 W,
as shown in Fig. 33. These results are compared with
published converter’s performance, as shown in Table 17.

V. D E S I G N R E C O M M E N D AT I O N A N D
F U T U R E T R E N D S
To enable the development of a high-efficiency power
supply on-chip, a number of research challenges need to
be overcome, as follows.

A. Inaccurate Switching Models

Proper switching models that incorporate quiescent
bias and frequency-dependent trap models need to be

Fig. 32. Proposed GaN-based transformerless dc–dc step-up

converter with a voltage-lift switched-inductor circuit.

developed for proper simulation and design work. The
characterization for the modeling needs to be carried out
using pulsed IV techniques. One of the major challenges
with design in a GaN process is the devices are D-Mode
n-type. The lack of p-type devices makes the design of
complex logic circuits challenging. Hence, the design of
complex analog circuitry is challenging; however, circuit
design approaches that have already been developed in
GaAs designs can be applied.

B. Optimization of the Power Switch

A significant criterion for evaluating the quality of a
power device is thermal performance in end-system appli-
cations. It is well known that thermal problems severely
constrain converter performance requirements, such as rip-
ple and harmonic distortion. The problem is exacerbated
when operating at a high switching speed and higher
output power levels. In order to design HF, high-efficiency
and high-voltage power switches’ accurate circuit and
thermal modeling are needed since the proper sizing
of source–drain metallization is critical. The layout with
proper thermal vias to extract the generated heat away
from the chip surface must also be modeled. This modeling

Fig. 33. Measured simulated peak efficiency versus load of the

proposed converter.
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is critical for accurate estimation of the quality of a power
device, as excessive heating can severely limit the overall
performance of the integrated converter in terms of output
ripple, harmonic distortion, and so on. The problem is fur-
ther exacerbated when operating at high switching speed
and high output power levels and the need for special
cooling mechanisms to limit chip heating [128], [129].

C. Codesign of Mixed-Signal Circuits and Custom
Design Flows

The design of mixed-signal circuits in GaN is very chal-
lenging since most of the circuits designed are tailored
toward RF or for power switching. There is a significant
knowledge gap in how the circuits interact due to spikes
that may be caused by the high-voltage switching. A com-
bination of schematic design, mixed-signal simulation, lay-
out, and layout extraction (dc, RF, time domain, and EM)
analysis will have to be combined to fully understand all
the forces at play within the codesign environment.

D. Optimization of Control Circuits

One of the major challenges in implementing
mixed-signal control circuits and high-voltage switches
is the feature size and transconductance temperature
dependence of the transistor. High-voltage devices usually
have larger peripheries, hence drawing more current
through them, while digital circuits work with minimal
drain currents; hence, proper sizing of both analog and
digital circuits needs to be fully investigated.

E. Integration of High-Voltage GaN With Logic
Functionalities

The physical integration of mixed-signal circuitry with
high-voltage power switches needs to be carefully exam-
ined. The layout must have separate probe points to
independently test the separate logic functions without
interfering with each other. Moreover, the on-chip ther-
mal distribution profile must be modeled with all the
functionalities operating within the same substrate and
environment to give an understanding of the packaging
requirements and thermal hotspots.

F. Testing and Packaging

The fabricated structures need to be initially tested
on-wafer to determine the yield within the die and then
diced for packaging. The on-wafer test will include func-
tional testing of all the mixed-signal circuitry and the
high-voltage switch. The diced chips can be placed onto
a high thermal conductivity carrier substrate and glued
onto a package, which can be ceramic, metal, or plastic.
Measurements can then be conducted to optimize the
devices to minimize parasitics from the bonding wires and
leads that form part of the chip interface to the external
world. The packaged chipset can be measured for its
performance and compared to simulated results. Test and
measurement setups will be similar to an on-wafer setup,
except that the chip is mounted on a prototype PCB with
good thermal conductivity to draw the heat away from
thermal bottlenecks.

VI. C O N C L U S I O N
Notably, dc–dc converter topologies are commonly
used in renewable energy, HV direct current (HVdc),
medium-voltage direct current (MVdc), aerospace, auto-
mobile, and many other industries. This article presents
an overview of the classical and recent development in
power dc–dc converter topologies based on WBG semicon-
ductor devices. The properties of WBG devices motivate
a new generation of high-efficiency converters in appli-
cations where classical power converters present signifi-
cant limitations, such as high-voltage, high-temperature,
and HF operation. In addition, WBG devices and suit-
able circuit topologies are ideal specifically in HP den-
sity mobile applications, such as aerospace and EVs.
The outstanding performance of HEMTs fabricated on
GaN heterostructures has emerged in the last decade.
The 2DEG together with high electron mobility makes
these structures more attractive for high switching fre-
quency applications. It can be concluded that advances in
GaN-based dc–dc converters present promising solutions
for obtaining high efficiency at higher switching frequen-
cies with low power loss due to high carrier mobility in the
2DEG channel.
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