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ABSTRACT

The demand for high-efficiency electric vehicle (EV) drives has led to
significant research into wide-bandgap semiconductor technologies,
particularly silicon carbide (SiC) and gallium nitride (GaN). These
semiconductors enable power electronic inverters to operate at higher
switching frequencies, with reduced losses and improved thermal performance,
compared to conventional silicon devices. This paper reviews the state-of-the-
art in SiC and GaN-based inverter technologies for EV applications. Key
aspects covered include device characteristics, inverter topologies, thermal
management, system-level efficiency, and reliability. Comparative analysis of
SiC and GaN in terms of switching speed, conduction losses, cost, and
suitability for different EV drive configurations is also presented. The review
highlights challenges, emerging trends, and future research directions for wide-
bandgap inverters in high-performance EVs.

KEYWORDS: SiC inverters, GaN inverters, electric vehicles, wide-bandgap
semiconductors, high-efficiency drives, thermal management, EV power

electronics.
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INTRODUCTION

Electric vehicles (EVs) are gaining global adoption due to their environmental benefits and
energy efficiency compared to internal combustion engines. The efficiency and reliability of
EV drive systems heavily depend on the inverter, which converts DC power from the battery
into controlled AC power for the electric motor. Traditionally, silicon (Si)-based power devices
have been used in EV inverters. However, Si devices face limitations in high-voltage, high-
frequency, and high-temperature operation, which are increasingly demanded by modern EV

applications.

Wide-bandgap semiconductors such as silicon carbide (SiC) and gallium nitride (GaN) offer
superior properties, including higher breakdown voltage, faster switching speeds, and lower
conduction and switching losses. These features enable high-efficiency, compact, and
thermally robust inverters. This paper reviews SiC and GaN-based inverter technologies for
EV drives, including device characteristics, inverter topologies, thermal management

strategies, and system-level performance.

WIDE-BANDGAP SEMICONDUCTORS: SIC VS. GAN

Wide-bandgap (WBG) semiconductor materials have emerged as a key enabler for next-
generation electric vehicle (EV) power electronics. Among them, silicon carbide (SiC) and
gallium nitride (GaN) have gained significant attention due to their superior electrical, thermal,
and switching characteristics when compared with conventional silicon devices. The
fundamental material properties of SiC and GaN directly influence inverter efficiency, power
density, thermal performance, and overall drive system reliability. Although both materials
share similar bandgap values, their practical application domains in EV drives differ

considerably.

1. Silicon Carbide (SiC)

Silicon carbide is a mature wide-bandgap semiconductor with a bandgap of approximately 3.26
eV, which is nearly three times larger than that of silicon. This wide bandgap allows SiC
devices to withstand much higher electric fields, enabling operation at elevated voltages and
temperatures without significant degradation in performance. One of the most important
advantages of SiC is its high breakdown voltage capability, with commercially available
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devices rated from 650 V up to 10 kV. This makes SiC particularly suitable for high-voltage
EV traction inverters operating in the 400 V to 800 V battery range.

Another critical advantage of SiC is its high thermal conductivity, typically around 3.7
W/cm-K, which is more than twice that of silicon. This property enables efficient heat
dissipation from the device junction, allowing operation at higher junction temperatures, often
up to 200-300°C. As a result, SiC-based inverters can tolerate harsh automotive environments
and reduced cooling system complexity, which contributes to improved system reliability and

compactness.

From a switching performance perspective, SiC MOSFETs exhibit significantly lower
switching losses compared to silicon IGBTS, especially at medium-to-high voltage levels. The
absence of minority carrier storage effects in SiC MOSFETS leads to faster turn-on and turn-
off transitions, enabling switching frequencies in the range of 50-100 kHz for traction
applications. Higher switching frequency reduces the size of passive components such as

inductors and capacitors, contributing to higher power density and lower inverter volume.

In EV traction systems, SiC MOSFETSs and Schottky diodes are increasingly replacing silicon
IGBTSs due to their superior efficiency and thermal performance. Practical studies have shown
that SiC-based traction inverters can achieve efficiency improvements of 2-5% compared to
silicon-based designs. This improvement directly translates into extended driving range or
reduced battery size, both of which are critical performance metrics for electric vehicles.
However, challenges such as higher device cost and gate oxide reliability still remain active

areas of research.

2. Gallium Nitride (GaN)

Gallium nitride is another prominent wide-bandgap semiconductor with a slightly higher
bandgap of approximately 3.4 eV. While GaN shares several advantages with SiC, its
application focus in EV systems is different due to material and device-level constraints. GaN
devices are typically optimized for low- to medium-voltage applications, generally rated at 600

V or below, which limits their use in high-voltage traction inverters.

One of the most attractive features of GaN transistors is their ultra-fast switching capability.

88 Page 86-98 © MANTECH PUBLICATIONS 2020. All Rights Reserved



MANI ECH Recent Trends in Electrical Machines and Drives
Publications Volume 5, Issue 2, May- August 2020

GaN high-electron-mobility transistors (HEMTS) exhibit extremely low gate charge and output
capacitance, enabling switching frequencies well beyond 500 kHz. This characteristic allows
for very high-efficiency operation in high-frequency power conversion, making GaN devices
ideal for onboard chargers, DC-DC converters, and auxiliary power supplies in EVs.

GaN devices also demonstrate very low on-resistance per unit area, which helps reduce
conduction losses, particularly at light and medium load conditions. In addition, GaN
transistors are commonly available in compact surface-mount packages, which significantly
reduce parasitic inductances and contribute to overall system miniaturization. These
advantages enable higher power density and lighter power electronic modules, which are

especially important for space-constrained EV subsystems.

Despite these benefits, GaN devices present notable thermal management challenges. The
thermal conductivity of GaN, approximately 2.0 W/cm-K, is lower than that of SiC, which
makes efficient heat removal more difficult at high power levels. Furthermore, GaN devices
are more sensitive to overvoltage and electromagnetic interference due to their fast switching
transitions. Therefore, careful layout design, advanced cooling techniques, and robust gate

driving circuits are required to ensure reliable operation.

In EV applications, GaN transistors are increasingly adopted in onboard chargers, low-voltage
DC-DC converters, and auxiliary inverters, where high switching frequency and compact size
are more critical than ultra-high voltage capability. As GaN device technology continues to
mature, improvements in reliability and thermal performance are expected to further expand

their role in future EV power electronic systems.

Table 1: Comparison of Si, SiC, and GaN

Parameter Silicon (Si) || Silicon Carbide (SiC) || Gallium Nitride (GaN)
Bandgap (eV) 1.12 3.26 3.4
Max Junction Temperature 150°C 200-300°C 200-250°C
Breakdown Voltage 600-1200 V 600-10,000 V 600-900 V
Switching Frequency <20 kHz 50-100 kHz 100-500 kHz
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Parameter Silicon (Si) || Silicon Carbide (SiC) || Gallium Nitride (GaN)
Thermal Conductivity ||1.5 W/cm-K 3.7 W/cm-K 2.0 W/cm-K
Conduction Losses Moderate Low Very low
Cost Low High Medium

INVERTER TOPOLOGIES FOR EV DRIVES

Inverter topology plays a crucial role in determining the efficiency, reliability, and dynamic
performance of electric vehicle (EV) drive systems. The adoption of wide-bandgap
semiconductor devices such as SiC and GaN has enabled both conventional and advanced
inverter structures to operate at higher switching frequencies and power densities. Depending
on voltage level, power rating, and control requirements, different inverter topologies are

employed in EV drives to optimize system performance.

1. Conventional Three-Phase Inverter

The conventional three-phase voltage source inverter (VSI) remains the most widely used
topology in EV traction applications due to its simple structure, well-established control
strategies, and high reliability. This inverter consists of three half-bridge legs, totaling six
power switches, typically arranged with antiparallel diodes. It converts the DC voltage from
the battery pack into a three-phase AC supply for driving induction motors, permanent magnet

synchronous motors (PMSMs), or brushless DC motors.

The use of SIC MOSFETSs in conventional three-phase inverters offers significant performance
improvements over silicon IGBT-based designs. SiC devices exhibit lower switching and
conduction losses, allowing higher modulation and switching frequencies. As a result, the
inverter can achieve better output voltage waveform quality with reduced harmonic distortion,
which directly improves motor torque smoothness and control accuracy. Higher switching
frequency also enables smaller DC-link capacitors and output filters, contributing to a reduction

in inverter size and weight.

In addition, SiC-based three-phase inverters support higher DC bus voltages, making them
suitable for modern 800 V EV architectures. This leads to lower current levels for the same

power output, reducing copper losses in both the inverter and motor windings. Despite these
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advantages, the conventional three-phase inverter still faces challenges such as high voltage

stress on individual switches and limited scalability for ultra-high voltage systems.

2. Multi-Level Inverters

Multi-level inverters (MLIs) have gained increasing attention for high-voltage EV drive
applications due to their ability to distribute voltage stress across multiple power devices.
Common multi-level topologies include the neutral-point-clamped (NPC), flying capacitor
(FC), and cascaded H-bridge (CHB) inverters. These topologies generate output voltage
waveforms with multiple discrete voltage levels, which significantly reduce voltage ripple and

harmonic distortion.

The integration of SiC and GaN devices in multi-level inverter configurations enhances their
efficiency and power density. SIC MOSFETSs, with their high voltage capability and fast
switching performance, are particularly suitable for NPC and flying capacitor inverters
operating with 800 V and above battery systems. By splitting the DC bus voltage across
multiple switches, MLIs reduce the voltage rating required for each device, allowing the use of

lower-voltage, faster-switching WBG devices.

Multi-level inverters also reduce dv/dt stress on the motor windings and insulation, which is an
important consideration in EV traction drives. The improved output voltage quality leads to
lower electromagnetic interference (EMI) and reduced motor losses. However, the increased
number of components and control complexity poses challenges in terms of reliability,

balancing of capacitor voltages, and overall system cost.

Despite these challenges, multi-level inverters are increasingly being considered for high-
performance EVs and heavy electric vehicles, where efficiency and voltage scalability are

critical.

3. Matrix and Dual-Active Bridge Inverters

Advanced inverter topologies such as matrix converters and dual-active bridge (DAB) inverters
have also benefited from the adoption of wide-bandgap devices, particularly GaN transistors.
Matrix converters directly convert AC power from one frequency to another without an

intermediate DC-link capacitor, offering advantages such as compact size and bidirectional
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power flow. In EV systems, matrix converters can be applied in integrated motor drive and

charger configurations.

GaN devices are well suited for matrix converters due to their ultra-fast switching capability
and low parasitic capacitances. These characteristics enable high switching frequencies with
reduced switching losses, resulting in improved power quality and lower harmonic distortion.
However, matrix converters require complex control algorithms and suffer from limited

voltage transfer ratio, which restricts their widespread adoption in EV traction systems.

Dual-active bridge (DAB) inverters are commonly used in isolated DC-DC conversion stages
within EV powertrains, particularly for bidirectional power flow between the battery and
auxiliary systems. The high switching speed of GaN transistors allows DAB converters to
operate efficiently at high frequencies, reducing transformer size and improving overall system
compactness. Bidirectional operation of DAB inverters is essential for regenerative braking

and vehicle-to-grid (V2G) applications.

Although matrix and DAB inverters are not yet widely used as primary traction inverters, their
role in auxiliary power conversion and advanced EV architectures is expected to grow with

further advancements in GaN device reliability and control techniques.

THERMAL MANAGEMENT AND RELIABILITY

Thermal management and long-term reliability are among the most critical design challenges
in high-power, high-frequency power electronic converters used in electric vehicle (EV)
traction inverters and DC-DC converters. As switching frequencies and power densities
continue to increase, effective heat dissipation and robust reliability modeling become essential

to meet automotive lifetime requirements.

1. Thermal Challenges

High-frequency switching operation significantly increases both conduction losses and
switching losses, leading to elevated junction temperatures in semiconductor devices.
Excessive junction temperature not only reduces efficiency but also accelerates aging

mechanisms, ultimately limiting system lifetime.
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Wide bandgap (WBG) semiconductor devices such as silicon carbide (SiC) and gallium
nitride (GaN) have enabled higher switching frequencies and improved efficiency compared
to traditional silicon devices. However, they introduce new thermal design challenges.

SiC MOSFETSs are capable of operating at junction temperatures exceeding 175°C, making
them well-suited for high-power EV traction applications. Their higher thermal conductivity
and ruggedness allow relatively relaxed cooling requirements compared to GaN. Nevertheless,
poor thermal design can still result in localized hot spots, particularly in multi-chip modules.

In contrast, GaN HEMTS, while offering extremely low switching losses and fast transient
performance, are more sensitive to temperature rise. GaN devices typically operate at lower
maximum junction temperatures and exhibit increased leakage currents and reliability
degradation under sustained thermal stress. As a result, aggressive cooling strategies are often

required when GaN devices are used in high-power DC-DC converters.

To address these challenges, various thermal management techniques are employed, including:

e Advanced heat sinks with optimized fin geometry

e Liquid cooling systems, particularly in traction inverter applications

« High-performance thermal interface materials (TIMs) to reduce thermal resistance

o Direct bonded copper (DBC) and active metal brazed (AMB) substrates for improved
heat spreading

Additionally, accurate electro-thermal modeling is increasingly used during the design phase

to predict temperature distribution and prevent thermal runaway under dynamic load

conditions.

2. Reliability Considerations

Reliability in EV power converters is strongly influenced by both electrical stress and thermal
stress, with temperature being the dominant accelerating factor for most failure mechanisms.
Automotive standards typically require a service lifetime of 10-15 years, corresponding to

billions of switching cycles and thousands of thermal cycles.

One of the major reliability concerns in SIC MOSFETSs is gate oxide degradation. High

electric fields across the thin gate oxide, combined with elevated temperatures, can lead to
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threshold voltage shift and eventual device failure. Long-term bias temperature instability

(BTI) has been identified as a key aging mechanism in SiC devices.

For GaN HEMTs, reliability challenges are different in nature. Hot-carrier injection, charge
trapping, and dynamic on-resistance increase (also known as current collapse) can occur under
high-voltage and high-frequency operation. These effects are strongly temperature-dependent

and can degrade performance over time if not properly managed.

At the packaging level, thermal cycling fatigue is a critical failure mode. Repeated heating
and cooling cycles during vehicle operation cause mechanical stress in solder joints, bond
wires, and substrate materials. Over time, this can lead to cracks, delamination, and increased

thermal resistance, further accelerating device degradation.

To ensure long-term reliability, system-level design must balance:
« High efficiency operation to reduce heat generation

o Conservative derating of voltage and current stresses

o Uniform temperature distribution across power modules

o Robust packaging and interconnect technologies

Advanced reliability testing methods, such as power cycling tests, thermal shock tests, and
mission-profile-based lifetime prediction, are increasingly adopted to validate converter

designs before large-scale deployment.

Overall, effective thermal management combined with reliability-aware design practices is
essential to ensure safe, efficient, and durable operation of EV power electronic systems

throughout their intended service life.

SYSTEM-LEVEL EFFICIENCY AND PERFORMANCE

System-level efficiency and overall performance are key metrics for evaluating power
electronic converters in electric vehicle (EV) applications. Improvements at the device level
using wide bandgap semiconductors such as silicon carbide (SiC) and gallium nitride (GaN)
directly translate into higher vehicle range, reduced energy losses, and improved thermal

performance.
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SiC- and GaN-based inverters enable operation at higher switching frequencies, higher junction
temperatures, and reduced losses compared to conventional silicon devices. These advantages
contribute not only to improved converter efficiency but also to enhanced power density and

dynamic performance of the EV drivetrain.

1. Efficiency Improvement in Traction Inverters

SiC-based traction inverters have demonstrated significant efficiency gains over traditional
silicon IGBT-based designs. Experimental and field studies indicate that SiC traction
inverters achieve approximately 2-5% higher peak efficiency, particularly under partial-

load and high-speed operating conditions.

The efficiency improvement is mainly attributed to:

o Lower switching losses due to faster turn-on and turn-off characteristics

« Reduced conduction losses because of lower on-state resistance

« Ability to operate efficiently at higher switching frequencies

Higher inverter efficiency results in lower heat generation, which reduces cooling requirements
and improves system reliability. From a vehicle-level perspective, even a small efficiency gain
of a few percent can lead to a measurable increase in driving range, especially during urban

driving cycles where partial-load operation is dominant.

2. Performance Gains in Onboard Chargers and Auxiliary Converters

GaN devices are particularly attractive for onboard chargers (OBCs) and low- to medium-
power DC-DC converters in EVs. Due to their extremely fast switching speed and low output
capacitance, GaN-based converters can significantly reduce both switching and conduction

losses.

Reported studies show that GaN-based onboard chargers can achieve 10-15% lower losses
compared to silicon-based designs, especially at high switching frequencies. This allows

converters to operate efficiently at several hundred kilohertz or even in the MHz range.

Higher switching frequencies enable the use of:
e Smaller inductors and transformers

e Reduced filter capacitance
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o Compact EMI filters
As a result, GaN-based power converters achieve higher power density, making them ideal for

space-constrained automotive applications.

3. Impact on Size, Weight, and Power Density

One of the most important system-level advantages of SiC and GaN technologies is the
reduction in size and weight of power electronic systems. Higher switching frequencies and
improved efficiency allow designers to significantly reduce the size of passive components

such as inductors, transformers, and capacitors.

Compact converter designs contribute to:

o Lower overall vehicle weight

o Improved packaging flexibility

e Reduced material and cooling system requirements

This increase in power density is particularly beneficial for EV platforms, where space
optimization and weight reduction directly impact vehicle efficiency and performance.

4. Overall System Performance and Vehicle-Level Benefits

At the system level, the combined benefits of higher efficiency, reduced thermal losses, and
compact design lead to improved overall EV performance. Reduced losses in traction inverters
and chargers result in:

o Extended battery range per charge

o Lower cooling system power consumption

« Improved reliability due to reduced thermal stress

Furthermore, improved dynamic response enabled by faster switching devices enhances motor

control precision, torque response, and regenerative braking performance.

In summary, the adoption of SiC and GaN devices significantly enhances system-level
efficiency and performance in EV power electronic systems. While device costs remain higher
compared to silicon, the gains in efficiency, size reduction, and long-term reliability

increasingly justify their use in next-generation electric vehicles.
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Figure 1: Efficiency vs. Switching Frequency for Si, SiC, and GaN Inverters

CHALLENGES AND EMERGING TRENDS

Despite their advantages, wide-bandgap inverters face several challenges:
e High device cost for SiC and GaN

o EMI due to fast switching

o Thermal management for GaN at high power levels

« Limited device availability at ultra-high voltages

Emerging trends include:

e Hybrid SiC-GaN inverters combining high-voltage SiC and high-frequency GaN devices
o Advanced packaging techniques, including chip-scale and embedded cooling

e Wide-bandgap devices in modular multi-level inverters for 800 V and higher EV

architectures

CONCLUSION

SiC and GaN-based inverters are transforming electric vehicle power electronics by enabling
higher efficiency, higher switching frequency, and improved thermal performance. SiC is best
suited for high-voltage traction inverters, while GaN is ideal for auxiliary and low-to-medium
voltage applications requiring ultra-fast switching. Despite challenges in cost and thermal
management, ongoing research and manufacturing advancements are making wide-bandgap

inverters increasingly viable for next-generation EVs. Future research should focus on hybrid
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topologies, advanced cooling solutions, and cost-effective wide-bandgap device fabrication to

fully realize their potential.
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