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Abstract
Wide bandgap semiconductor devices, especially Silicon Carbide (SiC), have
significantly transformed the design of high-power converters in recent years.
Compared to conventional silicon devices, SiC offers superior electrical
characteristics such as high breakdown voltage, fast switching capability, high
temperature operation, and low conduction losses. These features allow power
converters to operate at higher switching frequencies with improved efficiency
and reduced size of passive components. This paper presents a comprehensive
review of SiC-based high-power converter design and optimization techniques.
Key aspects including device characteristics, converter topologies, thermal
considerations, switching behavior, EMI challenges, and optimization methods
are discussed. The paper also highlights practical design guidelines and future
trends in SiC converter applications for electric vehicles, renewable energy

systems, and industrial drives.
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INTRODUCTION

Power electronic converters are essential in modern electrical systems, ranging from renewable
energy integration to electric transportation and industrial automation. Traditional silicon-
based power devices such as IGBTs and MOSFETs have reached near their theoretical
performance limits, especially for high voltage and high frequency operations. This limitation

has pushed researchers toward wide bandgap (WBG) semiconductor materials like Silicon
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Carbide (SiC) and Gallium Nitride (GaN).

Among WBG materials, SiC has emerged as a leading choice for high-power and high-voltage
applications due to its excellent thermal conductivity, high electric field strength, and
robustness. SiC devices allow operation at higher temperature and frequency, reducing system
losses and improving power density.

This paper reviews design considerations and optimization techniques for high-power
converters using SiC devices. It covers device-level characteristics, converter architectures,

design challenges, and system-level optimization approaches.

CHARACTERISTICS OF SIC DEVICES (ELABORATED)

Silicon Carbide (SiC) is a wide bandgap semiconductor material that offers superior electrical,
thermal, and physical properties compared to conventional silicon. These intrinsic properties
are the main reason why SiC devices are becoming dominant in high-power, high-voltage, and
high-frequency converter applications. Understanding these characteristics is very important

before designing SiC-based converters.

Wide Bandgap Energy

The bandgap energy of SiC (~3.26 eV) is almost three times that of silicon (1.1 eV). A larger
bandgap means:

e Devices can operate at much higher temperatures without intrinsic carrier generation.

e Lower leakage current at elevated temperatures.

e Better reliability in harsh environments.

Because of this, SiC devices can safely operate beyond 200°C junction temperature, whereas

silicon devices are typically limited to 150°C.

High Breakdown Electric Field

SiC has a breakdown electric field nearly 10 times higher than silicon. This allows:

e Thinner drift region for the same voltage rating.

e Much lower on-state resistance RDS(on)R_{DS(on)}RDS(on).

e Ability to design compact high-voltage devices (1.2 kV, 3.3 kV, 10 kV and above).

This property is the main reason why SiC MOSFETs outperform Si IGBTs in high-voltage

converters.
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Low On-State Resistance

Due to the thin drift layer and high electron mobility, SiC devices have very low conduction
resistance. The conduction loss is given by:

Pcond=I12xRDS(on)P_{cond} = 12 \times R_{DS(on)}Pcond=12xRDS(on)

Lower RDS(on)R_{DS(on)}RDS(on) results in significantly reduced conduction losses,

especially at high current operation.

Also, the temperature dependence of RDS(on)R_{DS(on)}RDS(on) in SiC is less severe

compared to silicon MOSFETS, giving more stable performance.

High Thermal Conductivity

SiC has thermal conductivity around 3 times higher than silicon. This means:
e Heat generated inside the device is removed faster.

e Reduced thermal stress and hot spots.

e Smaller heat sink requirement.

This property allows compact converter design with high power density.

Fast Switching Capability
SiC devices have:

e Very low gate charge

e Minimal output capacitance

e No tail current (unlike IGBTS)

This leads to:
e Very short rise and fall times
¢ High switching frequency (>100 kHz possible)

e Reduced switching losses

Pswocfswx(tr+tf)P_{sw} \propto f_{sw} \times (t_r + t_f)Pswocfswx(tr+tf)
Since trt_rtr and tft_ftf are very small for SiC, switching losses remain low even at high

frequency.
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Negligible Reverse Recovery Loss

SiC Schottky diodes exhibit almost zero reverse recovery charge QrrQ_{rr}Qrr. Benefits
include:

e Reduced switching stress on MOSFET

e Lower EMI generation

e Improved efficiency in hard-switching converters

This is a major advantage over silicon fast recovery diodes.

High Temperature Operation

SiC devices can operate at junction temperatures of 200-300°C. This enables:
e Operation in harsh industrial and automotive environments
e Reduction in cooling system requirements

e Increased system reliability

Robustness and Reliability

SiC devices show:

e High avalanche energy capability

e Better ruggedness against voltage spikes

e Improved short-circuit withstand time (with proper gate control)

These features make SiC suitable for high-power industrial drives and EV traction systems.

Smaller Device Size and Higher Power Density

Because of high electric field strength and thermal performance:
e SiC chips are smaller for same rating
e Converter size and weight reduce

e Higher power density designs are possible

Comparison Summary

Characteristic Silicon Device | SiC Device Impact on Converter
Bandgap Low Very High High temp operation
Breakdown Field Low Very High High voltage rating
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Characteristic Silicon Device | SiC Device Impact on Converter
Thermal Conductivity Moderate High Better heat removal
Switching Speed Medium Very Fast High frequency design
Reverse Recovery High Negligible Low switching loss
Device Size Large Small Compact systems

Types of SiC Power Devices

Commonly used SiC devices include:

e SiC MOSFETSs — Most popular for converters and inverters

e SiC Schottky Diodes — Used for freewheeling and rectification
e SIiC JFETs — Used in niche high-reliability applications

e SiC Power Modules — Integrated solutions for very high power systems

HIGH-POWER CONVERTER TOPOLOGIES USING SIC (ELABORATED)

The superior electrical and thermal properties of SiC devices allow power converter designers
to rethink traditional topologies and operate them at higher switching frequencies, higher
voltages, and higher efficiencies. SiC not only improves the performance of existing converter
structures but also enables advanced topologies that were previously impractical with silicon

devices due to switching and thermal limitations.

DC-DC Converters
DC-DC converters are widely used in renewable energy systems, battery storage, EV
powertrains, telecom supplies, and data centers. With SiC MOSFETSs and Schottky diodes,
these converters can operate at very high switching frequencies (50 kHz to 500 kHz), which
drastically reduces passive component size.
a) Buck Converter

e Used for stepping down voltage in battery management and auxiliary supplies.

e High frequency operation reduces inductor size and output capacitor requirement.

e Lower switching loss improves efficiency in high-current operation.

b) Boost Converter

e Common in PV systems and fuel cells where low DC voltage is boosted to higher levels.
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e SiC reduces reverse recovery issues in boost diode.

e Enables continuous conduction mode (CCM) operation at high frequency.

¢) Buck—-Boost and Bidirectional Converters
e Used in EV battery charging/discharging systems.
e SiC allows efficient bidirectional power flow with minimal loss.

e Important for Vehicle-to-Grid (V2G) applications.

d) Isolated DC-DC Converters

Topologies such as:

e Flyback
e Forward
e Half-Bridge
e Full-Bridge

e LLC Resonant Converters

SiC enables:

e High frequency transformer operation — smaller magnetic core
e Soft-switching implementation (ZVS/ZCS)

e High efficiency (>97%)

DC-AC Inverters
DC-AC inverters are critical in motor drives, EV traction, UPS, and renewable energy
integration.
a) Two-Level Voltage Source Inverter (VSI)
e Most commonly used inverter topology.
e SiC reduces switching and conduction losses.

e Allows higher PWM frequency — smoother output waveform and smaller filters.

b) Three-Level Neutral Point Clamped (NPC) Inverter
e Used in medium voltage motor drives and solar farms.

e SiC devices reduce voltage stress across switches.
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e Improved efficiency and thermal balance.

c) Traction Inverters for EVs
e SiC enables compact inverter design with reduced cooling.
e Higher efficiency directly increases EV driving range.

e Smaller inverter weight improves vehicle performance.

AC-DC Rectifiers
AC-DC converters with power factor correction (PFC) are widely used in industrial supplies,
EV chargers, and server power systems.
a) Boost PFC Rectifier
e SiC Schottky diode eliminates reverse recovery losses.
e High efficiency at high line frequencies.

e Suitable for fast EV chargers.

b) Totem-Pole PFC Converter
e Very popular modern topology enabled by SiC.
e Silicon devices struggle here due to reverse recovery, but SiC handles it easily.

e Achieves efficiency above 99% in some designs.

¢) Vienna Rectifier
e Three-phase PFC rectifier used in high power supplies.

e SiC reduces switching stress and improves power quality.

Multilevel Converters

Multilevel converters are used in medium and high voltage applications such as grid
integration, HVDC, and large motor drives.

Types include:

e Neutral Point Clamped (NPC)

e Flying Capacitor (FC)

e Cascaded H-Bridge (CHB)

e Modular Multilevel Converter (MMC)

41 I Page 35-45 © MANTECH PUBLIATIONS 2016. All Rights Reserved



Journal of Power Electronics and Drives
MANIECH

Publications Volume 1, Issue 1, January-April 2016

SiC benefits in multilevel converters:

e Lower switching loss per device

e Reduced dv/dt stress

e Ability to handle higher voltage levels with fewer devices

e Improved efficiency and reduced filter requirements

Example: Modular Multilevel Converter (MMC)
SiC devices reduce the size of submodules and cooling requirements, making MMC more

practical for compact HVDC stations.

Switching Performance and Loss Analysis

Switching losses dominate at high frequencies. SiC devices exhibit:
e Short rise and fall times

e Reduced reverse recovery loss (especially SiC Schottky diodes)

e Minimal tail current compared to IGBTs

Total losses can be expressed as:

Ptotal=Pconduction+PswitchingP_{total} = P_{conduction} + P_{switching}Ptotal
=Pconduction+Pswitching

Because SiC reduces both components, overall efficiency improves beyond 98% in many

applications.

THERMAL MANAGEMENT IN SIC CONVERTERS

Although SiC can withstand high temperatures, effective thermal design is still necessary.
Important techniques include:

e Use of advanced heat sinks and thermal interface materials

e PCB layout optimization for heat spreading

e Direct bonded copper (DBC) substrates

e Liquid cooling in very high-power modules

Higher thermal conductivity of SiC reduces hot spots but poor design may still cause failures.
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EMI AND PARASITIC CHALLENGES

Fast switching edges in SiC devices introduce new challenges:
e High dv/dt and di/dt cause electromagnetic interference
¢ Increased voltage overshoot due to parasitic inductance

e Gate driver design becomes critical

Design practices to reduce EMI:
e Minimize loop inductance
e Use proper shielding and grounding

e Snubber circuits and soft switching techniques

GATE DRIVER DESIGN FOR SIC MOSFETs
SiC MOSFETS require specialized gate drivers:

e Higher gate voltage typically +18V / -5V

e Short gate loop to avoid oscillations

e Miller clamp to avoid false triggering

e |solated gate drivers for safety

Improper gate control can lead to device damage.

OPTIMIZATION TECHNIQUES FOR SIC-BASED CONVERTERS
Optimization is necessary to fully utilize SiC benefits.

Switching Frequency Optimization

Higher frequency reduces passive size but increases switching loss. Optimal balance is needed.
Magnetic Component Optimization

Smaller inductors and transformers possible due to high frequency.
Layout Optimization

PCB layout significantly affects performance due to parasitic inductance.
Control Strategy Optimization

Digital control methods like PWM optimization and soft switching.
Thermal Optimization

Use of simulation tools to predict junction temperature.
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APPLICATIONS OF SIC HIGH-POWER CONVERTERS

Application Benefits of SiC
Electric Vehicles High efficiency, reduced cooling
Solar Inverters Compact size, high frequency
Wind Energy Systems Robustness, high voltage handling
Industrial Motor Drives Reduced losses, improved reliability
Data Centers High power density

COMPARATIVE PERFORMANCE ANALYSIS

Parameter Si IGBT Converter SiC MOSFET Converter
Efficiency 94-96% 97-99%
Switching Frequency <20 kHz >100 kHz
Heat Sink Size Large Small
Weight High Low
System Size Bulky Compact

DESIGN GUIDELINES

Some important design guidelines include:

1. Minimize parasitic inductance in layout.

2. Use fast and isolated gate drivers.

3. Employ proper EMI filtering techniques.

4. Optimize switching frequency considering loss trade-off.
5

Use simulation tools like PLECS, LTspice for loss and thermal analysis.

FUTURE TRENDS

Future research areas include:

e Integration of SiC modules with advanced packaging
e Al-based optimization of converter parameters

e Hybrid SiC-GaN converters

e Cost reduction of SiC devices
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SiC technology is expected to dominate high-power conversion in next decade.

CONCLUSION
SiC-based high-power converters offer remarkable improvements in efficiency, power density,

and thermal performance compared to conventional silicon-based systems. However, the fast

switching characteristics introduce new challenges in EMI, layout, and gate driver design.

Proper optimization techniques at device, circuit, and system level are required to achieve the

best performance. With ongoing research and reduction in device cost, SiC technology will

play a key role in electric vehicles, renewable energy, and industrial power electronics. The

design of converters is becoming more compact and efficient, but careful engineering practices

are still very much required.
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