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Abstract
Wide-bandgap (WBG) semiconductors, especially silicon carbide (SiC) and
gallium nitride (GaN), are increasingly adopted in electric vehicle (EV)
traction inverter systems to improve efficiency, power density, and thermal
robustness. Traditional silicon-based inverters suffer from high switching
losses and limited thermal tolerance, which constrain EV performance and
range. WBG devices overcome these challenges by offering larger bandgap
energies, enabling higher blocking voltages, faster switching, and reduced
conduction losses. This review paper surveys the progress of WBG inverters
specific to EV traction applications, comparing SiC and GaN technologies,
exploring challenges in implementation, and outlining future research
directions. Several tables and figures are included to illustrate key concepts and
device comparisons. The paper concludes that wide-bandgap inverters are
rapidly becoming critical enablers for next-generation high-efficiency EV

powertrains.
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INTRODUCTION

Electric vehicles (EVs) are transforming the automotive landscape, driven by demands for
better energy efficiency, reduced emissions, and extended driving range. At the heart of EV
powertrains is the traction inverter, which converts DC battery power into AC for the motor.

Traditional inverters based on silicon (Si) devices, such as Insulated Gate Bipolar Transistors
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(IGBTs) and MOSFETS, are reaching practical limits in efficiency and switching speed. In
contrast, wide-bandgap (WBG) materials such as SiC and GaN offer superior electrical

properties that promise to enhance EV traction systems significantly.

2. WIDE-BANDGAP MATERIALS OVERVIEW
Wide-bandgap (WBG) semiconductors are those materials whose energy bandgap is
significantly higher than that of conventional silicon. The bandgap is the energy difference
between the valence band and conduction band of a material, and it directly affects how the
device behaves under high electric field, temperature, and frequency. For EV traction inverters,
where devices must handle high DC bus voltage (400-800 V), large current, and elevated
temperature, WBG materials offer clear advantages compared to traditional silicon devices.
The most important WBG materials used in power electronics today are:

e Silicon Carbide (SiC)

e Gallium Nitride (GaN)
These materials are now commercially used in MOSFETS, diodes, and power modules for EV
traction systems.

2.1 Bandgap and Material Properties
A semiconductor’s bandgap energy (Eg) determines how much energy is required to move an
electron from the valence band to the conduction band. Larger bandgap means electrons require
more energy to conduct, which leads to several beneficial properties for power devices.
Silicon has a bandgap of about 1.1 eV, while:

e SiC=3.26eV

e GaN=34eV

This nearly three times larger bandgap results in the following important characteristics:

(a) Higher Breakdown Electric Field
The breakdown electric field is the maximum electric field a material can withstand before
failure. WBG materials have a breakdown field almost 10 times higher than silicon.

e Silicon: ~0.3 MV/cm

e SiC: ~3 MV/cm

e GaN:~3.3 MV/cm
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This allows WBG devices to block higher voltages using much thinner drift layers, which
reduces the device resistance (R_DS(on)) significantly. Lower resistance directly reduces

conduction losses in EV traction inverters.

(b) Lower On-Resistance (RDS(on))
Because of the high breakdown field, WBG devices can be designed with thinner layers and
higher doping concentration. This leads to:
e Much lower on-state resistance
e Reduced conduction losses
e Higher efficiency at high current operation
This is very important for traction inverters where current levels are very high during

acceleration and hill climbing.

(c) High Temperature Operation
WBG materials can operate at junction temperatures above 200°C, while silicon devices are
normally limited to 125-150°C.
This reduces the requirement of bulky cooling systems in EVs. Smaller cooling means:
e Reduced weight
e Increased power density

e Better vehicle efficiency

(d) Lower Leakage Current
Due to the large bandgap, very few electrons can thermally excite into conduction band at high
temperature. This gives:

e Very low leakage current

e Better reliability

e Stable operation at elevated temperature

(e) High Switching Speed
Especially in GaN devices, the electron mobility is very high (~2000 cm?/V-s), allowing:
e Very fast switching transitions

e Operation at high frequency (100 kHz or more)
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Reduction in size of inductors and capacitors in inverter

This helps to make traction inverter more compact and lighter.

Table 1: Material Properties Comparison

Property Silicon (Si)(|Silicon Carbide (SiC)|Gallium Nitride (GaN)
Bandgap (eV) 1.1 3.26 3.4
Breakdown field (MV/cm) 0.3 3.0 3.3
Thermal conductivity (W/m-K)|| ~150 ~490 ~130
Electron mobility (cm2/V-s) ~1500 ~900 ~2000

Conventional
semiconductor (silicon)
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A
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Figure 1: Concept of Wide-Bandgap vs Silicon bandgap
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3. WIDE-BANDGAP INVERTER DESIGN FOR EV TRACTION

The traction inverter is one of the most critical parts of an electric vehicle powertrain. It

converts the DC power from battery (typically 400 V, 800 V or higher) into three-phase AC

supply for the motor. During vehicle acceleration, hill climbing, and regenerative braking, the

inverter must process very high current and power, sometimes reaching 100 kW to 300 kW

in modern EVs.

Conventional silicon IGBT based inverters face limitations such as:

High switching losses at higher frequency
Large heat generation requiring bulky cooling
Bigger passive components due to low switching frequency

Limited efficiency at high temperature
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Wide-bandgap (WBG) devices like SIC MOSFETs and GaN HEMTSs remove many of these
limitations and allow designers to rethink the inverter structure for higher performance and

compactness.

Because of WBG characteristics, inverter design benefits in three major ways:
Higher Switching Frequency
WBG devices can switch much faster than silicon devices due to:
e Low gate charge
e Low parasitic capacitances
e Fast rise and fall times
Si IGBTSs generally operate in the range of 5-15 kHz, while SiC and GaN devices can easily
operate at 50-100 kHz or more.

Higher switching frequency leads to:
e Smaller inductors and capacitors in DC link and filters
e Reduced size and weight of inverter
e Faster dynamic response during motor control

e Improved quality of output current waveform

This is very useful in EV motor control where quick torque response is required.

Lower Conduction and Switching Losses
In traction inverters, losses occur mainly due to:
1. Conduction losses when device is ON

2. Switching losses during turn-ON and turn-OFF transitions

WBG devices have:
e Very low RDS(on) (especially GaN and SiC MOSFETS)

e Extremely fast switching transitions

This reduces both conduction and switching losses significantly. As a result:
¢ Inverter efficiency can go beyond 98-99%

e Less energy wasted as heat
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e Improved driving range of EV

Better Thermal Performance
Due to large bandgap and high thermal conductivity (especially in SiC), these devices can
operate at junction temperatures above 200°C.
This allows:
e Smaller heat sinks
e Simplified liquid cooling system
e Increased power density of inverter

e Better reliability in under-hood hot conditions

Typical Structure of WBG Based EV Traction Inverter

Figure (conceptual):

Battery — DC link capacitor — Three-phase bridge using SiC/GaN switches — Motor

The topology remains similar to traditional inverter, but device ratings, switching frequency,

cooling design, and packaging are optimized because of WBG capability.

3.1 SiC-Based Inverters
Silicon Carbide MOSFETs are presently the most widely adopted WBG devices in

commercial EV traction inverters.

Why SiC is Ideal for Traction
e Voltage ratings up to 1200 V and above
e Excellent thermal conductivity (~490 W/m-K)
e High breakdown strength
¢ Robust short-circuit capability
e Suitable for high current modules

These features make SiC very suitable for high-power and high-voltage EV battery systems.

Advantages in SiC Inverter
e Reduction in switching losses by 60—80% compared to IGBT
e Higher switching frequency (20-50 kHz)

e Smaller DC link capacitors and filters
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e Reduced cooling requirement

e Improved efficiency — increased EV range
Many modern EVs (like premium and long-range vehicles) have shifted to SIC MOSFET
based traction inverters for these reasons.

3.2 GaN-Based Inverters
Gallium Nitride devices are known for extremely fast switching and very low on-resistance.
GaN HEMTSs are majority carrier devices and have negligible reverse recovery losses.

Advantages of GaN
e Very high switching frequency (>100 kHz possible)
e Very low RDS(on)
e Very low gate charge
e Compact and lightweight inverter design
This enables designers to build very small and high-frequency inverters.

Limitations for Traction Use

However, GaN devices have some limitations:

Lower thermal conductivity compared to SiC

Voltage ratings generally lower (often below 650-800 V in many devices)

Packaging and thermal management is more complex

Reliability at very high power is still under research

Because of this, GaN is currently more popular in on-board chargers, DC-DC converters,

and is slowly entering traction research.

3. PERFORMANCE COMPARISON OF SiC And GaN

Table 2: SiC vs GaN for Traction Inverters

Parameter SiC GaN
Voltage capability High (up to ~1200V) Moderate (often <800V)
Switching frequency Moderate to high Very high
Thermal conductivity Excellent Moderate
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Parameter SiC GaN
Cost Higher Medium to high
Suitability for EV traction Excellent Good, evolving
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Figure 2: Typical Efficiency vs Frequency Curves

CASE STUDIES IN EV TRACTION
Wide-bandgap inverters have already shown success in commercial EVs. For example, SiC-
based traction inverters have boosted overall system efficiency by reducing switching losses

and allowing lighter cooling systems, which improves driving range.

CHALLENGES IN WIDE-BANDGAP INVERTER ADOPTION

Despite clear advantages, several challenges remain:

e Cost: WBG devices are more expensive than silicon counterparts due to complex
fabrication.

e Gate drive complexity: Higher switching speeds require advanced gate-drive circuits.

e EMI and packaging: High switching speeds increase electromagnetic interference and

require careful packaging design.

FUTURE RESEARCH DIRECTIONS
Key future work includes:
e Improved GaN devices with better thermal performance for traction use.
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e Hybrid SiC-GaN systems combining strengths of both materials.

Advanced packaging techniques for higher reliability.

CONCLUSION

Wide-bandgap semiconductors, especially SiC and GaN, are significantly enhancing inverter

performance in EV traction systems. With higher efficiency, smaller size, and superior thermal

properties, WBG inverters contribute to better driving range and system performance compared

to traditional silicon-based designs. Challenges remain in cost, control complexity, and

integration, but ongoing research and industry adoption show promising trends toward broader

implementation in future electric vehicles.
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