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ABSTRACT 

Wide-bandgap (WBG) semiconductor converters based on Gallium Nitride (GaN) 

and Silicon Carbide (SiC) are rapidly gaining interest for high-efficiency, ultra-

compact renewable energy drives. The increasing demand for smaller, more 

efficient converters in renewable power systems has driven researchers and 

engineers to look beyond traditional silicon technologies. GaN and SiC devices, 

thanks to their superior material properties such as wider bandgap, higher 

breakdown voltage and frequency capability, enable converters that are not only 

more efficient but also significantly more compact. This review explores the 

fundamentals of GaN and SiC based converters, compares their performance in 

renewable drive applications, discusses design challenges, and highlights future 

research directions. Some figures and tables are also included to support key 

technical comparisons. The aim of this paper is to provide comprehensive insight 

into both materials and their converter technologies focusing on integration into 

ultra-compact renewable drives. 
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INTRODUCTION 

Growing global energy demands and the urgent need to curb greenhouse gas emissions are pushing 

the adoption of renewable energy systems such as wind and solar power. To improve overall 

system efficiency, reduce size, and lower cost, modern power electronics converters are required 

to operate at higher frequencies, withstand higher temperatures, and maintain performance under 

high voltage conditions. Traditional silicon (Si) devices are reaching their material limits in 

satisfying these requirements. 

 

Wide-bandgap (WBG) materials such as SiC and GaN present a promising alternative. Their 

inherent material advantages — a wider bandgap, higher breakdown field, and superior thermal 

characteristics — help create converters with reduced losses and increased power density. It has 

been found that WBG converters can significantly improve efficiency and reduce overall volume 

in comparison to silicon converters in renewable energy applications.  

 

MATERIAL PROPERTIES OF GAN AND SIC 

Wide-bandgap (WBG) semiconductors such as Gallium Nitride (GaN) and Silicon Carbide (SiC) 

possess material characteristics that are fundamentally different from conventional silicon devices. 

These differences directly influence the electrical, thermal, and switching performance of power 

converters used in ultra-compact renewable energy drives. The most important properties include 

bandgap energy, breakdown electric field, electron mobility, thermal conductivity, and critical 

electric field strength. 

 

The bandgap energy of a semiconductor determines its ability to withstand high electric fields 

and operate at elevated temperatures. Silicon has a relatively narrow bandgap of about 1.1 eV, 

which limits its high-temperature operation and increases leakage current at elevated voltages. In 

contrast, SiC and GaN exhibit much wider bandgaps, approximately 3.26 eV and 3.4 eV 

respectively. Due to this wide bandgap, both GaN and SiC devices can operate at junction 

temperatures exceeding 200 °C with reduced leakage current. This is particularly beneficial in 

renewable drives, where converters often face harsh environmental conditions and limited cooling 

space. 
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Another critical parameter is the breakdown electric field. SiC and GaN can sustain electric fields 

nearly ten times higher than silicon. This allows WBG devices to be designed with thinner drift 

regions, resulting in significantly lower on-state resistance. For power converters, this translates 

to reduced conduction losses and improved overall efficiency. SiC devices are especially 

advantageous for medium- and high-voltage renewable applications such as wind turbine 

converters and grid-connected solar inverters, where high blocking voltage capability is required. 

 

Electron mobility plays an important role in determining switching speed and high-frequency 

performance. GaN exhibits very high electron mobility, particularly in GaN HEMT structures, 

enabling extremely fast switching with minimal charge storage effects. This makes GaN devices 

well suited for high-frequency DC-DC converters and compact motor drives, where smaller 

passive components are desired. SiC devices have comparatively lower electron mobility than GaN 

but still outperform silicon in high-frequency and high-power operation. 

 

Thermal performance is another major advantage of WBG materials. Thermal conductivity of 

SiC is nearly three times that of silicon, allowing efficient heat dissipation from the device junction 

to the ambient. This property makes SiC converters highly reliable under continuous high-power 

operation and reduces the size of heat sinks and cooling systems. GaN, while having lower thermal 

conductivity than SiC, still benefits from reduced losses due to high-frequency operation, 

contributing to smaller thermal management requirements in compact designs. 

 

Additionally, the critical electric field and saturation velocity of carriers in GaN and SiC enable 

faster switching transitions with lower switching losses. This characteristic allows converters to 

operate at higher switching frequencies without significant efficiency penalties. As a result, 

inductors, transformers, and filters can be significantly downsized, leading to ultra-compact 

converter structures. 

 

MATERIAL PROPERTIES OF GAN AND SIC 

Wide-bandgap (WBG) semiconductors such as Gallium Nitride (GaN) and Silicon Carbide (SiC) 

possess material characteristics that are fundamentally different from conventional silicon devices. 

These differences directly influence the electrical, thermal, and switching performance of power 
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converters used in ultra-compact renewable energy drives. The most important properties include 

bandgap energy, breakdown electric field, electron mobility, thermal conductivity, and critical 

electric field strength. 

 

The bandgap energy of a semiconductor determines its ability to withstand high electric fields 

and operate at elevated temperatures. Silicon has a relatively narrow bandgap of about 1.1 eV, 

which limits its high-temperature operation and increases leakage current at elevated voltages. In 

contrast, SiC and GaN exhibit much wider bandgaps, approximately 3.26 eV and 3.4 eV 

respectively. Due to this wide bandgap, both GaN and SiC devices can operate at junction 

temperatures exceeding 200 °C with reduced leakage current. This is particularly beneficial in 

renewable drives, where converters often face harsh environmental conditions and limited cooling 

space. 

 

Another critical parameter is the breakdown electric field. SiC and GaN can sustain electric fields 

nearly ten times higher than silicon. This allows WBG devices to be designed with thinner drift 

regions, resulting in significantly lower on-state resistance. For power converters, this translates 

to reduced conduction losses and improved overall efficiency. SiC devices are especially 

advantageous for medium- and high-voltage renewable applications such as wind turbine 

converters and grid-connected solar inverters, where high blocking voltage capability is required. 

 

Electron mobility plays an important role in determining switching speed and high-frequency 

performance. GaN exhibits very high electron mobility, particularly in GaN HEMT structures, 

enabling extremely fast switching with minimal charge storage effects. This makes GaN devices 

well suited for high-frequency DC-DC converters and compact motor drives, where smaller 

passive components are desired. SiC devices have comparatively lower electron mobility than GaN 

but still outperform silicon in high-frequency and high-power operation. 

 

Thermal performance is another major advantage of WBG materials. Thermal conductivity of 

SiC is nearly three times that of silicon, allowing efficient heat dissipation from the device junction 

to the ambient. This property makes SiC converters highly reliable under continuous high-power 

operation and reduces the size of heat sinks and cooling systems. GaN, while having lower thermal 
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conductivity than SiC, still benefits from reduced losses due to high-frequency operation, 

contributing to smaller thermal management requirements in compact designs. 

 

Additionally, the critical electric field and saturation velocity of carriers in GaN and SiC enable 

faster switching transitions with lower switching losses. This characteristic allows converters to 

operate at higher switching frequencies without significant efficiency penalties. As a result, 

inductors, transformers, and filters can be significantly downsized, leading to ultra-compact 

converter structures. 

 

Table 1 summarizes the key material properties of silicon, SiC, and GaN and highlights why wide-

bandgap devices are increasingly preferred for next-generation renewable energy drive systems. 

 

Table 1: Comparative Material Properties of Silicon, SiC, and GaN 

Property 
Silicon 

(Si) 

Silicon Carbide 

(SiC) 

Gallium Nitride 

(GaN) 

Bandgap Energy (eV) ~1.1 ~3.26 ~3.4 

Breakdown Electric Field (MV/cm) ~0.3 ~3.0 ~3.3 

Electron Mobility (cm²/V·s) ~1500 ~900 ~2000 

Thermal Conductivity (W/m·K) ~150 ~490 ~130 

Maximum Junction Temperature 

(°C) 
~150 >200 >200 

 

In summary, the superior material properties of GaN and SiC enable higher efficiency, higher 

power density, and improved reliability compared to silicon devices. GaN is particularly suitable 

for high-frequency, low-to-medium voltage renewable drives, while SiC is more appropriate for 

high-voltage and high-power applications. These complementary characteristics make wide-

bandgap semiconductors a key enabler for ultra-compact and high-performance renewable energy 

converter systems. 
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CONVERTER TOPOLOGIES IN RENEWABLE DRIVES 

Power electronic converters form the backbone of renewable energy drive systems, enabling 

efficient power conversion, control, and grid integration. In renewable applications such as solar 

photovoltaic (PV) systems, wind energy conversion systems, and electric motor drives powered 

by renewable sources, converters generally consist of AC–DC, DC–DC, and DC–AC stages. The 

introduction of wide-bandgap (WBG) semiconductor devices has significantly improved the 

performance of these converter topologies, especially in terms of efficiency, power density, and 

compactness. 

 

Traditional silicon-based converters are constrained by switching losses and thermal limitations, 

which restrict operating frequency and increase the size of passive components. WBG devices 

such as GaN and SiC overcome these limitations, allowing existing converter topologies to be 

redesigned for ultra-compact renewable drives. 

 

1. Voltage Source Inverters (VSI) 

Voltage Source Inverters are widely used in renewable drive systems to convert DC power from 

sources such as solar PV arrays or DC links into controlled AC power for grid connection or motor 

drives. VSI topologies are commonly employed in solar inverters, wind turbine converters, and 

variable-speed renewable motor drives. 

 

With the adoption of WBG devices, VSI performance is significantly enhanced. SiC-based VSIs 

are particularly suitable for medium- and high-voltage applications, such as wind turbine 

generators and grid-connected renewable drives. Their ability to operate at higher switching 

frequencies and temperatures results in reduced switching losses and smaller heat sinks. GaN-

based VSIs, on the other hand, are well suited for low-voltage and high-frequency inverter 

applications, enabling compact designs for micro-inverters and small renewable drive systems. 

 

The higher switching frequency capability of WBG-based VSIs also improves output waveform 

quality, reducing total harmonic distortion (THD) and decreasing the size of output filters. This 

contributes directly to smaller inverter footprints and higher system efficiency. 
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2. DC–DC Buck and Boost Converters 

DC–DC converters play a critical role in renewable energy systems by regulating voltage levels 

between sources, storage units, and loads. In solar PV systems, DC–DC boost converters are often 

used to raise the PV output voltage, while buck converters are employed in battery charging and 

energy management circuits. 

 

GaN devices are especially attractive for DC–DC converters due to their high switching speed and 

low gate charge. GaN-based DC–DC converters can operate in the hundreds of kilohertz or even 

megahertz range, allowing inductors and capacitors to be significantly downsized. This results in 

ultra-compact converter modules with high efficiency, which is ideal for portable and distributed 

renewable drive systems. 

 

SiC-based DC–DC converters are typically used in higher voltage applications, such as DC links 

in wind energy systems or electric vehicle-integrated renewable drives. Their high voltage 

blocking capability and thermal robustness ensure reliable operation under fluctuating renewable 

power conditions. 

 

3. Multilevel Converters 

Multilevel converter topologies, such as Neutral Point Clamped (NPC), Flying Capacitor (FC), 

and Cascaded H-Bridge (CHB) converters, are extensively used in high-power renewable energy 

systems. These converters generate output voltages with multiple levels, reducing voltage stress 

on switching devices and improving output waveform quality. 

 

The integration of SiC devices in multilevel converters has enabled operation at higher switching 

frequencies with lower losses, which was difficult to achieve using silicon devices. This allows 

further reduction in filter size and improved efficiency in large-scale renewable drives, such as 

wind turbine generators and medium-voltage solar inverters. 

 

Although GaN devices are currently limited in voltage rating for large multilevel systems, they are 

being explored for lower-voltage multilevel topologies, especially in modular renewable drive 

architectures. The combination of multilevel structures with WBG devices enhances power density 
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and reduces electromagnetic interference (EMI), which is crucial for compact renewable 

installations. 

 

4. Matrix Converters 

Matrix converters directly convert AC power from one frequency and voltage level to another 

without the need for an intermediate DC link. This topology offers advantages such as bidirectional 

power flow, compact structure, and elimination of bulky DC-link capacitors. 

 

The practical implementation of matrix converters has traditionally been limited by complex 

control and high switching losses. However, the use of WBG devices, particularly SiC switches, 

significantly improves their feasibility in renewable drive systems. The fast switching capability 

and low losses of WBG devices reduce commutation losses and enhance overall efficiency. 

 

Matrix converters based on SiC devices are gaining attention for wind energy systems and 

renewable motor drives, where compactness, reliability, and regenerative capability are important. 

The elimination of large energy storage components aligns well with the objective of ultra-compact 

converter design. 

 

GAN CONVERTERS FOR COMPACT RENEWABLE DRIVES 

Gallium Nitride (GaN) power devices, particularly GaN high-electron mobility transistors 

(HEMTs), have emerged as a key enabling technology for compact and high-performance 

renewable energy converters. Owing to their unique material characteristics, GaN devices are 

capable of operating at very high switching frequencies while maintaining low losses. This makes 

them especially suitable for renewable drive applications where space, weight, and efficiency are 

critical design constraints. 

 

GaN HEMTs exploit a two-dimensional electron gas (2DEG) channel at the heterojunction 

interface, which provides very high electron mobility and low channel resistance. As a result, GaN 

converters can achieve extremely fast switching transitions, often in the hundreds of kilohertz to 

megahertz range. This high-frequency operation enables significant reduction in the size of passive 
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components such as inductors, transformers, and filter capacitors, which traditionally dominate the 

overall volume of power converters. 

 

1. Advantages of GaN Converters 

One of the most significant advantages of GaN converters is their high switching speed. Faster 

switching improves the dynamic response of renewable drives, which is particularly important in 

systems subjected to rapid variations in input power, such as solar PV arrays under changing 

irradiance or small wind turbines operating in turbulent wind conditions. The improved transient 

performance allows better voltage regulation and faster control response. 

 

Another major benefit is the reduction in passive component size. Since GaN devices can switch 

efficiently at much higher frequencies than silicon devices, the required inductance and 

capacitance values decrease considerably. This leads to compact magnetic components and smaller 

filters, directly contributing to ultra-compact converter designs. For distributed renewable energy 

systems like solar micro-inverters and DC-DC converters integrated with battery storage, this size 

reduction is highly advantageous. 

 

GaN converters also exhibit high efficiency at low and medium voltage levels, typically below 

650 V. Their low gate charge, negligible reverse recovery losses, and reduced switching energy 

enable high efficiency even at elevated switching frequencies. As a result, GaN-based renewable 

drives often achieve efficiency improvements of up to 10–12% when compared to conventional 

silicon-based converters operating under similar conditions. 

 

2. GaN Applications in Renewable Drives 

GaN converters are increasingly being adopted in solar micro-inverters, DC-DC converters for 

energy storage interfaces, and compact motor drives powered by renewable sources. In solar 

micro-inverters, GaN devices enable high-frequency operation that minimizes the size of 

transformers and output filters, allowing panel-level integration. Similarly, in onboard renewable 

drives, such as auxiliary drives in hybrid energy systems, GaN converters help reduce weight and 

improve overall system efficiency. 
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In addition, GaN technology supports higher power density, which is crucial for portable and 

modular renewable energy systems. The reduced cooling requirements due to lower losses further 

simplify system design and enhance reliability in confined installations. 

 

3. Limitations and Design Challenges 

Despite their advantages, GaN converters also face certain limitations. One major challenge is 

their voltage rating, which is generally lower than that of SiC devices. This restricts GaN usage 

in high-voltage and high-power renewable applications such as large wind turbine converters or 

medium-voltage grid inverters. 

 

Another important issue is gate driving complexity. GaN HEMTs require precise gate control 

with tight voltage margins to avoid device failure or false turn-on. High dv/dt during switching 

can introduce gate ringing and electromagnetic interference (EMI), demanding careful PCB layout 

and advanced gate driver circuits. 

 

Cost is also a concern, particularly in high-power applications. Although GaN device prices are 

gradually decreasing, they may still be higher on a per-watt basis compared to mature silicon 

technologies. However, when overall system cost is considered—including reduced passive 

components and cooling hardware—GaN converters often become economically competitive. 

 

4. Performance Improvements and Impact 

Experimental studies and practical implementations have demonstrated that GaN-based converters 

can achieve significant improvements in power density and efficiency. In low-voltage renewable 

applications, efficiency gains of approximately 12% have been reported, along with substantial 

reductions in converter size and weight. These improvements make GaN converters a strong 

candidate for next-generation compact renewable drives. 

 

In summary, GaN converters offer exceptional advantages for ultra-compact renewable energy 

systems requiring high switching frequency, fast dynamic response, and high efficiency. While 

challenges related to voltage capability, gate driving, and cost remain, ongoing advancements in 



Recent Trends in Electrical Machines and Drives 

Volume 4, Issue 2, May- August 2019 

 
  
 
 

93 Page 83-96 © MANTECH PUBLICATIONS 2019. All Rights Reserved 

 

device fabrication and packaging are expected to further expand the role of GaN technology in 

renewable drive applications. 

 

SIC CONVERTERS FOR RENEWABLE DRIVES 

Silicon Carbide (SiC) devices, specifically SiC MOSFETs and diodes, excel at medium to high 

voltage applications. Their high breakdown field and thermal performance make them favorable 

for grid tied converters and larger renewable drive systems.  

 

Advantages of SiC Converters: 

 High voltage operation 

 Superior thermal conductivity 

 Lower conduction losses under heavy load 

Limitations and Challenges: 

 Less favorable than GaN for ultra-high frequency 

 Cooling system needs more design effort at high power densities 

 

SiC converters commonly achieve efficiencies >98% in solar and wind power inverters and 

traction drives. The superior thermal handling often reduces cooling requirements and helps 

compact overall converter structure.  

 

HYBRID GAN-SIC CONVERTERS 

Combination converters that use SiC at higher voltage stages and GaN at high frequency stages 

are emerging as promising solutions. This hybrid approach leverages the high voltage robustness 

of SiC and high frequency capabilities of GaN.  

 

Benefits: 

 Optimized performance across wide range of power and frequency 

 Reduced system losses 

 Balanced cost and efficiency 

Challenges: 

 Increased design complexity 



Recent Trends in Electrical Machines and Drives 

Volume 4, Issue 2, May- August 2019 

 
  
 
 

94 Page 83-96 © MANTECH PUBLICATIONS 2019. All Rights Reserved 

 

 Need for sophisticated gate drivers 

 Managing electromagnetic interference (EMI) at higher switching frequencies 

 

DESIGN CONSIDERATIONS FOR ULTRA-COMPACT DRIVES 

Designing ultra-compact drives involves balancing size reduction with system reliability. Key 

considerations include: 

 Thermal Management: WBG devices can operate at higher temperatures, but thermal design 

(heatsinks, heat spreaders) must still be optimized. 

 EMI Mitigation: Higher switching frequencies raise EMI concerns which require careful 

layout and filtering. 

 Gate Driver Design: Fast switching in GaN devices needs precise gate control to avoid 

parasitic effects and false turn-ons. 

 Passive Component Reduction: Smaller inductors and capacitors help reduce volume but 

demand higher frequency limits and precise control. 

 

PERFORMANCE COMPARISON 

Table 2: GaN vs SiC Converter Characteristics 

Aspect SiC Converters GaN Converters 

Voltage Range Medium to High Low to Medium 

Switching Frequency Moderate Very High 

Thermal Performance Excellent Moderate 

Converter Size Moderate Ultra-compact 

Cost Higher at low volumes Higher per W at high voltages 

Ideal Application Grid tie inverter, Wind drives Solar micro-inverter, small motor drives 

 

Data from recent comparative studies show SiC converters pushing efficiency beyond 98% at 

medium voltage levels, while GaN converters achieve excellent dynamic performance at high 

frequencies and smaller footprints.  
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CASE STUDIES IN RENEWABLE DRIVES 

Several experimental and simulation-based results demonstrate WBG converter benefits: 

 A WBG based offshore wind converter reduced switching losses by up to 60%, and doubled 

power density when compared to silicon converters.  

 GaN based converters in DC-DC stages for solar inverters have shown >97% efficiency across 

wide power range.  

 

DISCUSSION AND FUTURE RESEARCH 

WBG converter adoption is accelerating, but challenges remain: 

 Cost reduction through improved manufacturing yields and larger wafer sizes. 

 Integration strategies that combine WBG converters with advanced control algorithms. 

 Reliability studies under long-term stress conditions to qualify systems for mission-critical 

renewable drives. 

 

Emerging trends also include module level integration and better thermal interface technologies to 

further shrink converter sizes. 

 

CONCLUSION 

Wide-bandgap GaN and SiC converters represent a significant leap forward for ultra-compact 

renewable drives. Their superior material properties result in higher efficiencies, reduced converter 

sizes, and enhanced thermal performance compared to silicon converters. GaN is ideal for high-

frequency, low-voltage drives, while SiC fits medium to high voltage renewable applications. 

Hybrid approaches combine their strengths but introduce complexity. Continued research is 

needed, especially in cost-effective manufacturing and EMI mitigation techniques. Overall, WBG 

converters are poised to play a critical role in future renewable energy systems. 
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