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There is No Under the Bed3-ū SiC/GaN Converter Systems µ
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µ BUT Lots of Opportunities & Some Challenges ;-)
3-ū SiC/GaN Converter Systems
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Power 
Electronics

Cross-Disciplinary

Mechanical Eng., e.g.
Turbomachinery, Robotics

Microsystems
Medical Systems 

Actuators /
El. Machines

Research Scope

¤Explore the Limits / Create New Concepts / Push the Envelope  
¤Maximize Technology Utilization 
¤Enable New Applications



Market Pull / Technology Push 



Required Performance Improvements

Ƅ Power Density   [kW/dm3]
Ƅ Power per Unit Weight  [kW/kg]
ƄRelative Costs    [kW/$]
ƄRelative Losses  [%]
Ƅ Failure Rate    [h-1]

[ kgFe /kW] 
[ kgCu /kW]
[ kgAl /kW]
[cm2

Si /kW]

Ʒ

Ʒ

Environmental Impactµ

¤Connected Cognitive Power Electronic Systems  Ą Power Electronics 4.0  
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ƴ Power Electronics 1.0 Ą Power Electronics 4.0
ƴ Identify  ºX-Concepts»/ ºMoon-Shot» Technologies
ƴ 10x Improvement NOT Only 10% !

S-Curve of Power Electronics

Power MOSFETs & IGBTs
Circuit Topologies

Microelectronics
Modulation Concepts

Control Concepts

Super-Junct. Techn. / WBG
Digital Power

Modeling &  Simulation

2025
2015

Ʒ

Ʒ
Ʒ

SCRs / Diodes 
Solid-State Devices

ƴ

Ʒ

Ʒ

1958

4.0

3.0

2.0

1.0

Performance 

2/84



State-of-the-Art
Future Requirements

3-ūVariable Speed Drive 
Inverter Systems

Source:  
PowerAmerica



Variable Speed Drive (VSD) Systems 
ƴ Industry Automation / Robotics
ƴMaterial Machining / Processing ̧Drilling, Milling, etc. 
ƴCompressors / Pumps / Fans 
ƴTransportation
ƴetc., etc.                                    µ. Everywhere !

ǒ60µ70 % of All Electric Energy Used in Industry Consumed by VSDs   

Source:
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State-of-the-Art
ƴ Mains Interface / 3-ūPWM Inverter / Cable / Motor  ¹ Large Installation Space / Complicated
ƴ Conducted EMI / Radiated EMI / Reflections on Long Motor Cables / Bearing Currents 

ǒ High Performance @ High Level of Complexity / High Costs (!)  

Source:  FLUKE
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Surge Voltage Reflections
ƴ Long Motor Cable lcü ½ t r v
ƴ Short Rise Time of Inverter Output Voltage   
ƴ Impedance Mismatch of Cable & Motor  Ą Reflect. @ Motor Terminals / High Insul. Stress

Source:  Bakran/ ECPE 2019

Ą dv/dt- OR  Full-Sinewave Filtering / Termination & Matching Networks etc. 
Ą

SiC
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ƴ Switching Frequency CM Inverter Output Voltage ĄMotor Shaft Voltage
ƴ Electrical Discharge in the Bearing (ºEDM»)

Ą Cond. Grease / Ceram. Bearings/ Shaft GrndgBrushes / dv/dt- OR  Full-Sinewave Filters

Source: 
BOSCH

Motor Bearing Currents

Source: www.est-aegis.com

Source: 
Switchcraft
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ǒ Main ºEnablers»  Ą SiC/GaN Power Semiconductors  & Adv. Inverter Topologies 

Source:

VSD Inverter - Future Requirements
ƴ ºNon-Expert» Installation / ºSinus-Inverter» ORMotor-Integrated Inverter
ƴ Low Losses   &  Low HF Motor Losses
ƴ Low Volume & Weight
ƴ Wide Output Voltage Range
ƴ High Output Frequencies
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X-Technology#1 Wide Bandgap
Power Semiconductors



Si vs. SiC
ƴ Si-IGBT / Diode   Ą Const. On-State Voltage,Turn-Off Tail Current  &  Diode Reverse Recovery Current  
ƴ SiC-MOSFET   Ą Massive Loss Reduction @ Part Load  BUT  Higher Rth

1200V  100A
Die Size:  25.6mm2

1200V  100A
Die Size: 98.8mm2 + 39.4mm2

6x Si-IGBT 
6xSi-Diode 

Source:  Cree

Source:  
ATZ elektronik
2018

6x SiC-MOSFET 

ǒ Space Saving of  >30% on Module Level (!)
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ƴ Higher Critical E-Field of SiC Ą Thinner Drift Layer
ƴ Higher Maximum Junction TemperatureTj,max

ǒMassive Reduction of Relative On-Resistance Ą High Blocking Voltage Unipolar Devices 

em
=

º

For 1kV:

Ą

Low RDS(on)High-Voltage Devices 
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Si vs. SiC Conduction Behavior 

ǒ Efficiency Characteristic Considering Only Conduction Losses 

ƴ Si-IGBT          Ą Const. On-State Voltage Drop / Rel. Low Switching Speed, 
ƴ SiC-MOSFETs  Ą Resistive On-State Behavior / Factor 10 Higher Sw. Speed

1200V  100A
Die Size:  25.6mm2

1200V  100A
Die Size: 98.8mm2 + 39.4mm2

Source:  CreeSource:  Infineon
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Si vs. SiC Switching Behavior 

ǒ Extremely High  di/dt & dv/dt Ą Challenges in Packaging / EMI / Motor Insulation / Bearing Currents   

ƴ Si-IGBT          Ą Const. On-State Voltage Drop / Rel. Low Switching Speed, 
ƴ SiC-MOSFETs  Ą Resistive On-State Behavior / Factor 10 Higher Sw. Speed

1200V  100A
Die Size:  25.6mm2

1200V  100A
Die Size: 98.8mm2 + 39.4mm2

Source:  CreeSource:  Infineon

Source: Fuji Electric
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Challenges



ƴ Extremely High  di/dt
ƴ Commutation Loop Inductance LS
ƴ Allowed Ls Directly Related to Switching Time ts Ą ¢ =

a
a

ǒ Advanced Packaging  & Parallel Interleaving for Partitioning of Large Currents

Circuit Parasitics

Ą

=

Parallel
Connection
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Si vs. SiC EMI Emissions 
ƴ Higher dv/dt Ą Factor 10
ƴ Higher Switching Frequencies    Ą Factor 10 
ƴ EMI  Envelope Shifted to Higher Frequencies

ǒHigher Influence of Filter Component Parasitics& Couplings  Ą Advanced Design

fS= 10kHz    &    5 kV/us for (Si IGBT)
fS= 100kHz  &  50 kV/us for (SiCMOSFET)

VDC = 800V
DC/DC @ D= 50%

Si
SiC
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dv/dt-Filters
Full-Sinewave Filters

Inverter Output Filters



dv/dt-Control



ƴ Passive ̧ Damped LC-Filter fC> fS
ƴ Hybrid  ̧ UndampedLC-Filter  & Multi-Step Sw. Transition
ƴ Active  ̧ Gate-Drive Based Shaping of Sw. Transients

Passive| Hybrid| Active dv/dt-Limitation 

fsw= 16kHz
tR= tF= 130ns
fC= 2.4 MHz 
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ǒConnection to DC-Minus &  CM Inductor  Ą Limit CM Curr. Spikes / EMI / Bearing Currents

!



ƴOutput Voltage Waveforms  ¹ VDC= 800V, Pout = 10kW, 6kV/us 

Comparison of dv/dt-Filtering Techniques (1) 

ƴ Active Concept  ƴ Passive Concept ƴ Hybrid Concept (3fS) 
1.  Miller Capacitor
2.  Gate Curr. Control

1.  LCR-Filter
2.  Clamped LC-Filter

1.  LC-Filter
2.  Multi-Step Switching

1200V SiC/ 16mɋ
CM= 120pF

L = 3.8uH
C = 2.7nF 
R = 19ɱ

L = 4.1uH
C = 1.3nF
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ƴLosses / Power Density ̧VDC= 800V, Pout = 10kW, fsw= 16kHz, 1200V SiC-MOSFETs (16mʍ)

ǒ Comparative Evaluation of 
Passive & Active Concept  
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Comparison of dv/dt-Filtering Techniques (2) 



Inverter Systems w/
Sinusoidal Output Voltages 



ǒOnly 33% Increase of Transistor Conduction Losses Compared to CCM (!)
ǒVery Wide Switching Frequency Variation  

ZVS/TCM Operation 
ƴ Sinusoidal Output Voltage
ƴ ZVS of Inverter Bridge-Legs 
ƴ High Sw. Frequency & TCM Ą Low Filter Inductor Volume 
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TCM Ą B-TCM
ƴ Very Wide Switching Frequency Variation of TCM Ą B-TCM 

ǒTCM Ą B-TCM¹ 10% Further Increase of Transistor Conduction Losses 
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B-TCM Ą S-TCM
ƴ Sinusoidal Switching Boundaries Ą S-TCM
ƴ Adaption for Low Output Power Considering fsw,max= 140kHz

ǒTCM Ą S-TCM  Ć   10% Further Increase of Transistor Conduction Losses 
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Residual ZVS Losses 
ƴ Overlap of uDS& Channel Current ich @ High Isw> Ik
ƴ Temporary Turn-on Due to uGS,i> uth

ǒºKink» Current IK Dependent on Inner & Outer Gate Resistance & ug,n

650V SiC, UDC = 400V
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CCM & 2-Stage Full-Sinewave Output Filter (1)  

Ą Evaluation of Optimized Inductors  ¹ Soft Sat. Toroidal Iron Powder Cores
Ą L1=200uH (OD57S) / C1=2.5uF / L2=25uH (OD20S) / C2=2.5uF / Ld=33uH / Rd=5.6ɋ

ƴ Sinewave Output &  IEC/EN 55011 Class-A 
ƴ Low-Loss Active Damping of 1st Filter Stage  ¹ Neg. Cap. Current Feedback
ƴ 2kW / 400V DC-Link 3-ū650V GaNInverter (I M=5A), fout,max= 500Hz 
ƴ Sw. Frequency  fS= 100kHz 

fC,1=7kHz

fC,2=20kHz

H. Ertlet al.
(2018)
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