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Power Grid

ƴ   Power Electronics ¹ A Key Enabling Technology for Future All-Renewable Energy Generation & Use  

Global Megatrends & Role of Power Electronics   

ƴ   70% of All Electric Energy is Processed by Power Electronics ¹ Towards 100% in Future  
ƴ   Power Electronics is Everywhere ¹ Critical Importance of High Energy Conversion Efficiency & Material Efficiency (!)

Electric Mobility
40% of All Passenger 
Vehicles by 2040

Renewables & Storage
Towards 100% Renewable  
Energy Supply

Digitalization
10µ15% of U.S. Electricity Used 
in (AI)-Datacenters by 2030

Industry Automation
45% of Global Electric Energy 
Processed by Electric Motors 
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ƴ   Vienna Rectifier   Ą  Widely Used in Datacenters / UPSs / EV Chargers / etc.
ƴ   Matrix Converter  Ą  AC/AC Conversion for Motor Drives Using Only 9 Switches 
ƴ   HERIC   Ą  Ubiquitous for Single-Phase Non-Isolated PV Microinverters 

Vienna Rectifier HERIC (Highly 
Efficient 
Reliable 
Inverter 
Concept)

Direct Matrix Converter 

Power Electronics «Missing Element» '
ƴ   Switching Element Featuring Bipolar Voltage Blocking & Bidirectional Current Conduction/Control

2
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Monolithic Bidirectional Switches (MBDSs) 
ƴ   Convergence of Demand & Technological Maturity of Lateral GaN Power Transistors Ą Dual-Gate GaN MBDSs 

ƴ   Functional Integration ¹ Factor of Ć4 Smaller Chip Area Compared to Discrete Realization of Same Ron (!)

MOSFET-Based BDS Realization Options

1 x Achip
1 x Ron

MOSFET GaN MBDS

Ѹ

Ѹ
Ѹ

Ѹ

Standard
GaN HEMT

Same Chip Region Blocking 
Both Voltage Polarities!

4 x Achip
1 x Ron

2 x Achip
2 x Ron Ć1 x Achip 1 x Ron
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ƴ   2020 ¹ 1st Continuous 4-Quadrant Operation of  600V / Ron= 140 mÝ Samples @ Ñ400 V 

ƴ   T-Type Topology w/ Four Different Load Configurations  ¹  Vienna Rectifier

Config. A Config. B

Config. DConfig. C

Experimental Analysis of 1st
 ̧ Gen. 600V MBDSs

Config. C,D

vsw

Config. A,B

A,C

B,D

Source:        , F. Vollmaier et al.  
ECCE USA, 2021
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3rd Harmonic Injection / Swiss Rectifier
Boost-Type/Vienna Rectifier | Buck-Type Topologies

 Single-Stage Isolated Concepts

3-ū PFC Rectifier Systems
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ƴ   Conduction States Defined by Line-to-Line Grid Voltages   
ƴ   Intervals with Zero Phase Current / Low-Frequency Input Current  Harmonics
ƴ   No Output Voltage Control

ƴ   Sinusoidal Current in All Phases Only for Active Control of Diode Bridge Conduction State  

3-ū Diode Bridge Rectifier 
5
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Ą

ƴ   3-ʊ Diode Rectifier Front-End  &  Explicit Parallel-Connected 3-ʊ Active Filter 
ƴ   3-ʊ Diode Rectifier & Low-Complexity Integrated Active Filter (IAF)  

ƴ   IAF Employs Single HF Sw. Bridge-Leg / Single Inductor / Phase Selector AC-Switches (Monolithic Bidir. GaN Devices)  
ƴ   Mains Frequ. Switching of Synchronous 3-ʊ Diode Rectifier ¹ Large Chip Areas / Very Low Conduction Losses 

Integrated Active Filter Rectifier Topology Derivation  
6
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ƴ  Sinusoidal Mains Phase Currents @ Const. Power Load 
ƴ  Low Switching Transistor T+ and T- Current Stress / Low Switching Losses

ƴ   3-ʊ Diode Rectifier Front-End Generates ºDC» Output Voltage w/ 6x fmains Pulsation  
ƴ   Low-Amplitude 3rd Harmonic Current Inj. for Sinusoidal Mains Current Shaping

ɤt

3-  ̞Integrated Active Filter (IAF) Rectifier

7
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IAF Rectifier & Buck Output Stage
ƴ     Efficiency ʂ> 99.1% @ 60% Rated Load
ƴ     Mains Current THDI Ć 2% @ Rated Load
ƴ     Power Density ɟĆ 4kW/dm3

ƴ  SiC Power MOSFETs & Diodes
ƴ    2 Interleaved Buck DC/DC Output Stages (!)

PO= 8 kW
UN= 400VAC Ą UO= 400VDC  const. / Controlled 
fS  = 27kHz

Ʒ
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Swiss Rectifier 
ƴ   Integration of 3rd Harmonic Injector Switches & Buck Output Stage 
ƴ   Controlled Output  Voltage
ƴ   Sinusoidal Mains Current
ƴ   iy Def. by KCL: E.g. ia- ic

ƴ Low Complexity

9
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Swiss Rectifier Demonstrator 
ƴ     Efficiency ʂ= 99.26%@ 60% Rated Load
ƴ     Mains Current THDI Ć 0.5% @ Rated Load 
ƴ     Power Density ɟĆ 4kW/dm3

ƴ    SiC Power MOSFETs & Diodes
ƴ    Integrated CM & Output Coupling Inductors (ICMCI)

PO= 8 kW
UN= 400VAC Ą UO= 400VDC
fS  = 27kHz

Ʒ
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M-BDS-Based 3rd Harm. Inj. Rectifiers  

Ą

ƴ   Bipolar Voltage Blocking / Current Carrying Capability  
ƴ   Factor of 4 Reduction of Chip Area Comp. to Discrete Realization of Same R(on)

ƴ   Mains Frequ. Operation of the Phase Selector Switches Ą  Conduction Losses Only

11
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Boost-Type 
3-ʊ PFC Rectifier Systems   
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Ą

Derivation of Boost-Type PFC Rectifier Topologies
ƴ   Active Control of Diode Bridge Conduction States / Sinusoidal Mains Current & Controlled DC Output
ƴ   Delta-Connection or Star-Arrangement  of  Bidirectional/Bipolar Switches Connected to AC Inputs 

ƴ   Phase-Symmetry & Bridge-Symmetry Mandatory for Full Controllability / Symm. Semicond. Stress
ƴ   Voltage Formation @ AC Inputs Determined by Diodes & Switches  /  Unidirectional Power Flow

ū = (-30°,+30°)

12
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ƴ   ɝ-Switch Rectifier ¹  Control of Rectifier Stage Line-to-Line Inp. Voltage w/ 2 Switches
ƴ   M-BDSs Voltage Stress Def. by Full DC-Link Voltage  

ƴ   600V M-BDSs for 115V / 360µ800Hz Aircraft Applications
ƴ   Always Only 2 Switches are Operated / Phase Curr. Controller Outputs Transf. into ɝ-Quantities

ULL  = 115 V@400Hz 
Uo   = 400 V
THDI= 2.3%

Application of M-BDSs

13
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PO= 10 kW
UN= 400VAC±10%
fN  = 50Hz or 360µ800Hz
UO= 800VDC

=͞  10 kW/dm3

14

Vienna Rectifier  1/2

ƴ Voltage Stress of T-Type Switches Defined by Half (!) DC-Link Voltage  
ƴ 600 V M-BDSs @ Upn= 800 VDC in Combination w/ 1200 V SiC Diodes ¹ MOSFETs for Bidir. Power Conversion  
ƴ  Top & Bottom Commutation Cell / Phase Curr. Direction Dependent MBDS Control Only for Bidir. Power Flow

ƴ  Active Control of the Diode Bridge Conduction States Ą Switches Connected to DC Output Midpoint
ƴ  Extension to Bidirectional Power Conversion Ą Rectifier Diodes Replaced w/ SiC MOSFETs 
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Vienna Rectifier  2/2

10A/Div
200V/Div

0.5ms/Div
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ƴ Voltage Stress of T-Type Switches Defined by Half (!) DC-Link Voltage  
ƴ 600 V M-BDSs @ Upn= 800 VDC in Combination w/ 1200 V SiC Diodes ¹ MOSFETs for Bidir. Power Conversion  
ƴ  Top & Bottom Commutation Cell / Phase Curr. Direction Dependent MBDS Control Only for Bidir. Power Flow

THDi = 1.2% @ fN = 800Hz

ƴ  Active Control of the Diode Bridge Conduction States Ą Switches Connected to DC Output Midpoint
ƴ  Extension to Bidirectional Power Conversion Ą Rectifier Diodes Replaced w/ SiC MOSFETs 
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Buck-Type 
3-ʊ PFC Rectifier Systems   
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Ą

Derivation of Buck-Type PFC Rectifier Topologies
ƴ   Active Control of Diode Bridge Conduction States / Sinusoidal Mains Current & Controlled DC Output
ƴ   Power Transistors Arranged in Series to Diode Bridge AC Inputs  / Pulsating AC Input Current 

ƴ   Phase-Symmetry & Bridge-Symmetry Mandatory for Full Controllability / Symm. Semicond. Stress
ƴ   Controlled DC Output Current ¹ Current Source / Buck-Type PFC Rectifier  

ū= (-90°,+90°) @ Upnü 0 

ū = (-30°,+30°)

16
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Unidirectional 3-ū Buck-Type PFC Rectifier 
ƴ   Sinusoidal Distribution of DC-Link Current to the Phases / Diode Bridge Output Formed by Line-to-Line Voltage Sections
ƴ   Conduction States Dependent on Switching State AND Relation of the Grid Phase Voltages

ƴ   Overlapping Switching of the Power Transistors Ensures Minimum Sw. Losses 
ƴ   No Multi-Step Commutation Ƅ Bridge-Legs of Diode Rectifier Provide DC-Link Current Freewheeling Path 

(000)
(001)
(010)
(100)

(111)

(011)

(101)

(110)

T. Ohno et al.  
IPEC 2026
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ƴ   Functional Integration of Buck-Stage & Boost-Stage Ƅ  Shared Use of the DC-Link Inductor  

ƴ   TOKUSADA Çoncept (Y. Nishida)  Ƅ  No Boost-Diode Voltage Drop in Buck-Mode Operation  

Extension to Buck-Boost Functionality

T. Ohno et al.  
IPEC 2026
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HV Switch & 
HV Diode MBDS џÉĲũŉ-ÉƽŔƣĦőŔŰŊѠ

(!)

SRB-MBDS

ƴ   CSR w/ Dual-Gate Ohmic On-State-Characteristic MBDS Ą 12 Gate Control Signals  vs. 6 for VSR 
ƴ   Limitation to Unidirectional DC-Link Current Enables Use of Low-Complexity SRB-MBDS Concept 
ƴ   Power Flow Reversal by DC-Side Voltage Polarity Inversion  

Self-Reverse-Blocking MBDS Concept  1/2

ƴ   HV Switch + HV Diode     HV Diode Characteristic / High Conduction Losses 
ƴ   MBDS        Ohmic Cond. Characteristic BUT 2 External Gate Signals / 2 Gate Drivers 
ƴ ºSelf-Switching»               Ohmic Cond. Characteristic BUT High Local Complexity (Sensing)
ƴ   SRB-MBDS                       Quasi-Ohmic Cond. Characteristic  /  Only 1 External Gate ¹ «ETH Pair»

ºSelf-Switching»

19
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ƴ   Verification Using Discrete Assembly ¹ Hybrid-Gate 650V / 140mÝ GaN MBDS & 60V / 20A Schottky Diode 
ƴ   Integration / Co-Packaging of MBDS & LV Diode for Improved Performance 

Normally-OnNormally-Off 

ƴ   Hybrid Normally-On/Off Dual-Gate GaN MBDS Ą Internal Norm.-ON Gate for Cascode / External Norm.-OFF Gate

○ἑ ἡ ἤḺ○Ἴἰ ἤ

○ἑ ἡ Ȣἤḻ○Ἴἰ ἤ

Blocking

Conducting

(!)

Self-Reverse-Blocking MBDS Concept  2/2

Source:        , N. Nain et al.  
ECCE USA, 2024
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6 GaN MBDSs / 6 Gate Signals

ƴ   Hybrid Normally-On/Off Dual-Gate GaN MBDS Ą AC/DC CSR w/ 6 External Normally-Off Gates Like VSR   

ƴ   Simplified Modulation & Commutation for AC/DC CSRs ¹ NO Multi-Step Commutation Sequences (!) 
ƴ   Minor Impact of Cascode LV Diode / Quasi-Ohmic Conduction Loss Characteristic

Self-Reverse-Blocking MBDS Benefits

Normally-OnNormally-Off 

Source:        , N. Nain et al.  
ECCE USA, 2024
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Next-Generation EV Chargers
 

3-ū Single-Stage Isolated 
AC/DC Converters



/ 49

3-Phase 1-Phase Split-Phase Standalone / Islanded

1920

(!)

ƴ   Low Weight / Volume  &  High Conversion Efficiency  &  Extended Functionality  @ Low Complexity  &  Low Cost 

ƴ   Bidirectional Power Flow Capability & Reactive Power Support Ą  V2X = V2L, V2H, V2G 
ƴ   No Power Derating in 1-Phase / Split-Phase Operation (!)
ƴ   Ohmic Mains Behavior Under Asymmetric 3-Phase Mains Voltage
ƴ   Standalone / Islanded Power Provisioning w/ Fully Asymmetric Phase Loading (!) 

Next-Generation EV On-Board Chargers (OBCs)

(!)

(!)

(!)

(!)

22
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ƴ   Topology Derivation Considering Extension of 1-ʊ to 3-ʊ MBDS-Based AC/DC Converter Topology
ƴ   Phase-Modular Approach w/ Three-Phase Transformers or Single Transformer Matrix-Type Circuit

ƴ   Dual-Active-Bridge-(DAB)-Type or Series Resonant Converter (SRC)-Type Operation
ƴ   Voltage Stress on the Switches of the Phase-Modular System Defined by Phase Voltage Amplitude

Single-Stage Isolated 3-ʊAC/DC Converters

Ą

M. Harrison, PCIM Europe 2025
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ѸѸ

3-ū Operation 1-ū Operation

ƴ   Functional Integration of AC/DC Rectifier & DC/DC Isolation Stage w/ Phase-Modular Y-Connected Front-End 
ƴ   Dual ActiveBridge (DAB) OR Series Resonant Converter (SRC) Operation 

ƴ   MBDS Voltage Stress Defined by Phase Voltage Amplitude Ć325V  for 400V Mains Ą 650V  GaN MBDS 
ƴ   NOPower Deratingfor Single-Phase or Split-Phase Operation  

Isolated «Y-Rectifier» 3-ʊ OR 1-ʊAC Input Operation

24



/ 49

ƴ   Full Coverage of EXTENDED Functionality Required for Next-Generation OBCs    
ƴ   Fully Decoupled / Independent Power Flow Control in All Three Phases 

ƴ   Functional Integration of 3x 1-Phase AC/DC DAB Converters Ą  4-Leg Output Stage 
ƴ   Connection of Primary-Side Star Point to Mains Neutral N / Open-Delta Secondary

Isolated Phase-Decoupled ºX-Rectifier» 

(!)

(!)

(!)

(!)

Ą

25
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ƴ   Similar Component Stress for 3-ū & 1-ū Operation 
ƴ   NO Derating for 1-ū Grid Connection   

ƴ   Equal Primary-Side and Secondary-Side Sw. Frequency (72kHz)  
ƴ   Low-Complexity Implementation of Opt. Modulation / 98.9% Mission-Profile ɖsemicond 

ºX-Rectifier» Symmetric 3-ʊ & 1-ʊ Operation  

3-ū @ 6.6 kW

230 V

230 V

1-ū @ 6.6 kW

Ą

Ą

N1:N2= 1:2

Source:        , S. Weihe et al.  
PCIM Europe, 2025
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Next Generation
Ultra-Efficient Single-Stage 

Isolated Datacenter
3-ʊ AC/DC Converters 
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ƴ   Phase-Modular Y-Connection of 1-ʊ Full-Bridge AC/DC Converters w/ Four-Leg Secondary Sw. Stage 
ƴ   Matrix-Type Low-Frequency AC/High-Frequency AC Input Stage w/ Single Transformer

ƴ  Phase-Modular System Features Primary-Side Freewheeling & Full Power Transfer for 1-ʊ & 3-ʊ AC Grid Connection 
ƴ  Matrix Approach Shows Lower Complexity BUT Reduced Power @ 1-ʊ AC Grid Connection 

Advanced Single-Stage Isolated 3-ʊAC/DC Converters

Ą

27
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Isolated Matrix-Type 3-ʊ AC/DC Conversion 

Source: ETH/L. Schrittwieser et al.
IEEE TPEL 2020

ƴ   Functional Integration of AC/DC Rectifier  &  DC/DC Converter Isolation Stage  
ƴ   Low-Frequ./High-Frequ. AC/AC Matrix-Conv. Input Stage  &  Dual-Active-Bridge-Type Power Flow Control 

ƴ  MBDS Voltage Stress Defined by Line-to-Line Voltage Amplitude / Ć560V for 400V Mains Ą Future 1200V GaN MBDSs 
ƴ  Power Derating for Single-Phase or Split-Phase Operation (!)   

28
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AC/AC Converter 4-Step Commutation 
ƴ   No Mains Short Circuit   &  No Transformer Current Interruption  
ƴ   4-Step  Current-Direction-Based  OR  Commutation-Voltage-Polarity-Based  Commutation

ƴ   Example of Current-Direction-Based Commutation  
ƴ   Commutation a Ą b @ iT > 0 (vab < 0)

iT

vab

iT

Source:                   , D. Zhang
Tutorial, INTELEC 2025
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ƴ   900V / 10mɋ SiC Power MOSFETs 
ƴ   Opt. Modulation Based on 3D Look-Up Table

PO= 8 kW
UN= 400 VAC Ą UO= 400 VDC
fS  = 36 kHz

ƴ   Efficiency ʂ= 98.9% @ 60% Rated Load (ZVS)
ƴ   Mains Current THDI Ć 4% @ Rated Load 
ƴ   Power Density ɟĆ 4 kW/dm3

10A/div
200V/div

Ć 99%

Matrix-Type 3-ʊ AC/DC Converter Demonstrator 
Source:        , L. Schrittwieser et al.  

IEEE TPEL, 2020
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