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Power Grid

1

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

Global Megatrends & Role of Power Electronics (1) 

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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Global Megatrends & Role of Power Electronics (2) 

× 1.75

2024

CAGR Ć 5.8%

2034

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 (!)

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



/ 313

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 Elements Featuring Bipolar Voltage Blocking & Bidirectional Current Conduction/Control
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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

ṉ

ṉ

ṉ

ṉ

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

Configuration A

Config. A Config. B

Config. DConfig. C

Experimental Analysis of 1st Ģen. 600V MBDSs



Industry Automation
- Voltage & Current DC-Link Converters
- Self-Reverse-Blocking MBDSs

Global 
Megatrend
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noVSD  ́System= 28%

with VSD   ́System= 82%

6

Variable-Speed Motor Drive (VSD) Systems

ƴ   45% of Global Electricity Used for Motors in Buildings & Industrial Automation 

Source:

ƴ  Industry Automation / Robotics
ƴ  Material Machining / Processing  ̧Drilling, Milling, etc. 
ƴ  Compressors / Pumps / Fans  
ƴ  Transportation
ƴ  etc., etc.                                    µ. Everywhere !
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ƴ   Si-IGBTs/Diodes                  Ą  Const. On-State Voltage Drop / Rel. Low Switching Speed (3µ5kV/us)  
ƴ   SiC MOSFETs or GaN HEMTs Ą Resistive On-State Behavior /  10x Higher Switching Speed

Si vs. SiC/GaN Technology in VSDs   

ƴ   High  dv/dt  &  di/dt  Ą  Challenges in Packaging / EMI / Motor Winding Insulation / Bearing Currents 
ƴ   Voltage Source Converter w/ LC Output Filter  OR  Current Source Converter w/ MBDSs 

1200 V  100 A
Die Size:  25.6 mm2

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

Source:  CreeSource:  Infineon

Source: Fuji Electric
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ƴ   Pulse-Width Modulated DC VOLTAGE  Ą Switched AC Output Voltage (!)
ƴ   Three Commutation Cells / Three Two-Pole Switches / 23= 8 Switching States 

VSI & CSI Operating Principle

Voltage-Source Inverter (VSI)

Current-Source Inverter (CSI)

(!)

ƴ   Pulse-Width Modulated DC CURRENT  Ą Switched AC Output Current  BUT Smooth Output Voltage(!)
ƴ   Two Commutation Cells / Two Three-Pole Switches (!) / 3 2= 9 Switching States 
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LC Output Filter

Inherently Smooth 
Motor Voltages

Commutation Cells

Mains

Mains

Rectifier Inverter

Current-Source Conv. (CSC)

Voltage-Source Conv. (VSC)

9

ƴ   Motor-Friendly Sinusoidal Output Voltages  ¹  VSI & LC Output Filter   OR   MBDS-CSI  &  Filter Caps 

Voltage Source & Current-Source AC/AC Converters
ƴ   Back-to-Back Configuration of Rectifier & Inverter  w/ Shared DC-Link Capacitor  OR DC-Link Inductor 
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ƴ   No Current Interruption  AND  No Short Circuit of Voltage (!)
ƴ   Current-Direction-Dependent OR Commutation-Voltage-Polarity-Dependent Gating Sequence 

4-Step Commutation of CSCs 

ƴ   Example of Current-Direction-Dependent Commutation  
Soft Commutation 
(S2B OFF)

Assumption 
of a Positive 
Current

(!)

Hard Commutation 
(S3A ON)

Ą

Ą
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1.7 kW/dm3
1.2 kW/kg

1.8 kW/dm3
1.2 kW/kg

AC/AC VSC

AC/AC CSC

1st MBDS-Based CSC (!)

10

ƴ   Same Specifications ¹ 1.4kW / 200V Line-to-Line / Full IEC 61800-3 EMI Compliance @ Mains Input & Motor 

ƴ   GaN-MBDS-Enabled CSCs Feature 20 % Lower NEMA PI Mission-Profile Losses 

Comparative Evaluation of AC/AC VSDs 

(!)
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HV Switch & 
HV Diode MBDS ά{ŜƭŦ-{ǿƛǘŎƘƛƴƎέ

(!)

SRB-MBDS

11

ƴ   AC/AC CSC w/ Dual-Gate MBDS Ą 24 Gate Control Signals  vs. 12 for AC/AC VSC 
ƴ   Unidirectional DC-Link Current Sufficient / Power Flow Reversal by DC-Side Voltage Polarity Inversion  

Self-Reverse-Blocking MBDS Concept (1)

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
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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

Self-Reverse-Blocking MBDS Concept (2)

○ἑ ἡ ἤḺ○Ἴἰ ἤ

○ἑ ἡ Ȣἤḻ○Ἴἰ ἤ

Blocking

Conducting

(!)
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2 x 6 GaN MBDSs / 12 Gate Signals

13

ƴ   Hybrid Normally-On/Off Dual-Gate GaN MBDS Ą AC/AC CSC w/ 12 External Normally-Off Gates Like VSC   

Self-Reverse-Blocking MBDS Benefits

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

Normally-OnNormally-Off 



Sustainable Mobility 
- Single-Stage Isolated AC/DC Converters / OBCs

Global 
Megatrend
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EV Share of Passenger Vehicle Fleet by Market

14

ƴ  Falling Battery Costs  Ą Price Parity of EVs & ICE-Vs by Mid-2020s Ą Tipping Point for EV Industry 

Electric Vehicle Outlook  

ă

1920
Advertisement 

ƴ   Bloomberg NEF  ¹  By 2040 ¹  40% of All Passenger Vehicles are EVs
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3-Phase 1-Phase Split-Phase Standalone / Islanded

1920

(!)

15

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

(!)

(!) (!)
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Isolated Two-Stage Three-Phase AC/DC Conversion 
ƴ   3-ʊAC/DC Converter Front-End ¹ VIENNA Rectifier / Split DC-Link | fsw = 560 kHz
ƴ   2x 2 DAB DC/DC Converter Isolation Stages | fsw = 180 µ 330 kHz 

¹   P = 10kW 
¹   Uin = 400 VAC Line-to-Line
¹   Uout = 250 µ 800 VDC
¹   CISPR 11/ Class A

ƴ   650V CoolGaN GIT HEMTs / 1200V CoolSiC Schottky Diodes
ƴ   Low Sw. Loss Synergetic Control of Input & Output Stage ¹  Six-Pulse-Shaped DC-Link Voltage  

Source: ETH/Y. Li et al.  
IEEE TTE 2024 
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Isolated Single-Stage Three-Phase 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  BDS Voltage Stress Defined by Line-to-Line Voltage Amplitude / Ć560V for 400V Mains Ą Future 1200V GaN MBDSs 
ƴ  Power Derating for Single-Phase / Split-Phase Operation (!)   
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ṉ
ṉ

Three-Phase Operation Single-Phase Operation

19

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   NO Power Deratingfor Single-Phase / Split-Phase Operation  

Isolated Single-Stage 3- OR 1-Phase AC/DC Conversion
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Switching sequence

20

ƴ   Increased Secondary-Side Sw. Frequency  fsw,2 = 4/3 fsw,1 
ƴ   Optimization of Sw. Sequence for Minimum RMS Current  

Three-Phase AC/DC DAB Operation (1)
ƴ   ○ἢἋἌἍ ○ἢἩἪἫ  w/  HF Phase Shift ⱴ for Power Flow Control  

Each Half
Sw. Period

ⱴ
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2 Grid Periods

Sinusoidal Grid Currents

21

Each Half
Sw. Period

ƴ   Increased Secondary-Side Sw. Frequency   fsw,2 = 4/3 fsw,1 
ƴ   Optimization of Sw. Sequence for Minimum RMS Current  

Three-Phase AC/DC DAB Operation (2)
ƴ   ○ἢἋἌἍ ○ἢἩἪἫ  w/  HF Phase Shift ⱴ for Power Flow Control  
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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

Mains-Side Decoupling of the Phases / X-Rectifier 

(!)

(!)

(!)

(!)
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◊ἢἋ ◊Ἃ ◊Ἄ

◊ἢ╪

◊═

◊║

Open-Delta 
Secondary Windings

ƴ   Formation of 3 Transformer Winding Voltages uTA, uTB, uTC with Fully Independent Duty Cycles

ƴ   Output Stage Modulation Results in Certain Phase Relation of uTA , uTB , uTC 
ƴ   Per-Phase Primary-Secondary Phase Shift ⱴἩ █╟Ἡ for Phase Power Flow Control

4-Leg Output Stage Modulation 

23
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ƴ   Similar Component Stress for 3-ph. & 1-ph. Operation 
ƴ   NO Derating for 1-ph. Grid Connection   

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

Symmetric 3-Phase & 1-Phase Operation (1) 

3-Phase 6.6 kW

230 V

230 V

1-Phase 6.6 kW

Ą

Ą

N1:N2= 1:2
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ɖsemi  1-Phaseɖsemi  3-Phase

25

ƴ   Similar Component Stress for 3-ph. & 1-ph. Operation 
ƴ   NO Deratingfor 1-ph. GridConnection   

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

Symmetric 3-Phase & 1-Phase Operation (2) 

3-Phase 6.6 kW

230 V

230 V

1-Phase 6.6 kW

N1:N2= 1:2



Digitalization
- Single-Stage Isolated AC/DC Converters 
- Solid-State Transformers

Global 
Megatrend
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Future Gigawatt-Scale Datacenters

ƴ   Plans for 2.5 µ 6 µ 11 Gigawatt Campuses Co-Located w/ Nuclear Power Plants
ƴ   Collaboration w/ Utilities ¹ Datacenters as Responsive Loads for Balancing Solar & Wind Power

ƴ   «Explosion» of  AI        ¹  Hyperscale Datacenters Providing Massive Scalable Cloud Services
ƴ   Gigawatt Power Levels ¹  Ć7µ12% of US Electricity in 2028 / 35µ65 GW (Ć4% in 2023)
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Future 3-ʊMedium-Voltage AC/ 800V DC Power Supply

ƴ   IT Rack Power Levels Expected to Reach 1MW by 2030  / Ñ400 VDC or 800 VDC or Ñ750 VDC Replacing 54 VDC In-Rack Bus
ƴ   Medium-Voltage AC Supplied SSTs Feature ɖd = 99,8% & Lower Busbar Cross Section vs. ɖd = 98,9% of 400VAC System

5µ10MW Solid-State 
Transformer @ 35kVAC

800V

800V

ƴ   Near Term ¹  3-ʊ400 VAC or 480 VAC or 600 VAC Supply & AC/DC Power Racks / Side Cars incl. Battery Buffer Units
ƴ   Mid Term  ¹  Medium-Voltage AC Distribution & AC/DC Solid-State Transformers (SSTs) Replacing Power Racks

27
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ƴ  State-of-the-Art SST Performance Comparable to LFT-Based Solution (!)
ƴ  Power Densities of  Ć0.1 MW/m3  |   Efficiencies of  98µ98.5%  

Two-Stage AC/DC SST Power Density / Efficiency Barrier   

ƴ  Next-Generation SSTs ¹ Power Density x10 @ -30% Losses
ƴ  Full-Scale Demonstrators Complying with All Relevant Regulations Mandatory for Realistic Assessment  

28

3-ūGrid AC/DC SSTs 

99%

1   MW/m3

Ą Next Generation 
      Single-Stage SST

1
2

unit

1 unit

State-of-the-Art


