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Ʒ Evolution of Power Electronics  
Ʒ Performance Trends / Enablers & Barriers / New Paradigms  
Ʒ Characteristics of Power Electronics 2.0  
Ʒ Conclusions 

Outline 
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  Evolution of  
Power Electronics 
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  1944 ! 
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  1970 ! 
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  1979 ! 
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  1983 ! 
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Power MOSFETs/IGBTs 
Microelectronics 

Circuit Topologies 
Modulation Concepts 

Control Concepts 

Super-Junct. Techn. / WBG 
Digital Power 

Modeling &  Simulation 

Power Electronics 2.0 

2025 
2014 

Ʒ 
Ʒ 

Ʒ 
Ʒ 

SCRs / Diodes  
Solid-State Devices 

Ʒ Technology S-Curve 

Paradigm 
Shift (?) 
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Source: Dr. Miller / Infineon  Ʒ Technology S-Curve 

ƴ  Sub-S-Curves  
 
 Ƅ  Overall Development Defined by 
          Improvement of Core Technologies 

ƴ  Importance     
 
1.  Power Semiconductors (incl. Package)  
2.  Microelectronics / Signal Processing 
3.  Topologies 
4.  Analysis / Modeling & Simulation 

600V Devices 
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Performance Indices 
 

Ą Coupling & Limits 
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Ʒ  Power Electronics Converters  
                        Performance Trends 

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

 

ƴ  Performance  Indices 

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

Si     /kW] 

Ʒ
 

Ʒ 
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ƴ   Sensitivity to Technology Advancements (Example: -́ɟ-Pareto Front) 
ƴ   Trade-off Analysis 

Ʒ  Analysis of Performance Limits Ą Pareto Front 
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Ʒ -́ɟ-ů-Pareto Surface 

 

 ƴ   ů:  kW/$ 
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Experimental Verification of 
Performance Limits  
Ą 3-ph. VIENNA Rectifier 

 Ą  1-ph. PFC Rectifiers 
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ƴ   Specifications 
 
 ULL = 3 x 400 V 
 fN =  50 Hz µ 60 Hz or 360 Hz µ 800 Hz 
 Po = 10 kW 
 Uo = 2 x 400 V 
 
 

 fs = 250 kHz   
 
ƴ    Characteristics 
 
 ɖ = 96.8 % 
 THDi = 1.6 % @ 800 Hz 
        10 kW/dm3 
        3.3 kg (Ć3 kW/kg) 

Ʒ Demonstrator #1 Ą   3-ph. VIENNA Rectifier 

Dimensions:    195 x 120 x 42.7 mm3 
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ƴ       Experimental Evaluation of Generation 1  ̧4 of  
       VIENNA Rectifier Systems 

fs = 50 kHz 
ɟ = 3 kW/dm3 

fs = 72 kHz 
ɟ = 4.6 kW/dm3 

fs = 250 kHz 
ɟ = 10 kW/dm3 

      (164 W/in3)  
Weight = 3.4 kg 

fs = 1 MHz 
ɟ = 14.1 kW/dm3 

Weight = 1.1 kg 

Ƅ Switching Frequency of fs = 250 kHz Offers Good   
    Compromise Concerning Power Density / Weight per  
    Unit Power, Efficiency  and Input Current Quality THDi 

Ʒ Demonstrator #1 Ą   3-ph. VIENNA Rectifier 
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uN = 230V 

Power Density is Based on Net Volumes  Č  Scaling by 0.6-0.8 Necessary 

Ʒ Demonstrator #2 Ą  1-ph. Bridgeless PFC Rectifiers   
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Ʒ Pareto Front of Power Semiconductors  

ƴ    Trade-Off Between Conduction 
       and Switching Losses 

Ƅ  Improvement Through Changes in  
     Device Structure Ą E.g.  Introduction 
     of Trench Gate and Fieldstop Layer 
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Power  
Density 

Ʒ  Observation 

ƴ  Very Limited Room for Further Perform. Improvement Ą only COST Reduction (!)  

ƴ  ºStandard» / Relatively High  
      Performance Solutions for 
      Nearly All Key Applications  
      Existing Today !   

Efficiency 
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Ʒ  General Remark   

ƴ   Example:   Scaling Law of Transformers 

Ą   There is No ºMoore's Law» in 
       Power Electronics ! 

      Bmax µ Very Slow Technology Progress 
      Jrms  µ Limited by Conductivity  ̧No Change 
      f        µ Limited by HF Losses & Converter 
 

               &  General Thermal Limit  

Ê 

ƴ    No Fundamentally New Concepts of 
         Passives Ą We are Left with Progress  
      in Material Science (Takes Decades)    
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OPP = Oriented Polypropylene 
PHD = Advanced OPP 
COC = Cycloolefine Copolymers 

Source: EPCOS 

Ƅ   Foil Capacitors    

Ƅ   Cooling    
Air Cooling  
Water Cooling 
Refrigeration Technologies 

Energy Density 

Film Material 

Max. Temperature 

Self Inductance 

Ʒ  General Remark (2) 

ƴ   Expected (Slow) Technology Progress of Passives 

µ  similar for Magnetics 
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  Next Evolutional Step ? 
ºµ Prediction is Very Difficult,  
Especially if it's About the Future µ» 
 
(N. Bohr)   
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ºOptimistic» View 
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ƴ  Degrees of Freedom  
 
 

     Ƅ    Topologies  
      Ƅ  Modulation Schemes 
      Ƅ  Control Schemes 
      Ƅ   etc. 

ƴ  Remark:    Designer's Point of View (Given Semiconductors & Base Materials) 

Ʒ Optimistic View  Ą  Break Through (Shift) the Barriers ! 
 
 

     é only if not Fundamental 
           Physical Properties  
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  New Topologies  ? 
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ƴ   Complexity  Increases Exp. if ºNatural»  
         Limit of a Technology is Approached 
 
ƴ   Next Step in Semiconductor Technologies  
        Makes Snubbers Obsolete Ą  SiC Diodes 

Ʒ »Snubbers» (1) 

Ƅ  Example:  1-ph. Telekom Boost- 
                       Type PFC Rectifier   

R. Streit/ 
D. Tollik 1992 
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ƴ    Instead of Adding Aux. Circuits 
      Change Operation of BASIC (!) Structure  ̧
     ºNatural» Performance Limit  

98% Efficiency  
29kW/dm3    

Ʒ »Snubbers» (2) 

Ƅ   Example:   Non-Isolated Buck+Boost 
                       DC-DC Converter for 
                       Automotive  Applications 
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Ʒ New Converter Topologies 

ƴ    Minimum Performance Difference for Best Matching of Topology/Semicond./Modulation 
ƴ    Only Use BASIC Topologies - Costs are THE Deciding Criteria (!) 

Source: 
 

Dr. Gerald Deboy 
Plenary Presentation @  

IECON 2013, Vienna  

Ƅ  Another Indication 
        for a ºNatural»  
       Performance Limit  
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Ʒ New Converter Topologies 

ƴ   Very Large Number of Options ! 

 

 Ƅ   Example      

 ƴ   Tools for Comprehensive Comparative Evaluation Urgently needed ! 

 

 Ƅ   26 out of 48 Topologies 
      are of    Potential Interest 
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Ʒ  Integration of Functions 
Ƅ   Examples:                    *  Single-Stage Approaches / Matrix Converters 
         *  Multi -Functional Utilization (Machine as Inductor of DC/DC Conv.) 
                             *  etc.  

ƴ    Integration Restricts Controllability / Overall Functionality 
ƴ    Frequently Lower Performance of Integrated Solution  
ƴ    Basic Physical Properties remain Unchanged (e.g. Filtering Effort)  
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ƴ    Cost / Performance Ratio is a Key Metric for Industry Success (Sales Argument) 

Ƅ   Highly Optimized  Specific Functionality  Ą  High Performance for Specific Task  
Ƅ   Restriction of Functionality  Ą Lower Costs 

Low Functionality 
Low Costs 

Low Functionality 
High Costs 

High Performance 
High Costs 

 
High Performance 

Low Costs 
 

(Ideal) 
  Performance / 
 Functionality 

  Costs 

Ʒ  Extreme Restriction of Functionality 

Improved                          Ratio 
Cost 

Performance 
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ƴ   Resonant Frequ. å Switching Frequ. Ą  Input/Output Voltage Ratio = N1/ N2  (Steigerwald, 1988) 

Ʒ  Extreme Restriction of Functionality 

Ƅ   Example:                    DC-Transformer  Ą   Isolation @ Constant (Load Ind.) Voltage Transfer Ratio 

  Adopted e.g. by VICOR ̧  
ºSine Amplitude Converter» - 
  for Factorized Power 
  Architecture 
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  Multi-Cell Converters  
Ą  Parallel Interleaving 
Ą  Series Interleaving 
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Ʒ Multi-Cell Converters (Homogeneous Power) 

ƴ   Example of  Parallel Interleaving 

ƴ  Fully Benefits from Digital IC Technology  (Improving in Future) 
ƴ  Redundancy Ą Allows Large Number of Units without Impairing Reliability   

Ƅ Breaks the Frequency Barrier  
Ƅ Breaks the Impedance Barrier 
Ƅ Breaks Cost Barrier - Standardization  
Ƅ High Part Load Efficiency 

H. Ertl, 2003 
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Ʒ Multi-Cell Converters  

ƴ  Basic Concept @ Example of  Parallel Interleaving 

Ƅ Multiplies Frequ.  /  Red. Ripple @ Same Switching Losses  &  Increases Control Dynamics 

ƴ  Fully Benefits from Digital IC Technology  (Improving in Future) 
ƴ  Redundancy Ą Allows Large Number of Units without Impairing Reliability   

H. Ertl, 2003 

! ! 
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Ʒ Multi-Cell Converters   

ƴ   Example of  Series Interleaving Ƅ Breaks the Frequency Barrier  
Ƅ Breaks the Silicon Limit 1+1=2 NOT  4 (!) 
Ƅ Breaks Cost Barrier - Standardization  
Ƅ Extends LV Technology to HV 

H. Ertl, 2003 
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Ʒ Multi-Cell Converters  

Ƅ Multiplies Frequ. / Red. Ripple @ Same Switching Losses  &  Increases Control Dynamics 

H. Ertl, 2003 

ƴ  Especially Advantageous for Ohmic On-State Behavior of Power Switches (!) 
ƴ  Redundancy Ą Allows Large Number of Units without Impairing Reliability   

ƴ   Example of  Series Interleaving 

! 
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COND 

COND 

COND 

Ʒ Multi-Cell Converters  

Ƅ Scaling of RDS,on of MOSFETs with Blocking Voltage Ą  Loss Red. by Factor of 8 for N=4 

H. Ertl, 2003 

ƴ  Especially Advantageous for Ohmic On-State Behavior of Power Switches (!) 
ƴ  Redundancy Ą Allows Large Number of Units without Impairing Reliability   

! ! 

ƴ   Example of  Series Interleaving 
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Ʒ Multi-Cell Converters  

ƴ   Excellent Opportunity for Extreme Efficiency Ultra-Compact Converters 

ƴ  Series Connection of LV MOSFETs (LV Cells) Effectively  SHIFTS the Si-Limit (!)  

³ º ³

Ʒ 
Ʒ

 

 ̧ Scaling of Specific  
    On-State Resistance 

Assumption:  
 
Chip Area of each LV 
Chip Equal to the Chip 
Area of the HV Chip 
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Ʒ Multi-Cell Converters  

ƴ  Interleaved Series Connection Dramatically Reduces Switching Losses (or Harmonics) 

ƴ   Converter Cells Could Operate at VERY Low Switching Frequency (e.g. 5kHz) 
ƴ   Minimization of Passives (Filter Components)  

º Ö
 ̧Scaling of Switching  

   Losses for Equal ȹi/ I 
   and dv/ dt   

Ʒ
 

=
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Ʒ Multi-Cell Converters ̧ Summary  

ƴ  Advantages                       

ƴ  Challenges 

µ a  Highly Powerful Concept with Large Potential  (!) 

ƴ  Idea for Supporting Technology                       

 ̧ Switching Frequency Multiplication @ No Loss Increase  
 ̧ Ripple Reduction @ Input and Output 
 ̧ Distribution of Losses (Parallel Connect. of Therm. Resistances) 
 ̧ Larger Surface / Volume Ratio of Indiv. Unit (Easier Cooling) 
 ̧ Redundancy Possible (High Reliability) 
 ̧ Deactivation of Units at Part Load (High Part Load Efficiency) 
 ̧ Solves the Impedance Matching Problem @ High I or U 
 ̧ Multiplies U, I Capabilities of Single Devices  (Very High U,I possible) 
 ̧ Reduction of Eff. RDS(on)  (Shifting Si-Limit for Series Connection) 
 ̧ Eff. Increase of Switching Speed @ Given du/dt, di/dt 
 ̧ Supports Standardization (Potential Cost Reduction) 
 ̧ Minimizes Time-to-Market (Allows Platform Solutions)  
 ̧ Supports PCB Realization even for High Current (Current Partitioning) 

 ̧ Handling of Control Complexity (Digital Control)  
 ̧ Overall Complexity  Increasing Costs (Economy of Scale?) 
 ̧ Symmetrization of the Loading of the Individual Units 

PCBs with  
Embedded Optical  
Fibers / Link 
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  Examples of Multi-Cell Converters  
Ą VRM 

Ą  Ultra-Efficient 1ph. PFC 
Ą  Telecom Power Supplies 
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Ʒ Voltage Regulator Module    

ƴ   Coupling Inductors (Interphase Inductors) allows Further Reduction of Ind. Comp. Volume 
ƴ   For On-Chip Integration Challenged by Switched Capacitor Converters 

ƴ   Multi-Channel / Parallel Interleaving of up to 12 Channels 
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Ʒ Bidirectional Ultra-Efficient 
     1-ʌ PFC Mains Interface 

 

99.36% @ 1.2kW/dm3 

ƴ   Employs  NO  SiC Power Semiconductors  --  Si  SJ MOSFETs only 
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Ƅ Hard Turn-On (Partial ZVS) Ƅ ZVS Turn-On by Ext. On-Interval of S11 (TCM) 

V
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Ʒ Bidirectional Ultra-Efficient 
     1-ʌ PFC Mains Interface 

ƴ   AC-DC Rectifier - Single Boost Cell - Measurements 
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99.36% @ 1.2kW/dm3 

Hardware Testing 
to be finalized in 
September 2011 

Ʒ Bidirectional Ultra-Efficient 
     1-ʌ PFC Mains Interface 

ƴ   Employs  NO  SiC Power Semiconductors  --  Si  SJ MOSFETs only 
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99.36% @ 1.2kW/dm3 

Ʒ Employs  NO  SiC Power Semiconductors  --  Si  SJ MOSFETs only 

Ʒ Bidirectional Ultra-Efficient 
     1-ʌ PFC Mains Interface 

230 Vrms 
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Ʒ Converter Performance Evaluation 
     Based on ́-ɟ-Pareto Front 

Ʒ
 

 

Triple-Interleaved 
TCM Rectifier (56kHz) 
 

 

Double-Interleaved 
Double-Boost CCM 
Rectifier (450kHz) 
 
 

 

Double-Interleaved 
Double-Boost CCM 
Rectifier (33kHz) 
 
 

 

Triple-Interleaved 
TCM Rectifier (33kHz) 
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Ʒ KEYS for Achieving  the Performance Improvement 

ƴ   Basic Topology               ̧   Low Complexity 
ƴ    ZVS Only Achieved by Modified Operation Mode        ̧   No Aux. Circuits 
ƴ    Active ZVS                                    ̧   No (Low) Switching Losses 
               ̧   No Direct Limit of # of Parallel Trans. 
ƴ    Triangular Current Mode (TCM)                                    ̧   Simple Symm. of Loading of Modules 
ƴ    Variable Switching Frequency                    ̧   Spread & Lower Ampl. EMI Noise 
ƴ    No Diode On-State Voltage Drop                                    ̧   Synchr. Rectification 
ƴ    Continuously Guided u, i Waveforms                           ̧   No Free Ringing Ą Low EMI Filter Vol. 
ƴ    Interleaving                                                                 ̧       Low EMI Filter Vol. & Cap. Curr. Stress  
ƴ   Utilization of Low Superjunct. RDS,(on)                                   ̧   Low Cond. Losses despite TCM 
ƴ   Utilization of Digital Signal Processing                      ̧    Low Control Effort despite 6x Interl. 

µ  despite Using ºOld»  
         Si Technology 

µ  the Basic Concept is Known since 1989 (!) 



51/102 

ECPE Roadmap  
2025 Workshop 

Ʒ  Is Another Step of Massive Improvement Possible ? 

Ʒ
 

 

Triple-Interleaved 
TCM Rectifier 
(56kHz) 
 

 

Double-Interleaved 
Double-Boost CCM 
Rectifier (450kHz) 
 
 

 

Double-Interleaved 
Double-Boost CCM 
Rectifier (33kHz) 
 
 

 

Triple-Interleaved 
TCM Rectifier 
(33kHz) 

99% @ 
10kW/dm3 
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8x8 Modules 
380V/380V 

Hayashi, NTT; 2012 

ƴ   Isolated  380V/48V  Telecom DC-DC Converter 
ƴ    8 x  300W  48V/48V VICOR Modules 
ƴ    96.5% Efficiency @ 16kW/l Power Density (!)  

Ʒ Solution:  ISOP Multi-Cell Approach (!)  
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8x8 Modules 
380V/380V 

ƴ   Isolated  380V/48V  Telecom DC-DC Converter 
ƴ    8 x  300W  48V/48V VICOR Modules 
ƴ    96.5% Efficiency @ 16kW/l Power Density (!)  

Ʒ Solution:  ISOP Multi-Cell Approach (!)  
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  WBG Power Semiconductors ? 

ºKiller»- Semiconductor Technologies 

µ Not a Merit of Power Electronics but  
of  Power Semiconductor Research   
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ƴ  General Capabilities   
 
-  Higher Switching Frequency 
-  Higher Operating Temperature 
-  Higher Blocking Capability 

Ʒ WBG  Power Semiconductors   

Ƅ   Example:    SiC Schottky Diode  ̧
                            Zero Recovery Rectifiers   
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Ƅ Fast Switching Capability 
Ƅ High Temp. Capability 
Ƅ High Blocking Capability   

But µ                    Today the Capabilities of  SiC  
                               Cannot be Utilized 

Ʒ Limit by Package (Layout) Parasitics 
Ʒ Missing High Temp. Package (Therm. Cycles) 
Ʒ Missing High Temp. Passives 
Ʒ Multi-Level Topologies ! 
Ʒ Missing MV / Low Inductance Package 
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Ʒ Higher Switching Speed 

Ʒ Missing HF Package  
Ʒ Missing Integrated Gate Drive (Active Control of Switching Trajectory) 

100V/Div 

10A/Div 

50ns/Div 
Diode

RF-MOSFET

Gate drive

145mm

85mm
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Ʒ Active Closed Loop Gate Drive 

  
 ̧ Single Op-Amp as PI-Controller 

 
ƴ  Continuous (!) Control of the Switching Trajectory incl. Short Circuit 
ƴ  Options for Monitoring / Reliability Prediction etc. 
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Ʒ Hardware Prototype 

ǳ  PCB Dimensions          50 mm x 130 mm  (2 in x  5.1 in) 

dvCE/dt -Feedback 

Output Stage 

diC/dt -Feedback 

Control Circuits 
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Ʒ Experimental Results ̧ Individual Variation of References 

ǳ   Turn-On:  Variation of diC/dt  ǳ  Turn-Off:  Variation of diC/dt  

ǳ  Turn-On:  Variation of dvCE/dt  ǳ  Turn-Off:  Variation of dvCE/dt  
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Ʒ New Wireless Measurement Technology    

ƴ   Bandwidth         100 MHz 
ƴ   Sampling Rate   400 MS/s (8 Bit) 
 
ƴ   Bluetooth Communication 
ƴ   NO  dvCM/d t Limit (!)  
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Ʒ GE Planar Power Polymer 
            Packaging (P4TM)  

Wire-Bonded Die on Ceramic Substrate 
Replaced with Planar Polymer-Based 
Interconnect Structure 
 
Direct High-Conductivity Cooling Path 
  

Oriented Toward High Power Devices 
<2400V / 100Aµ500A 
<200W Device Dissipation 
  


