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Ʒ Classical Transformer - Basics 

- Voltage Transf. Ratio      * Fixed 
- Current Transf. Ratio             * Fixed 
- Active Power Transf.       * Fixed  (P1=P2)  
- React. Power Transf.       * Fixed  (Q1=Q2)  
- Frequency Ratio  * Fixed  (f1=f2)  

- Magnetic Core Material  * Silicon Steel / Nanocristalline / Amorphous / Ferrite  
- Winding Material       * Copper or Aluminium 
- Insulation/Cooling      * Mineral Oil or Dry-Type 
 
 
 
 
 

- Operating Frequency  * 50/60Hz  (El. Grid, Traction) or  162/ 3 Hz (Traction)   
- Operating Voltage   * 10kV or 20 kV (6µ35kV)  - Distribution Grid MV Level  (uSC = 4µ6% typ.) 
                                          * 15kV or 25kV                     - Traction (1ph., uSC = 20µ25% typ.) 
                                * 400V                                         - Public LV Grid   

ǒ  Magnetic Core  
    Cross Section 

ǒ  Winding Window 
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Ʒ Classical Transformer - Basics 

-  Advantages 
 
¤  Relatively Inexpensive 
¤  Highly Robust / Reliable 
¤  Highly Efficient  (98.5%...99.5% Dep. on Power Rating) 
 
-  Weaknesses  
 
¤  Voltage Drop Under Load 
¤  Losses at No Load 
¤  Sensitivity to Harmonics 
¤  Sensitivity to DC Offset Load Imbalances 
¤  Provides No Overload Protection 
¤  Possible Fire Hazard 
¤  Environmental Concerns 

Ą Construction Volume  

¤ No Controllability  
¤ Low Mains Frequency Results in Large Weight / Volume 

Pt  µ. Rated Power 
kW µ. Window Utilization Factor (Insulation) 
Bmax  ...Flux Density Amplitude 
Jrmsµ Winding Current Density (Cooling) 
f  .µ. Frequency 
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Ʒ Classical Transformer - Basics 

ǒ  Higher Relative Volumes (Lower kVA/m3) Allow to Achieve Higher Efficiencies 

 

 -  Scaling of Core Losses 

 

-  Scaling of Winding Losses 
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Classical / Next Generation  
Locomotives  
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Ʒ Classical Locomotives 
-  Catenary Voltage     15kV  or 25kV 
-  Frequency                162/ 3Hz  or  50Hz 
-  Power Level             1µ10MW  typ. 

ǒ  Transformer: Efficiency              90µ95% (due to Restr. Vol., 99% typ. for Distr. Transf.) 
  Current Density       6 A/mm2  (2A/mm2 typ. Distribution Transformer) 
  Power Density         2µ4 kg/kVA 
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Ʒ Next Generation Locomotives 
-  Trends *  Distributed Propulsion System ̧ Weight Reduction (pot. Decreases Eff.) 
 *  Energy Efficient Rail Vehicles   ̧ Loss Reduction        (would Req. Higher Vol.) 
 *  Red. of Mech. Stress on Track    ̧Mass Reduction        (pot. Decreases Eff.) 

ǒ  Replace Low Frequency Transformer  by   Medium Frequ.  (MF) Power Electronics Transformer (PET) 
ǒ  Medium Frequ. Provides Degree of Freedom Ą  Allows Loss Reduction AND Volume Reduction 
ǒ  El. Syst. of Next Gen. Locom. (1ph. AC/3ph. AC) represents Part of a 3ph. AC/3ph. AC SST for Grid Appl. 
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Future Smart  
EE Distribution   
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Ʒ Advanced (High Power Quality) Grid Concept  
-  Heinemann (2001) 

ǒ  MV AC Distribution with DC Subsystems (LV and MV) and Large Number of Distributed Resources  
ǒ  MF AC/AC Conv. with  DC Link Coupled to Energy Storage provide High Power Qual. for Spec. Customers 

Ʒ
 

Ʒ
 

Ʒ
 

Ʒ
 

Ʒ
 

Ʒ
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Ʒ Future Ren. Electric Energy Delivery & Management (FREEDM) Syst.  

- Huang et al. (2008)  

ǒ SST as Enabling Technology for the ºEnergy Internet» 
  
 - Integr. of DER (Distr. Energy Res.)  
 - Integr. of DES (Distr. E-Storage) + Intellig. Loads 
 - Enables Distrib. Intellig. through COMM 
 - Ensure Stability & Opt. Operation 

ǒ  Bidirectional Flow of Power & Information / High Bandw. Comm. Ą  Distributed Control 

IFM =  Intellig. Fault 
           Management 
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Ʒ Smart Grid Concept 

-  Borojevic (2010) 

ǒ  Hierarchically Interconnected Hybrid Mix of 
    AC and DC Sub-Grids 
 
  - Distr. Syst. of Contr. Conv. Interfaces 
  - Source / Load / Power Distrib. Conv. 
  - Picogrid-Nanogid-Microgrid-Grid Structure 
  - Subgrid Seen as Single Electr. Load/Source 
  - ECCs provide Dyn. Decoupling 
  - Subgrid Dispatchable by Grid Utility Operator 
  - Integr. of Ren. Energy Sources 
 

ǒ  ECC = Energy Control Center   
  
  - Energy Routers 
  - Continuous Bidir. Power Flow Control  
  - Enable Hierarchical Distr. Grid Control 
  - Load / Source / Data Aggregation  
  - Up- and Downstream Communic. 
  - Intentional / Unintentional Islanding 
     for Up- or Downstream Protection 
  - etc. 
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Ʒ SST Functionalities 

ǒ  Protects Load from Power System Disturbance 

-  Operates on Distribution Voltage Level (MV-LV) 
-  Integrates Energy Storage (Energy Buffer) 
-  DC Port for DER Connection  
-  Medium Frequency Isolation Ą Low Weight / Volume 
-  Definable Output Frequency  
-  High Efficiency 
-  No Fire Hazard / Contamination 

- Voltage Harmonics / Sag Compensation 
- Outage Compensation  

ǒ  Protects Power System from Load Disturbance 
- Load Voltage Regulation (Load Transients, Harmonics) 
- Unity Inp. Power Factor  Under Reactive Load 
- Sinus. Inp. Curr. for Distorted / Non-Lin. Load 
- Symmetrizes Load to the Mains 
- Protection against Overload & Output Short Circ. 

ǒ  Further Characteristics 
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Ʒ Terminology  

McMurray      Electronic Transformer (1968) 
Brooks      Solid-State Transformer (SST, 1980) 
EPRI      Intelligent Universal Transformer (IUTTM)  
ABB      Power Electronics Transformer (PET) 
Borojevic      Energy Control Center (ECC) 
Wang      Energy Router 
etc. 
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Ʒ Basic SST Structures 

ǒ  Handling of Voltage & Power Levels 
 
- Multi-Level Converters / Single Transf. 
- Cascading / Parallel Connection of Modules 
- Series / Parallel Connection of Semicond. 
- Hybrid Combinations 
 

ǒ  Medium Freq. Required  for Achieving Low Weight (Low Realiz. Effort) AND  High Control Dynamics  
 

-  Three-Stage Power Conversion with MV and LV  DC Link 
-  Two-Stage Concept with LV DC Link (Connection of Energy Storage) 
-  Two-Stage Concept with MV DC Link (Connection to HVDC System) 
-  Direct or Indirect Matrix-Type Topologies (No Energy Storage) 
 

ǒ  Power Conversion 
 

-  Direct 3ph. Converter Systems 
-  Three-Phase Conn. of 1ph. Systems 
-  Hybrid Combinations 

ǒ  Realization of 3ph. Conversion 
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Ʒ Challenges of Semiconductor Control of 
     Distribution-Class Devices   

-  Losses / Efficiency   
-  Reliability  
-  Insulation Coordination 
-  Cost 

ǒ  Hybrid Approach of SST+Magnetic Transf. as Alternative to Pure SST Energy Flow Contr.  

-   Heydt (2010) 
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Remark 
   Volume / Weight Reduction & Efficiency Increase by  

Application of HT Superconductors 
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Ʒ High Temp. Superconducting (HTS) LF Transformer for Rail Vehicles 
- Specifications      1MVA, 25kV/ 2x1389V, 50Hz, uSC=25%  
- Current Density    21A/mm2 

- Cooling                 66K (Liquid Nitrogen) 

ǒ  Power Flow of Conv. Locomotives is Fully Controlled by 4QC  Ą No SST Required for Control 
ǒ  99% Efficiency (Significant Loss Red.  vs.  Conv. Transf.)     Ą Substantial Energy Saving 
ǒ  50% Smaller than Conv. Transformer 
ǒ  No Fire Hazard / Contamination and  Thermal Aging 

- SIEMENS / TU Darmstadt (2001) 
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Ʒ High Temp. Superconducting (HTS) LF Transformer for Grid Applications 

ǒ  Low Losses 
ǒ  Self Fault Current Limitation (SFCL) Function  (No Active Control) 
ǒ  To be Installed in South. Calif. Edison Utility Substation 2013 

- Oak Ridge Nat. Lab. (ORNL) & Waukesha Electr. Systems & SuperPower (Manufacturer) 
- Target     28MVA, 69kV/12.47kV-Class 
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Basic SST Concepts 
   Matrix-Type AC/AC Converters 

DC Link Based Converter Topologies  
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Ʒ Electronic Transformer - McMurray 1968  

ǒ  Electronic Transformer  =  HF Transf. Link & Input and Output Sold State Switching Circuits  
ǒ  AC or DC  Voltage Regulation / Current Regulation/Limitation/Interruption 

ƴ  Matrix-Type f1=f2 
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ǒ  50% Duty Cycle Operation @ Primary and Secondary 
ǒ  Output Voltage Control via Phase Shift Angle 

Ʒ Electronic Transformer - McMurray 1968  
ƴ  Matrix-Type f1=f2 
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ǒ  Inverse-Paralleled Pairs of Turn-off Switches 

Ʒ Electronic Transformer    
ƴ  Matrix-Type f1=f2 
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ǒ  Fully Bidirectional / 4Q-Operation 
ǒ  Direct and Seamless Transition between the Quadrants   

Ʒ Electronic Transformer   
ƴ  Matrix-Type f1=f2 
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ǒ  Harada (1996) Based on McMurray Patent 

ƴ  Matrix-Type f1=f2 

Ʒ Electronic Transformer   
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ǒ  Experimental Verification (200V/3kVA) of  
         Basic Operation and Control Characteristic   

Ʒ Electronic Transformer   
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ǒ  Targeting Traction Application  
ǒ  Combination of Forced Commutated VSC  &   Thyristor  Cycloconverter 
ǒ  VSC Defines Transformer Voltage & Generates Thyristor Converter Commutation Voltage 
ǒ  Energy Flow Defined by Control Angle of Thyristor Converter ! 

-  Mennicken (1978, f = 200Hz) 
   I-Input, V-Output (McMurray) 

Ʒ Direct Matrix-Type 1ph. AC/DC Converter 



29/166 

ǒ  Thyristor Converter  
    Control Angle Ŭ= ́ /3  

-  Mennicken (1978, f = 200Hz) 
   I-Input, V-Output (McMurray) 

Ʒ Direct Matrix-Type 1ph. AC/DC Converter 
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ǒ  Thyristor Converter  
    Control Angle Ŭ= 2́ /3  

-  Mennicken (1978, f = 200Hz) 
   I-Input, V-Output (McMurray) 

Ʒ Direct Matrix-Type 1ph. AC/DC Converter 
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ǒ Experimental Verification (Switching Frequency f =200Hz, fN=162/ 3 Hz) 

Ʒ Direct Matrix-Type 1ph. AC/DC Converter 
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ǒ  Targeting Traction Applications 
ǒ  Novel AC Current Control Concept for Mennicken Syst. 
ǒ  Several Switchings of the VSC within Cycloconv. Cycle 
ǒ  Lower Transformer Flux Level (Size) / Requires Transformer Flux Balancing Control 

-  Östlund (1993) 
   I-Input, V-Output (McMurray, Mennicken) 

Ʒ Direct Matrix-Type 1ph. AC/DC Converter 
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ǒ  Cascading of Primary Converters 
ǒ  Reduction of Thyristor Blocking Voltage Stress 
ǒ  Primary Winding Division for Sinusoidally Varying Staircase Voltage 
 

-  Östlund (1993) 
   I-Input, V-Output (McMurray, Mennicken) 

Ʒ Direct Matrix-Type 1ph. AC/DC Converter 
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ǒ  Extension of the Topology of Mennicken -  VSC Capacitive Snubbers & Turn-off Cycloconv. Switches 
ǒ  New Control Scheme Ensuring  ZVS for the VSC and  ZCS  for the Cycloconverter  (Matrix Conv.) 

-  Mennicken   

- Kjaer et al. (2001) 
- Norrga (2002) 

Ʒ Direct Matrix-Type 1ph. AC/DC Converter 
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ǒ Commutation Cycle of the  ZVS/ZCS  Control Scheme Proposed by Norrga 
ǒ Alternate Commutation of VSC and CSC   

ZVS ZVCS 

ZCS 

ZCS 

Ʒ Direct Matrix-Type 1ph. AC/DC Converter 
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ǒ  Voltage and Current Waveforms for  iac>0 
ǒ  Commutation of Cycloconverter Immediately after VSC Commutation  
ǒ  Three-Level AC Output Voltage &  Very Limited Power Flow Reversal  

-  Norrga (2002) 
       I-Input, V-Output (McMurray, Mennicken) 

Ʒ Direct Matrix-Type 1ph. AC/DC Converter 
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ǒ VSC Quasi-Resonant Commutation Ensuring ZVS for Low Load (Current Insufficient for ZVS) 
ǒ Transformer Primary Winding Short Circuits by Cycloconverter During VSC Commutation  

! 

-  Norrga (2002) 
       I-Input, V-Output   

Ʒ Direct Matrix-Type 1ph. AC/DC Converter 
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ǒ  Simulation Results and Extension to MV Input (Norrga, 2002)  

-  Norrga (2002) 
      I-Input, V-Output   

Ʒ Direct Matrix-Type 1ph. AC/DC Converter 
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ǒ  Targeting Traction Applications 
ǒ  Dual Structure Association (VSC & CSC)  &  Phase Control &  Dual Thyristor Control (ZVS) 
ǒ  Soft Commutation of All Switches  

-  Ladoux (1998) 
      I-Input, V-Output (McMurray, Mennicken) 

Ʒ Direct Matrix-Type 1ph. AC/DC Converter 
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ǒ  Alternate Commutation of VSC and CSC Ą Natural Switching of CSI Dual Thyristors / Soft-Commut. 
ǒ  Transformer Magnetizing Current for Supporting ZVS at Light Load  or    
ǒ  Quasi-Resonant Commutation (Short Circuit of CSI during VSC Commutation) 
ǒ  Simplified Control Scheme ̧ Two Level Voltage VO vs. Three-Level Contr. (Norrga) 

-  Ladoux (1998) 
      I-Input, V-Output (McMurray, Mennicken) 

Ʒ Direct Matrix-Type 1ph. AC/DC Converter 
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-  Enjeti (V-Input, V-Output, ɗ = 0, 1997) 
-  Krishnaswami / 2005,  Liu / 2006 (V-Input, I-Output)  
-  Kimball (V-Input, V-Output, 2009) 

ǒ   f1 = f2 ,  
ǒ   Input Power = Output Power (and No Reactive Power Control) 
ǒ   Same Switching Frequency of  Primary and Secondary Side Converter 
ǒ   Power Transfer / Outp. Volt. Contr. by Phase Shift ɗ of Primary &  Sec. Side Conv. (McMurray) 
ǒ   ɗ= 0 (shown) Allows to Omit Output Filter Ind. (V-Output), But does Not Allow Output Control 

Ʒ Direct Matrix-Type 1ph. AC/AC Converter 

(a) 
(b) 

(c) 

(a) 

(b) 

(c) 
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-  Enjeti (V-Input, V-Output, ɗ = 0, 1997) 

ǒ   Realization of Matrix Stages with Conventional IGBT Modules 
ǒ   Cascaded Converter Input Stages for High Input Voltage Requirement 
ǒ   Single Transformer / Split Winding Guarantees Equal Voltage Sharing 

Ʒ Direct Matrix-Type 1ph. AC/AC Converter 
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-  Kimball (V-Input, V-Output, 2009) 

ǒ   f1 = f2 
ǒ   Input Power = Output Power (and No Reactive Power Control) 
ǒ   1ph. AC/AC ZVS Dual Active Bridge (DAB) Converter  (Voltage Impressed @ Inp. & Output) 
ǒ   Power Transfer / Output Voltage Contr. by Phase Shift ű of Primary &  Sec. Bridge Operation 

Ʒ Direct Matrix-Type 1ph. AC/AC Converter 
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ǒ  ZVS Strategy 
ǒ  ZVS Range Dependent on Load Condition & Voltage Transfer Ratio (Stray Ind. as Design Parameter)  

Ʒ Direct Matrix-Type 1ph. AC/AC Converter 

-  Kimball (V-Input, V-Output, 2009) 
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ǒ  Topological Variation of the Basic 1ph. AC/AC DAB Topology  
ǒ  Three-Level Input Stage, Center-Tap Secondary Winding Rectifier Stage 

Ʒ Direct Matrix-Type 1ph. AC/AC Converter 

-  Yang (V-Input, I-Output, 2009) 
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ǒ   Six Conduction States within a Pulse Period 

Ʒ Direct Matrix-Type 1ph. AC/AC Converter 

-  Yang (V-Input, I-Output, 2009) 
 

+U + ½U 0 

-U - ½U 0 
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ǒ  Traction Application 
ǒ  MF Transformer with Splitted/Cascaded Primary Windings & Single Secondary Winding  
ǒ  DAB Topology but Higher Secondary Side Switching Frequency for Current Control   
ǒ  Natural Balancing of the Input Filter Capacitor Voltages  
ǒ  400Hz Multi-Step Commutation of Primary Side Matrix Conv. 
ǒ  Conceptual Relation of Control Concept to Östlund (Prim.: 400Hz, Sek.: 2.5kHz)   

Ʒ Direct Matrix-Type 1ph. AC/DC Converter 

-  Drabek et al. (2011) 
                         V-Input, V-Output 
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VSR 

ǒ  Output Voltage Control via Current Amplitude / Phase Shift Controller Def.  Inp. Current Phase Angle 
ǒ  Hysteresis Contr. of VSR impresses 400Hz Ampl. Mod. Square Wave Current (def. Ampl. & Phase)  
ǒ  Synchr. Switching (400Hz) Primary Matrix Stage Demodulates Transf. Current into Cont. Sinewave  

Ʒ Direct Matrix-Type 1ph. AC/DC Converter 
-  Drabek et al. (V-Input, V-Output , 2011) 
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ǒ  Experimental Analysis  

Ʒ Direct Matrix-Type 1ph. AC/DC Converter 

uSC  

-  Drabek et al. (V-Input, V-Output , 2011) 
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ǒ  AC/DC (Rectifier Bridge, No Output Capacitor) and Subsequent MF AC Voltage Generation 
ǒ  Secondary Side Rectifier and DC/DC Boost Converter for Sinusoidal Current Shaping 
ǒ  Switching Frequency f = 400Hz  

! 

VSI 

DC/DC Boost 
Converter 

Ʒ Indirect Matrix-Type 1ph. AC/DC Converter 

-  Weiss (I-Input, V-Output, 1985) 
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ǒ  AC/DC Input Stage (Bidir. Full-Wave Fundamental Frequ. GTO Rect. Bridge, No Output Capacitor)  
ǒ  Subsequent DC/DC Conversion & DC/AC Conversion (Demodulation, f1 = f2)  
ǒ  Output Voltage Control by Phase Shift of Primary and  Secondary Side Switches (McMurray) 
ǒ  Lower Number of HF HV Switches  Comp. to Matrix Approach 

! 

AC Input Voltage 
Rectifier Output Voltage 

Transformer Input Voltage 
Spectrum of Transformer Voltage 

Ʒ Indirect Matrix-Type 1ph. AC/AC Converter 

-  Lipo (V-Input, I-Output, 2010) 
 

(b) 

(a) 

(c) 

(b) 

(a) 

(c) 
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ǒ  Multi-Step Commutation of GTO Input Stage (at Mains Voltage Zero Crossings) 
ǒ  Commutation Considers DC Link Current Direction and Input Voltage  Polarity   
ǒ  Same Gate Signals for Diagonal Thyristors (G1,G3), (G2,G4), (G5,G7), (G6,G8)  

! 

Ʒ Indirect Matrix-Type 1ph. AC/AC Converter 

-  Lipo (V-Input, I-Output, 2010) 
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Ʒ DC-Link Type (Indirect) 1ph. AC/AC Converter  

ǒ  Alternatives: AC//DC ̧ DC/AC  Topologies 
  AC/DC ̧ DC//AC  Topologies 

ǒ  AC/DC   ̧ DC//DC ̧ DC/AC  Topologies 
ǒ  Dual Act. Bridge-Based DC//DC Conv. (Phase Shift Contr. Relates Back to Thyr. Inv. / McMurray) 

(Ayyanar, 2010)  
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High-Power DC-DC 
Conversion  
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Ʒ Dual-Active-Bridge (DAB) 

- De   Doncker (1991) 

ǒ  Two Voltage Sources Linked by an Inductor 
ǒ  Operated at Medium/High Frequencies  
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Ʒ DAB ̧ Common Bridge Configurations 

ƴ  Half-Bridge Configuration 

ƴ  Full-Bridge Configuration 

ǒ Two Voltage Levels from Each Side 

ǒ Three Voltage Levels from Each Side 
     (Additional Freewheeling State) 
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Ʒ DAB ̧ Common Bridge Configurations 

ƴ  Neutral-Point-Clamped (NPC) Configuration 

ƴ NPC / Full-Bridge Configuration 

ǒ Three-Voltage Levels from Each Side 
ǒ Voltage-Doubler Behavior 

ǒ Suitable for Higher MV/LV Ratios 
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Ʒ DAB ̧ Phase-Shift Modulation 

ƴ  Power Transfer Controlled through Phase-Shift between Bridges 

ǒ Fundamental Model suitable for 
       Calculation of Power Transfer 
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Ʒ DAB ̧ Phase-Shift Modulation 

ƴ  In a Certain Range, All Switching Transitions done in ZVS Conditions 

- Soft Switching Range 
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Ʒ DAB ̧ Phase-Shift / Duty-Cycle Modulation 

ƴ  Additional Degrees of Freedom can be 
       Utilized to Optimize Targeted Criteria 

ǒ     E.g. Minimize RMS Currents for 
    Minimum Conduction Losses 
        (Krismer, 2012) 

- Not Possible in Half-Bridge Configuration 
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Ʒ DAB ̧ Triangular-Current Mode 

ZCS on 
MV Side ZVS on 

LV Side 
ZCS on MV 

and LV Sides 

ƴ  Duty-Cycles and Phase-Shift Utilized to perform ZCS Switching  

ǒ Inductor Voltage 

ZCS on MV Side 
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Ʒ Three-Phase DAB 

ƴ  ZVS of All Devices within Certain Power Range 
ƴ  ZCS Only Possible at One Operating Point 

ǒ De Doncker (1991) 
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Ʒ Half-Cycle Discont.-Cond.-Mode Series-Res.-Conv. (HC-DCM-SRC) 

ƴ  Power Supplies for Robots - Esser (1991) 

ǒ Energy Transfer Through the Robot½s Arm Joints 

! ! 
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ƴ  Switching Frequency å Resonant Frequency 

ǒ            At Resonant Frequency, the Input/Output Voltage Ratio is Unity (Steigerwald, 1988) 

Ʒ Half-Cycle Discont.-Cond.-Mode Series-Res.-Conv. (HC-DCM-SRC) 
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ƴ  Output Voltage is å VMVÅn for  
       Any Output Power 

ƴ  Equivalent Circuit for Transient Analysis (Esser, 1991) 

Ʒ Half-Cycle Discont.-Cond.-Mode Series-Res.-Conv. (HC-DCM-SRC) 
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ƴ  LCL Structure to Reduce Switching Losses 
ƴ  ZCS of All Devices 

Ʒ Half-Cycle Discont.-Cond.-Mode Series-Res.-Conv. (HC-DCM-SRC) 
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Ʒ Three-Phase HC-DCM-SRC 

ƴ  Jacobs  (2005) 
ƴ  Possible Power Density/Efficiency  
       Improvement + Red. DC Filtering 
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Ʒ AC/DC Converter with DAB 

ƴ  Everts  (2012) 
ƴ  Direct MV-AC to LV-DC Conversion (no MV-DC Stage) 
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ZCS/ZVS of IGBTs 
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p NPC Bridge Leg Based on 1.7kV PT IGBTs  
Conn. to MF Transf. and LV Side Bridge 

Ʒ ZCS and ZVS of IGBTs 

 

Ʒ  Analysis of IGBT Losses under ZCS 
      Conditions for the TCM-DAB 
 

 
 
 

Ʒ  Tested on a NPC-3-Level Structure  
      Based on 1.7kV IGBTs 

p 1.7kV PT IGBT Module- 
Based Testbench 
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p  NPC Bridge Structure and Experimental Waveforms 

 for 166kW / 20kHz and Power from MV to LV  

Ʒ Operation 
 

Ʒ  NPC Bridge Applies Full  
      Positive Voltage 
 

 
 

Ʒ  As soon as the Current  
      Reaches Zero, the NPC  
      Bridge is Turned to 
      Freewheeling, achieving  
      ZCS on S1 
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p  NPC Bridge Structure and Experimental Waveforms 

 for 166kW / 20kHz and Power from MV to LV  

Ʒ Operation 
 

Ʒ  NPC Bridge Applies Full  
      Positive Voltage 
 

 
 

Ʒ  As soon as the Current  
      Reaches Zero, the NPC  
      Bridge is Turned to 
      Freewheeling, achieving  
      ZCS on S1 
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Ʒ Standard ZCS: MVĄLV 

p 1.7kV IGBT NPC bridge 
  

p  NPC Bridge Structure and Experimental Waveforms 
 for 166kW / 20kHz and Power from MV to LV  

Ʒ Large Current Spike  
         Even at Zero Current 
 
 
 
 

Ʒ Large Turn-on Losses on 
              Turning-on Device 
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p Experiment used to Study Stored Charge Dynamics 
(Ortiz, 2012) 

 

Ʒ Measurement of IGBT 
     Stored Charge Behavior 

p 1.7kV IGBT Test Circuit for  
Charge Behavior Analysis 

Ʒ Exp. Measurement of Internal Charge 
Ʒ Dynamic Behavior of Stored Charge 
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p Experimental Stored Charge Dynamic Analysis 
 on 1.7kV FS IGBT 

Ʒ Measurement of 
     Stored Charge 

p Charge Control Equation to 
Estimate Charge Behavior 

Ʒ Field-Stop 1.7kV IGBT 
Ʒ 62mm Package 


