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Outline 

Ʒ The                 Little Box Challenge 
 

Ʒ Little Box 1.0  
Ʒ Concepts & Performances of Other Finalists 
Ʒ Analysis of Advanced Concepts 
Ʒ Optimization of Little Box 1.0 
Ʒ Little Box 2.0    
 

Ʒ Little Box 3.0 / Conclusions   



    

  Requirements 
  The Grand Prize  
  Finalists & Finals 

 
Little Box Challenge 



ǒ  Design / Build the 2kW 1-ʊ Solar Inverter with the Highest Power Density in the World 
ǒ  Power Density > 3kW/dm3 (> 50W/in3, multiply  kW/dm3 by Factor 16) 
ǒ  Efficiency    > 95% 
ǒ  Case Temp.  < 60ÁC 
ǒ  EMI  FCC Part 15 B 

ƴ  Push the Forefront of New Technologies in R&D of High Power Density Inverters 

! 

! 

! 

! 
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The Grand Prize 

ƴ  Timeline      ̧  Challenge Announced in Summer 2014 
       ̧  2000+ Teams Registered Worldwide 
       ̧  100+ Teams Submitted a Technical Description until July 22, 2015 
       ̧  18 Finalists (3 No-Shows) 

$1,000,000 

ǒ  Highest Power Density (> 50W/in3)  
ǒ  Highest Level of Innovation 
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Finalists 

- 5 Companies 
- 6 Consultants  
- 4 Universities    

* and  FH IZM / 
           Fraza d.o.o. 

Univ. of Tennessee   

Univ. of Illinois    

Virginia Tech   
     Rompower   

Schneider 
Electric   

Tommasi 
Bailly   

CE+T   

Energy 
Layer   

AHED   OKE Services   

Cambridge 
Active 
Magnetics   

AMR   

Venderbosch   

Fraunhofer 
IISB   

                     *  
  

15 Teams/Participants in the Final @ NREL 
   



 ̧Finalists Invited to NREL / USA 
 ̧Presentations on Oct. 21, 2015 
 ̧Subsequent Testing by NREL 

5/124 

Final Presentations 
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Little Box 1.0     

  Converter Topology 
  Modulation & Control  
  Technologies / Components   
  Mechanical Concept 
  Exp. Analysis   



Derivation of     
Converter Concept  



1-ū Output Power 
Pulsation Buffer 



ǒ  Parallel Buffer @ DC Input 

ǒ  Series Buffer @ DC Input 

ƴ  Parallel Approach for Limiting Voltage Stress on Converter Stage Semiconductors  

Power Pulsation Buffer   
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Passive Power Pulsation Buffer (1) 

ƴ  C > 2.2mF / 166 cm3    Ą   Consumes 1/4 of  Allowed Total Volume ! 

S0 = 2.0 kVA 
cos ʊ0 = 0.7 
VC,max = 450 V 
ȹVC/ VC,max=3 % 

ǒ  Electrolytic Capacitor 

5 x 493ɛF/450 V 
C = 2.46 mF 
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*  Cr =   20 ɛF 
*  Lr = 127 mH @ vLr = 400 V 

ǒ  Series Resonant Circuit / Used in Rectifier Input Stage of Locomotives 

ƴ  Unacceptably Large Inductor Volume !               Ą   Electronic Inductor 

fr = 120Hz 

Passive Power Pulsation Buffer (2) 
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ǒ  Coupling Capacitor & ºElectronic Inductor» Processing Only Partial Power  

ƴ  Low UC,aux  Ą Low Converter Losses 
ƴ  High Values of CK, Caux Required for Low UC,aux 
ƴ  Full-Bridge Aux. Converter Allows Lower UC,aux 

Partial Active Power Pulsation Buffer   

*  Ertl  (1999) 
*  Enslin (1991) 
*  Pilawa (2015) 

Electronic  
Inductor Ą 
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Properties of Full-Bridge Aux. Conv. 

ǒ  Coupling Capacitor & ºElectronic Inductor»   

ƴ  Low UC,aux  Ą Low Converter Losses 
ƴ  High Values of CK, Caux Required for Low UC,aux 
ƴ  Full-Bridge Aux. Converter Allows Lower UC,aux 

Ʒ
 

Partial Active Power Pulsation Buffer   
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ǒ   Large Voltage Fluctuation Foil or Ceramic Capacitor  
ǒ   Buck- or Boost-Type DC/DC Interface Converter 
ǒ   Buck-Type allows Utilizing 600V Technology  

ƴ  Significantly Lower Overall Volume Compared to Electrolytic Capacitor 

108 x 1.2 ɛF /400 V 
Ck Ć 140 ɛF 
VCk= 23.7cm3 

CeraLink 

Full Active Power Pulsation Buffer *  Kyritsis (2007) 
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   Output Stage  
Topology / Modulation 



 ̧ Boost-Type 
    1-ū PFC Rectifier 

 ̧  DC/|AC| Buck Converter & 
     Mains Frequency ºUnfolder» 

Ą  Analysis Only for cos ū = -1  

ǒ   Inversion of Basic 1-ʊ PFC Rectifier Topology 

Derivation of Output Stage Topology (1) 

*  Erickson (2009) 

12/124 



ƴ  CM Component of Output Voltage vO 
ƴ  Larger EMI Filtering Requirement Due to Temporary High-Frequ. Switching of Unfolder 

ǒ  Temporary PWM Operation of Unfolder @ U < Umin   to Avoid AC Current Distortion  

! 
! 

Advanced DC/ƅACƅ-Buck Conv. & Unfolder 
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72W/in3 (4.5kW/dm3) incl. Holdup Capacitors @ 98.6% Efficiency 
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Full-Bridge AC/DC Conv. Topology  

ǒ  Example of (Bidirectional) 1-ū Telecom Boost-Type PFC Rectifier 
ǒ  Low-Frequency Unfolder Operation of One Bridge Leg 
ǒ  Interleaving  for High Part Load Efficiency  
ǒ  Si Superjunction MOSFETs 
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ǒ  New Control Concept - PWM Operation of Mains Freq. Unfolder Bridge Leg @ |u| < u0,min  

ƴ  CM Component uCM of Generated Output Voltage 
ƴ  Potentially Larger EMI Filtering Requirement  

! 

! 

Advanced Full-Bridge DC/AC Conv. Topology  
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ǒ  Symmetric PWM Operation of Both Bridge Legs 
ǒ  No Low-Frequency CM Output Voltage Component 

ƴ   DM Component of  u1 and u2  Defines Output  uO 
ƴ   CM Component of  u1 and u2  Represents Degree of Freedom of the Modulation (!) 

Symmetric PWM Full-Bridge AC/DC Conv. Topology  
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ƴ   CM Reactive Power prop.  2 C 
ƴ   DM Reactive Power prop. ½ C 

ǒ  Full Bridge Output Stage / Full PWM Operation 
ǒ  CM Reactive Power of Output Filter Capacitors used for Comp. of Load Power Pulsation 

 Remark:  AC Side Power Pulsation Buffer   

*  Serban (2015)   
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ƴ   Requires Only Measurement of Current Zero Crossings, i = 0 
ƴ   Variable Switching Frequency Lowers EMI 

ǒ  TCM Operation for Resonant Voltage Transition @ Turn-On/Turn-Off 

ZVS of Output Stage / TCM Operation   

Ą
 
Ą

 

*  Henze (1988) 
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CM̧Enhanced TCM Modulation 
ǒ  CM Comp. of u1, u2 Changes Sw. Frequency 
ǒ  Limits Sw. Frequency Variation 
ǒ  Lower Residual Sw. Losses 
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4D-Interleaving    
ǒ  Interleaving of 2 Bridge Legs per Phase  - Volume / Filtering / Efficiency Optimum 
ǒ  Interleaving in Space & Time ̧ Within Output Period 
ǒ  Alternate Operation of Bridge Legs @ Low Power 
ǒ  Overlapping Operation @ High Power 

ƴ   Opt. Trade-Off of Conduction & Switching Losses  / Opt. Distribution of Losses 
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Remark:  i  TCM Inverter Topology  

*  P. Jain (2015) 

ǒ  TCM :   Challenging Inductor Design Ą Superposition of HF & LF Currents 
ǒ  iTCM:   Adding LC-Circuit between Bridge Legs Ą Separation of LF & HF Currents Ą L >>LB   

ƴ   Low Output Current Ripple    Ą Reduced Filtering Effort 
ƴ   PWM Modulation Applicable    Ą Simple Control Strategy 
ƴ   Dedicated LF and HF Inductor Designs Possible     Ą Improved Converter Efficiency 

 ̧TCM   ̧iTCM  
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   iTCM : 



Selection of Switching Frequency 
ǒ  Significant Reduction in EMI Filter Volume for Increasing  Sw. Frequency 

ƴ   Doubling  Sw. Fequ.  fS  Cuts Filter Volume in Half  
ƴ   Upper Limit due to Digital Signal Processing Delays / Inductor & Sw. Losses  ̧Heatsink Volume 
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EMI Filter Topology (1)  
ǒ  Conventional Filter Structure   ̧DM Filtering Between the Phases 
    ̧CM Filtering     Between Phases and PE 

ƴ   CM Cap. Limited by Earth Current Limit  ̧Typ. 3.5mA for PFC Rectifiers (GLBC: 5mA then 50mA !) 
ƴ   Large CM Inductor Needed ̧  Filter Volume Mainly Defined by CM Inductors 
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EMI Filter Topology (2)   
ǒ  Filter Structure with Internal CM Capacitor Feedback  
ǒ  Filtering to DC- (and optional to DC+) 

ƴ   No Limitation of CM Capacitor C1 Due to Earth Current Limit Ą µF Instead of nF Can be Employed 
ƴ   Allows Downsizing of CM Inductor and/or Total Filter Volume   
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Final Converter Topology    

ƴ   ZVS of All Bridge Legs @ Turn-On/Turn-Off in Whole Operating Range (4D-TCM-Interleaving)  
ƴ   Heatsinks Connected to DC Bus / Shield  to Prevent Cap. Coupling to Grounded Enclosure   

ǒ  Interleaving of 2 Bridge Legs per Phase    
ǒ  Active DC-Side Buck-Type Power Pulsation Buffer 
ǒ  2-Stage EMI AC Output Filter   (1)  Heat Sink 

(2)  EMI Filter 
(3)  Power Pulsation Buffer  
(4)  Enclosure    
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Power Semiconductors  
   Cooling 

DSP/FPGA 
Auxiliary 

Technologies  

ƴ 



ǒ  Accurate Measurement of ZVS Losses Using Calorimetric Approach   
ǒ  High Sw. Frequency for Large Ratio of Sw. and Conduction Losses 

Evaluation of Power Semiconductors (1)  
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ƴ  Direct Measurement of the Sum of Sw. and Conduction Losses 
ƴ  Subtraction of the Conduction Losses Known from Calibration 
ƴ  Fast Measurement  by Cth.ȹT/ȹt  Evaluation    



Evaluation of Power Semiconductors (2)  

ǒ  Comparison of Soft-Switching Performance of ~60mÝ, 600V/650V/900V GaN, SiC, Si MOSFETs 
ǒ  Measurement of Energy Loss per Switch and Switching Period 

ƴ   GaN MOSFETs Feature Highest Soft-Switching Performance 
ƴ   Similar Soft-Switching Performance Achieved with Si and SiC 
ƴ   Almost No Voltage-Dependency of Soft-Switching Losses for Si-MOSFET 
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Selected Power Semiconductors   

ǒ  600V IFX Normally-Off GaN GIT  -  ThinPAK8x8 
ǒ  2 Parallel Transistors / Switch  
ǒ  Antiparallel CREE SiC Schottky Diodes   

ƴ  CeraLink Capacitors for DC Voltage Buffering   

-  1.2V typ. Gate Threshold Voltage 
-  55 mɋ RDS,on @ 25ÁC,  120mɋ @ 150ÁC  
-  5ɋ Internal Gate Resistance 

dv/dt = 500kV/ɛs 
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High dv/dt-Immunity Gate Drive (1)  
ǒ  Low Threshold-Voltage of GaN GIT Devices Ą Negative Gate Voltage During Off-State Needed 
ǒ  Internal Diode Characteristic             Ą Gate Current Limitation During On-State Needed 

Ʒ
 

 ̧R3 Discharges Cs 
During Off-State 

ƴ   Duty Cycle and Frequency Dependent Gate Voltage 
ƴ   Risk of Parasitic Turn-on Due to Switching of Complementary Switch 

 ̧Cs Enables High Gate 
Current for Fast Turn-On 
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ǒ  State-of-the-Art Gate Drive with Additional RC-Circuit 



High dv/dt-Immunity Gate Drive (2)  

 ̧Diode ZD1 Prevents Cs   
from Complete Discharge 

During Off-State 

Ʒ
 

ǒ  Improved Gate Drive Circuit with RC-Circuit and Added Clamping Diodes 
ǒ  High Current for Fast Turn-On as Conventional Approach 

ƴ   Fixed Neg. Turn-Off Gate Voltage Independent of Duty Cycle and @ Start-Up 
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 ̧ Diode ZD2 Quickly  
Discharges Cs to VZD2  

@ Turn-Off 



High dv/dt-Immunity Gate Drive (3)  

 ̧Diode ZD1 Prevents Cs   
from Complete Discharge 

During Off-State 

Ʒ
 

ǒ  Improved Gate Drive Circuit with RC-Circuit and Added Clamping Diodes 
ǒ  High Current for Fast Turn-On as Conventional Approach 

ƴ   Fixed Neg. Turn-Off Gate Voltage Independent of Duty Cycle and @ Start-Up 
ƴ   RC-Circuit in Neg. Rail Enables Precharge of Cs with R4 
 

31/124 

 ̧ Diode ZD2 Quickly  
Discharges Cs to VZD2  

@ Turn-Off 



 Final Advanced Gate Drive       
ǒ   Fixed Negative Turn-off Gate Voltage   -  Independent of  Sw. Frequency and Duty Cycle 
ǒ   Extreme dv/dt Immunity  (500   kV/ɛs) -  Due to CM Choke at Signal Isolator Input 

ƴ  Total Prop. Delay < 30ns  incl. Signal Isolator, Gate Drive, and Switch Turn-On Delay 

IFX 5893 LM5114 

Ʒ 
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High Frequency Inductors (1)    

ƴ  Dimensions  - 14.5 x 14.5 x 22mm3 

-  L= 10.5ɛH 
-  2 x 8 Turns 
-  24 x 80ɛm Airgaps  
-  Core Material DMR 51 / Hengdian 
-  0.61mm Thick Stacked Plates 
-  20 ɛm Copper Foil / 4 in Parallel 
-  7 ɛm Kapton Layer Isolation 
-  20mɋ Winding Resistance / QĆ600 
-  Terminals in No-Leakage Flux Area 

ǒ   Multi-Airgap Inductor with Multi-Layer Foil Winding Arrangement Minim. Prox. Effect 
ǒ   Very High Filling Factor / Low High Frequency Losses 
ǒ   Magnetically Shielded Construction Minimizing EMI 
ǒ   Intellectual Property of F. Zajc / Fraza 
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High Frequency Inductors (2)  
ǒ  High Resonance Frequency Ą Inductive Behavior up to High Frequencies 
ǒ  Extremely Low AC-Resistance Ą Low Conduction Losses up to High Frequencies 
ǒ  High Quality Factor   
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ƴ  Shielding Eliminates HF Current through the Ferrite Ą Avoids High Core Losses  
ƴ  Shielding Increases the Parasitic Capacitance 


