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Outline 

►    Efficiency  Trends 
►           Efficiency  Basics  
►     Multi-Cell Converters 
      *  Parallel (P)-Interleaving 
      *  Series (S)-Interleaving 
      *  Mixed S/P-Interleaving (ISOP etc.) 
►     Conclusions 
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Efficiency  
Trends 
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> 2000   Mostly Voluntary Efficiency 
                  Requirements for Entire Power  
                  Range (100%, 50%, 20%) 

Drivers for High Efficiency 

< 2000   Increase of Power Density / 
                 Thermal Limitation   Max. Full 
                 Load Efficiency 

► Main Driving Applications          24/7 Telecom Power Supplies,  PV Inverters 
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Losses 

■        Telecom Rectifiers: Typ. Loss  
         Red. by Factor 2 over 10 Years 

Efficiency Improvements 



10/49 

Requirements NOT Limited to Efficiency   

Efficiency (also @ Light Load) 
Power Density 
Costs 

Simultaneous … 

 

► 

► 

► 

But … 

Search for New Converter Concepts (!)  
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Efficiency  
Basics 
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Non-Idealities of Converter Circuits 

► 2
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Influence of Loss Components on 
Efficiency Characteristic 
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Efficiency Maximum 

 

@ Maximum                                    … Equal  Const. and Quadratic Losses 
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  Multi-Cell Converters  
  Parallel Interleaving 
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Parallel Operation of Multiple Sub-Systems 

 

►  Features Phase-Shedding – Equiv. to Adjust. Si-Area!     Part Load Efficiency  
►  Features Cancellation of Harmonics                                  Power Density & Efficiency 

 

N   =2 
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Parallel Operation of Multiple Sub-Systems 

 

►  Features Phase-Shedding – Equiv. to Adjust. Si-Area!     Part Load Efficiency  
►  Features Cancellation of Harmonics                                  Power Density & Efficiency 

 

N   =2 
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Efficiency Optimum Phase-Shedding 

 

►  Maximization of Part-Load Efficiency   

    1 1
2, 2,1sw swN N

P P






19/49 

Efficiency Optimum Phase-Shedding 

 

►  Maximization of Part-Load Efficiency   
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Ripple Cancellation 

 

►  Operation of N =2 Systems 
      180° Out of Phase 

► 

► 
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Ripple Cancellation 
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►  Possible Red. of Input Capacitance  C → C/8    –or–   Inductance  2L → L/4 

►
 



 

Doubling of Effective 
Switching Frequ. @ Same 

Switching Losses 

►
 

 

 Ripple Red. by Factor of 4   
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   Minimum Volume for 100%  Current Ripple (DCM)   

► Ripple Cancellation  Low Volume of Cell-Inductors 

■   Harmonics Cancellation Allows Large Ripple of Cell Currents  

►
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■       Parallel Interleaving -  Shift of the Pareto Limit  Higher Power Densities  

► Ripple Cancellation  Shift of η-ρ-Pareto Limit  
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General Scaling Laws of  
Parallel Interleaving 
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► Parallel Interleaving (Homogeneous Power) 

■   Characteristics   

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

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

H. Ertl, 2003 
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─ Multiplies Frequ.  /  Red. Ripple @ Same (!) Switching Losses  &  Incr. Control Dynamics 

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

H. Ertl, 2003 

! ! 

N = 3 

► Parallel Interleaving (Homogeneous Power) 
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Reduction of EMI  
Filter Volume   

 

►  Symm.   Interleaving – 180° 
►  Asymm. Interleaving –   90° 
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■   Allowed Ls Directly Related to Switching Time ts       i i
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  Parallel Interl. Allows to Split-Up Large Currents  Increase of Z / Allows Faster Swtchg 

► Impedance Matching 
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Ultra-High Efficiency Demonstrator  
Systems based on Parallel Interleaving 

- 6x Interleaved TCM PFC Rectifier 
- 3x Interleaved TCM PFC Telecom Rectifier 

Research Projects of 
ETH Zurich Partly Supported 

by  the European Center 
for Power Electronics 
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99.36% @ 1.2kW/dm3 

■   Bidirectional – Supports V2G Concepts  
■   Employs  NO  SiC Power Semiconductors  --  Si  SJ MOSFETs only 

6x Interleaved 3.3kW  TCM PFC Rectifier System 
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Triangular Current Mode (TCM) Operation - Zero Voltage Switching   

 

■    Synchronous Rectification 
■    Negative Current Ensures ZVS 

► 



32/49 

6x Interleaved  3.3kW  TCM PFC Rectifier System 
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98.6% @ 4.5kW/dm3 

3x Interleaved Ultra-Compact/Efficient TCM PFC Rectifier 
•  Input Voltage  184…264VAC 
•  Output Voltage 420VDC 
•  Rated Power 3.3kW 
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Converter Performance Evaluation 
Based on η-ρ-Pareto Front 

►
 

 

Triple-Interleaved 
TCM Rectifier (56kHz) 
 

 

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

 

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

 

Triple-Interleaved 
TCM Rectifier (33kHz) 



35/49 

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

Source: 
 

Dr. Gerald Deboy 
Plenary Presentation @  

IECON 2013, Vienna  

─  Indication  for a  
      “Natural”  Performance 
        Limit  

►  Is Another Step of Massive Improvement Possible ? 
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►  Is Another Step of Massive Improvement Possible ? 

►
 

 

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% @ 6kW/dm3 

… Series Interleaving ? 
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  Multi-Cell Approach  
  Series Interleaving 
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Telecom Rectifier Employing Series Multi-Cell Approach 

■   Input Series Output Parallel (ISOP) Connection 

■   Specifications   Input Voltage    230 Vrms (180 Vrms – 270 Vrms) 
   Nominal Output Voltage 48 VDC 
   Output Voltage Range  40-60 VDC     
   Rated Power   3.3 kW 
   Target Efficiency  98.5% 
   Target Power Density  3 kW/dm3 

   Hold-Up Time  10ms at Rated Power 
   Switching Frequency ≥20 kHz (per Module) 
   EMI Standard   CISPR Class A and Class B 
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► First Optimization Results 

■   Calculation of Opt. Maximum Admissible DC-Link Voltage Drop during Hold-Up Time (10ms) 
■   Pareto-Optimal  for N = 6 Cells (PFC Rectifier + Phase-Shift Full-Bridge) 

■   Optimal Performance for 20% Hold-up DC-Link Voltage Drop   

10% 

20% 

30% 

40% 

98% @ 3kW/dm3 
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“Conventional” 3.3kW Telecom Rectifier Module 

 

►  3x Interleaved TCM PFC Rectifier Stages 
►  2x Interleaved Full-Bridge Phase-Shift DC/DC Conv. / Full-Bridge Synchr. Rectifier 

 

97% @ 3.3kW/dm3   
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Scaling Laws of  
Series Interleaving 
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■   Characteristics   ─ Breaks the Frequency Barrier  
─ Breaks the Silicon Limit 1+1=2 NOT  4 (!) 
─ Breaks Cost Barrier - Standardization  
─ Extends LV Technology to HV 

H. Ertl, 2003 

Series Interleaving of Converter Cells  
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Series Interleaving of Converter Cells  

■   Excellent Opportunity for Extreme Efficiency Ultra-Compact Converters 

■  Series Interleaving of LV MOSFETs (LV Cells) Effectively  SHIFTS the Si-Limit (!) 

DS,on eff DS,on1 5

1
( ) ( )

.
R A R A

N
  

► 
►

 

–  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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■  Interleaved Series Connection Dramatically Reduces Switching Losses (or Harmonics) 

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

S,N S,N= 1 2 3

1 1
 ( )

2
P P ...

N N
 

– Scaling of Switching  
   Losses for Equal Δi/I 
   and dv/dt   

►
 

1N 

t

t

Series Interleaving of Converter Cells  

S
p

t
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Mixed S/P-Interleaving 
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*  Conventional 

* ISOP =  
   Input Series /  
   Output Parallel 
   Topology    

 
●  Low Inp. Voltage / Output Curr. Harmonics 
●  Low Input / Output Filter Requirement 
●  Impedance Matching 

■    Numerous Combinations 
      (ISOP, ISIS, IPOS, IPOP, etc.)   
 

*  Input Series 

► Mixed Interleaving 
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Conclusions 
► Multi-Cell Converters    Step Towards “Homogeneous” Power 
 
 

     ─  Minimization of Passives @ Low Cell Switching Frequency 
           ─  High Efficiency / Control Dynamics / Power Density  
         ─  Harmonics Cancellation Instead of Filtering 
        ─            Impedance Matching 
 
 
 

► Control Complexity        Digital Signal Processing 
► Hardware Complexity      Advanced Integration  
 
 
 
 

► Parallel-Interleaving 
 
 
 

      ─  Regularly Used (High Part-Load Efficiency) 
      ─  Optimum Coupling Still to be Explored 
 
 
 
 

► Series-Interleaving 
 
 

     ─  Currently Mostly in High Power (Voltage) 
          ─  DOF of ISOP Converter Control   Still to be Explored 
     ─  Power Circuit Complexity           Advanced Packaging Mandatory  
           ─  Comparable Reliability  Still to Be Verified  Redundancy   
 
 

► Interleaving Concepts also Applicable e.g. to AC/AC Converters    
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Questions 
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