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Ʒ Review of AC-DC-AC Converters 
Ʒ Derivation of Basic MC Topologies 
 
Ʒ  
 
Ʒ MC Dimensioning 
Ʒ Extended MC Topologies 
 
 
 
 
 
 
 
 

Ʒ   
 
 
 
 
 
 
 
 
 
 

Ʒ Methodology for Converter Comparisons 
Ʒ Comparative Evaluation of AC-AC Converters 
 
Ʒ 
 
Ʒ Multi-Domain Simulator Demonstration (GECKO) 
Ʒ Conclusions / Questions / Discussion 
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Classification of Three-Phase AC-AC Converters 

ƴ  Converters with DC-link 
ƴ  Hybrid Converters  
ƴ  Indirect / Direct Matrix Converters 
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DC-link AC-AC Converter Topologies  

! ! ! 

Ʒ V-BBC 

Ʒ I-BBC 
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Symmetric Three-Phase Mains  

Phase Voltages Phase Currents 

Instantaneous Power 
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All-SiC JFET I-BBC Prototype  

DC Link Inductor 
320 mH/6 A 

Ʒ Pout = 2.9 kVA 
Ʒ fS = 200 kHz 
Ʒ 2.4 kVA / liter  (42 W/in3)  
Ʒ 230 x 80 x 65 mm3 

Uin  = 400 V 
I in = 4.3 A 

Uout = 400 V 

200V/div 
5A/div 
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Basic Matrix Converter Topologies  
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V-BBC 
Voltage Space Vectors 

Modulation 
DC Link Current 
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! 

VSI Space Vector Modulation  (1) 

! 

Output Voltage Reference Value 

23 = 8 Switching States 

-  Switching with 
   Interlock Delay 
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VSI Space Vector Modulation  (2) 
Switching State Sequence 

Relative On-times 

Formation of the Output Voltage 
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VSI Space Vector Modulation  (3) 

Discontinuous Modulation 

Freewheeling On-time 

Space Vector Orientation 

Modulation Limit 
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DC-link Current Shape 

! 

Local Average Value 

VSI Space Vector Modulation  (4) 
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! 
Local DC-link Current Shape 

! 

VSI Space Vector Modulation  (5) 
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VSI DC-link Current 
Waveform   
Influence of Output 
Voltage Phase  Displacement 
F2 on DC-link Current 
Waveform 
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VSI Functional Equivalent Circuit 

Voltage Conversion 

Current Conversion 

Load 
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I-BBC 
Current Space Vectors 

Modulation 
DC Link Voltage 
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CSR Commutation & Equivalent Circuit 

Forced Commutation 

Natural Commutation 

Equivalent Circuit 

-  32 = 9 Switching States 
-  Overlapping Switching 
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CSR Space Vector Modulation  (1) 

Input Current Reference Value 

! 
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Formation of the Input Current  

Relative On-times 

Space Vector Orientation 

CSR Space Vector Modulation  (2) 
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CSR Space Vector Modulation  (3) 

Switching State Sequence 

DC-link Voltage Formation 
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! 

! 

CSR Space Vector Modulation  (4) 

Local DC-link Voltage Shape 
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CSR DC-link  
Voltage 
Waveform   

! 

Influence of Input 
Current Phase  Displacement 
F1 on DC-link Voltage 
Waveform 
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Voltage Conversion 

Current Conversion 

Mains 

CSR Functional Equivalent Circuit 
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Fundamental Frequency Front End  
F     

3E 

Derivation of MC Topologies 
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Classification of Three-Phase AC-AC Converters 

ƴ  Converter without DC-link Capacitor 
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++ 
Ƅ 

- - 

F3E Topology  /  
Mains Behavior 

! 

P. Ziogas           [12] 
T. Lipo      [13, 18, 20] 
B. Piepenbreier [15] 
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F3E Topology Extension  

Ʒ Sinusoidal Mains Current 

Y. Okuma [34]  
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Indirect Matrix Converter ̧ IMC  
Space Vectors 
Modulation 
Simulation 

Experimental Results 
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Classification of Three-Phase AC-AC Converters 

ƴ  Indirect Matrix Converter  
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IMC Topology Derivation  

Ʒ Extension of  F3E-Topology 
Ʒ Bidirectional CSR Mains Interface ! 

J. Holtz         [16] 
K. Shinohara [17] 
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IMC Properties  
Ʒ Positive DC-link Voltage Required ! 
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IMC Voltage and Current Space Vectors  
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IMC Space Vector Modulation  (1)  
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IMC Space Vector 
Modulation  (2)  

Ʒ Zero Current Commutation 
Ʒ Zero Voltage Commutation 

! 
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DC-link Voltage     u = uac 
DC-link Current     i  = iA 

(100) (ac) 

IMC Zero DC-link Current 
Commutation  (1) 

PWM 
Pattern 

120Áof  
Mains  
Period 

DC link  
Voltage & 

Current 



36/135 

120Áof  
Mains  
Period 

DC link  
Voltage & 

Current 

IMC Zero DC-link Current 
Commutation  (2) 

DC-link Voltage     u = uac 
DC-link Current     i  = - iC 

(110) (ac) 

PWM 
Pattern 
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120Áof  
Mains  
Period 

DC link  
Voltage & 

Current 

IMC Zero DC-link Current 
Commutation  (3) 

DC-link Voltage     u = uac 
DC-link Current     i  = 0 

(111) (ac) 

PWM 
Pattern 
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120Áof  
Mains  
Period 

DC link  
Voltage & 

Current 

IMC Zero DC-link Current 
Commutation  (4) 

DC-link Voltage     u = uab 
DC-link Current     i  = 0 

(111) (ab)  

PWM 
Pattern 
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120Áof  
Mains  
Period 

DC link  
Voltage & 

Current 

DC-link Voltage     u = uab 
DC-link Current     i  = - iC 

(110) (ab)  

IMC Zero DC-link Current 
Commutation  (5) 

PWM 
Pattern 
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DC-link Voltage     u = uab 
DC-link Current     i  =  iA 

IMC Zero DC-link Current 
Commutation  (6) 

120Áof  
Mains  
Period 

DC link  
Voltage & 

Current 
(100) (ab)  

PWM 
Pattern 
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Summary 
 
Á  Simple and Robust Modulation Scheme 
    Independent of Commutation Voltage 
    Polarity or Current Flow Direction 
 
Á  Negligible Rectifier Stage Switching 
    Losses Due to Zero Current Commutation 

120Áof  
Mains  
Period 

DC link  
Voltage & 

Current 

PWM 
Pattern 

IMC Zero DC-link Current 
Commutation  (7) 
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Coffee Break ! 
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IMC Space Vector Modulation  (3)  

Output Voltage Ref. Value 

Input Current Ref. Angle 

Mains Voltage 

Assumptions 

Load Behavior 

PWM Pattern is Specific for each Combination of Input Current and Output Voltage Sectors 
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Freewheeling Limited to Output Stage 

Input Current Formation 

Desired Input Current 

Resulting Rectifier Stage  
Relative On-Times 

Absolute On-Times 
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Mains Voltage 

Available DC Link Voltage Values   

Select Identical Duty Cycles of Inverter 
Switching States (100), (110) in Űac and Űab 
for Maximum Modulation Range 

  Switch Conducting 
 the Largest Current is Clamped 

 (over ā/3-wide Interval)  
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Voltage Space Vectors Related to 
Active Inverter Switching States 

Output Voltage Formation  

Local DC-link Voltage Average Value 

Calculation of the Inverter Active Switching State On-Times can be 
directly based on Ȋ ! 
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DC-link Voltage Local Average Value 

Simulation of DC-link Voltage 
and Current Time Behavior 

Minimum of DC-link Voltage 
Local Average Value  

Resulting IMC Output Voltage Limit  
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Resulting Inverter Stage 
Relative On-Times 

Resulting Inverter Stage  
Absolute On-Times 
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DC-link Voltage Local Average Value 

Equal DC-link Current Local 
Average Values for Inverter 
Active Switching States 

Local Average Value of 
Input Current in a  

Resulting Input Phase 
Current Amplitude 

Power Balance of Input 
and Output Side 
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IMC Simulation Results 

! 
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Input filter

Heatsink

Fans

Output connectors

Control boards

 2.9 kW/dm3
=~

Input RMS voltage        400V 
Output Power                   6.8 kVA 
Rectifier Switching Frequency    12.5 kHz 
Inverter Switching Frequency     25 kHz 

2.9 kW/dm3 

48 W/in3 

Efficiency   95% 

RB-IGBT IMC Experimental Results  (1) 
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U12 = 400V 
Pout = 1.5 kW 
fout = 120 Hz 
fS = 12.5 kHz / 25kHz 

Output Current      

DC Link Voltage 

Input Current      

100 V/div 
5A/div 

RB-IGBT IMC Experimental Results  (2) 
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=Öt1w

Ʒ Conventional Modulation  (HV)     Ʒ Low Output Voltage Modulation (LV)   

Alternative Modulation Schemes  (1) 

DC-link Voltage:     Largest and Medium Line- 
                               to-Line Mains Voltage   

DC-link Voltage:      Medium and Smallest 
                                Line-to-Line Mains Voltage   

11I,max,2 UĔ86.0UĔ
2

3
UĔ Öº= 11II,max,2 UĔ5.0UĔ

2

1
UĔ Ö==! ! 
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Alternative Modulation Schemes  (2) 
    Ʒ Low Output Voltage Modulation   
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Output Voltage 
Generation 

Input Current 
Generation 

Alternative Modulation Schemes  (3) 
    Ʒ LV  vs. HV  Modulation 

! 

! 
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HV 

 LV 

Reduction of Switching Losses 
to approx. 58% 

Switching Losses Output Common Mode Voltage 

Output Common Mode Voltage reduced 
to approx. 75% 

    Ʒ LV  vs. HV  Modulation 

 LV HV 

Alternative Modulation Schemes  (4) 



57/135 

Input Voltage Ripple Output Current Ripple 

LV 
ƴ  Input Voltage Ripple Doubles 
 
 

ƴ  Output Current Ripple Slightly Reduced 
 
 
 

ƴ  For given Û2 (M12) the Component 
    Current Stress are Increasing (Conduction 
    Losses) 

 LV 

    Ʒ LV  vs. HV  Modulation 

 HV 

 HV 

 LV 

Current Stresses 

 HV 

Alternative Modulation Schemes  (5) 
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High Output Voltage Modulation  (HVM) 

Low Output Voltage Modulation (LVM) 

Three-Level Modulation 

2 1

3Ĕ Ĕ0
2

U U= Ö

2 1

1Ĕ Ĕ0
2

U U= Ö

2 1

1 3Ĕ Ĕ
2 2

U U= Ö

Ʒ Three-Level Medium Voltage Modulation 

Weighted Combination of HVM and LVM 

Alternative Modulation Schemes  (6) 
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Sparse Matrix Converter - SMC 
Topology Derivation 

Bidirectional / Unidirectional Converter 
Experimental Results 
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ƴ  Sparse Matrix Converter   

Classification of Three-Phase AC-AC Converters 
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Sparse 
Matrix 
Converter 

Ʒ 15 Transistors 
Ʒ 18 Diodes 

ETH Zurich 
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D 

G 

S 

DM 

SiC-JFET 

Si-MOSFET 

 

-v
GS

i
S2

2 A/div

100 V/div

20 ns/div

20 V/divv
DS2

 

-v
GS

i
S2

100 V/div

2 A/div

20 ns/div

20 V/div

v
DS2

 
SiC Sparse 
Matrix Converter 
 
 
 
Switching Frequency                    150kHz 
Output Power            2.5kW@10kW/dm3 
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D 

G 

S 

DM 

SiC-JFET 

Si-MOSFET 

 
SiC Sparse 
Matrix Converter 
 
 
 
Switching Frequency                    150kHz 
Output Power            2.5kW@10kW/dm3 
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Ʒ  9  Transistors 
Ʒ 18 Diodes 

ETH Zurich 
T.  Lipo  [13, 20] 

Ultra Sparse 
Matrix Converter 
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Ultra Sparse 
Matrix Converter 
 
 
 
Uin = 3-ū 400V/50Hz 
Uout = 3-ū 0µ340V / 0µ200Hz 
P  = 5.5kVA  
 
fS  =  25kHz (Rect.) / 50kHz (Inv.) 

200V/div 
2A/div 

5ms/div 

  uDC 
  
 
 

ia 
 
 
 

iA 

! 
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Unidirectional 9-Switch AC-AC Converters with PFC Input 

Ʒ With Intermediate Energy Storage 
Ʒ 3-Level Input Stage 
Ʒ Impressed Currents at Input Terminals (a,b,c) 
Ʒ Additional DC-Link Chopper Required 
 

VIENNA Rectifier with VSI (VR-VSI) 

Ʒ Without Intermediate Energy Storage 
Ʒ ºQuasi» 3-Level Output  
Ʒ Impressed Voltages at Input Terminals (a,b,c) 
Ʒ Additional DC-Link Chopper/Clamp Required 
 

Ultra Sparse Matrix Converter (USMC) 
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Z-Source Converter ZSC 
T-Source Converter TSC 

Topologies with LC-Element in DC-Link 
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Z-Source Converter 

F3E-Topology with Z-Source-Element (LC-Element) in DC-Link 

F. Z. Peng [45] 
L. Sack [46] 

Z-Source-Element 
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T-Source Converters 

T-Source ºSparse Matrix Related» AC-AC Converter 

ƴ  Suggested 2-Level T-Source Inverter  
    Topologies by Strzelecki et al. [46],  
    2009, and Trans-Z-Source Inverter by  
    Quian et al. [48], 2010. 

Double T-Source with HF Autotransformer  

ƴ  IMC-Based Modulation Scheme 
ƴ  Output Voltage Boost Capability 
ƴ  Low Input Stage Switching Losses 
ƴ  High Blocking Voltage Require-   
     ments of Output Side Switches 
ƴ  Need for Low Leakage Transformer 
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IMC - Extensions   
- Three-Level    
-   Hybrid   
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ƴ  Three-Level IMC   
ƴ  Hybrid IMC   

Classification of Three-Phase AC-AC Converters 
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Three-Level Matrix 
Converter 

Ʒ  Bidirectional Converter 

Ʒ  Unidirectional Converter ETH Zurich 


