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Research

Topics

ƴUltra High Frequency
ƴHighly Compact
ƴExtreme Temperatures

Ultra-Comp. Telecom Power Supplies
Utility Interface for Drives
Series/Parallel-Res. X-Ray-Generator
Piezoelectric Actuators
Magnetically Levitated Actuators/Sensors

2005   2010     2015

All-SiC Sparse-Matrix -Converter
Active EMI Filters
Fuel-Cell Powered Car
Bi-Directional DC/DC Converter
Three-Port UPS
Meso-Scale Gas Turbine Gen. ( 800,000rpm)
More-Electric Aircraft Actuator Supply
Interactive Multi -Disciplinary Sim.

Electromagnetic Integration
Future Energy Distribution
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Tutorial Schedule

ƴ Introduction J.W. Kolar 9:00 ¬10:00

ƴ Modulation Schemes I J.W. Kolar  / F. Schafmeister 10:00 ¬11:00

Coffee Break

ƴ Modulation Schemes II F. Schafmeister 11:30 ¬13:00

Lunch  Break

ƴ Design Issues F. Schafmeister 14:00 ¬15:30

Coffee Break

ƴ Comparison to BBC M.L. Heldwein 16:00 ¬17:00
ƴ Future Developments M.L. Heldwein /J.W. Kolar 17:00 ¬17:30
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ƴ Conventional Matrix Converter
Circuit Topology
Basic Principle of Operation

ƴ Sparse Matrix Converter Topologies
Derivation of the Circuit Topology

Basic Principle of Operation

MC Topologies & Modulation Schemes I
Johann W.  Kolar
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Conventional AC-AC Matrix Converter  (CMC)

11max,2
Ĕ866.0Ĕ

2

3Ĕ UUU Ö=Ö=

Circuit Topology
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Conventional Matrix Converter

Mathematical Description 
of the Basic Operating Behavior
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18 Power Transistors
18 Gate Drives 
6  Gate Drive Power Supplies
9  Collector  Potentials

CMC Practical Realization

Common Collector 
Connection of the 
Bidirectional Switches

Separation  of
Components  forming 
a  Bidirectional Switch

G11N G12N G13N

G11P G21P G31P

G21N G22N G23N G31N G32N G33N

G12P G22P G32P G13P G23P G33P

U V W

X Y Z



10(178)

ƴ 35 A IGBT3 Chips
ƴ 7.5 kW

(100% Overloading
Capability )

ƴ 6 Connection Islands 
ƴ 6 IGBT Islands
ƴ Conventional 

Module Technique 
ƴ Collector Connections in

Module Center 
ƴ 3 Equal DCBsEconoPACK 3

CMC Power Module(eupec)
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Voltage Conversion
Splitted into Rectifier and
Inverter Operation
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ƴ Introduction of a Fictitious  Rectifier and Inverter Stage
ƴ Fictitious  DC Link Voltage / DC Link Current
ƴModulation as for DC Link Converters

Indirect Matrix Converter Could be Seen as Physical Realization
of a  Mathematical Concept

Conventional  Ÿ Indirect Matrix Converter
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Basic  Matrix Converter Topologies

Conventional Indirect

a

b

c

A

B

C

a

b

c

A

B

C
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No. A B C spa spb spc san sbn scn sA sB sC uAB uBC uCA u ia ib ic

1 p p p X X X X X X 1 1 1 0 0 0 - 0 0 0

10 n n n X X X X X X 0 0 0 0 0 0 - 0 0 0

19 X X X 1 0 0 1 0 0 X X X 0 0 0 0 0 0 0

25 X X X 0 1 0 0 1 0 X X X 0 0 0 0 0 0 0

31 X X X 0 0 1 0 0 1 X X X 0 0 0 0 0 0 0

37 a c c 1 0 0 0 0 1 1 0 0 -uca 0 uca -uca iA 0 -iA
38 a c c 0 0 1 1 0 0 0 1 1 -uca 0 -uca uca iA 0 -iA
39 b c c 0 1 0 0 0 1 1 0 0 ubc 0 -ubc ubc 0 iA -iA
40 b c c 0 0 1 0 1 0 0 1 1 ubc 0 -ubc -ubc 0 iA -iA
41 b a a 0 1 0 1 0 0 1 0 0 -uab 0 uab -uab -iA iA 0

42 b a a 1 0 0 0 1 0 0 1 1 -uab 0 uab uab -iA iA 0

43 c a a 0 0 1 1 0 0 1 0 0 uca 0 -uca uca -iA 0 iA
44 c a a 1 0 0 0 0 1 0 1 1 uca 0 -uca -uca -iA 0 iA
45 c b b 0 0 1 0 1 0 1 0 0 -ubc 0 ubc -ubc 0 -iA iA
46 c b b 0 1 0 0 0 1 0 1 1 -ubc 0 ubc ubc 0 -iA iA
47 a b b 1 0 0 0 1 0 1 0 0 uab 0 -uab uab iA -iA 0

48 a b b 0 1 0 1 0 0 0 1 1 uab 0 -uab -uab iA -iA 0

49 c a c 1 0 0 0 0 1 0 1 0 uca -uca 0 -uca iB 0 -iB
50 c a c 0 0 1 1 0 0 1 0 1 uca -uca 0 uca iB 0 -iB
51 c b c 0 1 0 0 0 1 0 1 0 -ubc ubc 0 ubc 0 iB -iB
52 c b c 0 0 1 0 1 0 1 0 1 -ubc ubc 0 -ubc 0 iB -iB
53 a b a 0 1 0 1 0 0 0 1 0 uab -uab 0 -uab -iB iB 0

54 a b a 1 0 0 0 1 0 1 0 1 uab -uab 0 uab -iB iB 0

55 a c a 0 0 1 1 0 0 0 1 0 -uca uca 0 uca -iB 0 iB
56 a c a 1 0 0 0 0 1 1 0 1 -uca uca 0 -uca -iB 0 iB
57 b c b 0 0 1 0 1 0 0 1 0 ubc -ubc 0 -ubc 0 -iB iB
58 b c b 0 0 1 0 1 0 1 0 1 ubc -ubc 0 ubc 0 -iB iB
59 b a b 1 0 0 0 1 0 0 1 0 -uab uab 0 uab iB -iB 0

60 b a b 0 1 0 1 0 0 1 0 1 -uab uab 0 -uab iB -iB 0

61 c c a 1 0 0 0 0 1 0 0 1 0 uca -uca -uca iC 0 -iC
62 c c a 0 0 1 1 0 0 1 1 0 0 uca -uca uca iC 0 -iC
63 c c b 0 1 0 0 0 1 0 0 1 0 -ubc ubc ubc 0 iC -iC
64 c c b 0 0 1 0 1 0 1 1 0 0 -ubc ubc -ubc 0 iC -iC
65 a a b 0 1 0 1 0 0 0 0 1 0 uab -uab -uab -iC iC 0

66 a a b 1 0 0 0 1 0 1 1 0 0 uab -uab uab -iC iC 0

67 a a c 0 0 1 1 0 0 0 0 1 0 -uca uca uca -iC 0 iC
68 a a c 1 0 0 0 0 1 1 1 0 0 -uca uca -uca -iC 0 iC
69 b b c 0 0 1 0 1 0 0 0 1 0 ubc -ubc -ubc 0 -iC iC
70 b b c 0 1 0 0 0 1 1 1 0 0 ubc -ubc ubc 0 -iC iC
71 b b a 1 0 0 0 1 0 0 0 1 0 -uab uab uab iC -iC 0

72 b b a 0 1 0 1 0 0 1 1 0 0 -uab uab -uab iC -iC 0

No. A B C sAa sAb sAc sBa sBb sBc sCa sCb sCc uAB uBC uCA ia ib ic

1 a a a 1 0 0 1 0 0 1 0 0 0 0 0 0 0 0
2 b b b 0 1 0 0 1 0 0 1 0 0 0 0 0 0 0
3 c c c 0 0 1 0 0 1 0 0 1 0 0 0 0 0 0

4 a c c 1 0 0 0 0 1 0 0 1 -uca 0 uca iA 0 -iA
5 b c c 0 1 0 0 0 1 0 0 1 ubc 0 -ubc 0 iA -iA
6 b a a 0 1 0 1 0 0 1 0 0 -uab 0 uab -iA iA 0
7 c a a 0 0 1 1 0 0 1 0 0 uca 0 -uca -iA 0 iA
8 c b b 0 0 1 0 1 0 0 1 0 -ubc 0 ubc 0 -iA iA
9 a b b 1 0 0 0 1 0 0 1 0 uab 0 -uab iA -iA 0

10 c a c 0 0 1 1 0 0 0 0 1 uca -uca 0 iB 0 -iB
11 c b c 0 0 1 0 1 0 0 0 1 -ubc ubc 0 0 iB -iB
12 a b a 1 0 0 0 1 0 1 0 0 uab -uab 0 -iB iB 0
13 a c a 1 0 0 0 0 1 1 0 0 -uca uca 0 -iB 0 iB
14 b c b 0 1 0 0 0 1 0 1 0 ubc -ubc 0 0 -iB iB
15 b a b 0 1 0 1 0 0 0 1 0 -uab uab 0 iB -iB 0

16 c c a 0 0 1 0 0 1 1 0 0 0 uca -uca iC 0 -iC
17 c c b 0 0 1 0 0 1 0 1 0 0 -ubc ubc 0 iC -iC
18 a a b 1 0 0 1 0 0 0 1 0 0 uab -uab -iC iC 0
19 a a c 1 0 0 1 0 0 0 0 1 0 -uca uca -iC 0 iC
20 b b c 0 1 0 0 1 0 0 0 1 0 ubc -ubc 0 -iC iC
21 b b a 0 1 0 0 1 0 1 0 0 0 -uab uab iC -iC 0

22 a b c 1 0 0 0 1 0 0 0 1 uab ubc uca iA iB iC
23 a c b 1 0 0 0 0 1 0 1 0 -uca -ubc -uab iA iC iB
24 b a c 0 1 0 1 0 0 0 0 1 -uab -uca -ubc iB iA iC
25 b c a 0 1 0 0 0 1 1 0 0 ubc uca uab iC iA iB
26 c a b 0 0 1 1 0 0 0 1 0 uca uab ubc iB iC iA
27 c b a 0 0 1 0 0 1 1 0 0 -ubc -uab -uca iC iB iA

Functional Equivalence of
IMC  and  CMC

Operation of the IMC is Restricted
to upn>0 ,  Remaining Switching 
States Identical to CMC
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a

b

c

A

B

C

Sparse Matrix Converter

As the operation is restricted to upn>0 a blocking of Sna within the turn -on interval of
Sap is not required and both transistors could be combined in a single transistorSa

Derivation of 
the SMC Bridge 
Leg Topology
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Bidirectional
Sparse Matrix Converter
(SMC)

(USMC)
Unidirectional
Ultra Sparse Matrix Converter

Sparse Matrix Converter Topologies

),(
661
pp +-ÍF

),(
662
pp +-ÍF
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USMC Relation to 
Three-Phase Buck+Boost
PWM Rectifier

Modular

Direct Three-Phase
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Three-Phase Buck+Boost
Experimental Analysis

6kW
/-5 15-SAC / 50Hz
400VDC

Load Step

2.76kW Ÿ
5.52kW
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Multi -Step Commutation Zero DC Link Current Commutation

Commutation Strategies
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Very Sparse 
Matrix Converter
(VSMC)

Sparse Matrix Converter Topologiescont.

Inverting Link Matrix Converter

Four-Quadrant Switch
IXYS FIO 50-12BD
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AC-AC Converter

DC Link Energy Storage No DC Link Energy Storage  Matrix Converter-

VSR/VSI CSR/CSI Conventional (Direct) Indirect

Sparse Ultra SparseVery Sparse Inv. Link

Classification of AC-AC Converter Topologies

Realization Effort

Converter

Type
Transistors Diodes

Isolated Driver

Potentials

CMC 18 18 6

IMC 18 18 8

SMC 15 18 7

VSMC 12 30 10

USMC 9 18 7
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a

b

c

A

B

C

Multi -Level SMC

Three-Level-Output Sparse Matrix Converter
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Family of Multi -Level CMC Topologies

a b c

A

B

C

L
1,a

L
1,b

L
1,c

L
1,A

L
1,B

L
1,C

Switching cell I

Switching cell II

Multi -Level CMC
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Non-SinusoidalInput Current

Double-Bridge Matrix Converter
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Three-Phase  AC-AC
Matrix Converter

Advantages /
Disadvantages
in Comparison to
Conventional 
Voltage DC Link
System

+  No Electrolytic Capacitor
+  No Braking Resistor
+  Lower Volume  of

Passive Components
+  Lower Switching Losses

ī  Lower Output Voltage Range
ī  More Complex Modulation
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n

System Behavior

Local

Global
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3p/2 ... 11p/6 ua, uc ub uab, ucb
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j2=w2t Au Bu Cu

0 ...p/6 up up, un up, un

p/6 ...p/2 up, un up, un un

p/2 ... 5p/6 up, un up up, un

5p/6 ... 7p/6 un up, un up, un

7p/6 ... 3p/2 un, up up, un up

3p/2 ... 11p/6 un, up un up, un

11p/6 ... 0 up un, up up, un

Space Vector Modulation

Clamping of each Output 
Phase over a  ́/3-wide 
Interval for Minimizing 
Switching Losses
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Space Vector Modulation

601 /...pj=

Free-wheeling limited to Inverter Stage
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Identical Phase/Duty Cycle of Active Inverter Switching States (100), (110) in Űac and 
Űab
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Therefore, the  Calculating of the Relative On-Times of the Active Switching States 
of the Output Stage  can be directly Based on Ȋ
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Output Voltage Formation

Inverter Output Voltage Space Vectors Average Output Voltage

11max,2
Ĕ866.0Ĕ

2

3Ĕ UUU Ö=Ö=
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Variation of Ȋ  makes Necessary a Variation of the Inverter Modulation Index
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Resulting Input Current Space Vector
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Inverter Stage

Output Voltage Vector u2*
is Adjustable

Rectifier Stage

Phase of Resulting
Input Current is Adjustable

Applied Pulse Pattern is Specific for  Each 
Combination of Active Sectors(6 x 6 = 36 Cases) !

Space Vector Modulation
Summary
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Input/Output Voltage and Current Transfer
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Simulation Results
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Experimental
Analysis

7.5kW
400VAC / 50Hz
2.5kW/dm3
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Conclusions

ƴMatrix Converter Functionality can be Achieved
Employing Only 12 IGBTs  

ƴ High Reliability Due to Zero DC Link Current
Commutation

ƴ Lower Switching Losses than  Voltage DC Link
Rectifier/Inverter Combination

ƴ Relatively Low Output Voltage Range

ƴ ETHZ  Sparse Matrix ConverterTechnology
Evaluation Package  !



Coffee Breaké
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Dresden, Sept. 11, 2005

Modulation Schemes II
Frank Schafmeister

Conventional Multi -Step Commutation 

Zero DC Link Current Commutation (for SMC / IMC)

Optimized Output Stg. Clamping  

High Output Voltage  (HV)

Low Output Voltage   (LV)

Switching Loss Shifting (for SMC / IMC)

Reactive Power Coupling
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Equivalent Sw. States:  IMC  CMC
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Outline 
of Presentation 

Matrix Modulation Schemes

Conventional Multi -Step Commutation 

Zero DC Link Current Commutation (for SMC / IMC)

Optimized Output Stg. Clamping  

High Output Voltage  (HV)

Low Output Voltage   (LV)

Switching Loss Shifting (for SMC / IMC)

Reactive Power Coupling



45(178)

Commutation Strategy  for CMC / IMC:   Multi-Step Comm. 
Constraints: No Interruption of i

No Short Circuit of Mains Phases

Commutation
of  Matrix Converter 

(exempl.  i > 0,  uab< 0,  aA Ÿ bA)
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1st   Step:  off

Commutation Strategy  for CMC / IMC:   Multi-Step Comm. 
Constraints: No Interruption of i

No Short Circuit of Mains Phases

(exempl.  i > 0,  uab< 0,  aA Ÿ bA)

Commutation
of  Matrix Converter 
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1st   Step:  off
2nd Step:  on

Commutation Strategy  for CMC / IMC:   Multi-Step Comm. 
Constraints: No Interruption of i

No Short Circuit of Mains Phases

(exempl.  i > 0,  uab< 0,  aA Ÿ bA)

Commutation
of  Matrix Converter 
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1st   Step:  off
2nd Step:  on
3rd  Step:  off

Commutation Strategy  for CMC / IMC:   Multi-Step Comm. 
Constraints: No Interruption of i

No Short Circuit of Mains Phases

(exempl.  i > 0,  uab< 0,  aA Ÿ bA)

Commutation
of  Matrix Converter 
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1st   Step:  off
2nd Step:  on
3rd  Step:  off
4th Step:  on

Commutation Strategy  for CMC / IMC:   Multi-Step Comm. 
Constraints: No Interruption of i

No Short Circuit of Mains Phases

(exempl.  i > 0,  uab< 0,  aA Ÿ bA)

Commutation
of  Matrix Converter 
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1st   Step:  off
2nd Step:  on
3rd  Step:  off
4th Step:  on

Sequence Depends on 

(Measured) Current Sign !

Commutation Strategy  for CMC / IMC:   Multi-Step Comm. 
Constraints: No Interruption of i

No Short Circuit of Mains Phases

(exempl.  i > 0,  uab< 0,  aA Ÿ bA)

Commutation
of  Matrix Converter 
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Outline 
of Presentation 

Matrix Modulation Schemes

Conventional Multi -Step Commutation 

Zero DC Link Current Commutation (for SMC / IMC)

Optimized Output Stg. Clamping  

High Output Voltage  (HV)

Low Output Voltage   (LV)

Switching Loss Shifting (for SMC / IMC)

Reactive Power Coupling
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Commutation Strategy  for Sparse MC:    
Zero DC Link CurrentComm. (HV)

1/3 
Mains
Period

Pulse 
Period

Commutation
of  Matrix Converter 



53(178)

Commutation Strategy  for Sparse MC:    
Zero DC Link Current Comm. (HV)

u = uac

i = - iC

(ac)

u = uac

i =  iA

(100)

1/3 
Mains
Period

Pulse 
Period

Commutation
of  Matrix Converter 
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Commutation Strategy  for Sparse MC:    
Zero DC Link Current Comm. (HV)

u = uac

i = - iC

(ac)

u = uac

i =  -iC

(110)

1/3 
Mains
Period

Pulse 
Period

Commutation
of  Matrix Converter 
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Commutation Strategy  for Sparse MC:    
Zero DC Link Current Comm. (HV)

i =  0

u = uac

i = - iC

(ac)

u = uac

(111)

1/3 
Mains
Period

Pulse 
Period

Commutation
of  Matrix Converter 
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Commutation Strategy  for Sparse MC:    
Zero DC Link Current Comm. (HV)

i =  0

u = uac

i = - iC

(ab)

u = uab

(111)

1/3 
Mains
Period

Pulse 
Period

Commutation
of  Matrix Converter 
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Commutation Strategy  for Sparse MC:    
Zero DC Link Current Comm. (HV)

u = uac

i = - iC

(ab)

u = uab

i =  -iC

(110)

1/3 
Mains
Period

Pulse 
Period

Commutation
of  Matrix Converter 



58(178)

Commutation Strategy  for Sparse MC:    
Zero DC Link Current Comm. (HV)

u = uac

i = - iC

(ab)

u = uab

i =  iA

(100)

1/3 
Mains
Period

Pulse 
Period

Commutation
of  Matrix Converter 
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Commutation Strategy  for Sparse MC:    
Zero DC Link Current Comm. (HV)

1/3 
Mains
Period

Pulse 
Period

Simple & Robust 

because

Independent of 

(Measured) Current/Voltage Sign 

Minimum Output Stg.  

Free-Wheeling Interval has to be ensured

Commutation
of  Matrix Converter 
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Modified  
Modulation Schemes

ReduceConverter Losses& Widen SystemOperating Range(3 Schemes)

(Reduce Losses ReduceSwitching Losses)

Extend the BasicFunctionality of the MC-System  (2 Schemes)

Reduce Input Current Harmonics  (not treated here)

Note: Every Modulation Scheme has Advantages & Disadvantages

Reasonable Usage depends on Operating Condition

Why modifying the Conventional  (HV)  Modulation Scheme ?
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Basic Consideration 
for Drive Application

Example: 
Steady State Torque-Speed
Characteristicof a PMSM:

Operating Point 1: 
Nominal Load Torque mM = mM,N, 
Speed Near Zero  nMº0
Outp. Phase Displ. F2º0

Here:
Also Focus on  OP1

Operating Point 2: 
Nominal Load Torque mM = mM,N, 
Speed Near Zero  nMºnM,0

Outp. Phase Displ. F2 < 10°
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Basic Consideration 
for SMC Loss Minimization

Positions of ı2 and i2 Determine 
the

Semiconductorsbeing Subject to 
Power Losses  

Where do Switching Losses Occur ?

For Conventional Modulation:

Sw. Losses of Rectifier Stage 
neglactable

Sw. Losses in Inverter Stage Only
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3D ¬Characteristic, SMC
Total Local Losses of Transistor SpB

A Whole Input- & Output Period Combination is Represented (j18+}-p, j28+}-p)

Valid for 
Conv. (HV) Modulat., 
6 Sectors@ OP1
(fp = 20kHz)

Local Loss Maximum

Cond.Sw.
Sw.

Sw. 

&

Cond.
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3D - Characteristic
Practical Interpretation

Because of Thermal Time Constant tth :
Global AverageValueDetermines the Max. Load Currentfor Normal 
Output Frequencies(OP2)     &    Total Converter Efficiency

Local MaximumValue is Determining the Max. Load Currentfor Very Low
Output Frequencies(OP1)

Aim: 1.Reduce Global Average   Flatten Characteristic

2. Reduce Local Maximum  Equalizesector specific Levels 

Two Values of Loss Characteristic are Relevant:
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Outline 
of Presentation 

Matrix Modulation Schemes

Conventional Multi -Step Commutation 

Zero DC Link Current Commutation (for SMC / IMC)

Optimized Output Stg. Clamping  (1st Measure)

High Output Voltage  (HV)

Low Output Voltage   (LV)               (2nd Measure)

Switching Loss Shifting (for SMC / IMC) (3rd Measure)

Reactive Power Coupling
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1st Measure:

Optimize Output Stage Clamping

OP 1
(F2= 0)

6 SectorModulat. 12SectorModulat.
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OP 1
(F2= 0)

6 SectorModulat.

12SectorModulat.

Bccb`q lc 
Optim. Output Stage Clamping
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2nd Measure:

Reduce DC Link Voltage

Basic Idea:  Formation of DC LinkVoltage (u) from the Two Small
Positive Line-Line Input Voltages

Effect: Inverter Stage Modulation does Not Change, but 
Voltage being Switched]t Diq`mo`m¦n N`hd^ji_p^ojmn #u) 
Reduces Significantly

Sw. Lossesare Reduced Significantly

Max. Output Voltage is Reduced Low Voltage(LV) Modulation

Requirements: Positive DC Link Voltage(u) 

Sinusoidal Input Current (ia,b,cresp. i1) 

by Modifying Rectifier Stage Modulation

Rect. Stage Modulat.
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Outline 
of Presentation 

Matrix Modulation Schemes

Conventional Multi -Step Commutation 

Zero DC Link Current Commutation (for SMC / IMC)

Optimized Output Stg. Clamping  (1st Measure)

High Output Voltage  (HV)

Low Output Voltage   (LV)               (2nd Measure)

Switching Loss Shifting (for SMC / IMC) (3rd Measure)

Reactive Power Coupling
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Conventional vs. Low Voltage Modulation:
Basic Principle

Rectifier
Hexagon

ƴConventional
Modulation

HV

ƴLow Voltage
Modulation

LV

11II,max,2 UĔ5.0UĔ
2

1
UĔ Ö==

11I,max,2 UĔ86.0UĔ
2

3
UĔ Öº=

Reduction of Sw. Losses

to approx. 60%

=Öt1w

=Öt1w
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Analytic Equations:
Turn-On-Times & DC Link Volt. 

Considering:

idi aba=

iddi abbcb )( -=

idi bcc -=

and:

1=+ bcab dd

DC Link Voltage (Local Average):
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Conventional vs. Low Voltage Modulation:
Characteristic Quantities during a Pulse Period

One Input Phase (a) is Clamped to one DC    
Link Bus Bar (p)

Other Input Phases (b,c) are Switched   
to the remaining DC Link Bus Bar (n)

No Input Phase is Clampedto any DC    
Link Bus Bar 

OneInput Phase (b) is Switched between  
pos.(p) and neg.(n) Bus Bar

ĀCurrent Blocks of Both Polarities appear    
in One Input Phase (b)

HV LV
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Simulation,  HV  vs.  LV:
Characteristic Quantities

HV LV

Parameters:
ƴf1 = 50Hz
ƴf2 = 100Hz
ƴfP = 20kHz
ƴL = 1mH
ƴC = 9mF

ƴOutput Voltage     

Formation

ƴInput Current     

Formation
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Simulation Results,  HV  vs.  LV:
Sw. Losses, Common Mode Volt.

Switching Losses are reduced to
ė 25"

Common Mode Voltage is  
obar`ba ql  ė 42"

Switching Losses Output Common Mode Voltage

HV

LV HV
LV
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Simulation Results,  HV  vs.  LV:

Current Stress

Input Voltage Ripple Output Current Ripple

Input Voltage Ripple Doubles

Output Current Ripple slightly   
Reduced  

For a given Û2 (M12) the Component   
Current Stress Increases 
(Conduction Losses)

LV

HV

LV

HV

LV

HV
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OP 1
(F2= 0)

12Sector, HV Modulat.

12Sector, LVModulat.

Bccb`q lc 
LV ªModulation

- Û2,max=  ½ Û1

- DU1a,LV ė / .DU1a,HV

Higher Output Current (Torque) 
at Low Output Frequency(Speed)

+ PSw,LV ė -+25 . PSw,HV
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Outline 
of Presentation 

Matrix Modulation Schemes

Conventional Multi -Step Commutation 

Zero DC Link Current Commutation (for SMC / IMC)

Optimized Output Stg. Clamping  (1st Measure)

High Output Voltage  (HV)

Low Output Voltage   (LV)               (2nd Measure)

Switching Loss Shifting (for SMC / IMC) (3rd Measure)

Reactive Power Coupling
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ƴConventional
Modulation

HV
(LV)

ƴSw.Loss Shift
Modulation

HV, SLS
(LV, SLS)

i > 0 :

Sw. Losses of Most StressedInverter IGBT 
(SCn) are Split to Two Rectifier IGBTs (Sbnb, Scnc)

Ā For Low Output Frequency (Speed):
SCn is Not the Bottle-NeckIGBT anymore

ĀHigher Output Current (Torque)   
achievable

3rd Measure:

Shift Sw. Losses to Rectifier Stage & Split
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(ab) (110)

u = uab

i = - iC

Ʒ Shift Part of Sw. Losses to Input Stage

Ʒ Split Losses from One Output IGBT toTwo 
Input IGBT

More Equal Loss/Temperature 
Distribution

Higher Output Current (Torque) 
@ Very Low Speed

ƴConventional
Modulation

ƴSw.Loss Shift
Modulation

3rd Measure:

Shift Sw. Losses to Rectifier Stage & Split
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Ʒ Shift Part of Sw. Losses to Input Stage

Ʒ Split Losses from One Output IGBT toTwo 
Input IGBT

ƴConventional
Modulation

ƴSw.Loss Shift
Modulation

(ax) (110), FW

u = 0

i = 0

Turn Off Losses

More Equal Loss/Temperature 
Distribution

Higher Output Current (Torque) 
@ Very Low Speed

3rd Measure:

Shift Sw. Losses to Rectifier Stage & Split
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Ʒ Shift Part of Sw. Losses to Input Stage

Ʒ Split Losses from One Output IGBT toTwo 
Input IGBT

ƴConventional
Modulation

ƴSw.Loss Shift
Modulation

More Equal Loss/Temperature 
Distribution

Turn On Losses

(ac) (110)

u = uac

i = - iC

Turn Off Losses

Higher Output Current (Torque) 
@ Very Low Speed

3rd Measure:

Shift Sw. Losses to Rectifier Stage & Split
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OP 1
(F2= 0)

12Sect, HV Modulat.

12Sect,HV,SLSModulat.

Bccb`q lc 
Sw. Loss Shifting, HV - Modulation

SystemOverall Efficiency Stays   
Constant

- Works for i > 0 Only
-p/6 < f2< p/6 :  Regular Outp. Clamp.
-p < f2< p : SpecialOutp. Clamp.

Condition has to be Checked in Modulat.       
Algorithm
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OP 1
(F2= 0)

12Sect, LVModulat.

12Sect,LV, SLSModulat.

Bccb`q lc 
Sw. Loss Shifting, LV - Modulation

SystemOverall Efficiency Stays   
Constant

- Works for i > 0 Only
-p/6 < f2< p/6 :  Regular Outp. Clamp.
-p < f2< p : SpecialOutp. Clamp.

Condition has to be Checked in Modulat.       
Algorithm


