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Ultra High F
Research ); Higrhally Cligomprggtuency

Yy Extreme Temperatures

Electromagnetic Integration
Future Energy Distribution

All-SiC SparseMatrix -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.

Ultra-Comp. Telecom Power Supplies
Utility Interface for Drives
Series/ParalletRes. XRay-Generator
Piezoelectric Actuators

Magnetically Levitated Actuators/Sensors

i i i
Topics 2005 2010 2015
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Tutorial Schedule

y Introduction
y" Modulation Schemes |

Coffee Break
y Modulation Schemes Il

Lunch Break

y  Design Issues
Coffee Break

Comparison to BBC
Future Developments

<<

Eidgendssische Technische Hochschule Ziirich
Swiss Federal Institute of Technology Zurich

9:00 =-10:00
10:00-11:00

11:36-13:00

14:00-15:30

16:00-17:00
17:00-17:30
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MC Topologies. Modulation Schemes |

Johann W. Kolar

y' Conventional Matrix Converter
Circuit Topology
Basic Principle of Operation

y  Sparse Matrix Converter Topologies

Derivation of the Circuit Topology
Basic Principle of Operation
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Conventional ACGAC Matrix Converter (CMC)

Circuit Topology LN
a A
O ——0
b B
O
g ' —-—g

£
F :§®F—l = 0.866F Ya Y
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Conventional Matrix Converter

Mathematical Description
of the Basic Operating Behavior

Voltage Conversion Current Conversion

au,d asAa sAb sAcH au.§ a,0 asAa sBa sCag ai,§

®e"0 e 0.2°0 &0 e 0.2 0

abls 6=a8Ba sSBb sBcoQa, 6 ab, 6=a8Ab SBb sCbsQe; 6
0 0] 0 0 0 0

@C+ g%Ca sCh s c_g% 0 8?C+ g% c sBc ch_g?C+

gABC = § O gabc i_abc - §T C")._ABC
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CMC Practical Realization

Common Collector «
Connection of the ®
Bidirectional Switches

Separation of 1@ €' €' €' | €' €' €' 1@

Y 4

Components forming Gue Gz Gawr Gizr Gap Gar Guse Gzr Gase
a Bidirectional Switch "
GllN G:LZN Gl3N G21N G22N G23N G31N 32N G33N
K K G K303 K3 K K KR
. O ®
18 Power Transistors U Vv W

18 Gate Drives
6 Gate Drive Power Supplies
9 Collector Potentials
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CMC Power Module(eupec)

y 35 AIGBT3 Chips
y 7.5 kW
(100% Overloading
Capability )

y 6 Connection Islands

y 6 IGBT Islands

y Conventional
Module Technique

y Collector Connections in
Module Center

EconoPACK 3 | y 3 Equal DCBs

9' )  EUROPEAN
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Conventional Y Indirect Matrix Converter

Voltage Conversion au, 0 AspA SnAo o au. o
Splitted into Rectifier and &"0_ @ asap sbp scpg.ee” o
g | o8l 5= a8PB  SnByC 8Q8l, 6
Inverter Operation an sbn scn¥ o
%.9 &pc sncl ¢ & 0
¢le+ ¢SP Ce

g §\NR O §GR O gabc

au; 9
Uzk %p8:§GR O Uy

C-n+

y' Introduction of a Fictitious Rectifier and Inverter Stage

y' Fictitious DC Link Voltage / DC Link Current
y" Modulation as for DC Link Converters

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

3 EUROPEAN
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Laboratory

Basic Matrix Converter Topologies

o

oT

o0

Conventional

%,

o0 0T QW

Indirect
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Functional Equivalence of
IMC and CMC

Operation of the IMC is Restricted

to u,>0, Remaining Switching
States Identical to CMC

NoJA|B|C|Sna San Sac|SBa Ssb Sie|Sca Scb Scc| Uae Usc Uca

llalalal]l 0 0|1 O 01 0 0O|/0 O O[O OO
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3|c|clc/|0O O 1{0 O 1|0 O 2/0 O OO0 O O
4lalclc[1 O 0|0 O 1{0 O 2|-Uas O Uqplian O -ip
5|bjcfc/[|0 1 0|{0 0 1|0 0 1 |Uyc O -Uy| O ip -ia
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8|c|lblb[O0 O 1|{0 1 0{0 1 Of-U O Uy|O -ia ia
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14|bjc|b|0 1 0|0 O 1[0 1 O Uy -U O[O -ig ip
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16{cjclal|0 O 1[0 O 11 0O 0|0 Ug -Uglic O -ic
17|c|c|b|O O 1|0 O 1|0 1 O ~Upe Unc| O ic -ic
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20|blbfc|0 1 0|0 1 0|0 O 1|0 Uy -Uy| O -ic ic
2l|blblaj]0 1 0|0 1 0|1 O O| O -Uyp Uplic -ic O
22abc100010001uahuhpucaiAiBic
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Sparse Matrix Converter JSK JEJJ I
a I ¢ AE NS

: | rCyYyKy

/\l RJEFUE';R

Derivation of
the SMC Bridge $pa o]
Leg Topology

Sap o—

Sap o—l

Sna o—|

San o—l

As the operation is restricted tou,,>0a blocking of S, within the turn -on interval of
S,p IS not required and both transistors could be combined in a single transistosS,
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Sparse Matrix Converter Topologies

RN AP .
K& K& é |
. iaWEF!WEF!WS_i RIRTRT &
O —= O
b B
O O
Bidirectional § - I
Sparse Matrix Converter c
(SMC) = ; ; —; JKIKJ I,Ji(lx
A RERTRT |
n
, . . 'Krinf_i i "HIJK R y
Fql ('%,4‘%) o | O
Fol (- Z,+%) 5 x -5
C C
O : O
(USMC) :
Unidirectional @; ; E JKIUK FICF
Ultra Sparse Matrix Converter 2 N
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I =1 o

USMC Relation to O f = + % =
Three-Phase Buck+Boost % | .
PWM Rectifier L —

—@—o—-— ==+ + J# ==+
%f M +'# > -

@ N T ! T
Modular £ .
-
# L i| D Iy

dot] o0 <4
u Uy

C
Direct ThreePhase jﬂ e

w5  EUROPEAN
POWER
ELECTRONICS

oves  16(178)

ETH

Eidgendssische Technische Hochschule Ziirich
Swiss Federal Institute of Technology Zurich




“1C I Power Electronic Systems
I —d Laboratory

Three-Phase Buck+Boost
Experimental Analysis

BKW
| -5 1,5/5@iz
400V

Load Step

2.76kwWY
5.52kW

Eidgendssische Technische Hochschule Ziirich
Swiss Federal Institute of Technology Zurich
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?}i
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2 S5 ms 10.0mW 3 5 me
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Commutation Strategies

SP@EE?L

L S S I

Sa _——l__l>0
Spa_l: | E
I E s
S,

n (a) 0 4t 3

(©)

Multi -Step Commutation

ETH

Eidgendssische Technische Hochschule Ziirich

50,

Sapa o—ie 87

Sana o—t
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Sparse Matrix Converter Topologiescont.

Very Sparse
Matrix Converter
(VSMC)

Four-Quadrant Switch
IXYS FIO 502BD

Inverting Link Matrix Converter

ETH

Eidgendssische Technische Hochschule Ziirich
Swiss Federal Institute of Technology Zurich
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Classification of AGAC Converter Topologies

AC-AC Converter

DC Link Energy Storage No DC Link Energy Storage Matrix Conve
I |
I |
VSR/VSI CSR/CSI Conventional (Direct) Indirect

Sparse Very Sparse Inv. Link Ultra Sparse

Converter . . Isolated Driver
Transistors| Diodes )
Type Potentials

CMC 18 18 6
IMC 18 18 8
SMC 15 18 7
_ _ VSMC 12 30 10
Realization Effort USMC 9 18 7

¥ EUROPEAN
POWER

ETH

Eidgendssische Technische Hochschule Ziirich
Swiss Federal Institute of Technology Zurich
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Multi -Level SMC

iy £y 49 A
hhiEER
vk ¥ J J J

—

L

t RIXEIRI IS
K‘IJK‘IJK‘I t
Yi Y& ¥ ‘Kff ‘Kff ‘JKQT

Three-LevelOutput Sparse Matrix Converter

N

21178)

Eidgendssische Technische Hochschule Ziirich




“1C I Power Electronic Systems
I —d Laboratory

Multi -Level CMC

a b c Switching cell I

ﬁ i i H o T
Ll,a Ll,b Ll,c L SN B S T

L

]

Switching cell | / I

S ’EIL 1L & S ]EIL L& x ]EIL L& ’:EL 15:‘_
5 ’EIL J z: T 5 ’EIL Jl:l‘ 5 T x IZIL Jli‘ S T Ly A

o A
li;lL I & lill:lL L& lilElL L&
S ’EIL J 2: T S ]EIL Jl; S T x FIL JH‘ S T L,

mm— B
HFIL L& HFIL L& KIEIL L&
K?]L J x_ T ZEIE]L J z:_ T lilElL qu: T L, ¢

m—— C

Family of Multi-Level CMC Topologies
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Double-Bridge Matrix Converter

a la A4
o o

5 ” oL

C C

o o

Non-Sinusoidallnput Current
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Three-Phase ACAC
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

1 Lower Output Voltage Range
T More Complex Modulation

ETH

Eidgendssische Technische Hochschule Ziirich

I W W
YKk ¥ inA

on O 0

y
PR R,

A 4 \ 4

B al\

:,K[z

SpB

:JK‘ X

SpC

:JKIZ

. ,J};l 'y
(@)

Sbnb Senc n
L; L>
o—mm P} —L H ] )
| P |
U; T U Uz
o . o (a)
L L
i I S A S) -
A
Uzl TCI ! lU LUZ
o . 5 o (M
L; L
o T —L @P—Q; T ]
UIl Ci lU le
o o (o

Swiss Federal Institute of Technology Zurich

EUROPEAN
‘575 S power
ELECTRONICS
AND
DRIVES
AL <

24(178)



ystems

Power Electronic S
Laboratory

System Behavior
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Space Vector Modulation

Clamping of a Phase
Input to porn

Input Voltages

u, = LE cosimnt)

Uy, :U:Zlcos@/lt- 2013)

U, :LElcosQ/vlt +2p13)
ETH

Eidgendssische Technische Hochschule Ziirich
Swiss Federal Institute of Technology Zurich

J 1=t Up Un u

0..406 Ua Up, U Ualy Uac
a6 ... o2 Us, b | U Uac, Unc
,a’2 W6 Up Ua, Lk Upa, Ube
5/]’6 7,0’6 Up, U Ua Upa, Uea
7,d6 30’2 Uc Ua, U Uca, Uch
302 .16 | Uy W Up Uab, Ueb
l].,d6 .. 0 Ua Un, U Uab, Unc
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Space Vector Modulation

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

J =wst Uy Ug Ug
0..46 Up Up, Un Up, Uh
p6 .02 Up, Uh Up, Uh Un

a2 .. 506 Up, Lh Up Up, Uh
546 ... 106 Un Up, Uh Up, Uh
746 ... 32 Un, Lh Up, Uh Up

302 ...11d6 | Un, b Un Up, Uh
1146 ... 0 Up Un, U Up, Un

ETH
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Space Vector Modulation

Intervals considered

j1=0.p/6 J2=0.p/6
Freewheeling limited to Inverter Stage
dap +dac =1

Uac Uac
Local Average Value of Input Currents i} lal
la :(dab+dac)|’ I :dabl’ I :dacl )
i
Ohmic Fundamental Mains Behavior .
- Sapa AN TN Sy
cosi; =1 Shot S T s B R R
bl - - Sepe
Relative Turnon Times Senc
= - 54 —_— —
i u i u 58 ]
— C — C . —_ b — b 1 ; :
dac_'.—__'_a dab—'___—'— sC § ! |
I Uy I Uy & L8
Time Intervals : il :’ﬁ %:__ iidd
Lac = Uaclp/ 2 fap=daplp/2 who ;Tp‘ B
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Identical Phase/Duty Cycle of Active Inverter Switching States (100), (110)Jpand

U
t [
_ “(100,ac _ (100,ab -2
daogac = ; = d0g.ab = o =109 Uiog = 3U ,
frac ¢ =
_‘@119,ac _ (11() ab -2 3
0'(110 ac — f = d(llQ,ab = £ = 0’(110 9(110) zue
ac a

Generated Output Voltage Space Vector
2 P P
J I3

* _ 3
92 Tp (uact (100),ac + uab[ (100,ab + Uyc€ [(110) ac + Uap€ t(llO) ab)

.,0 p

(Uacf ac@a00) * Yarf bel(100) + Uacd acd(llo)e + Uyt hed110)€ °

p
t tan t tan
% (uac 1_.6;.(; * Ugp i)d(loo) + % (uac ﬁ T Ugp lTp )e d(llO)
2 2
g

2
2
*

_ 3
u
=27 Tp
2

2
_2 J
=3 (Uaclac + Uapdapn) oo + % (Uaclac + Uapdap) € 3 digag)-

Local Average Value of the DC Link Voltage

u= uabdab + uacdac p

Output Voltage Space Vector U, = 500109 +5 be’ 3di119 p
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Therefore, the Calculating of the Relative Oflimes of the Active Switching States
of the Output Stage can be directly Based o

: t = LT,—2u.cos(, %
d(lOQ = L%COS(' 5 +%) (100)ac \/é P Lﬁlz C (./2 6 )
10
2 e
R e
: - 17 2 ;
Ourg =% '?Ulsinf 2 ! (100)ab = @TP 1 u,cos(p &)
2
[ 110)ac = 1 Lﬁz u sin /2

. _ 1 2 . x
1

Local Average Value of the DC Link Voltage

_ 1 =
u=3 Ui, = 3/2UF
Output Voltage System UA* :LE; cosit +/ ;)
:LE;cosQ/vzt- 2L +f,)
& 3 uC* :LEZCOSM/Z’[ +2 4/ )
Voltage Transfer Ratio M ==2¢ 1=
2

=
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Output Voltage Formation

(110)

d¢100) U (100),ac

Inverter Output Voltage Space Vectors Average Output Voltage
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Variation of I makes Necessary a Variation of the Inverter Modulation Index

lu,| 4
= =% = ——=cosut
15 3 E (t)

Input Current Formation
Load Phase Currents iy = EZCOSQ/VZ'( +F ,)
ig = IEZcos(WZt- 2L +F,)

ic = ECOSQ/’/zt""Zg‘?"'Fz)

Verify Equal Local Average Valuéof the DC Link Current inU,. and U,

i_ac = A(i Ad(loo,actac - icd(ll(),act ac) = iAd(loo - icd(llo

B tac
i_ab = é(i Ad(loo,ab[ab - icd(llq,abfab) = iAd(10() - icd(ll()
- _ e _ e _ 3 E _ E LEZ
| =l,c =l =3 Mpl5 Ccosk , = 5 —cosk , cosfnt)
1
Variation of Input Stage Modulation Index due to Varying Q

:lillz 1

I COSWlt & 5 cnoven
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Resulting Input Current Space Vector

i, |=im =K-2cosF,cosput) —— =K
3 coswst

Resulting Input Phase Currents

i, = Ecosit)
i, = Ecosgut - 22)

i, = Fcospt + 22)
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Space Vector Modulation
Summary

Rectifier Stage

Phase of Resulting
Input Current is Adjustable

Inverter Stage

Output Voltage Vector u,*
Is Adjustable

Applied Pulse Pattern is Specific for Each
Combination of Active Sectors(6 x 6 = 36 Cases) !
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Input/Output Voltage and Current Transfer

. . my =cost(wit) my= }J—_z -4 Uwzcos(wlt)
E=mi=3mm,Ecos 20 3Gy
1 4 2 2 T L [ T
IEl — 3 \ - - - :
_IEZ__ZnHmZCOSF2 U1—T—> (% u A A —:»(J\z
— —
| |
. . o | ] | !
3 1FI:U|:§L%IEZCOSF2 - miesrp 3 |
- - n | | A
&_E 1 _, m |1 X — X |<1—|2 cogF2)
E___IEFF_ZM > (cogF1) = 1) i i
02 2 | Matrix Converter

Voltage and Current Transfer Ratio M =3mm,

codi;=1 B =M  MIi (04/3/2) U5 =M U5 cosF
F%ZMF%COSFZ
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Simulation Results

MLLWWJ» LLL«%W llf Q%/L\K"L\K/ L~ :::l\ i,
] | §7fﬁ7f?TE7J B 11—
P b " E/ X o

VAT SREL.- - JNf

0 0.01 0.02 01 0.02 0 0.005 0.01
/:\\ I IB
i,U l}/ﬁ l\k gyl
NS~ \\/ \\7/
o g Ug l'sopa

\\ y lo T L
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Experimental N
Analysis -~ . o Ltk
4 il
il
7.5kW |

e
\H‘HMHM\H”

400V -/ 50Hz -

2.5kW/dms3 <] 1w~ i

7

MHH\HUH\HHH‘H\H\HH\‘\HHH ‘W\H\M\HHH Il
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(a)
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Realization of the Iy me=10A

0,04
Input Stage
@ 30°
g 008 1 geor @
Relative Conduction Losses 8o 0%
of Input and Output Stage (M,=1) g Wm @ e (5)
;-_E 0,01
0,00 - -
output input
stage stage
o @)
oo7 H™¢
0,06 1
g 0,05 1
% 0,04
20
3 002
0,01 1
- output input
stage stage
1, 1m=20A
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Conclusions

y" Matrix Converter Functionality can be Achieved
Employing Only 12 IGBTs

Yy High Reliability Due to Zero DC Link Current
Commutation

Lower Switching Losses than Voltage DC Link
Rectifier/Inverter Combination

Relatively Low Output Voltage Range

- <<

ETHZSparse Matrix Convertefechnology
Evaluation Package !

9' )%  EUROPEAN
I ELECTRONICS
Eidgendssische Technische Hochschule Ziirich /. AND
Swiss Federal Institute of Technology Zurich ‘ L oaves 39(178)
By







“1C I Power Electronic Systems
I —d Laboratory

Modulation Schemes ||
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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Voltage Transfer Matrix Scyc

aspA snAo

B pae
1-O: O ele)

&
-
g%pc snC?

@]

S O

Uac = Slny

Upasc = Scme

Current Transfer Matrix Scyc

labe™ Scme
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Equivalent Sw. States: IMC CMC
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\#
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alB

= = =
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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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Nl et s Commutation

of Matrix Converter

Commutation Strategy for CMC /IMC: MulttStep Comm.
Constraints: No Interruption of |
No Short Circuit of Mains Phases
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Nl et s Commutation

of Matrix Converter

Commutation Strategy for CMC /IMC: MulttStep Comm.

Constraints: No Interruption of |

No Short Circuit of Mains Phases

1st Step: off
< Ty il

& u ‘éiﬂ @LJKLKI y
5 5 -5
¢ RpARgn § - -
O“J P IS K x K &N &
) L 5 2i il AT

N

G (exempl. i >0, Ua< 0, aAY bA)
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Nl et s Commutation

of Matrix Converter

Commutation Strategy for CMC /IMC: MulttStep Comm.
Constraints: No Interruption of |
No Short Circuit of Mains Phases

1st Step: off
2nd Step: on
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Nl et s Commutation

of Matrix Converter

Commutation Strategy for CMC /IMC: MulttStep Comm.
Constraints: No Interruption of |
No Short Circuit of Mains Phases

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

Commutation Strategy for CMC /IMC: MulttStep Comm.
Constraints: No Interruption of |
No Short Circuit of Mains Phases

1st Step: off
2nd Step: on
3rd Step: off
4th Step: on ) it i
S &% i l
& u " %Ei " @ Krkt y
C O
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Nl et s Commutation

of Matrix Converter

Commutation Strategy for CMC /IMC: MulttStep Comm.
Constraints: No Interruption of |
No Short Circuit of Mains Phases

1st Step: off =¥ Sequence Depends on
2nd Step: on S
3rd Step: off (Measured‘)_.Current Sign |
Ath Step: on ) it l
o o9z J'e l
& u " %Ei " @ Krks y
C O
b b B
O (@' O
c C
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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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Swiss Federal Institute of Technology Zurich
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el Ity o wymems Commutation
of Matrix Converter

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

K] | o s %

Pulse
Period

00 O 0%
=
O Oy O
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el Ity o wymems Commutation
of Matrix Converter

Commutation Strategy for Sparse MC.:
Zero DC Link Current Comn{HV)

(ac) (V[ Pulse
4 = 7 Period
5
C
< A A

1
I
Sei 3
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el Ity o wymems Commutation
of Matrix Converter

Commutation Strategy for Sparse MC.:
Zero DC Link Current Comn{HV)

Pulse
Period

N
g YK v v ’él
b u PR |
C ¢ I"_;P
K[ ) aTarat ==
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el Ity o wymems Commutation
of Matrix Converter

Commutation Strategy for Sparse MC.:
Zero DC Link Current Comn{HV)

P

iy 13
]
5 u 5
c | C
© A A A
K] R ERR
Z 3 -
n
U= Uy
=0 "
" |
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el Ity o wymems Commutation
of Matrix Converter

Commutation Strategy for Sparse MC.:
Zero DC Link Current Comn{HV)

R A S
AY AvY
]
(ab) K] | K] (K] \JE}@\L@} (111) Pulse
4 u b
c C
© A A A
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¥ Y
n
U=ty
1= 0
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Nl et s Commutation

of Matrix Converter

Commutation Strategy for Sparse MC.:
Zero DC Link Current Comn{HV)

Pulse
Period

@by (N ] ] (e }@g K& (110)

on oo~ QQ

e e e
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H HE L 3 74
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el Ity o wymems Commutation
of Matrix Converter |

Commutation Strategy for Sparse MC.:
Zero DC Link Current Comn{HV) 0K —

a y ) 4 Period
s, erio
G
C
O
CH i
SA :
s !
SC ]
8 P
g | 5 7
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el Ity o wymems Commutation
of Matrix Converter

Commutation Strategy for Sparse MC.:
Zero DC Link Current Comn{HV)

Pulse

=» Simple & Robust
Period

because

Independent of
(Measured) Current/Voltage Sign

=% Minimum Output Stg.
FreeWheeling Interval has to be ensured o ——
;
: s | 7
ETH Yo e
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Modulation Schemes

Why modifying the Conventional (HV) Modulation Scheme ?

ReduceConverterLosses& Widen SystemOperating Range (3 Schemes)
(Reduce Losses = ReduceSwitching Losse$

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

Reduce Input Current Harmonics (not treated here)

Note: Every Modulation Scheme has Advantages & Disadvantages
= RcasonableUsage depends on Operating Condition

Eidgendssische Technische Hochschule Ziirich
Swiss Federal Institute of Technology Zurich
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Basic Consideration

Example:

for Drive Application

Steady StateTorque-Speed

Operating Point 1:
Nominal Load Torquem,, = my, \,
Speed Near Zeron,,| 20

Outp. Phase DisplF> 20

Operating Point 2:
Nominal Load Torquem,, = my, \,
Speed Near Zerony, 2 ny,
Outp. Phase Displf>< D°

Characteristicof a PMSM:
HH.-'"'HMQ
& ' M;n:l
1 13
_.—-—""'_._rr ol
Operating Point 2
36k
0.75
23 b
0.5
1/2
153 1
0.25
I'6 1 Operating Point 1
M>,=0.02 ot
.............. PR S——— e — Al ¥
-1 2243 -1/3 0 1/3 273 E
=L/ N
ETH
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el Ity o wymems BasicConsideration
for SMC _Loss Minimization i.=o
B (p=m/3
) ) '\itz,(fm)
Where do Switching Losses Occur ? \
I \\\
For Conventional Modulation: . p
/ o,
= S\. Losses of Rectifier Stage i)/
neglactable /
b{vf
== SW. Losses in Inverter Stage Only
P P
St Sea] | 5oz
x J =
it A is A
-0 ' O
B B
O O
Positions of1_, and i, Determine Se., ic Se., ic
the Dy K Duazs Dusze K
Semiconductorsbeing Subject to
Power Losses T n
ig>0
ETH off A o
e e i CHIE 5.7 o




el Ity o wymems 3D = Characteristic, SMC
Total Local Losses of Tra

=_=_vYoyugvoow Ui LI B~ |

D

alid for

onv. HV) Modulat.,
Sectors@ OP1

f, = 20kHz)
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el Ity o wymems 3D- Characteristic

Practical Interpretation

= Two0 Values of Loss Characteristic are Relevant:

Because of Thermal Time Constartti:
Global AverageValue Determines the Max. Load Currentfor
Output Frequencies(OP2 & Total ConverteEfficiency

Local MaximumValue is Determining the Max. Load Currel
Output Frequencies(OP)

2. Reduce Local Maximum Equalizesector specific Levels

Eidgendssische Technische Hochschule Ziirich

Swiss Federal Institute of Tech
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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

Eidgendssische Technische Hochschule Ziirich
Swiss Federal Institute of Technology Zurich
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I'lEE E;)i\;\(l)erraﬁl)er;tronlcSystems Ist Measure:

e 4 P LI L

6 SectorModulat. 12SectorMaodulat.
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Optim. Output Stage Clamping

12SectorModulat.

6 SectorModulat.

orPl
(Fz= )0

ETH
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. ~)
T g Coystems Znd Measure:
Reduce DC Link Voltage

by Modifying Rectifier Stage Modulation

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

Effect: Inverter Stage Modulation doesNot Change but
Voltage being Switched] t Di g mo m; nuN hd?"
Reduces Significantly

= S\. Lossesre Reduced Significantly
= Max. Output Voltage is Reduced == Low Voltage(LV) Modulation

Requirements: Positive DC Link Voltage(u)
Rect. Stage Modulat. Sinusoidal Input Current (iapcresp. i)
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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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el Ity o wymems Conventional vs. Low Voltage'Modulation:

Basic Principle Rectifier

y Conventional B Hexagon

Modulation 7,
el — ]
HV 20

(ba

‘ (ca
mwy Q= -n/3 /6 0 +7/6 +7/3
y Low Voltage ‘
Modulation %

LV

e M e M = Reduction of Sw. Losses
wy = -3 /6 0 +7/6 +n/3
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Considering:
_a = dabi_
= (dbc - dab)i_
c— " dbci
and:
dab + dbc =1
Ig ~ Uy
I, ~u, (f1=0)
lc ~ Ug

ETH

Eidgendssische Technische Hochschule Ziirich
Swiss Federal Institute of Technology Zurich

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

Turn-on-Times:

Tk
T 100),ab :T;G;U'E—U cos{ ,+§)
t110,ab :T_p_L'é_u aSiNg ,)
CE
110.6c :T_p_'—( Us)sing )
CRS
t100bc = T;EE—( ¢)COS( , +{)

DC Link Voltage (Local Average):
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POWER
ELECTRONICS
AND

DRIVES 71178)




el Ity o wymems Conventional vs. l.ow Voltage'Modulafion:
Characteristic Quantities during a Pulse Period

HV o ab o e vV e war___
A
x_-iA.-'.:fE’i___-_::"C_'.bj:_ B
P
One Input Phase &) is Clamped to one DC NO Input Phase isClampedto any DC
Link Bus Bar) Link Bus Bar
Other Input Phases §,0) are Switched One Input Phase D) is Switched between
to the remaining DC Link Bus Bam( pos.() and neg.(n) Bus Bar
A Current Blocks of Both Polarities appear
in One Input Phaself)
ETH g mE

Eidgendssische Technische Hochschule Ziirich J l AND
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el Ity o wymems Simulation, HV ws.[[LV:
Characteristic Quantities

HV i LV i

PPPPPP yOoupuvoage | :

| di ‘ \H iy ‘“ ‘
0 ™ e l

‘ HHH“HNHWH. Jl | I ‘ HH“H““‘IM\I\ uuHIHH‘H“HH“ »

0 Sms 10ms 15ms 20ms 0 Sms 10ms 15ms 20ms

y Input Current

i |
L L O
. i

; EUROPEAN
ETH o AL
ELECTRONICS
Eidgendssisch hnische Hochschule Ziirich AND
Swiss Federal Institute of Technology Zurich DRIVES
<

Parameters:

y f1=50Hz

y f2=100Hz

y fp = 20kHz

yL=1mH

y C=9nfF ’ m toms toms 20ms
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el Ity o wymems Simulation Results, HV VS['LV:
Sw. Losses, Common Mode Volt.

Switching Losses Output Common Mode Voltage
0.8 | T T | 300 I |
0.7 HV =n/4 =
PSw,r — :i———i;%——i?" 250 \ |
0.6 ¢>=0 N U0.RMS . ~
05 | | B [V] 200 ¢2¢n/3§?\5\¢2{.\ |
0.4 AlVa o 4 4 GA - 150 LV A~ ‘1’2:"/4\5\'_'\/ |
$>=0 7 QE
0.3 100 tl
0.2 ; I |
0.1 - - R 50 N
0 0
0 0.2 0.4 0.6 0.8 Mo 1 0 0.2 0.4 0.6 0.8 M2 1
Switching Losses are reduced to Common Mode Voltage is
e 25" obar ba gl e 42°
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“1C I Power Electronic Systems

I —d Laboratory
Input Voltage Ripple
1.6 ‘ | |
/_\U]a,RMS,rL $2=0 R

0.6 HV_ & $2>=mn/4
0.4 I?’/‘E"/

4 \
1.2
1 LV
0.8 /"’—jﬂ

0.2 -
0

0 0.2 0.4 0.6 0.8 prpol
HV

1Sa, I +

iSpd, 1|

iSa, 1 |

1

Mj2

ETH

Eidgendssische Technische Hochschule Ziirich
Swiss Federal Institute of Technology Zurich

Simulation Results, 'HVvvsLLV:

Output Current Ripple

0.6

0.5
AI2A,RMS,r
0.4

0.3

0.1 —

0

0 0.2 0.4 0.6 0.8 1
Mj2

Input Voltage Ripple Doubles

Output Current Ripple slightly
Reduced

For a givenU2 (M12) the Component
Current Stress Increases
(Conduction Losses)
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“1C I Power Electronic Systems ©
I — Laboratory BccCb g | C

LVV@ Modulation
12Sector, LVModulat.

+ PSW,LV e - ‘|P8?N5\/
= Dz,max: 15 Ul
- DUiawv € -DU1anv

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

12Sector,HV Modulat.

orPl
(Fz= )0

ETH
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Power Electronic Systems .
FEE Laboratory Out“ne

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

Eidgendssische Technische Hochschule Ziirich
Swiss Federal Institute of Technology Zurich
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“1C I Power Electronic Systems

I —d Laboratory

3rd Measure:
Shift Sw. Losses to Rectifier Stage & Split

gl _Uab. _ g=——=——= I{af_ = Uab Uac P, lr .
Sapa Y ]j! SPA SpB iSpC(
u u L0 K] ] KK Jm@ .
i ig | id 2 ;A A
- -iC -iC ) i(’ | —iC 8 I= A YA )
l“"TT ————— = it-=f----- —==t---- b\ i is |B
. . O > U -
i , i 0 ‘ . -
b b ! ‘ C l(,; ic C
) SRR ) — T I BT T4
apa Lo apa L | 1 0 P i .
| ‘ w — 1 ug lue | = RS X X
Sbab| ] Shnb ( ) ~ { ! ng "J|< 'JI< < K\é 3El)it HC| U
i ' Ev \ J: h 4 'gﬂ.?]i \J \ 4
Scnc - | Scne P ) | Q n < y ’ i
‘ — T — !
SpA : : SpA I ‘ ‘ 0 S
Apld | A | Anld l l .
s ¢ n
sisie 5 5 s g B L Sw. Losses oMost Stressedinverter IGBT
gigici 218 & £ £ £ g (Sn) areSplit to Two Rectifier IGBTS $onb, Sno)
t“=0 ziTP tp_=0 2,iTp
_ _ A For Low Ouput Frequency (Seed):
y Conventional y Sw.Loss Shift Scnis Not the Bottle-Neck|IGBT anymore
Modulation Modulation
HV HV,SLS A Higher Output Current (Torque)
(LV) (LVSLS achievable
ETH A Eomarean
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“1C I Power Electronic Systems

N
I = Laboratory ad Measure:

3 Shift Part of Sw. Losses to Input Stage

3 Split Lossesrom One Output IGBT toTwo
Input IGBT

ETH

Eidgendssische Technische Hochschule Ziirich
Swiss Federal Institute of Technology Zurich

> & Split

y Conventional v Sw.Loss Shift
Modulation Modulation
A — L tgh. tue

u u 0
da o id id | i4
N O fol -ic T -i¢ L -iC
l+-4d=-%--=--=- ===1 — — — — 1 R ey = — —
i — i 0
1 — 11
Sapa| . : 0, Sapa S —
Sbnb | | | Sbnb ____
Scne 1 l i ‘ Sene | :
SpA L Spd L
SpB 1AL NI | SpB 1 ‘ |

1‘%.a' Pt .

S S . e :
sisis v vl og sisi B gl
gz 2 =2 g g & 2. 2
S A A R St S =
=0 ITp fy=0 175

= More Equal Loss/Temperature

Distribution

= Higher Output Current (Torque)

@ Very Low Speed

K
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“1C I Power Electronic Systems

N
I = Laboratory ad Measure:

, .
v i f
(ax) ] ] (L & g 4 (120), Fw
a 4 \ 4 YA — - »ﬁl
5 u ab
C ‘%
© A A A /“
K JE; K] "JK Y t\JIE#
Y3-'Y42 ¥
..' n
u=0
i i=0

Turn Off Losses

> & Split

Shift Part of Sw. Losses to Input Stage

Split Lossedrom One Output IGBT toTwo
Input IGBT

ETH

Eidgendssische Technische Hochschule Ziirich

y Conventional v Sw.Loss Shift
Modulation Modulation
il _Uab_ _ pm——— L Uab Uac
u u 0 |
ia o4 i : i
it-4}-r---F==f---- ir-d=f----- ———t----
I B il 0
— : — 1
Sapa| i 0| Sapa|__.¢ 3 0.
Sbab| Shrb |4 _
Senc : : l i ‘ Scne 7 |
SpA - i ! 1 SpA
SpB L | SpB — l
SpC L I I SpC— .
WL i i
e - : Ca - 5 3
sisis oy oy sisi B 0 ogi o
g8z 2.2 % ge = g g
CES S S S S5 S 8 &
=0 1Tp fy=0 1Tp

=

=

More Equal Loss/Temperature
Distribution

Higher Output Current (Torque)

@ Very Low Speed 5 '
“ g S
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Laboratory

3rd Measure:

A . Turn Off Losses
i i ““
— P
(ac) JI< ,.JI\/,; .,J|< K % é J & (110) y Conventional
a YX Y& v&x | o A Modulation
4 ) u
é u !gg L _Uab_ _ e ——
§ < i | s
A Kt/“# ii‘%T______'fC_ _____
r W o - |
T4l \IE T
Y Spa Ly
Shnb i i 3 %
* Scne : : l i ‘
RS SpB RN |
o SpC E ! ;3 % lj §
Turn On Losses s
3 Shift Part of Sw. Losses to Input Stage tufos ST i

ETH

Split Lossedrom One Output IGBT toTwo

Input IGBT

Eidgendssische Technische Hochschule Ziirich

Swiss Federal Institute of Technology Zurich

> & Split

vy Sw.Loss Shift
Modulation

Uab ac

~

-iC

Sapa
Sbnb
Sene
SpA
SpB
SpC

T(100), ab
Ta10), Fw
T(110), ac
T(100), ac

Iy -
© gyl k|

N
=
Nl

=P More Equal Loss/Temperature

Distribution

= Higher Output Current (Torque)

@ Very Low Speed 5 g
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“1C I Power Electronic Systems

I = Laboratory BccCdb. . g | C
Sw. Loss Shifting, HY Modulation

12Sect,HV, SLSVIodulat.

SystemOverall Efficiency Stays
Constant
= Works fori >0 Only
-p/ 6f2<< p RégularOutp. Clamp.
-p &< p SpecialOutp. Clamp.

Condition has to be Checkedn Modulat.
Algorithm

2n
3

12Sect,HV Modulat.

orPl
(Fz= )0

ETH
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|-IEIJ- E:l\:éerraféer;tronicSystems B CC b N q I C
Sw. Loss Shifting, LYModulation
12Sect, LV SLSViodulat.
SystemOverall Efficiency Stays
Constant

= Works fori >0 Only
-p/ 6f2<< p Re&gularOutp. Clamp.
-p &< p SpecialOutp. Clamp.

Condition has to be Checkedn Modulat.
Algorithm

12Sect,L\VModulat.

orPl
(Fz= )0

ETH
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