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m Ultra High Frequency
ResearCh m Highly Compact
m Extreme Temperatures
Electromagnetic Integration
Future Energy Distribution

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.

Ultra-Comp. Telecom Power Supplies

Utility Interface for Drives

Series/Parallel-Res. X-Ray-Generator

Piezoelectric Actuators

Magnetically Levitated Actuators/Sensors
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Tutorial Schedule

m Introduction
m Modulation Schemes |

Coffee Break
m Modulation Schemes Il

Lunch Break

m Design Issues
Coffee Break

m Comparison to BBC
m Future Developments

Eidgendssische Technische Hochschule Ziirich
Swiss Federal Institute of Technology Zurich

9:00 —10:00
10:00 — 11:00

11:30 —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

m Conventional Matrix Converter
Circuit Topology
Basic Principle of Operation

m Sparse Matrix Converter Topologies

Derivation of the Circuit Topology
Basic Principle of Operation

i EUROPEAN
ETH AR
ELECTRONICS
Eidgendssische Technische Hochschule Ziirich ! AND

Swiss Federal Institute of Technology Zurich ‘y DRIVES 6(178)
N o\




“1C I Power Electronic Systems
I —d Laboratory

Conventional AC-AC Matrix Converter (CMC)

Circuit Topology SN
a A
o, ——0
b B
O
g ' —-—g

%
U, e :@Ulzo.see-ul N
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Conventional Matrix Converter

Mathematical Description
of the Basic Operating Behavior

Voltage Conversion Current Conversion

U, sAa sAb sAc) (u, I, sAa sBa sCa) (i,

u; |=|sBa sBb sBc|-|u, I, |=| SAb sBb sCb |- ij

Uc sCa sCb sCc) \u, I sAc sBc sCc) \ic
. T -

Upsc = S Uane labe = S " lasc
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CMC Practical Realization

Common Collector
Connection of the
Bidirectional Switches

Separation of
Components forming
a Bidirectional Switch

18 Power Transistors

18 Gate Drives

6 Gate Drive Power Supplies
9 Collector Potentials

ETH

Eidgendssische Technische Hochschule Ziirich
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CMC Power Module (eupec)

35 AIGBT3 Chips
7.5 kW

(100% Overloading
Capability )

= 6 Connection Islands
= 6 IGBT Islands
= Conventional
Module Technique
= Collector Connections in
Module Center
3 Equal DCBs

EconoPACK 3

9' )  EUROPEAN
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Conventional — Indirect Matrix Converter

Voltage Conversion U, SPA  sSnA u,
Splitted into Rectifier and sap sbp scp
) Ug |=| SPB snB |- -1 U,
Inverter Operation san sbn scn
Uc spC snC u,
Uasc = Swr ' SeR © Uanc

m Introduction of a Fictitious Rectifier and Inverter Stage
m Fictitious DC Link Voltage / DC Link Current
m Modulation as for DC Link Converters

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

No.|A|B|C|Spa Sab Sac|Ssa Seb Ssc|Sca Scb Sce|Uas Usc Uca| ia b ic
llajajall 0 0|1 0 0|1 0 0|0 O OJO Q0O
2 |b|b|bf0 1 0|0 1 0|0 1 0|0 0O OO0 O O
3|c|c|c/O O 1]0 O 1]0 O 2|0 O OO O O
4lajcic[1 0 0|0 O 1|0 0O 21Uy O Ualin O -ia
5(bjc|jc[0 1 0|0 0 1|0 O 1|upx O -Uyg|O s -ia
6|bjlajal]0 1 0[1 0 O0f1 0 0|Uw O Up|-iain O
7(clajlal|]0 O 1|1 0 0|1 O OfuUa O -Ugql-ia O ia
8(c|b|b[0 O 1|0 1 0|0 1 Of-Uyg O Uyx|O -ia ia
9lalb|lb[1 0 0|0 1 0|0 1 O|Usp O -Uplia -in O
10jclajc|0 0 1{1 0 0|0 O 1 |Ug -Us O |ig O -ig
iclblc[0 0 1]0 1 0|0 O 1 |-Uyg U O |0 ig -ig
12fajblajl1 0 0[O0 1 0|1 0O O|Uyp -Up O |-ig ig O
13 ajc|a 1 O 0 0 0 1 1 O 0 -Uca Uca 0 'iB 0 iB
14lblclb{0 1 0|0 O 1[0 1 O |Uyx -Ue 0|0 -ig ig
15|bjlalb/0 1 0]1 0 0|0 1 O|-Up Up O |ig -ig O
16jcjcjal0 0 1[0 0 1]/1 0 0|0 Up -Ualic O -ic
17{c{c/b{0 O 1/0 0 1|0 1 0|0 -Uy Un|O ic -ic
18fajalbj{1 0 0|1 0 0|0 1 0| 0 Uap -Ump|-ic ic O
19lajalc[1 0 0|1 0 0{0 0 1|0 -Uq Ual-ic 0 ic
20({b{bjc|0 1 0|0 1 0|0 0 1|0 Uy -Uy|O -ic ic
21{b|bjaj0 1 0[O0 1 0|1 0 0| O -Uyp Usplic -ic O
22|alb|c/1 0 0|0 1 0|0 0 1 Uah Une Uca iA iB ic
23lalclb[1 0 0]0 O 1[0 1 O [-Ugp -Up “Usp|ia ic i
24|blafc|0 1 0|1 0 0|0 0 1 |-Usp -Ueq -Unc|is ian ic
25(bjclaj0 1 0|0 0 1|1 0 O|Ux Uq Usp|ic ia is
26|clalb|0 0 1[1 0 0|0 1 O |Ug Usp Uyl|ig ic ia
27|c|blal|0 0 1|0 O 1|1 O O |-Uy -Usp “Uea| ic g ia

ETH
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No.|A|B|C|Spa Spb Spc|San Son Sen|Sa Se Sc|Uag Usc Uca| U |da ib ic
1lplplp|X X X|X X X|1 1 1|0 0 0|-|/000O
10|n|n|n|X X X|{X X X|0 0 0|0 O O|-|/0 0O
19|X|X|X|1 0 0|1 0 O[|X X X|0 O 0|0|0 O O
25|X|X[X[0 1 0|0 1 O|X X X[0 O 0[0|0 0O
3BLIX|IX[X[0 0 1|0 0 1|X X X[0 O 0[0|0 0 O
37lalclc|{1 0 0|0 O 1|1 O Of-Ua O Ucq|-Ua|lin O -ia
38lafc|c|0 0 1|1 0 0|0 1 1(|-Ua O -Ua|Ual|ir O -ia
39(b|c|c|0 1 0|0 0 1|1 O Ofux O -Up|Un|O ia -ia
40(bfcjc|{0 0 1({0 1 0|0 1 1|Ux O -Un|-Ux| O ia -ia
41(blajaj0 1 01 0 0|1 O O|-Up O Uap|-Uwp|-ia ia O
42(blajall 0 0[O0 1 0|0 1 1|-Up O Ump|Uxp|-ia in O
43|clajaj]0 0 1{1 O O0f1 O O|Ua O -Uaq|Uea|-ian O ia
4fclajall 0 0|0 O 1|0 1 1|Ua O -Usa|-Uca|-ia O ia
45(c|bfb|{0 0 1({0 1 0|1 O Of-Ux O Uy|-Ux| O -ia ia
46|c|bfb|0 1 0{0 0 1|0 1 1(-Uxc O Us|Usx|O -ia ia
47abb100010100uab0-uabuabiA-iA0
48lalb|b|0 1 01 0 0|0 1 1|Ux O -Usp|-Uw|ia -in O
49(clajc|{1 0 0|0 O 1|0 1 O|Uaq -Ua O |-Uw|isz O -ig
50{clafjc{0 O 1|1 0 01 O 1|Ua -Ua O |Ucali i
51{c|bjc|0 1 0|0 O 1|0 1 O|-Uy U O |Up
52[c|bjc[0 O 1[0 1 0[1 O 1]|-Uy U O |-Un
53lalblaj0 1 0|1 0 0|0 1 OUwp -Usp O [-Ugspl|-i
54lalblajl 0 0|0 1 0|1 O 1|Uwp -Usp O |[Uapl-i
SSacaoollooolo'ucaUcaOUca
S56fajclaj|l O 0|0 O 1|1 O 1|-Ua Ua O |-Usa
57({bjc/b|0 O 1[0 1 0|0 1 OUyx -Uyc O |-Uy
58|bfclb{0 0 1|0 1 0|1 O 1|ux -Ux O |Up
59|blalb{1 0 0|0 1 0|0 1 O-Up Up O |Usm
60/blalb|0 1 0|1 0 0|1 O 1|-Usp U O |-Uamp
6l|icfclajl 0 0|0 O 1|0 O 1|0 Uxn -Usa|-Ua
62(c{clal0 O 1|21 0 0|1 1 0| 0 Uca -Uca| Uca
63[c|c/b|0 1 0[O0 O 1|0 O 1| O -Up Unc | Unc
64|cicib|0 0 1[0 1 01 1 0| O -Up Unc|-Unc
65/alalb/0 1 0|1 0 0|0 O 1|0 Uwp -Uxp|-Usp
66lajalbj/1 0 0|0 1 0|1 1 0|0 Usmp -Uw| U
67|alalc|[0 0 1|1 0 0|0 0 1|0 -Ua Usa|Uea
68lajajc|{1 0 0|0 O 1|1 1 0|0 -Uxm Uea|-Uca
69(b|bjc|0 O 1[0 1 0|0 O 1| 0 Up -Unc|-Un
70|b{bjc|{0 1 0[{0 0 1(1 1 O| O Up -Unc| Unc
71|blblajl1 0 0|0 1 0|0 0O 1|0 -Uxp U |Un
72|b|bjaj0 1 0|1 0 0|1 1 0| O -Uxp Uap|-Uap| i
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Sparse Matrix Converter J?; JE;U J

r ‘K ¥°K ¥

r'K ¥ K »
Y W

)

o0 0T O

Derivation of
the SMC Bridge 5pa 0|
Leg Topology

Sap o—

Sap o—l

Sna o—|

San o—l

As the operation is restricted to u,>0 a blocking of S, within the turn-on interval of
Sgp Is not required and both transistors could be combined in a single transistor S,

ap
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Sparse Matrix Converter Topologies

R .
I CREN K[ l

a ia Y RYT 4y

O O

b B

O O
Bidirectional g . -
Sparse Matrix Converter c
e T eintar NI

RS ESES I |
n
R

. y 'Krinf_i T SER y
(Dle —%,4_%) O ! O
O, e (—%,+%) g 7 § -—g

C C

O : O
(USMCQ) :
Unidirectional @; ; | JKIIJK A F
Ultra Sparse Matrix Converter 2 —
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I L -—
USMC Relation to O f = + J# =
Three-Phase Buck+Boost % | .
PWM Rectifier T —
—@—o—-— ==+ + J# ==+
%f el +'# > + °
@ L T ! T
Modular £ .

Direct Three-Phase

¥ EUROPEAN
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Three-Phase Buck+Boost
Experimental Analysis B

A -

" st KK
20\22\.1..480VAC/50H2 MWEW X, wﬁ

400V

2 Sms 10.Bm¥ 3 5 ms LO.EmY 4 5 ms 10.Gmv O STOPPED

lecroy

Load Step

2.76kW —
5.52kW

B 5 ms 108y ] STOPPED
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Commutation Strategies

Sapa o—ie

s 1 !
Spal_ S7J,:: 0

LA S S R

gy
A |-o |-o Sb 4‘ (c) Sana o—t
Spb ! | .

n (a) 0 1 5] 13

g
< .
]

D~ Y~

Multi-Step Commutation Zero DC Link Current Commutation
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Sparse Matrix Converter Topologies cont.

Very Sparse
Matrix Converter
(VSMCQ)

Four-Quadrant Switch
IXYS FIO 50-12BD

AY AV av
S R | K & E U &
: IR IR -
5 -5
c C
© /J AY AY AY -
L JK J|<_ J|<4 JOExI xI &
)\\g;/ X2 Y2 Y&
[ e
4 KK J "HL"JLQI y
5 -
1K J il sl &
@J iii 1 Kt '(1 ﬁ

Inverting Link Matrix Converter
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Classification of AC-AC Converter Topologies

AC-AC Converter

DC Link Energy Storage  No DC Link Energy Storage — Matrix Converter
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
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Multi-Level SMC
£y iy %3 L AL
SbibiEEE
& i s e T -0
D I -5
S | -—g
t RICEICI I
GG
bx ¥4 ¥x  KF KE K3

Three-Level-Output Sparse Matrix Converter

S
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Multi-Level CMC

a b c Switching cell 11

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 I:lL Jli‘ S T Ly

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 Lig

. B
HFIL L& HFIL L& KIEIL L&
K?]L J x_ T ZEIE]L J z:_ T lilElL qu: T Lc

m—— C

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

a la A4
< o

b ” o8
c C

o o

Non-Sinusoidal Input Current
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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

Lower Output Voltage Range
More Complex Modulation

Eidgendssische Technische Hochschule Ziirich

Swiss Federal Institute of Technology Zurich
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Space Vector Modulation

Clamping of a Phase
Inputtoporn

Input Voltages
U, :Ul cos(ayt)
u, =U, cos(ant — 27 /3)
u, =U, cos(e,t + 277 /3)

ETH

Eidgendssische Technische Hochschule Ziirich

o=t Up Un u

0.. 76 Ua Up, Uc Uab, Uac
a6 ... 72 Ua, Up Uc Uac, Unc
A2 ... 5716 Ub Ua, Uc Upa, Ubc
546 ... 776 Up, Uc Ua Upa, Uca
776 ... 372 Uc Ua, Up Uca, Uch
342 ...1176 Ua, Uc Up Uab, Ucb
1176 ...0 Ua Up, Uc Uab, Uac

Swiss Federal Institute of Technology Zurich
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Space Vector Modulation

Uac
Clamping of each Output p I T
. apa ! 1 ; ! ! !

Phase over a z/3-wide o A R
Interval for Minimizing bpb ’ g
Switching Losses Sepe ;

Sana . : R S —

Sbnb :

Sene — L

54 | .
P ot Uy Ug Ue : — |

SB | - '
0..6 Up Up, Un Up, Un i : ; E i
a6 ... 72 Up, Un Up, Un Un SC E ! : — E —
72/2 571/6 up, Un Up Up, Un : 2 ! i-gi i 3 -gi 2
5746 ... 776 Un Up, Un Up, Un e : :P i : iP: : L=
74063702 | Un, Uy Up, Un Up 8 I 8: 8 @RI EIGIEIR 8B & 1 &
342. 1146 | Un Uy Uy Up, Un g 1 2z ZiZigigiziz = 208
1146....0 Up Un, Up Up, Un S R L Rt S el St I

ty=0 | iT, | 7,
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Space Vector Modulation

Intervals considered
o =0.71/6 ¢ =0..716

Free-wheeling limited to Inverter Stage

dab+dac =1

Uac Uac
Local Average Value of Input Currents 7 =
I =(dap +dae) 1, Iy =dgpl, e =dgl i
i
Ohmic Fundamental Mains Behavior IR EEEEEEE N
Sapa AN TN N T —y
COS(I)]_:]. Sbpb - S S A
- - - Sepe
Ia -~ ua, Ib -~ Ub, IC -~ uC Sana
Sbnb
Relative Turn-on Times Sene
- - s S O T N
I u [ u s N S B B —
Ope =— =——5; dp=—3=-—"> [ T 1 T 1
la Uy la a & e e
Tac =Uaclp/2 Tab = UapTp /2 =0 | i, T
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Identical Phase/Duty Cycle of Active Inverter Switching States (100), (110) in 7. and

Tab
T T
(100),ac (100),ab 2
S100)ac = =0100)ab = = S100) U 100) = 3U
- ac - ab j i
(110),ac (110),ab — 2 3
O110)ac = =0110)ab = - O(110) U0y = 3UE
ac ab

Generated Output Voltage Space Vector

v T
u, = ; (u u ue Uge )
=2 T T, ac?(100),ac T UabT(100),ab T Uac T(110),ac T Yap 7(110),ab

2
2 jﬁ jﬁ
*_ 3 3 3
u, =T (UacTacOao0) + UabZbcO100) +UacTacO(110)€ ° + UapThcO(110)€
2 i
Tac Tac Tab =
_ 2 3
=% (Uae 70— +Uab T )5(100) T3 (Uac 1.|. TUap 3 e d 110)
2'P 2 'P 2 'P 2'P
7Z'

2
=53 (Uaclac +Uapdap)dao0) +5 S (Ugedye + uabdab)e 5(110)-

Local Average Value of the DC Link Voltage
U =UzpUap +Uaclae =

b EUROPEAN
95 S power

Output Voltage Space Vector g = %U5(100) + £ ue 5(110)
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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 i

"N *k

U «
J‘ lu T(100),ac = _%Tp A—éuc cos(p, + %)

O100) =3 1 3_ cos(ep; + %) ’ U,
2 A %

512l . T - 11,2, cos(p, + %)

Sai0) =5 15N, 10080 =75 1P 52 b P+
2u 1

"N*k

=17 in
T(110),ac 73 Pljl Uc S (02

Absolute On-Times __ 1 2 T

Tw10)ab =~ 75 1p =5 Up SINQ,
(110).a J3 U12

Local Average Value of the DC Link Voltage

1

=30, —— u.. =3/2U0
271 cos(w,t) n =320,
Output Voltage System u, :szcos(a)zt +¢p)
uB* :Lj;cos(a)zt—%”+¢o)

IA

ol

S

Voltage Transfer Ratio M =
ETH ofl s s
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Output Voltage Formation

(110)

d¢100) U (100),ac

Inverter Output Voltage Space Vectors Average Output Voltage

; )5 EUROPEAN
ETH Fowen
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Variation of i makes Necessary a Variation of the Inverter Modulation Index
U,
U,

o 4
m, = —%=—
27 17 3

| <

2 cos(myt)

N~

Input Current Formation

Load Phase Currents iy = I, cos(w,t +d,)
Verify Equal Local Average Value 7 of the DC Link Current in 7. and 7,
= —('A5(100),ac7ac —ic 5(110),acTac) = iA5(100) —ic 5(110)

Tac

i_ab = a (iA5(100),abTab —Ic 5(110),ab7 ab) = iA5(100) —ic 5(110)

- - - ~ ~ Lj*
| =y =gy =2Myl,co80, =1,
1
Variation of Input Stage Modulation Index due to Varying 7
11
M = — _
I COS a)lt 95' 2/,F  EUROPEAN

I ELECTRONICS

Eidgendssische Technische Hochschule Ziirich /. AND
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Resulting Input Current Space Vector

*

- - -~ Lj 1 -~
i |=1m =1, =2cos®, cos(awt) ——= I,
- U, cos oyt

Resulting Input Phase Currents

i, =1, cos(ayt)

iy = I, cos(ayt — &

S0 27
I, =1, cos(mnt + 5~
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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

AF AF
mi =cost(mit) my= 1U_u_2 = % UTZCOS(oalt)
A . ___ 3 A f U
Iy =m 1 =3 mm,l,cos®, S e e s ;1'
I 3 o A : - — 2 !
—_— = AF
IA 4 mlmz COS 2 Ul _T_> »x u »x > : U2
2 e e
| |
| |
I -
3111 —ivi =3117°1 M e (0,J3/p 3 |
SUsly =01 =3U,l,cos®, | O31p) 2 |
A x A |
g, I, 1 < |‘*A
_ _3 1 X — X I, cos(dy)
=7 =3 MMy (cos(®1) = 1) i ‘
I
I

Voltage and Current Transfer Ratio M =32m;m,

cosd, =1 L];:Mle M e(O,\/§/2) Lj;:Mlecosd)l
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Simulation Results
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Experimental ] NP

Analysis e N ﬁ,%"""_‘A \\/" T
i
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Realization of the
Input Stage

Relative Conduction Losses
of Input and Output Stage (M,=1)

Eidgendssische Technische Hochschule Ziirich

Swiss Federal Institute of Technology Zurich

lzr,m5=1oA
0,04
| [mo°
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2003 ..
% 60 (4)
= T1o90°
S
£ 0,02
3 om @ @ (5)
g
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0,00 - -
output input
stage stage
0,08 @
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£ 006 1
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Conclusions

m Matrix Converter Functionality can be Achieved
Employing Only 12 IGBTs

m High Reliability Due to Zero DC Link Current
Commutation

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

m Relatively Low Output Voltage Range

m ETHZ Sparse Matrix Converter Technology
Evaluation Package !
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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

ETH of s sp
POWER
Dresden, Sept. 11, 2005
Eidgendssische Technische Hochschule Ziirich ’ ’ AND
Swiss Federal Institute of Technology Zurich S DRIVES 41 (178)
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Voltage Transfer Matrix Scyc

U, SPA  sSnA

u

sap sbp scp)| °
Ug |=| SpB snB |- -l Uy
san sbn scn
Uc spC snC U,
Upsc = Sinv ‘ SRect Uabe
Uasc = Scme Yabc
. T
Current Transfer Matrix Scpyc
. _ T .
labe = ScMe IaBC

ETH

Eidgendssische Technische Hochschule Ziirich
Swiss Federal Institute of Technology Zurich
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Equivalent Sw. States: IMC 2 CMC

(ac) (110)

. P
a 'f/o K él
5 B
¢ C

S aite

4 S SMC Reet (ac) (ab)
T‘fg < ssuem | (110)1(100) 1 (000) [ (000):(100)(110)
a aC T T f f
b ], |10 /MO 0 /IO O [0 O (N0 O M1 O
R R S |00010001000[111'011'001
c bd | ObB [9bC 001'011'111{000!000;000
O - - | |
1S TS5 [S.c Sttt 8110 8100 : 8000 | 3000 1 8100 ' 3110
O O (@) dac+dab =1 dac dab
A B C
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Power Electronic Systems s
FEE Laboratory v Outline

of Presentation

B Matrix Modulation Schemes

v

Conventional Multi-Step Commutation
Zero DC Link Current Commutation (for SMC / IMC)

v

> Optimized Output Stg. Clamping

v

High Output Voltage (HV)
Low Output Voltage (LV)

v

» Switching Loss Shifting (for SMC / IMC)

> Reactive Power Coupling

Eidgendssische Technische Hochschule Ziirich
Swiss Federal Institute of Technology Zurich
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T (oharrory e Commutation

of Matrix Converter

B Commutation Strategy for CMC/ IMC: Multi-Step Comm.

Constraints: No Interruption of i

No Short Circuit of Mains Phases
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of Matrix Converter

B Commutation Strategy for CMC/ IMC: Multi-Step Comm.

Constraints: No Interruption of i

No Short Circuit of Mains Phases

1st Step: off
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T (oharrory e Commutation

of Matrix Converter

B Commutation Strategy for CMC/ IMC: Multi-Step Comm.

Constraints: No Interruption of i

No Short Circuit of Mains Phases

%&i 1st Step: off
ot 2nd Step: on
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of Matrix Converter

B Commutation Strategy for CMC/ IMC: Multi-Step Comm.
Constraints: No Interruption of i
No Short Circuit of Mains Phases

% 1st Step: off

2nd Step: on
3rd Step: off

.
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of Matrix Converter

B Commutation Strategy for CMC/ IMC: Multi-Step Comm.
Constraints: No Interruption of i
No Short Circuit of Mains Phases

1st Step: off
2nd Step: on
3rd Step: off
4th Step: on

.
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of Matrix Converter

B Commutation Strategy for CMC/ IMC: Multi-Step Comm.
Constraints: No Interruption of i
No Short Circuit of Mains Phases

1st Step: off =¥ Sequence Depends on
2nd Step: on o
3rd Step: off (Measured?furrent Sign !
4th Step: on ) it
o Weor W B JLK LJK
A
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“1C I Power Electronic Systems .
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of Presentation

B Matrix Modulation Schemes

v

Conventional Multi-Step Commutation
Zero DC Link Current Commutation (for SMC / IMC)

v

> Optimized Output Stg. Clamping

v

High Output Voltage (HV)
Low Output Voltage (LV)

v

» Switching Loss Shifting (for SMC / IMC)

> Reactive Power Coupling

Eidgendssische Technische Hochschule Ziirich
Swiss Federal Institute of Technology Zurich
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T (oharrory e Commutation

of Matrix Converter

B Commutation Strategy for Sparse MC:
Zero DC Link Current Comm. (HV)
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T (oharrory e Commutation

of Matrix Converter

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

B Commutation Strategy for Sparse MC:
Zero DC Link Current Comm. (HV)
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T (oharrory e Commutation

of Matrix Converter

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

B Commutation Strategy for Sparse MC:
Zero DC Link Current Comm. (HV)
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T (oharrory e Commutation

of Matrix Converter

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

B Commutation Strategy for Sparse MC:
Zero DC Link Current Comm. (HV)
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T (oharrory e Commutation

of Matrix Converter

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

= Simple & Robust
because

Independent of
(Measured) Current/Voltage Sign

=% Minimum Output Stg.

aj
.
Free-Wheeling Interval has to be ensured
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Modulation Schemes

Why modifying the Conventional (HV) Modulation Scheme ?

> Reduce Converter Losses & Widen System Operating Range (3 Schemes)
(Reduce Losses === Reduce Switching Losses)

> Extend the Basic Functionality of the MC-System (2 Schemes)

» Reduce Input Current Harmonics (not treated here)

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

Eidgendssische Technische Hochschule Ziirich
Swiss Federal Institute of Technology Zurich
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1=

Laboratory

Basic Consideration

Steady State Torque-Speed
Characteristic of a PMSM:

B Operating Point 1:
Nominal Load Torqu
Speed Near Zero ny,

cCMmy, = mM,N,
~0

Outp. Phase Displ. @, ~

B Operating Point 2:
Nominal Load Torqu
Speed Near Zero ny,

c mM = mM’N,
ANy o

HH.-'"'HMQ
. M;n:l
1 =2k
_.—-—""'_._rr ol
Operating Point 2
56
0.75
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Here:
» Also Focus on OP1
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Laboratory Basic Consideration
_ for SMC Loss Minimization i=
B iBi 273
. ' w20110)
Where do Switching Losses Occur ? 3
! \\\
» For Conventional Modulation: . p
/ o,
= S\v. Losses of Rectifier Stage i)/
neglactable )/
= S\W. LOsses in Inverter Stage Only
P
Sots
Ja
ig A
B
C
M Positions of i, and i, Determine Se, —_—c
the Dyazs Dupis K
Semiconductors being Subject to
Power Losses n n
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LN ]
“ L 4

alid for
onv. (HV) Modulat.,
Sectors @ OP1

f, = 20kHz)

Q1= 1!
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el Ity o wymems 3D - Characteristic
Practical Interpretation

= Two Values of Loss Characteristic are Relevant:

» Because of Thermal Time Constant Th:
Global Average Value Determines the Max. Load Current forf Normal
Output Frequencies (OP2) & Total Converter Efficiency

» Local Maximum Value is Determining the Max. Load Current for Very Low
Output Frequencies (OP1)

2.Reduce Local Maximum 2 Equalize sector specific Levels

3 EUROPEAN
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Power Electronic Systems .
FEE Laboratory Outline

of Presentation

B Matrix Modulation Schemes

v

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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Laboratory 1st Measure:
_ Ontimize O1itniit SFaoe Clamnin
\JI./LlllllL\._ \JULI.JUL JLOIB\.. \.—lullll./l
B 6 Sector Modulat.

B 12 Sector
4
(010) (110}

odulat.

Uspp
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Optim. Output Stage Clamping

B 12 Sector Modulat.

B 6 Sector Modulat.
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I'I E 5 E;Jl\:éergf‘l)er;tronic Systems 2nd Measure:

Reduce DC Link Voltage
by Modifying Rectifier Stage Modulation

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

Effect: Inverter Stage Modulation does Not Change, but
Voltage being Switched by Inverter’s Semiconductors (u)
Reduces Significantly

=P Sw.losses are Reduced Significantly
=P Max.OutputVoltage is Reduced == Low Voltage (LV) Modulation

Requirements: > Positive DC Link Voltage (u)
Rect. Stage Modulat. » Sinusoidal Input Current (iapc resp. i1)
ETH b s
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Power Electronic Systems .
FEE Laboratory Outline

of Presentation

B Matrix Modulation Schemes

v

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

POWER
ELECTRONICS

69(178)




“1C I Power Electronic Systems
I —d Laboratory

Basic Principle

= Conventional

Modulation
HVY =

wea
. .
. L

Conventional vs. Low Voltage Modulation:

Rectifier
B Hexagon

o t=-n/3 /6 0 +1/6

= Low Voltage )
Modulation ﬁ
Y o

oyt =13 /6 0 +1/6

ETH

Eidgendssische Technische Hochschule Ziirich

+m/3

. 1 .
Yomax =5U1=05-Uy

> L » (ab)
= Reduction of Sw. Losses
to approx. 60‘;/5
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N Do fegronicsystems " Anpalytic Equations:

Turn-On-Times & DC Link Volt.

Considering: Turn-on-Times:
- - Tp A2 T
I =dgpl T(100),ab = Ewua cos(p, +4)
- - AL
_ - _ | T(110),ab :T;Lj—zgua sin(e,)
I, =—0| T G |
Ta10)be = = g (—Uc)SIN(0,)
and: V3 U,
T =—p$(—u )cos(, + L)
dab 4 dbc =1 (100),bc \/5 g, c 2+ %
i_a ~ Uy
= DC Link Voltage (Local Average):
i ~u, (4=0) ge ( ge)
i~ 7_¥3 !

T
cos( ot ——
(o 6)

% EUROPEAN
POWER

ETH
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ED Dootory "™~ Conventional vs. Low Voltage Modulation:
Characteristic Quantities during a Pulse Period

HV pe—to_____ ___ T A — L C— LV 4ab Uab
Usmmmmmmm oo mm o - Ube ~~ """~ """~~~ -"
u u
P IA_ -ic :fC__Lj R .
1 T

i, ] |
i P RN N I N
A N T

» One Input Phase (a) is Clamped to one DC » No Input Phase is Clamped to any DC
Link Bus Bar (p) Link Bus Bar
» Other Input Phases (b,c) are Switched » One Input Phase (b) is Switched between
to the remaining DC Link Bus Bar (n) pos.(p) and neg.(n) Bus Bar
< Current Blocks of Both Polarities appear
in One Input Phase (b)
ETH da B
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D Doty omeSystems " Simulation, HV vs. LV:
Characteristic Quantities

HV i LV i

P<O<DPOG -OutputVoltage z
A Il

| . i 81 il ‘
D REZI e l

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

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

= Input Current

i |
T R
. i

Parameters:
m f1 = 5OHz
m f2 =100Hz
m fp = 20kHz
mlL=1mH
0 sms 10ms t5ms 20ms mn C=9uF 0 sms 10ms L5ms 20ms

; EUROPEAN
ETH o AL
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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 | ‘ ‘ | 300
0.7 HV =n/4 =
— :if——i%%—;i?—l 250 N
PSW’ro.é $2=0 N U0,RMS %\
0.5 - i - [VI 200 o= n/42\A\\‘\&
0.4 kLV%:‘:M ¢2 =n/4 | 150 LV gﬁ ¢2 TE/4
03 620 i V iy
’ 100 -
50 —
0.1 i | |
0 0
0 0.2 0.4 0.6 0.8 Mo 1 0 0.2 04 0.6 0.8 M2 1
> Switching Losses are reduced to » Common Mode Voltage is
=~ 58% reduced to = 75%
ETH B B
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“1C I Power Electronic Systems
Laboratory

Simulation Results, HV vs. LV:

Input Voltage Ripple Output Current Ripple

1.6 ‘ i i 0.6 | HV g 4,=0
AUa RMS 7 270 R 0.5 020 A
MBI o=/ o ADRARMSr A
1 LV N 0.4 f T —
4220 B
08 e 03
0.6 ./u/HV/E ¢ﬁ4’;g o | _ a
0.4 |
0.2 '3/9/ | | 0.1 |
0 0
0 0.2 0.4 0.6 0.8 pfpol 0 0.2 0.4 0.6 08 4!
Current Stress > Input Voltage Ripple Doubles
16 T \ \ —HV
4 e2=0 gy Y ) .
[Sti?Glz isa, 1 +/ ispa 1 » Output Current Ripple slightly
10 “spa. 1 Reduced

iSa, 1 |

ETH

Eidgendssische Technische Hochschule Ziirich

Swiss Federal Institute of Technology Zurich

Mj2

> For a given Uz (M12) the Component
Current Stress Increases
(Conduction Losses)
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I'I E IJ- E:l\;\éergf‘l)er;tronic Systems Effect of ..

LV — Modulation
Bl 12 Sector, LV Modulat.

+ Pswiv = 0.58 - PswHv
— Uomax= Y2 U1
— AUilaLv = 2-AU1aHv

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

B 12 Sector, HV Modulat.

OP1
(D2=0)

ETH
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Power Electronic Systems .
FEE Laboratory Outline

of Presentation

B Matrix Modulation Schemes

v

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'— Laboratory 3rd Measure:
Shift Sw. Losses to Rectifier Stage & Split
gl _Uab. _ g=——=——= I{af _____ Uab Hac P, lr o
Sapa Y ]j! SPA SpB iSpC(
u ‘ up 0 K] ] K sk Jm@ .
iA 3 i4 |7 | iA » A Y& 44
T ic ic [ -ic ic 814 »o
it-of-----FEe---- it-4=f----- —=t1---- bl b iz |B
i _T i l 0 O > U '.‘.
o | P | | 5‘ be. '‘I§
P — ; 1 - s : /\ : 1 1 i 'y :S{bt av L~
apa Lo ! 0 apa L 1 1 i A |
I — : £ : : Ug lu, | == |G & (&
Shab| | ] 1 Sbnb ( |) ~ { )\\;9 JK "JI< <: ﬁéé)i HCI a
o ‘ P NS r— h 4 LB v
Scne o | ! Scnc P ) | i P <« ‘ l i
T : — T 4
SpA ! : ! 3 SpA ' 3 ! ' 0 S
N - N ——— |
SpC I | SpC 1>0:
P e << & . . | ”SwlLossesof Most Stressed Inverter IGBT
gigsi £ £ g sigl 2 | &1 & | (Scn)areSplit to Two Rectifier IGBTs (Sonb, Scnc)
=0 1Tp =0 iTp
< For Low Output Frequency (Speed):
= Conventional = Sw.Loss Shift

Modulation
HV
(LV)
ETH

Eidgendssische Technische Hochschule Ziirich
Swiss Federal Institute of Technology Zurich

Modulation
HV, SLS
(LV, SLS)

Scn is Not the Bottle-Neck IGBT anymore

< Higher Output Current (Torque)
achievable

EUROPEAN
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I'lEE E:l\:éer;g?;tronicSystems 3rd Measure:

2 Split

L I~
(ab) ,JI< J JI< e ;@; éJK &% (110) = Conventional = Sw.Loss Shift
4 v v | L ) A Modulation Modulation
© 1 Uab Uac u Uac
b " B k= Yah, - e .
¢ e | , “ .
o 4 . % 4: Do 4
e | e e —ic
it-4F----- S it-4=t----- =t ----
1 i 0
‘ ‘ ‘ : 1 14
Sapa 0 Sapa . : : 0
Sbnb | | | Sbnb| ____ |
Scne 3 l i i Sene E | i
Spd : : SpA ] ! !
_ SpB | SpB —1 |
="l o N I $pC | —
1‘%.a' N . 5 1
5 1 (%) ] 1
NN -QVl o 1w ! o o < B 2 o o
1 B oA S S S Siao2 12§
» Shift Part of Sw. Losses to Input Stage =0 17y h=0 iTp

= More Equal Loss/Temperature
» Split Losses from One Output IGBT to Two Distribution

Input IGBT
npu =P Higher Output Current (Torque)

@ Very Low Speed
ETH Y P
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“1C I Power Electronic Systems

I = Laboratory 3rd Measure:

(ax) JI< ,.J|< JI< /JE ] éJKl (110), FW

a 4 ) 4 ) 4 - »ﬁl
5 u ab
4 &

/‘
K] JK“K#&JIE#

3 .
o I=0

L 4

Turn Off Losses

» Shift Part of Sw. Losses to Input Stage

» Split Losses from One Output IGBT to Two
Input IGBT

ETH

Eidgendssische Technische Hochschule Ziirich
Swiss Federal Institute of Technology Zurich

2 Split

= Conventional

= Sw.Loss Shift

Modulation Modulation
il _Uab_ _ pm——— L Uab Uac
u u 0 |
ia i i 3 ia
- -ic -ic ~ -i¢ L -iC
ir-1Tt-r---F71---- ir-J=F----- —— 1t ----
i | i ‘ 0
— : —— 1
Sapa| i i 0 Sapa| ¢ 0
Sbab| Shrb |4 _
Senc : : l i ‘ Scne r |
Spd | 1 Spd
SpB L | SpB — l
spo [ SpC L ?
1‘%.&' N . ; 3
S, o s |
s gl -QVl o 1w ! o o < i 2 o o
SiZiZ 202 2 Sishoz o & 8
tw=0 1Tp (=0 17Tp
= More Equal Loss/Temperature
Distribution
= Higher Output Current (Torque)
@ Very Low Speed (A
ELECTRONIS
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I'lEE E:l\:éer;g?;tronicSystems 3rd Measure:

2 Split

_+Turn Off Losses

.

i
] A

(GC) J|< ,.JL/,; J|< Jl & éojl\i 7'y (110) m Conventional = Sw.Loss Shift
N ] B Hﬁ Modulation Modulation

C
Uac ac
B gyl _Uab. g =—==—= Uab
ch u )
(& <£ u . ' . u . 1 . .
Q, 4 ) i4 i4 ) i
- A === N 7l IC
&% ; ’ ] ; ‘ .
- IRENE I _ /]
Sapal 0 Sapa| S —
Sbab| Shrb |4 | ; }
Scne : : l 3 ‘ Sene P ;_
Spd | 1 Spd -
SpB L | SpB —— ;
SpC E I‘ .:; : I% ‘ SpC lesees E....i ................. ‘ .......... .
Turn On Losses S s
sieisl v o8 sish B e
gisici 218! g gis = = g
SES S 5. &, SE S S5 &,
» Shift Part of Sw. Losses to Input Stage =0 17y h=0 iTp

= More Equal Loss/Temperature
» Split Losses from One Output IGBT to Two Distribution

Input IGBT = Higher Output Current (Torque)

@ Very Low Speed

DRIVES 81(178)
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“1C I Power Electronic Systems

I = Laboratory Eftect of...
Sw. Loss Shifting, HV - Modulation

B 12 Sect, HV, SLS Modulat.

»System Overall Efficiency Stays
7\ Constant
’ — Works fori>0 Only
2 —m/6< ¢g,<n/6: Regular Outp. Clamp.
O —T<$gp<m: Special Outp. Clamp.

2 Condition has to be Checked in Modulat.
Algorithm

1=l 2

L
3

B 12 Sect, HV Modulat.

OP1
(D2=0)

ETH
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I'| I Power Electronic Systems

=l Laboratory Effect of...
Sw. Loss Shifting, LV - Modulation

B 12 Sect LV SLS Modulat.

»System Overall Efficiency Stays
Constant
— Works fori>0 Only
2 —m/6< ¢,<7/6: Regular Outp. Clamp.
O —T<$gp<m: Special Outp. Clamp.

2 Condition has to be Checked in Modulat.
Algorithm

B 12 Sect, LV Modulat.

OP1
(D2=0)

ETH
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Power Electronic Systems .
FEE Laboratory Outline

of Presentation

B Matrix Modulation Schemes

v

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

i EUROPEAN
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r Cc

I'| E 5 E:i\;\(l)erragl)er;tromc Systems Extendi ng
— Input
g
B State of the Art
P
08| 06 04 02
0gl PUr _e’y Purely
Active Reactive
‘Load \ Load
0-6 (¢%::0) §\§\ (0,=T/2)
ol | )
0.4 .=

nctionality
upling

u
(100V/Div)

U4

_ (100V/Div)

iy
(2A/Div)

i
2 “01amiv)

Max.Control Range of "Conventional”
(Virtual) DC-link/Indirect Modulation

Eidgendssische Technische Hochschule Ziirich

L

U,

' f""* (100V/Div)

3

Swiss Federal Institute of Technology Zurich
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N Tonatory < >*te™ —Extending the Conventional MC-Functionality

Input & Output Reactive Power Coupling
Possible Applications of this Novel Modulation

» Compensating Capacitive Mains Currents (¢; =-nt) drawn by the Input Filter
Even while Driving Induction Motor with Zero Load Torque (¢, =n)

» Facilitating for Arbitrary ¢, a certain Amount of Reactive Input Power at
Maximum Output Voltage (M1,=1)

» Precondition (No Load Case) for Operating MC-System in Boost Mode

Ap

w0 Ao TR

A M iﬂﬂt k. L\&

n

I EUROPEAN
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el Ity o wymems Conventional Modulation Schemes
Operating with Reactive Power

Dilemma for Conventional Schemes = Fcbc) /;c B Cic)

(I)Z =T/2 >
Uac Uace
Hf——————————= ___.Uab ___ [
! ‘ (100) "
ia s (iy)

(101

Vg b4l

r ‘I = Rectifier  Inverter
“ — T ¢y = -1/2 by =m/2

lc ¥ » ¢ =+/2 O No Local Average for i: (i =0)
= b L | ‘_____ _l | - > i}_= 0

IR > P05

ic_io L -id

[l==]

. > 4 =122 2 Nolocal Average for u: {u=0)
| 2 U;=0

-iq
cTelsnseniee 5 6] ¢ D Pi=0=f S;=0
el He i = No Reactive Power Transfer/Coupling Possible

g ) EUROPEAN
ETH ‘575 POWER
ELECTRONICS
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N Tty "< ¥*e™ —Reactive Power Coupling T (RPCI)

Basic Principle

Outp.Volt.Form. ; Inp.Curr.Form.
Py=0 & Pi=0
Algpe=0 Aupgc =0
Uge u;b Uge
u | ”
i I
-ic
D lge | 1 élal‘v Uac c
Rectifier Inverter
”AB o7 = -m/2 ;= 1/2
» Decouple Output Voltage- & Reactive Input Current
. Formation
iy ] ; .
> Use Largest Output Phase Current (-ig) for Input
AR Current Formation 2 (2nd Half of Pulse Period)
s xis sseisis 5 5] P Merge Both Halves finally
=0 1 > waige Use Two Discrete Input Vectors (ac, ab)

» 1,20, 0,0 = S, %0, S, =0

EUROPEAN
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AND

DRIVES 88(178)
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ET] oty Copems Reactive Power Coupling T (RPCI)
Pulse Merging & Additional Turn-On-Times

Outp.Volt &
Inp.Current
Formation
Uac Uab
u )
'_lﬁ'tf (T(11o), ac< T(101), ac*)
4 i _I;A...if (T(100), ab > T(010), ab*)
P | el
SICLif $iB ..if (T(100),ab <T(010), ab®)
bl (TA10), ac > T(101), ac®)
g -
£ 2
8§ 18 :
n=0 e f:v \ EileP
T(100), ac T Min(T(110), ac - T(101), ac*) IT(100), ab - T(010), ab*|

|
[T(110), ac - T(101), ac*|  T(110), ab + Min(T(100), ab ; T(010), ab®)

> Merge Current Blocks to Regain
Voltage Modulation Range

ETH

Eidgendssische Technische Hochschule Ziirich

Considering geometrical

relations:

sin(z/3—-¢;) cos(py +7/6) sin(z/3)
dac* 'i2,max dac* '(_iB ) IAlq*

sin(z/3+¢,) cos(py—7/6) sin(z/3)
dba* 'i2,max dab* 'iB IAlq*

and:

ig =1,-C08(pp —27/3—-712)=—I,-cos(p, —716)
Additional Turn-on-Times:

« 2 lig cos(p,—716)
J3 1, cos(p,—7/6)

« 2 lig cos(py +71/6)
J3 1, cos(p;—716)

EUROPEAN
POWER
ELECTRONICS
ANI

DRIVES 89(178)

Swiss Federal Institute of Technology Zurich



“1C I Power Electronic Systems
Laboratory

Reactive Power Coupling T (RPCI)
Simulation & Experimental Result

1=

19-Apr-84
16:27:49

=

2 ms
188 Vv

RV

‘ H e
| Il 2 o

u
(100V/Div)

.uA

A
E =i

‘—"—"H .

.MH‘_II“J.

2

(100V/Div)

14

o L (2A/Div)
1.1 Vv S0k
_5, 1? m\\: %gx — 2 HFREJ -2 2mV o8 ks
- C 1K m
J 5 v OC O  STOPPED
T 55511
LT e AP
HIHIIHIIIIHl.mu Il HIIIIIIIII\HumIHIIHHIIHHI loo v i
s 2 1ADiv)
2 7777777777
i ﬂl\llllWﬂ e H’IHHNIW[‘ I l“l’ HW tﬁ B
- o AT e
S ] "””"‘”““””"H”l"Hh - | II|||| |||H|| Ha
L CRRRR L 1L (100V/Div)
o ‘w\ // ;
rd
b ua \‘ T -//
T "
(b) ————— vy
0 Sms 10ms 15ms 20ms 2 ms T
1.1 Vv S00BK
2 18 mv 5008
ggx%ﬂcﬂ&ﬁ I 30C52V 5
&
ETH Lo o
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ITED Dohornton "< ¥te™ —Reactive Power Coupling IT (RPCI)

Basic Principle

OutpNVolt.Form. : Inp.Curr.Form.
Py = . hi=0
Algpc=0 Aupgc =0
Uac tiah
Ubc
. -B
14
i I
e
! lac | u ; [ : : c <
“a | i Rectifier Inverter
. i Ubc
Uyp ' ('])1 = -m/2 q)g =1/2
tab E_iB » Decouple Output Voltage- & Reactive Input Current
DR EE Formation
A | i
iy IR > Use Largest Output Phase Current (-ig) for Input
o _iAu 1 5 Current Formation 2 (2nd Half of Pulse Period)
s s s 3 > Merge Both Halves finally
g i&i& 531&553\:\13 s i&
tU- -0 %TP (010), ab* Tp

0 A Use Three Discrete Input Vectors (ac, ab, bc)
» Iy 0, Uy =0 = S, %0, S, 20

EUROPEAN
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PET Dty s Reactive Power Coupling [T (RPCII)

I —d Laboratory
Pulse Merging & Additional Turn-On-Times

Outp.Volt &

Inp.Current

Formation Additional Turn-on-Times:

p =0
Ugb " * ¢1>O:
" | -
. -ip! d. = 2 IlAq ~__sin(gq)
J3 I, cos(p,—7/6)

iA.if (T(IBO),ab>T(010),ab*)‘
7] ! 4,
2 lig  cos(p, +7/6)

dy. = ~
"3 1, cos(p,-7l6)

i 1

',fci T cic |

lB!f (tj(IOO:),ab<t(I010),abl*)§
R S S - =g @ <0
. 22 2 EEEE 2 Ty~ sin
=00 \ [ At e ;l-';l-'-l-—'ileP dac*:\/g ::;q COS(¢(|¢)];Z|')/6)
2 2~

| T(100), ab - T(010), ab*| .

\ 4 2 Ilq* cos(|p1|+7/6)

b = = .
© Sz 0, cos(p,-7/6)

T(110), ab + Min(T(100), ab ; T(010), ab*)

> Only One of the Additional Two
Current Blocks can be Merged

EUROPEAN
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ANI

DAES 92(178)

ETH

Eidgendssische Technische Hochschule Ziirich
Swiss Federal Institute of Technology Zurich




PET Dty s RPCT vs. RPCII
Operating Limits & Evaluation

Frgmax | RPCI: + Forlarge My (M1 > 0.8)

+ Allows Even at Full Output
Voltage (M2 = 1) a Transfer
Ratio Of qu,max / T2 = 1/8

+  More Easy to Implement

................

» Intersection of both Limits: RPCII: + ForSmall My, (M1 < 0.8)

M1, = 0.8 - .
+ Facilitates Large reactive
Current Transfer Ratios

(Up tO qu,max /TZ = 3/4 @ M12 = O)
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ELECTRONICS
Eidgendssische Technische Hochschule Ziirich AND
Swiss Federal Institute of Technology Zurich DRIVES 93(178)
<




PET Dty s Hybrid Modulation Scheme for MC

Total Turn-on-Time:

* . * f
iot 2v = ‘ 5110),ac — dac |+ I(100),ac + MiN(S(110),ac:dac ) + Iq’:"ax
. _ . I
+ ‘5(100),ab —dap ‘+ 3(110),ab + MiN(S(100y,ab: dab ) 0.8
""-.“\.""'
<1 0.6 T,
e, OptimalCombination
0'4 D e m’...l
. Sl e, tEee,
Domains within @.-0,-Plane: M R}
P-¢ 0.2 ﬂvoVecforScheme"; .k;.,‘“—::".
@ M,;;=0.65 © M;>=0.75 0 Three P@cforSchmne
(0, Bidtor=100  O:dyor=100 A:deor=104  (O:dyor=1.00 o2 5 53 53 05 o8 -
M2 Lim 2v M;;
=23
|
Ifq max
il Theoretical Limit
2 = = -
0.8 Ss 7 5
) ~ "“““ =2 (1,‘1'1-5 —3M,;7 —3M),)
() M;;=0.70 06} -
0y, Aidtor=103  Ordior=101 [
04t
02
[ I _p M
0 [ ;i 12 12
0 02 04 06! : 08 e
L il MIE,I.m s Mj»
w6 w12 O mi) w6 w6 —mi2 M5 1im,2v
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=IC I~ Power Electronic Systems Genera'izing the Hybrid Method

I —d Laboratory

0.8 0.6 0.4 0.2 0

Conventinall | ,
. 2=0) ($,=m/2)
Indirect ’

Modulation

Proposed
Hybrid ,
Modulation

» Mixed Mode Operation means:

Q1 is Either generated with Hybrid-,
Or with Conventional Modulation Exclusively

Eidgendssische Technische Hochschule Ziirich
Swiss Federal Institute of Technology Zurich




“1C I Power Electronic Systems
I —d Laboratory

Conventional:

High Output Voltage
Modulation

Switching Losses
in Output Stage Only

None
Reactive Power Coupling

ETH

Eidgendssische Technische Hochschule Ziirich
Swiss Federal Institute of Technology Zurich

- Max. Output Voltage is Reduced

Survey

Modified:

Low Output Voltage
Modulation

+ Reduced Switching Losses

Switching Loss Shifting
to Input Stage }

+ Shifting & Splitting Switching Losses

- Works for Output Phase Displacement
0> < /6 & High Output Currents Only

Input & Output
Reactive Power Coupling

RPC | w rRPCIl ||

+ Purely Reactive Output Power can be
Coupled to Purely Reactive Input Power

- Works with “Switching Loss Shifting”
in Special Cases Only

Moditied Modulation Schemes

Modulation

| Differs for:

Input Stage

(Formation of DC-link Voltage)

Input- & Output Stage

(Commutation Interaction)

Input- & Output Stage

(Formation of Reactive Input
Current / Output Voltage)

7 .
oK A
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“1C I Power Electronic Systems

Presented Modulation Schemes

— Laboratory
MC-Modulation Schemes
. . I
Affects Indirect Modulation Direct Modulation
Converter Stage: -SMC/ CMC - - CMC -
None Reactive Power Coupling ‘ Input & Output ‘
(Conventional) Reactive Power Coupling
Input l |
& Output | |
‘ RPC | ‘ ‘ RPC I
e — . - — . . - . . . . - . — . - - . . . - . - I, . - [ . . . . . . . - = ,,,',, - = . . . . .
| 1 [ 1
IH,DUt Sw Losses in Output Stage Only I Switching Loss Shifting ‘ ‘Sw Losses Only in Output Stage| ‘ Switching Loss Shifting | ‘Sw Losses Only in Output Stage| ! Switching Loss Shifting ‘
& Outpu t Conventional to Input Stage (Conventional) to Input Stage (Conventional) to Input Stage
High Voltage JIIETYAVATENT High Voltage || Low Voltage High Voltage ||| Low Vloltage High Voltage Low Voltage High Voltage || Low \]/oltage High Voltage || Low Voltage
lnput
(Conventional) (Conventional) (Conventional) (Conventional) (Conventional) (Conventional)
(Clama Yo )iﬂﬂimﬁ i@ﬂﬁmﬂ ﬁ@ﬂ@ iDIﬁD[ D_im
amping Mode

ETH
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I 4

Effect of SLS is Reduced

Not yet Experimetally Proven
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el Ity o wymems Presented Modulation Schemes

Summary

High Output Voltage
High Output Frequency

(High Motor, Spesd) Conventional
Measure: Default > Modulation

+ Optim.Outp. /

Purpose Achieve Max. Output Voltage, / N Clamp.
N Use a Robust Modulation, ——

~ Working for All OPs

Low Output Voltage

Measure: Reduce Sw Losses Low Output Volitage
Modulation )
Purpose Drive Higher Output Currents and/or, /
Enhance Converter Effeciency -

High Output Currents
{especially at Low Output Frequency)

Measure: Distribute the Total Switching Losses\

Modulation

More Equally to Each Single Switch / —_— Sw Loss Shifting
< p

Purpose: Drive Higher Output Currents, i.e.: e

A “Widen the Bottle-Neck”

Induction Motor . RPC1
Operating at Zero Load (¢2 = ©/2) Modulation

with Input Stage

Measure: Couple Reactive Power from Output¥ RPC
Modulation

urpose Compensate Capacitive Mains /
Currents Drawn by Input Filter RPC I

v . Modulation

ETH
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“1C I Power Electronic Systems
I —d Laboratory

Matrix Converter — Design Issues

Frank Schafmeister and Marcelo L. Heldwein

m Calculation of the Stresses on the Components

m EMI Input Filter Design

m Digital Realization of the System Control
m Power circuit protection

m Active Input Filter Damping

m Unbalanced Mains

m Experimental Analysis / Operating Characteristics
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ETH rowe
ELECTRONICS
Eidgendssische Technische Hochschule Ziirich AND
Swiss Federal Institute of Technology Zurich oaves  100(178)
<




“1C I Power Electronic Systems
I —d Laboratory

Calculation of the Stresses on the Components

» Aim of presented Calculation Method

> Providing Dimensioning Equations for Automated Use in Spreadsheet / Applet

> Switching Losses P,

> CMC
> (V)SMC

P Conduction Losses P,

» CMCin Paper

> (V)SMC in Paper
(F. Schafmeister, J. Kolar, “Analytical Calculation of the Conduction and Switching Losses of the
Conventional Matrix Converter and the (Very) Sparse Matrix Converter”, APEC 2005.)

= Total Losses P, =P, + P,
ETH o AF g
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| i - -
NED Dbomtory o™~ Switching Losses
Basic Approach
From Measured Data to an Analytic Model of the single Switching Losses:
Eiz:,{f] Y IGBT on = off :quof] IGBT off = on v[‘;is?] Diode on = off
1750 1,-20A 11;5]:]‘ i5=20A 1750
1250 15A 1250 I5A 1250

10A

10A
750 750 750
i=5A .
500 /_,Ef/ 500 i»=5A 500
250 250 250

0

0
300 350 400 450 500 550 300 350 400 450 500 550

300 350 400 450 500 550
— —_—

U [V] i [V]

w(u,i)=K, -u-i, + K, -u-i,” + K, -u? + K, -u?-i, + K, -u? i,

~

IGBT- Switching Loss Parameter
T; Ky K, Ks K, Ks
Sorr | 129 -947 10° 471 10° -84.1 10° [252 10°
25°C | S,, | 416 1.75 308 107 60.7 10° -923 10° . .
Dorr | 66.6 254 332 10° | 954 10° | 2.90 107 » Only Physically Sensible
Sort | 179 1.31 650 10'2 -116 10:;3 3.48 10‘33 Terms are Considered for a
120°C [ S 70.0 2.94 518 10° 102 10 -1.55 107 . .
Doonﬁ 97.9 -3.73 488 10° 140 10° 4.27 10° Least-Square Approximation
Units nWs(VA)T | nWs(VADT | nws(V)T | nWs(VZA)T | nWs(VZA%)? of the Measured Data
ETH i

ELECTRONICS
AND
DRIVES 102(178)

Eidgendssische Technische Hochschule Ziirich
Swiss Federal Institute of Technology Zurich




TED Dohorntony " ¥tem™ —Switching Losses — CMC

a
- - SSMC, Rect ( a C) (ab)
b SaB SaC | I | |
3 . . . Ssucm | (110)1(100)1(000)| (000),(100):(110)
TS TSee TSic M1 0 N0 0 /10 0 |MM0 0 /N0 0 W1 0
¢ . . . Seve 10001000'000|111'011'001
B 001'011'111/000!000'000
S cA SCB SCC S110+3100+ ' ' ' l
+Soe—1 | ©110 1 0100 1 6000 | 0000 1 6100 1 0110
O O O - - - '
A B C dac+dab=] daC dab
- P, =fW, .. = pg(2.0) : Local Losses
Sad
' Dia Daut |
W Uos > 0| Uas <0
oL i1>0 | Tat | Dad

o Tat  Tua l1<0 ] Dia | Tha e
i ) EUROPEAN
ETH > 95 POWER
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“1C I Power Electronic Systems

Switching Losses — CMC

I —d Laboratory
Results Local Losses (¢, = 0)
> Max.@ @,=o/7m (T,5/T,,)
¢,=0/m (TaA /TAa)
m . pw B Transistors Clamped in Output
0, 3 Current Max. (p, =0/ ),
2 oo but: BSOs
3n
24_1: 0
3
T . **  Verification Qp. f1=r50Hz,
2 ‘ Psw —
: , L f2=75Hz
2 120.0
X
) 2 __ Switched Model Simulation
0 . 100.0
A/TM' /Anafyticat Calculation
. 750
50.0
250
ETH 0 _ | _ r\
P o s kS ° >0 10.00 1900 20

f [ms]



I'lEE E;)l\;\éer;il)er;tronic Systems Losses
Which Values are Relevant ?

O
2r

- .
4_]_[ P W
3
I}\Il'.M.I.'.'
In
Z
4n (P2
3
n

(S
~

0 u. /
- \ TaA

» Total Losses: Global Average over (o,, ¢,)

ETH

= Global Losses
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“1C I Power Electronic Systems
==l Laboratory v Losses

Which Values are Relevant ?

R Tih=RuCa

P A

» Total Losses: Global Average over (o,, ¢,) = Global Losses

» Junction Temp. Rise: Average over Thermal Time Constant z

EUROPEAN
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“1C I Power Electronic Systems
==l Laboratory v Losses

Which Values are Relevant ?

= Global Losses
(for nearly All OPs)

» Only Exception:
Motor Operation close to Standstill (f2 = oHz)

= MaxIng,{ AverageOvero{ ps,, } } = Maximum in @2

EUROPEAN
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ED Doetony <™~ Switchin gLosses—CMC
Re

/)

\--I\IIIL-I

B Result Global Losses

_ fpU, (22(2K3+K5 2)77 U1+12|2(12K1+\/_(8K1 +3K4U1))

+37( 4, (I, K2+10K4U1)+\/—(2K3U1+I2(8K2+K5U1)))
f(12K1+K4(3\/_+47z)U1)cosd)2—

2

2

-12

~ 3] ﬁz\/_Kz+U1K5(9+4\/_7z))cos(2q>2))
Transistors: Ki = KiTon + Ki 1ot
Diodes: Ki = Ki pofr

Entire Converter:  Kj =>18(K; 1on + Ki 1ot + Ki. poff)

B Result Maximum in @2

Borro = 2 (12034 23Ky, + K,i2, ), + 3333 +107 K, + K, + Kei2, )02)

1672' L
with:
o = I, CO8(D, — 7 /6) for @, e[0...7/6]
s = 1, for ®,e[z/6..712]
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“1C I Power Electronic Systems

I'= Laboratory Switching Losses — (V)SMC

0 Oty O

AY AY AY

Jﬁ;ﬁ Jt{ﬁ Jﬁ;ﬁ K aI &l &

\Z YX Yi

Transistors Clamped in Output
Current Max. (¢, =0/ ),
so: No Sw. Losses

Periodicity in o] is 1/6 of Mains
Period

» More Critical Trajectory at
Standstill (f2 = oHz)
because of High Average Value
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T g Coystems Switching Losses — (V)SMC

Results

B Result Global Losses

_ fU,

TP 39,42

121, (12K, + K, (33 +47)0, Jcos @, - 312(123K,, +U K, (9+ 4+/37) Jcos(200,))

P, (481, (6K, + K, T,z )+ 4U, (33 + 47)(6K, I, + 27K, + 7K, [2) -

=

Transistors: Ki = KiTon + Ki 1ot
Diodes: Ki = Ki pofr
Entire Converter:  K; — 6(K;1on + Kot + Ki potr )

B Result Maximum in @2

D sy = ff(K.i 1,12 20, (K, K i, + K2 {Emmlﬂ
’ V4

o= fr| Ul ool 2w 2

with:
i, =1, cos(®, —/6) for @, e[0..7/6]
for ©,e[x/6..7/2]

ISw:|2
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el Ity o wymems Global Losses Entire Converter
Comparison CMC -VSMC

Total Global Losses P, ;= P, + P in Dependency of M and @,

HV-

LV-

) &
P/_PQN -P/PZN )
oos | vost P R,
— % . tot, CMC a A
S ool Prot,vsmc - e g apasge
005 - 0051 == = T
rar  Pioeme_ o T UL Prot vsmc b nganga il
o 00f _ 004 | L ’
— L == c +  C
L o
3 o003 0.03 [ @
_D “ 002 T
O "2t Pecmce : Pccyuc %
E 0.01 / oo b PC:VSMC \ X |
L L L L L L L L L L L L L L L L L L L ] M 1 1 1 1 1 1 1 1 1 I 1 1 1 1 1 1 1 1 1 IM ;‘& ;r
02 04 0.6 0.8 1 02 04 0.6 08 1
P/PZ'N P/-P2N
0.06 [ 0.06
- i 1 _L
O 005 | M_«E 005 F PI‘O.“,CMC 13
= b Pior cMc T el : Xy Xy iy J
L . I 1
poafF — T T T T T T T T T — 0.04 | P, JK JL{ J N W Ve
- tot, VSMC
— [ --"P : - a YA Y& Y& A
D oosf - .“ot?VSMC 0.03 b = |
o Eo_ - F I b ]
002 Fp. , 002 | P ¢ ¢
®) :PC,CMC AMC PC,CMC ____(_j.‘,PSMC ° AY AY AV ©
b I 1 ™1
E 0.01 / : 0.01 / ! J|<: JL/.: | i &%
[ | 1 Y4 Y& F
L. I S SR S S S I SN S S S N S S ' A P S S N T S SO TR ST S N S S R S S T " ' M
02 04 06 0.8 1 02 04 0.6 0.8 1
TT
DOr=0 Py =—
3
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D Do ey ronesystems ™G - CMC Performance Comparison

Losses in Dependency of Modulation Index

Comparison: HV vs. LV Modulation for SMC

0.06 [ M=TF p 0.06 [ M=
1 fot, HK |
005 -7 - 005 | : P.for, HV_
- - == T
004 | - -P 004 — — = — |
- - tot, LV
L - -7 : Py, riv
003 - 1 PS‘u; HV 003F  p =
—= T fot, LV_ = = = = I
- = T SRl |
002 F 002 F
Psy v ! Psw v |
001 | : 001 f :
1 I
........... 1y N PRI T N N I M " " " IR " 1 PRI I | " " PR BRI " 1 M
02 04 0.6 08 1 02 04 0.6 08 1
T
Dy =0 Py = 3

Sw. Loss Reduction A achieved with LV: CMC vs. SMC,

25% 48.2% o = 1 Fowrr
Sw, HV
o L
0% 48.0%
47.8%F
15%
47.6%
10% — @, 47.4%F @,

o|a+
wla

ki3
2

6 3 _
CMC VSMC 5 G e
ETH 95 @" powen
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| i +
Nl et s Conclusion

of Presented Loss Calc. Method

reoJcCuiitTu | - « TVICT LI

B CMC & (V)SMC Sw. & Cond. Loss Equations are Derived

h

All Analytic Equations show a High Accuracy (Deviation ¢ 8%)

LA

system Dimensioning within Spreadsheet / Applet

B Results (Global Losses & Local Losses) will be used for T«utomated
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“1C I Power Electronic Systems
I —d Laboratory

EMI Input Filter Design

Requirements and critical points

Requirements Critical Aspects

- Fulfillment of international EMC regulations what - The input current spectrum for a Matrix converter
translates into minimum filter attenuation at given is not obviously calculated
frequencies - Uncertainty in the mains impedance

- Minimization of input current displacement factor - Modeling of the EMC test receiver

- Limitation of the energy stored in the filter components, - High-frequency behavior is influenced by parasitics
in order to minimize the physical size of the filter elements and therefore

- Sufficient or optimum passive damping, in order to avoid difficult to predict
oscillations and also for no-load operation with minimum - In today’s power electronic systems the filter
losses in the damping resistors must be as cheap and as small as possible,

- Avoidance of filter resonance frequencies at multiples of presenting a low-count in components, must also
the switching frequency acquaint for the smallest physical dimensions possible

- Minimization of the filter output impedance, reducing - System control stability is affected by the inclusion
system stability problems and control design restrictions of the filter

-
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“1C I Power Electronic Systems
I —d Laboratory

EMI Input Filter Design

Filter Design Procedure

Choice of standards

Y

Limits for emission

:

Pass?

Evaluation (emission
limits, size, stresses, etc)

yes
no

Y
- - - Design filter
Current P Required
Slmulatlo_n ol — LISN Q quired | | topology and
calculation spectrum measurement attenuation
no Compare components
4
Identification of the }
largest emission condition
g c
8 ] o _g
7 = T e 0
s — 32 T3 E
2 5 L wm z =
o w v = LV VU wn
57
2
=2
1
0

Lal,
100 1k 10k 100k
Frequency [Hz]

=
o

input current spectrum

ETH

Eidgendssische Technische Hochschule Ziirich

0 2 4 6 8 10 12 14 16 18 20
Time [ms]

input current

Designed

filter

I

VSMC

Swiss Federal Institute of Technology Zurich
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“1C I Power Electronic Systems

— Laboratory

EMI Input Filter Design

Modeled Spectral Measurement Chain (o1)

input current spectrum

RMS current [A]
O =, N W » 0O O N

=
o

100 1k 10k
Frequency [Hz]

100k

180

Measurement results - (U, )
160

i,‘x",‘xx

—— Class A limit
60 ~— Class B limit —

40
20

LISN output voltage spectrum - (u

DM conducted emission [dBuV]

meas )

0
0.1

Frequency [MHz]

measurement values

ETH

Eidgendssische Technische Hochschule Ziirich
Swiss Federal Institute of Technology Zurich

calculation
in frequency

domain

LISN simplified high frequency model

_ - [ Umeas (i) |
U meas (J“))= Lgm (J‘”)' Imeazj(m))
Clsny —L— Converter’s - B
250nH T input current % ‘ ‘ ‘ ‘ pZi
Liisn I <+ i 40
Idm = VMSS(S)
50 pH Riisn u % ® i /
50 Q meas (’si 20
h 10
= = = 0 10K 100k ™M 10M
Frequency [Hz]
calculations in
frequency and time
domains
Video filter Detector Gain RBW filter Attenuator
Mixer
Measurement  Yr k| Yoe Up m Uneas | 1SN
result ‘ E, h
MB

Oscillator

output

spectral measurement modeled chain
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“1C I Power Electronic Systems
— Laboratory

EMI Input Filter Design

Modeled Spectral Measurement Chain (02)

LISN output voltage spectrum RBW filter effect of the RBW filtering
= 180 3’ 2 | [
N S c T~ T 7] 102
3 160 © o 0 e L N 1]
% = S = 2 e N‘lodeld‘fllter‘" 10 —H T “
< w0 5 s g . ! S 100 | Upeulio) Il
g S& E £ s fiter envlope 3 10°
€ 100 [ [®) 2 10 = 107
@ J = © T [<)
o P o= = -12 > 103 « R NEY
o 8 —— Class A limit S %) J I
é 60 ~ ClassBlimit — | 2 6 5 104 L
S @ * s 10° ’ ! ﬁ——Lr— =
° -20 -6 B o ) iy
= 2 10 (B ‘ ‘ ‘ Uﬁn(l“’)ﬁml
o 2‘ TYY m TOY % 107 ‘ ! ! L

01 1 o 222 = 222 2 10k 100k M

Frequency [MHz] Frequency [kHz] Frequency [Hz]
calculations in
time domain
5
Y

180 ° &
> oo S 10 u(t) !
7 160 c o 80 DY —tuo(t)
S * x Xpraen ‘oo o 60 [t D R
= 140 s O X Y [ QP QP1
S 1 H o ] S M N S
CuE | S o] o
£ 1 ssS | &0
T 80 —— Class Alimit — S 2
(&) _ .. —_—
3 60 Class B limit — = o [ e e uD CQP__ RQP2 UQF
S ® -60
) -80
o -100 o °

o1 1 0 20 40 60 80 100 120 140 160 180

Frequency [MHz] Time [ms]

averaged values (final measurement) effect of the QP detector
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“1C I Power Electronic Systems

— Laboratory

EMI Input Filter Design

Three-phase filter (topology and function ) and final result

VSMC input current

Current [A]

0 2 4 6 8 10 12 14 16
Time [ms]

designed three-phase filter

input filtered current

Current [A]

-10

-15

15

10

/

4 6 8 10 12 14 16

Time [ms]

18 20

DM conducted emission [dBuV]

—— Class A limit
60 ——— Class B limit
40
20
0
0.1
Frequency [MHz]

measurement without filter

ETH
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150 kHz 10 Miz

40 T
20 LA Imains(m))
0 N lgn(i®)
%) 2 R, R, T
S, 40 -
L, Lo L
.(E“ 60 | — -— .
O gt &Ll Lo | g AN
£ s
-100 - [ - l [ - l -— T °
-120 | G G AR
-140 [ N NN T i
100 1k 10k 100k M
Frequency [Hz]
dBpv 80 1 MHz 0 MHz
10e
AN
N ] e
T 7
1
L] L
) i
|

Conducted emission [dBuV]

100

80

Clz‘ass‘A I‘im‘it-

60

x ——Class B limit-|

40

20

-20

-40

0.1

experimental result (DM conducted emission)
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“1C I Power Electronic Systems
I —d Laboratory

EMI Input Filter Design

Three-phase Common / Differential Mode Separator

Function three-phase CM/DM separator basic schematic
- Allow the measurement of the different emission Uow 2 .
modes (DM and CM) in order to properly evaluate the - Tr, L,
performance of designed filters or in order to acquire _®_° ‘B ”
the emissions information for a filter design. — R RE] Hatlera
Upm,b N
46—0 Try Ly
’\1 ° s
‘A
transformer CM inductor I I — RE] UpM, outb
Upm,c
_"@_C Tr, L, A
‘I I. ﬁ RE] luDM.out,c

uCMl av %R l Ucm,out
R=500Q

Noise source Common mode Differential mode
(LISN/AMN) measurement measurements

Dimensions:12.0 X 9.5 X 5.7 cm (4.75X3.75X2.25 in.)
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“1C I Power Electronic Systems
I —d Laboratory

EMI Input Filter Design

Three-phase Common / Differential Mode Separator

] [ 10dB ooy ] ) 10dB
DM insertion loss CM insertion loss |

’ 160K 3:?: Od B ! ‘WEDK ' ' ' ' ter ! ' ! ' e ' ‘3';:1 Od B

150kHZ 30MHZ 150kHZ 30MHZ

8odB 8odB

60 :: \

"MRR for DM output port c «| DMRR for CM output port

) J r

aniwsnK a:r: 'ZOdB '2””"5“ 3::‘ '20dB

150kHZ 30MHZ 150kHZ 30MHZ
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“1C I Power Electronic Systems
I —d Laboratory

EMI Input Filter Design

Three-phase Common / Differential Mode Separator

pet AV Tra 300 et AV Tra 30D8_DM
Att 10 aB AUTO ResBW 5 iz Ate 10 aB AUTO ResBw o kiz Ate 10 @B AUTO
NeUT 2 Meas T 100 ms unic apyv INPUT 2 Meas T 100 ms Unit aByv u
B T e

s | Wk &

A LS . N BN A RSS! D . .

; ‘“‘D T \ AN ) \“M\ﬂ . ‘}‘4\ wm" \,(‘ h‘?\ ‘\\4\ s \‘} = &\[’J\\\

| b et Wﬁ!‘f'[ \:,, }Q“‘ ) v [ me“’“ \.v‘ ;wr xm M J'f{ / ! ,xf‘[“} o [

1 L ) i »‘ 1
sy ol 3 I 9 . j/\"“x‘ i : Rf} I 5
M’v"* v | B Y t \[

( 1
Direct LISN measurement DM separator output CM separator output
Test receiver Mains LISN
ﬁ CS @ ™71 I
— o & T

— EUT
’ A~ ﬁ % ] (three-phase motor drive)
= S
e i
Test setup for the CE o ol T T
measurements 3-¢ CM/DM separator I 1
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“1C I Power Electronic Systems

Laboratory

Digital Realization of the System Control

Output stage switching signals

Very Sparse Matrix Converter (VSMC)

Load

I

s

J- %

I £

Mains Input fitter i x
fﬂT E {j %ﬂ B DUE S

T 3

Input stage

Output stage

Input stage switching signals

Interrupt signal
for the DSP

Timming

Functional diagram of the system control strategy

Matrix converter module board (MCM) '/

Modulation pattern
generation

System
initialisation
Gate driver signals
generation

Fault handling

Digital processing board (RMX)

Sectors
determination

On-time
calculation

Input and output
switching vectors
determination

System initialisation

Fault handling

Real-time
system monitor

Level shift interface board (LSI)

Input voltages
measurement

Voltage level

Output voltages
measurement

shifting circuits

,DC-link" voltage

Output currents
measurement
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Turn-on times and input/
output vectors

/¢ measurement

Analog voltage signals of
the measured quantities
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“1C I Power Electronic Systems
Laboratory

Digital Realization of the System Control

Digital Processing Board (RMX)

VSMC S
]

1
1

- 16-bit, fixed point DSP Core, up to 160 MIPS
- Builtin Watchdog and Power On Reset Circuit ST
- 40K Words On chip RAM, Configured as 32K Words 24-bit EERI Rl

Program RAM and 8K Words 16-bit Data RAM P T
- 288 KByte non-volatile Flash Memory, programmable via _ > _ _
sl i (PR W
- External Memory Interface
- 8-Channel, 20 MSPS, 14-bit Analog to Digital Converter
- Digitally configurable Trip Levels for each Ana-log Input Channel
- Three external Error Signal Inputs
- Three Phase 16-bit Center Based PWM Generation Unit with () —
12.5ns resolution QI — L " -
- Dual 16-bit Auxiliary PWM-Outputs o .
- SPI Communications Port with Master or Slave Operation # W ( =
- Synchronous Serial Communications Port (SPORT) . §§ %—»
- UART with auto-flow-control B e
- Three 32-bit Timers D <k amonc 5 2 éé
- Ten General Purpose Flag I/0 Pins o G
+ 32-bit Encoder Interface Unit | T .n
- Optional Controller Area Network (CAN) Interface PLD”"’:: H:.::ﬂ_wfm]]
- External Hardware Monitor and RS232 Interface - . HH . :H s
- JTAG Emulation Port R Ul H UUM seme "
+ Multiple Boot Modes s ——— . - T
- 1.0V and 2.0V Voltage References | T || osgr (S pne)
- 5V Single Supply (rse X—_A]
- Extendable with individual Modules
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“1C I Power Electronic Systems
Laboratory

Digital Realization of the System Control

Matrix Converter Module board (MCM)

Function

- The translation from the turn-on times and
switching vectors into PWM signals is the main
function of this board.

e

VSMC 4
o

[

=
1

]

=

N

Matrix converter
module (MCM)

R

Digital processing
(RMX)

Level shift
interface (LSI)

A

=

Main features

- Two CPLDs running at 100 MHz

- Extension Module for the RMX DSP Controller Module
- Generation of PWM Signals for a Matrix Converter

- Buffered PWM Output

- Multiple PWM Generation Modes

- 5V Single Supply

100MHz

EEO

CIk100
Tau[11:0]

InVect[8:0]
DspData[15:0]

OutVect[2:0]

StartTimer
NoDeltaln
GenDsplnt
TimerOne
TimerThree

DspAddr[5:0]

/DspWr

DspPFL4 AuxCon[18:0]

DFlag

PLD1

ISPMach4512V
/EEQ

TDO_P1
TCK, TMS
TDI_PL

AuxIO[1:0]

IReset2
IResetl

CIk100
DspPF[13:12]
Tau[11:0]
[Pulselnh
InVect[8:0]
Dspint
QOutVect[2:0]
StartTimer JEEL
»| NoDeltaln
»| GenDspint
¢——————— TimerOne Sa, Sh, S¢
TimerThree
AuxCon[18:0] Sana, Sbnb, Scne

Sapa, Sbpb, Scpc
PLD2

ISPMachdsi2y  SAN. SBn, SCn

SpA, SpB, SpC

JTAG

TDO_PL
TCK, TMS
TDO_P2

AuxlO2

IResetl
IReset2

EMSTOP

DspPF[13:12]

!

[Pulselnh

|
g

Dspint

JEEL

|

Sx_buf

i

Sxnx_buf

Sxpx_buf

V]
l
!

)

i

SXn_buf
SpX_buf
Auxi02

EMSTOP

Reset IC
ADM708

IReset2

=]
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“1C I Power Electronic Systems
I —d Laboratory

Digital Realization of the System Control

VSMC ﬁ[ia | [fj-{[ij E E B
Level Shift Interface board (LSI) : R R
¥kl ‘F“ il
Function - N o
. . . L Matrix converter /L Digital processing /L Level shift
- Provide and interface between the electrical quantities module (MCM) \ (RMX) 9 interface (LS1)
in the power circuits and the ADC converters in the DSP
board.
> VINO[0...2V]
Main features : " VINILD--2 M

- Measurement of high voltages through simple
resistors/operational amplifier dividers

—» VIN5[0...2V]

- Voltages are not insulated (differential measurements)

> VIN2[0...2V]

Output voltages

- High frequency filtering is provided for the signals that
present high frequency components

- The current transducers outputs have their signal levels
adapted to the DSP levels

——»VIN3[0...2V]

,»DC-link“ voltage

5 g » K »VIN6 [0...2V]
g i > K| »VIN7[0...2V]
o
Measured . ADC
E'" parameters Level shift interface board (LSI) S
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“1C I Power Electronic Systems
— =1 Laboratory

Active Input Filter Damping

Basic Situation

u; = U‘r e)'(P'I

(VS)MC

Power Circuit

Space Vector Representation of Oscillating Filter Voltage

X

U,
¥ )

@ =)t

T

. M1, fund
Uy finat N

const,

(b)
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Pl fint = O funt 1}
e

— 12 eJ' ((p2— @2)
%
glﬂr
N M, HF R
: ' Q= @
(¢)
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“1C I Power Electronic Systems
I = Laboratory

Active Input Filter Damping

1st Approach:
Active Damping by Ohmic HF Behavior at

Power Circuit Input
B

A

UILHF

Prur

drir =0

QY

Sim. for passively totally Undamped
Filter @ 1, =3A

u
oV LUl Uy VA/\/‘/VV{AC
300V I\"AV\/\,‘ oV \A"\A ,J‘/J‘/v
200V AL
ooV / \\ /f “\A\/\ /f A
o / L i
T . 7 T N
B S/ 7 5
s NS \ L Y
200V Wil ANEY Y
¥, AN VA 7
ooy " o%i ~. N
PN Ll W 7
400V .,H AR T
o= 9; - 0ir*
0 Sms 10ms 15ms 20ms
Eidgendssisch hnische Hochschule Ziirich

Control Implementation

u = U,r el ™ i :fz efm:z—
& mm VSMC
fo— Power Circuit
—— y "
XA Pir

z)

U pimie = ST

1" =Argliy )= Argluy i) =@ up| | @i =Arg(iy"):= Arglu)=o;
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“1C I Power Electronic Systems
I —d Laboratory

Active Input Filter Damping

2nd Approach:

Active Damping by Principle
Inductive (Capacitive) Behavior

at Power Circuit Input g

»Compared to 1st Approach:
Reduced Effectiveness, but
Input Current- & Output Voltage Waveform Quality is fully Preserved
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“1C I Power Electronic Systems
I —d Laboratory

Unbalanced Mains
Trajectory

w Ut

1t

075 |

»Aslongas U, < U, ..
Even with Convential Modulation: Unbalanced Mains do Not Affect the Output

Voltage System
The varying U, (t) is Measured anyway & Compensated by Adaption of Modulation
Index:
2 0,
My, (t) = ——==2— €0..1
* 12 ‘/5 Ul(t) [ ]
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“1C I Power Electronic Systems
I —d Laboratory

Unbalanced Mains

Conventional Modulation

(cb)
Input Stage Output Stage

B Relative

Turn-On Times
dap =cos(@q +7/3)

dy =cos(ep —7/3)
5(100) =M12 'COS(@Z +7Z'/6)

8(110) =Myo -sin(¢; )

m- 5(100)ac = dac * (100)
5(110),ac :dac '5(110)

5(110)ab =ap *S(110)

ETH 8(100).ah =dab *9(100)

Eidgendssische Technische Hothschule’Zurich

Input Current Waveform & Spectrum

e
1

05

-0.5

Ifn',‘-"-"' )
A

100

94.1%

B0 ¢

a0

ideal

40}

0 [ 0.5% -
30 100 150 200 250 ,ﬁ /Hz

»But: Conv. Modulation generates a 3rd Order
Harmonic in the Input Current,

il
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“1C I Power Electronic Systems
I —d Laboratory

Unbalanced Mains

Improved Modulation
»Set the desired Active Power Constant
. *_ l:Jl,max 'Ol,min
b= 201,max +01,min

q* = _(Ul,max _Ol,min )-sin(2¢y + ¢u1,neg)

B B

a
w U] neg
(W]

B Adapted Input Values for Conv.

Modulation
.. P -0 Yy
P = L — iy, pos = Arctan(————— i —)
P Uy +Q Up
« 20, 1
My, =—— =%

3 . 0, ‘ CoS(¢i1, pos)
ETH

Eidgendssische Technische Hochschule Ziirich

Improved Input Current
Waveform & Spectrum

l'-a’ffj_,\rl
1

ideal

0.5 '
Lig

2 (Pl

r2 =
of3

100 + 08 0%

ideal

1.7% 020

50 100 150 200 250 fi /Hz
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“1C I Power Electronic Systems
I —d Laboratory

Experimental Analysis / Operating Characteristics

IGBT-VSMC prototype

ETH

Eidgendssische Technische Hochschule Ziirich

Input (3~AC)

Input RMS line voltages (U1)
Maximum input RMS current
Mains frequency
Currentdisplacement angle

Output (3~AC)

Output RMS line voltages (U2)
Maximum output power
Output frequency
Currentdisplacement angle
Switching frequency:

Power stage topology:

Power switches technology:

Approximate dimensions:

Approximate weight:

3X 400V +15/-20%
I1,ma>< = 13A
f,=50Hz

$,=0°

3X0-340V
S,=6.8kVA
f,=0-500Hz
¢, =0"-90°

f»=20/40kHz
Very Sparse Matrix Converter
Si IGBTs + fast recovery Si diodes

Power part: 240 x 200 x 85 mm
Control part: 9o x 80 x 40 mm

Power part: 3100 g
Control part: 200 g
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“1C I Power Electronic Systems
— =1 Laboratory

Experimental Analysis / Operating Characteristics

IGBT-VSMC measurements — active power transfer

Operating conditions

-V, (RMS) =230V

- f,=100 Hz
-M=05
.ﬁ:oo

" X, =90°
- Modulation: Conventional (HV)

ETH

Eidgendssische Technische Hochschule Ziirich
Swiss Federal Institute of Technology Zurich

18-Jun-B4
22:18:28

1.2 v S00B%
2 18 mv 5008
3.2 v S00BR
4 1 v DOC
18-Jun-84
22:34:32

H U (200V/Div)

I
3
I§
| l "a H
i -l ||||' 'LHPII‘ (ZOOV/DIV)
iy Lacu]
/ hi { A
; . A1 (5A/Div)
A i A
S R o T
WV N
T
58 kS/s
I 2 HFREJ 2.2my o SR
E e Iy
" E ~[‘fk'rw "'ﬁa(lmi")
P, AL ﬂ‘sﬂﬁﬂl&(lv" i r
: u
- b 4a .
e . 1 (200V/Div)
., E e
I, E rd 3
- u__;_,_y/ﬂ
«——7.8Bms -
58 kS/s
I 2 HFREJ 2.4my
[m} STOPPED
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“1C I Power Electronic Systems
— =1 Laboratory

Experimental Analysis / Operating Characteristics

IGBT-VSMC measurements — active power transfer

Operating conditions

-V, (RMS) =230V

- f,=100 Hz

-M=03

- fi=0°

« X, =90°

- Modulation: Low Output Voltage (LV)

ETH

Eidgendssische Technische Hochschule Ziirich
Swiss Federal Institute of Technology Zurich

,3—_________
2 ms
zee v

U (200V/Div)

_

58 k5/s

O STOPPED

Ig

i s '.}" "k."m'ﬂf‘l“ a (1A/Div)

R

U,

e

=" (200V/Div)

3

«——7.49ms

58 kS/s

0 sTOPPED
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“1C I Power Electronic Systems
— =1 Laboratory

Experimental Analysis / Operating Characteristics

IGBT-VSMC measurements — reactive power coupling

Operating conditions
-V, (RMS) =120V

- f, =100 Hz
-M=0.2

- Ml =038

© X =-90°

- £=90°

- Modulation: RPC |

Eidgendssische Technische Hochschule Ziirich
Swiss Federal Institute of Technology Zurich

19-Apr-84
16:27:48

2 ms

1V oosogex
18 mv 5008
3 .1V 5008y
.5 v OC
19-Apr-84
16:52:17

3,,,,,,,,,,
2 ms
les v

2 mg
18.8mY

2 ms

1.1 v s
2 18 mv s0Q8
3.1 v sy
4.5 v OC

u
(100V/Div)

(100V/Div)

PW b
A,

“r~
LAY

2
o

e

bt M 4

«—=B.2ms

I

2 HFREJ -2.2my

(2A/Div)

188 kS/s

u} STOPPED

i
"y %1aDiv)

U,

/

L+ (100V/Div)

la
3

.

30C 52V

188 kS/s

n} STOPPED
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“1C I Power Electronic Systems
I —d Laboratory

Comparison to Four-Quadrant Voltage DC
Link Converter Systems

Marcelo L. Heldwein and Frank Schafmeister

m Comparison of the Realization Effort
Assumptions, design and losses

m Losses and Efficiency dependent on Operating Point
Theoretical limits

m Power density
Physical layout, photographs, dimensions and power density

m EMIFiltering Effort

Design procedure, components, structure and volume

WER
ELECTRONICS
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“1C I Power Electronic Systems
I —d Laboratory

Comparison of the Realization Effort
Specifications
Input (3~AC)

Output (3~AC)

Switching frequency

Dynamic Modulation Margin
Load

VSMC (Very Sparse Matrix Converter)

P i
AY & AY
S A a4
a YA Y Ya A
O O
5 u 5
c C
O O
'y 7'y AV
J|< J|< J|< K aKaKa
4 \ 4 Ya
n

ETH

Eidgendssische Technische Hochschule Ziirich
Swiss Federal Institute of Technology Zurich

400V, +10%, -15%, 50 Hz
S,=6.8kVA@T,,  =45C

SMC: Input f, = 20 kHz / Output f, = 40 kHz
BBC: Input f, = 40 kHz / Output f, = 40 kHz

AMmin = 5%
PM Synchronous Motor (PMSM)

BBC (Back-To-Back Converter)

P

T
Spa Dap
Jg r W W~ I Ve A~

a A
O—mm O
(Zg -_ = | U -—g
c C
O—mm = O
oJK] Iy Jl;l r S Y ,JK]KJK r S Y
- ‘

(L
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“1C I Power Electronic Systems
I —d Laboratory

Comparison of the Realization Effort
Nominal Point (6.8kW)

VSMC | 1 50V/f1iv
u 15A/div

ﬁiA%ﬁﬁ i O RIS

Mw/ “‘\MW/ T ol
\
(@) (b) |
0 5ms 10ms 15ms 20ms O 5ms 10ms 15ms 20ms
| | | |
BBC B S . 150V/div
] a 15A/div
| ia
A s L sl
"™ ™
© (d)
0 5ms 10ms 15ms 20ms O 5ms 10ms 15ms 20ms
BBC: - constant DC Bus Voltage at Higher Level (boostable even higher)

- lower Output Currents due to Higher Output Voltage Level

9' )%  EUROPEAN
ELECTRONICS
Eidgendssische Technische Hochschule Ziirich AND
Swiss Federal Institute of Technology Zurich oaves  139(178)
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“1C I Power Electronic Systems
I —d Laboratory

Comparison of the Realization Effort

Approach for an unbiased comparison

Ideally designed motors for each of the topologies

J3 U, : Input RMS voltage
VSM U, Ny =5 =AM i) -Uy i = 280V
SMC aN 2 ( min) Lmin U, : Output RMS voltage
I, = Pon —14A U4 : DC-link voltage
’ \/§°U2,N |, : Input RMS current
I, : Output RMS current
BBC Uy = (1+AM min).\/i.ulymax ~ 655V P, : Output power

U2,N = (1_AMmin)'%Udc :Ul,max =440V

l, v =8.9A

Additionally to these assumptions the BBC DC-link capacitor is minimized

i ) EUROPEAN
ETH 95 POWER
ELECTRONICS
Eidgendssische Technische Hochschule Ziirich AND
Swiss Federal Institute of Technology Zurich DRIVES 140(178)
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“1C I Power Electronic Systems
I —d Laboratory

Comparison of the Realization Effort

Choice of the DC-link capacitor for the BBC

Eq. : Peak input voltage

2 2 2
Lin- P |:( Edc _Udc) _(Edc +Udc) J U, - DC-link voltage
CDC—Iink,min - 5 5 ] 2 2 L, - Boost inductor
Ege -Udc ((mm(udc) * EdC) _(Udc + EdC) ) U, : Input RMS voltage

Iy rippte - INPUt current ripple, peak-to-peak

Cbc_tink,min = 31uF

Ref.: A. Carlsson, “The back-to-back converter”, Masters
Thesis; Lund Institute of Technology; Lund, Sweden; (1998)

The capacitor is chosen so that the voltage does not fall below a defined minimum value
during the transient from full regeneration to full motoring mode

Choice of the boost inductor for the BBC

Ly /3
in,min 2.\/6- fp 'il,ripple

in,min —

The inductor is chosen so that the current ripple at the switching frequency is lower than
20% of the peak input current
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“1C I Power Electronic Systems
I —d Laboratory

Comparison of the Realization Effort

Thermal simulation and main components

Vs Description BBC Very ?parse
e 125.000 Matrix
e Semicond. 3 IXYSFII5012E 6 IXYSFIO 50-12BD
85.0000 |nPUt
s Semicond. 3 IXYSFIO5012E 3 IXYS Fll 50-12E
Y 55.0000 Out pu t 5 5
C 45.0000
_3 Boost Inductor 3 1mH (toroidal) Not used
©
v
E (a) VSMC T,mp =45 °C DC-Link Cap. 4 8uF foil, 400V, Not used
v
o0 o
© Timax =150 °C
O IXYS FIO 50-12E IXYS FIO 50-12BD
_ _—
= ,
o
)
LS
O
om
m
: 3
Rih diodes = 1.3 "C/W N | ‘| 1
Rinicers = 0.6 °C/W = : 2 1%
, o

(b) BBC
EUROPEAN
ELECTRONICS

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

Comparison of the Realization Effort

Losses and thermal limits comparison ( @ rated load and nominal input voltage)

Losses distribution

60
Diode Switching (DS)
50 Diode Conduction (DC) ||
— IGBT Switching (SS)
=3 40 IGBT Conduction (SC)
wn
a DS
S 30| =
o 20
2
DC_> (SS)
101 7,
— 2SC) |
LB [T | [
Rectifier ‘ Inverter Input ‘ Output
BBC VSMC

VSMC: No Sw. Losses in Input Stage
BBC: Sw. Losses are Dominant in both Stages

Eidgendssische Technische Hochschule Ziirich
Swiss Federal Institute of Technology Zurich

Junction temperatures

155 """"""""""""""
:’ 0 IGBT Tjmax | “mmp-’
%) 150 3 0O Diode Tjmax
< 145 —° .
z ;
% 140 - a1
|-
g 135 15
S @
& 130 - ) a1
S 125 E . “H
3 -1 E]° 2| 122f]...
S 120 —{E[8 e X [
] 5 %)
115 1
Rectifier | Inverter Input Output
BBC VSMC

Limiting Device VSMC: Output IGBT
Limiting Device BBC: Rectifier Diode
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“1C I Power Electronic Systems
I —d Laboratory

Losses and Efficiency dependent on Operating Point

Efficiency
n —1— PLoss(m’ |2)
Sa(m, 1)
n
(ol SZ(m,Iz):%Ul-IZ-m
100

06

modulation index

Max. Output Current for f,=0

(Standstill, Most Critical OP)

/ 2 max
DLHn

12}
1.0
0.8}
0.6}
04f

02}

0
VSMC BBC

Due to Special Modulation Strategies

VSMC: Max. Eff.: 94.5 @ Full Modul.
BBC: Max. Eff.: 92.0 @ Full Modul.

VSMC: Max. O.Curr. Ampl.: 1.25 T,
BBC: Max. O. Curr. Ampl.: 0.46 1,

Eidgendssische Technische Hochschule Ziirich
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“1C I Power Electronic Systems
I —d Laboratory

VSMC vs. BBC — Relative Loss Difference in Dependency on Load Condition & f,

Under Rated Load Condition the critical f, is about 14kHz

» VSMC is advantageous in Efficiency within Whole Speed-Torque-Plane beyond 14kHz

= Advantageous Applications

B Appl. requiring Output Filter
B Low Inductance Motors
B Aircraft Appl. (400Hz — 800Hz)

—— 1’_:r=0.5 IEN
- = [,=0.25 15y 30~ [P
[kHz]

AI:)Loss = (PLoss,VSMC - I:)Loss,BBC)/ I:)ZN

3 EUROPEAN
ETH gL

ELECTRONICS
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“1C I Power Electronic Systems

— Laboratory

EMI Filtering Effort

Design procedure

Limits (standards)

— o —

'

EUROPEAN

Input current LISN HF equivalent QP measurement 3 £ | Design of the filter Evaluation Pass? E

spectrum circuit approximation g 5 topology and Attenuation yes s

i | | o | QP () ® components Stresses @

S0 igm () 2

sosﬁ[vh (f)?d Compare = ~ Costs no 8

| | - Modeling o)

Input current spectrum without filter QP measurements expected maximum results
[
10 10 100 Eloo
E 8 . BBC E 8 . VSMC i 80 i 80
= iom () = ipm () = 60 c 60
6 & 6 2 40 2 40
= s £ 20 £ 20
é ‘ é * = 0 5 0
[&) [

x 2 x 2 “ 8 20 8 20

0 L . 0 - T 40 5 e | | & 0 ;

10 Frequency [Hz] 10 1 Frequency [Hz] 10 o Frequency [Hz] s 10 Frequency [Hz] 10

Eidgendssische Technische Hochschule Ziirich

Swiss Federal Institute of Technology Zurich
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“1C I Power Electronic Systems
— Laboratory

EMI Filtering Effort

Comparison
Back-to-back VSMC
Total DM capacitance (for all three-phases) 15.54 mF 36 mF
Total DM inductance (10 kHz) 1.20 mH 1.29 mH Filter volume for the
Total CM capacitance 28.2 nF 28.2 nF VSMC is 10% Iarger
Total CM inductance (10 kHz) 36 mH 36 mH
Total filter components volume 325cm?3 360 cm?3
Filter structure for the BBC
LCM,Z LCM,l le Ll
VAC 500F W409 VAC 500F W380 Micrometals T130-26 Micrometals T130-26
o 3 X4turns o X7 tUns 39 turns 39 turns
—illl . . . o
[ [ = g
o am ‘o - g
© ° >
E L:'_I c
L L 8
270 f\j\‘} Ry, 34Q2wW
Come == = = —==—==—C, C—=—=F —F—==Cu
Y2 250V Czd I X2 250V X2 250V Y2 250V
4.7nF X2 250V T 150nF 4700nF 4.7F
X 330nF ' L
ETH POWER

ELECTRONICS
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Power density

VSMC input BBC
Fuse en ferm|{Term|
Fuse
Power Supply Fuse
p i Lem1
iy iy iv y P
g g | wm 50 B
JI< JI< JK:] KxKaK & g KExKxKx JKaKaK&
g Y& Y& va& /04 aleas 22 4 o - 104
i " d e T = b ] 1l 8
c C ° 5% Lol w . C
© Y ¥¥ Xy © ol s o - -
ive | Dive
J J|<% J|<H KalalKa Gate Gate: b Jﬁ x J% JEJ% % K= Jl\i Jul(l x
Y& Y& V& OC Link senstac v
I ensitec n
n Capacitor
L
Gate- | Gate- [ Gate- Gate- 0
Drive Drive Drive Drive
. M DC Link u M M
Dimensions: i Dimensions:
1
L 26.2cm SESEY: L 22.7¢cm
C1
DC Link
W 8.ocm o W 16.0 cM

Sensitec ja}
ermf[Term|Term| Sensitec
11.5 Cm Top View Top View 13.4 cm
Output

Control ‘r T Teontol T T o
DC Link ! ;

B Capacitor : i cl
: Fuse Sensitec |

ferm| [Term| [Ter lﬁ{ W o 7* I
Volume: - — i R— Volume:

FIO __: i Fll Fll

approx. 2.4 liters @ approx. 4.6 liters

= I BN RN Ny B BN B B EUROPEAN
m End view from Input End view from Output POWER
ELECTRONICS

Eidgendssische Technische Hochschule Ziirich
Swiss Federal Institute of Technology Zurich
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Power density

Unbiased Comparison VSMC — BBC
6.8kVA, 340V - 440V, Specially designed PMSM for BBC and VSMC

BBC VSMC

Power density: Power density:
approx. 1.5 kVA/liters approx. 2.8 kVA/liters
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Matrix Converter — Future Developments

Marcelo L. Heldwein and Johann W. Kolar

m SMC power module
SMC and BBC modules

m Status of power switches
IGBTs, Reverse Blocking IGBTs and SiC switches

Design examples with RB-IGBTs and SiC JFETs

m Status of industrial products
Yaskawa’s CMC

m Potential Future Application Areas

m Alternative topologies
m éﬁ 4 F EUROPEAN

POWER
ELECTRONICS
Eidgendssische Technische Hochschule Ziirich ! AND
Swiss Federal Institute of Technology Zurich “; 0‘ DRIVES
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SMC Power Module

Design of Power Module using Si IGBTs and SiC Diodes

Fabrication is the next step

D(n Dbl DC
}S‘Pb\}%}c\p P \\\\4\\1
Spa o SN Dol 1051 Doy 2
ol I % o) D] D T
J &I X =®
s y y s Soal | S, _ :
a Sa ;l A ; A Spa| | Sos| | Spc] | Rys A4 pll Ip
b Dpna Dpnb Dpnf RS‘JiB B i
o ALTC
< . Rae (
D D , , , ;
Cr, anﬁ‘![ bpﬁ—![ R San kSB” Sen n | " |n
= = = - Kakasla i
g/.Ji_li.Ji K‘l\ﬁ\ﬁ\ |
>\ SH ﬁ % i IV/.L E\ DHA DHB Dn('.' 7 | f Il.ml?/
Cpp Cgp Pan ! S'} \ S\ \ n a_ = T
na " Hb . e EB” B E 5 ECH (‘T EPC
pA GBJ‘.I GpB G( " GpC
EconoPACK™ 3
Dimensions: 122 X 62 X 20 mm
The module integrates also: - Part of the input filter capacitors
- Phase current resistive sensors
- Temperature sensors (NTC)
EUROPEAN
ETH ELECTROMCS
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BBC Power Module

Design of Back-to-Back Power Module

Fabrication is the next step

Dy Dy, Dgy

A\ S \ 14

5 — . . )
POJK\* }Iﬁi jL/:* ?Ap 73;) [/)(p
,_ KA K %
a C iﬂ‘ Spal | Spa| | Spc Ry A
c (i‘( Rgc C
SAH SBH S("J.'
Kzxkzxkzx
]—}w{ [}HB D nC

n

a
IS WS
?_
SR Y
?_
L7
e

rll =1,

n |1 m

]

[ T16 /77

. y
\ s AT D D 1 f
= (O) === } ¥ —f
E:-JJ? E Ep‘:{ EB B Ep ECM ‘Ey(‘
G.{ n G:p_i _UB GC n GpC
EconoPACK™ 3

Dimensions: 122 X 62 X 20 mm

The module integrates also:

- Part of the DC-link capacitors
- Phase current resistive sensors
- Temperature sensors (NTC)

ETH
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Status of Power Semiconductor Technologies

IGBT technology

-
E "( Il { 1 + T TEY) 2E1E2) s
T 6167 sodl, B
1ica)
d ﬂ EJ d i: 1ica) 3(c1) 4
I At N id ; —|—_;:§; ol &
o s : 17 2
- Complete CMC module - High power matrix converters - High power matrix converters - 7.5kW IGBT-based prototype - 7.5kW IGBT-based prototype
- CMC prototype built by - Canalso be used in the input - Can be used in output stage of - Canbe used in input stage of - Can be used in output stage of
SIEMENS/EUPEC (7.5kW/400V) stage of IMC/ SMC IMC / SMC IMC/SMC IMC/SMC
- Layout advantages for a CMC - 200A/1.2kV devices - 400A /1.2kV devices - 50A/1.2kV devices - 50A /1.2 kV devices
- Compact design - Switching energy @ Tc=125°C: - Switching energy @ Tc=125°C: - Switching energy @ Tc=125°C: - Switching energy @ Tc=125°C:
) Ey.op=20m) Eq o= 65m) E¢or=3.0m) Epop=22mJ
’ 35A/12 kV deVICeS Et—on= 25mJ Et—onz SSmJ Et—cm= 36mJ Et—on=4'6m']
E,=13m] E,=24m) E,=1.8m]
EUPEC module EconoMAC DYNEX bi-directional DIM20oMBS12 DYNEX half-bridge DIMgooWHS12 IXYS bi-directional IXYS FIO 50-12BD IXYS half-bridge IXYS FIO 50-12E
www.eupec.com www.dynexsemi.com www.dynexsemi.com WWW.ixys.com WWW.ixys.com
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Status of Power Semiconductor Technologies

IGBT technology

ETH

Eidgendssische Technische Hochschule Ziirich
Swiss Federal Institute of Technology Zurich

IGBT Technology Trend

WP T-ISBT (197 8) (Backslde difusion) MOS-Gate Thyristortype by V-groove

1 V-Groowa: Trench ; Aalkall wat etching

1

PT-IGET ('80%) 2 layered Epltaxy(n+/n-), Planar Gate, DMOS(Double Diffused MOS)
1 LS| tachnology T

Planar Gate IG ET[Larga S0A type)— 1um dasign rule — Submicron design rile
1

1 1
Trench Gate IGBTium design nia) _ high reliability for

| Automotive application
PT-CSTBTcamerstored Trench IGET)

i —- Thin warertachnology ('90s) -—

Thin FZ NFT4GET (late 'oos) —  RB-1G BT geversa Biocking 1GBT)

1

LPT-IGBT (LFT-CSTET} RC-1GBTigeverse Conducting IGBT)
1

L {1200V class) — HF-IGBT

| (B0 class) utra-thin wafer

i — Future technology (1) (2008) —-

RB-IGBT + RC-IGBT — AC-MOS-Thyristor — AC-IGBT
i — Future technology (11} (20 10) ---
SIC Devices (ex. MOS-FET , SBD: Schottky Bamer Dioda)
i — Future technology (1) (2020) --

Diamond Device (ex. FED : Flald EmIgslon Dioda) )
1

Mitsubishi Electric RB-IGBT

global.mitsubishielectric.com
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Status of Power Semiconductor Technologies

Reverse Blocking — RB-IGBT technology

e

Advantage

- Bi-directional switch with only one
semiconductor in the current path

Status

- Only one manufacturer for
commercially available devices

- Research (Fuji, Mitsubishi,
Rockwell, IXYS) is ongoing in order
to increase the voltage blocking
capability and decrease switching
losses

ETH

Eidgendssische Technische Hochschule Ziirich
Swiss Federal Institute of Technology Zurich

Switch with reverse voltage blocking capability

- Package with a single switch

- Commercially available: c T0-247 AD
60 A/ 600V devices G
G )r C (TAB)
60 A/ 800V devices c = Gate, € = Collector
E = Emitter, TAB = Collector
60 A/1kV devices
60 A /1.2kV devices
50 T 150 6 240
' mt | Vee=600V / hs t
Vg =215V T 1 mJ |_Ldor) ns T
w 0Fa —1s0 T 120 /_____..____..-—
! Efo 1 t
recint TJ =125°C / t 4 / 160 t
30 > 90 Vg =600V
// t | v ==i5V
20 4, W I e ///
Ew/ o ‘T 4 "
10 pr—— 30 _—y
Z-""""ﬂ_—'_— 7
EIE‘C int EDﬁ/
0 0 0 0
20 40 60 80 A 0 20 40 60 80 A 100
lg  — |c -

IXYS RB-IGBT IXRH 40N120

WWW.ixys.com
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Status of Power Semiconductor Technologies

Reverse Blocking — RB-IGBT technology

Bi-directional switch and Three bi-directional switches modules .TJ-125°C
[ a ol
E 55 T —— [.=1 =504
- Layout advantages for a MC :F' o M"‘E”'ma'ymm}l -.,r"m:mgv
- Compact design o \ | RB-IGBTs
w
- 50 A/ 600V devices ;JE 5.0 9

| Active Area=37mm™(IGET) + 16mm’[Diode) I

- Under development

=

ErETlu_l:
-
o

|
5 4 &! Conventional IGET + Diode
R s v
l Vg, (V)

120H TR2s'c jﬁl. G600
100 v'-*:ﬂﬁv . f Reverse | |
ap K Acbve Area=3Tmm’ Valtage |—< 400
Z [ 1. 5
i ] 3
= 40¥ Forward h\ 200 ®
& ag | Current \ =
(a) One bidirectional switch b) Three bidirectional switches 0 \ 0
Built-in type Built-in type -20 N
(containing two (containing six 40 »-/ 200
reverse-blocking IGBT chips) reverse-blocking IGBT chips) 0 100n  200n  300n 4000 500n 6000

Tirma (5}

Fuji Electric RB-IGBT

m www.fujielectric.co.jp

Eidgendssische Technische Hochschule Ziirich
Swiss Federal Institute of Technology Zurich
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Status of Power Semiconductor Technologies

Reverse Blocking — RB-IGBT technology

Complete CMC module L rd Gen
: Versus IGBT+Diode
16 - - 4™ Gen. IGBT + Diode

75A/m?

- Layout advantages for a CMC
14 4th- Gen.

. - RB-IGBT IGBT+Diode |
- Higher efficiency due to lower  _ L a7adem? oA
conduction losses E 127
= .
= i
- Compact design u 104
- 100 A /1.2 kV devices o
- Under development °\
61
. T T T i i
25 3.0 35 40 45 50
Vee(saty+VF [V]
Mitsubishi Electric RB-IGBT
global.mitsubishielectric.com 200~ r
150 -
2. 62V/100A 025
2
= 1004 L
s
3. 06V/100A @125°C
50 -
0 T T T T T
0 1 2 3 4 5

Vee (sat) [V]
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CNE-4

h

[

oNG-2

i

N2-1

r.J

oNa-3

oN3-3 GN3-2 CN3-1
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Status of Power Semiconductor Technologies

SiC technology
D]fel
SiC - Cascode LL e { SiC JFET 1
Dhoste ) 20— /
= , | Si MOSFET //.
Gmosfet I | V 3
Smosfet
Characterisitics Specification Specification
- Normally off device < 4 A/1.2kV devices - 20A /1.2kV devices
- Gate strategy is similarto an - Switching energy @ Tc=125°C/4A/400V: - TO-247
ordinary MOSFET Eiofr=153 QJ - Capacitive charge (@ 25°C / 10A / 500A/ns / 1.2kV ):
- Higher losses due to the MOSFET Epn=3810) Q.= 61nC
- MOSFET intrinsic diode limits E,=2390)
maximum dv/dt
« Maximum operating temperature
is set by the MOSFET
SiCED/INFINEON cascode ( SiC-JFET + Si-MOSFET ) CREE SiC schottky diode CSD20120
www.siced.de www.cree.com
ETH curorc
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Status of Power Semiconductor Technologies

SiC technology

HPE MOSFET Type C: 10 kV, 2.0 A

7000

]&,

[\ |

6000

5000

4000

3000

/
-1 ——/

Drain Current [A]

2000
- 1000

0

0.0E+00 1.0E-07 2.0E-07

Time [s]

3.0E-07

Semiconductor Electronics Division - NIST ( SiC-MOSFET )

ETH

Eidgendssische Technische Hochschule Ziirich
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http://www.eeel.nist.gov/

-1000
4.0E-07

Drain Voltage [V]

Diode Current (A)

HPE PiN Diode: 10 kV, 40 A

20 500
15 -
, O
o
10 s
] | dudt L 500 <
65A/us o
0 o
o -1000
B Rec. 200ns @ 30°C \\ %
\ 1.1500 <
-10 {[Area = 0.5 cm? N/ o ~
-15 ‘ -2000
1.0E-07 3.0E-07 5.0E-07 7.0E-07 9.0E-07
Time (s)
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Status of Power Semiconductor Technologies

Design example — SMC based on SiC technology

-
Input (3~AC) -
Input RMS line voltages (U1) 3X 400V +/-20%
Maximum input RMS current limax =5 A
Mains frequency f,=50Hz
Currentdisplacement angle X =0°
Output (3~AC)
Output RMS line voltages (U2) 3X0—-340V
Maximum output power S, =2.5kVA
Output frequency f,=0-1000Hz
Currentdisplacement angle X, =0°-90°
Switching frequency: f, =150 kHz
Power stage topology: Sparse Matrix Converter
Power switches technology: SiC/Si cascodes + SiC schottky diodes
Dimensions: 92 X 92 X160 mMm
Weight: 1460 g
ETH powEr
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Status of Power Semiconductor Technologies

Design example - SiC technology

SiC JFET gate driver requirements

- negative voltage (-20V up to -40V)

- pinch-off voltage is close to the
breakdown voltage

- thresholds are not well defined

- new devices are under development

- design with monolithic drivers

ETH

SiCJFET turn-on

20 V/div\

e L. gate?
100 V/diy =tmmsics :

W
\M’ current

2 A/div = voltage g
20 ns/div v ~132KV/ms
area () 3111 pT dt
Fall0) -
S e di ~440 Ams
risel[l) - dt

Eidgendssische Technische Hochschule Ziirich

Swiss Federal Institute of Technology Zurich

SiC - JFET D
leT J i s
e T,
i A Ves
v
R Cg
= 1]
Us C+) (|:|
G
Ruff
Vet Sl
e, :
)—+i0ﬁ Doy
ld
L]

SiC JFET turn-off

I

/ gate
20 V/div

z

~ voltage

2 A/div== ==
T

100 V/div D current
20 ns/div v ~16.1kV/ms
arealB) 13.7978 pJ dt
FEIIII([,') 28.64 ns .
St SII i ~110 Ams
rise(l) 17.98 ns dt

switching conditions: 4 A/ 400V /125° C

SiC JFET switching energy

Total
100 -~ 773
g 80
5 60
3
G 40
20
0
conditions: 4 A/ 400V /125° C
SiC JFET reverse recovery
2 A/div —,
100 V/diV con . current .
~= voltage -
20 ns/div
arealB) 22.00822 pJ eSW =22 p“]
Fall([) 9.899 ns
Fan(h) 23.06 ne Pow (150kHZ) =3.3 W
rise(fl) ---
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Status of Power Semiconductor Technologies

Design example - SiC technology

Cascode turn-on

L
: N 2 kW/div
F el 2 A/diV
i 100 V/div
A58 ns 2008 A 3658 ns 1008 Y ]EEInleII]\/ EEEIHSZ,EIEIkN
ok ol 50 ns/div
area(B) 283.119 pJ
] STOPPED
Djfe!
SiC - Cascode ‘ SiC JFET
le
Dmoslel [
= ‘ Si MOSFET
Gmosfel
S

‘mosfet

Switching conditions
5A/ 600V /125° C

ETH
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Cascode turn-off

Lo Asdiv
 ——— 2 kW/div

50 m M

sk im 50 ns/div

Cascode switching energy (w, = 600V )

= 300
1
= + Turn-on 125°C _ . ;
£ 250 4| x Tum-off 125°C w, =52.96, +11.632
O Turn-on 25°C Je
200 & Turn-off 25°C

w, = 36.195i, +23.99
150

100 "
&

w, = -0.84884, + 17.073
50

w, = -1.36681, + 17.494

0

2 3 4

1

¥

R
T

5

is [A]
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Status of Power Semiconductor Technologies

Design example — RB-IGBT technology

“*‘115‘*" 4‘5]3‘*" LS A S S

Input (3~AC) L,
Input RMS line voltages (U1) 3Xx 400V +/-20% Z : :
Maximum input RMS current limax =13 A

Mains frequency f,=50Hz ‘ -

Currentdisplacement angle X, =0° C == == L »—||:::]|-« »—|[::;:]|-« »{[:i”-c 2 3% )

Output (3~AC)

Output RMS line voltages (U2) 3x0-320V

Maximum output power S, =6.8kVA

Output frequency f,=0-200Hz
Currentdisplacement angle X, =0"-90°

Switching frequency: f,=10kHz

Power stage topology: Indirect Matrix Converter
Power switches technology: Input: Si RB-IGBT

Output: Si IGBTs + fast Si diodes

Characteristics:

Dimensions: Power section: 120 x 260 x 76 mm
approx. 2.9 kVA/dm3
Estimated weight: Power section: 3200 g approx. 2.1 kW/kg
ETH oA

ELECTRONICS
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Status of Power Semiconductor Technologies

Design example — RB-IGBT technology

Modulation Switch Control Delay Times — Interlock Delay Times
uac U
uac Uac ab
u uab u
: I
L3 B R B
L - -i i g i i ! :
a c c a c c a | !
! S | T
8 3 g S| 8] & | 8| 8 g gl 8 Sen i |I i i
S12 2 |82 8|22 E |3 & Sin L -
| ———
= ’ [ 1 | |
t=0 2T, T s, — —
Sc ' l I |

————
05, 1us 05us

L

Switching frequency:
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Status of Power Semiconductor Technologies

Design example — RB-IGBT technology

T T
: B, :

Switching loss measurements IXY5RB-IGBT  p—— \ ; 1
IXRH40N120 | ] e 5 A/div
1'2 kv / 55 A 7 78 7% 79 % 8 113 :A} a5 :':!Z‘
MW :«"‘~"
Pk - 100 V/div
sApJ -
Load - %—.-I_
SAPJ [77 B T‘ES 9 %5 8 a5 B a1 82
500 ns/div
p =0.0004175 i u - 0.0000207 i? u + 2.2065964 u? + 8.4917028 i u? - 3.0776863 i u?
= 6 i=10A = 25 i=7A
£ E
5 5| Switching zero current i=7A g’é - Switching full current i=5A
z
4 i=5A 1s
=3A
3 i=3A =3
10
) i=2A i=2A
1 5
50 100 150 200 250 300 350 50 100 150 200 250 300 350
ufv] ufv]
m EUROPEAN
Measurement results switching from low to high input voltage Evecmoncs
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Status of Power Semiconductor Technologies

Design example — RB-IGBT technology

Switching losses in the input stage

28W

Losses distribution

150
Diode losses Efficiency: 77 = 96%
120 o1 —
2
3 w0 ng losses
8 Switching losses
-
T 60
£
@ Input filter
- Auxiliary power
0,
m Input Stage Output Stage Other losses
Eidgenbssische Technische Hochschule Ziirich

Swiss Federal Institute of Technology Zurich

Thermal design through thermal simulations

T

T

jymax =

T&mperature
67.6649
83.7568

79.6487

75.5400

71.4324
67.3243
63.2161
59.1080
54.9999
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Industrial products

Matrix Converter — Yaskawa

Equipment: YASKAWA's Variable speed AC motor control
-> first commercially available matrix converter drive

Target markets: lifts, cranes and presses
Structure: Conventional Matrix Converter

Specifications:
2006: 400V /55-22 kW
Future: 400V / 5.5 —75 kW
200V / 5.5—-45 kW

Cutpub AC Line Yoltage (Euw, 250% /A DIV
Input Phase Yaoltage (ER, 100Y A DIYY

Input Phase Current (IR, 204 / DIV [ ' '
Cufpul Phase Current (U, 504 ¢ DIYY http://www.yaskawa.co.jp/en/technology/gihou/64-2/t11.htm
Input Yaltage A2 ument Cutput Yotage ACurrent . i i V-
P WaEﬁm F‘JWEWE i Source: Yaskawa Technical Review: Vol.64 No.2
[Raotating Speed=1300rmin, Cukput Torque=39.8N=m]
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Industrial products

Matrix Converter — Yaskawa

S11_~
o 5217
o—
S31 > U
Ex In R 812, Iu
- Ls S 822 v Iv
Er I'A'= T S3LJ/C Iw
Le ce L J_
utility f T T
grid Si13.-7% w
S23 %
S$33 o
Matrix converter
| Rt bl
Er ~N R_R| ~n; |
EsH{r 15 5! A ! i
— T H
~ IT T~ £ |
ET — I Lr g I
Input voltage gy 1 TIT! T
source Lo | £
7]

LC Input filter

proposed controller

sequence
decomposition

ERESET dEmax and

dEmid
calculation

Gate drives circuit

PWM controd logic

A

‘dEmid

T.—| Si

dEmax

&, and sector | ~i |

R I
input current | [
caleulation  [f*
I

cafculation
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Source: IEEE Transactions on Power Electronics, Vol. 17, No. 5, September 2002

Vector
controller

A

*
a)IU’M

(500Vdiv)

(50A/div)

(500V/divy

(100A/div)

10ms / div

=S ]
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Potential Future Application Areas

Conversion of Variable Frequency 3~AC Power
into Fixed Amplitude/Frequency 3~AC Mains

DIESEL Matrix
ENGINE 10kW
[ / \
: =[] MATRIX = .
- up CONVERTER m :
B 1
= » Space [
»  Vector ¥
| Input Voltage Modulator |Qutput Current
Bl—dslcai:.:iﬁnal Variable frequency *
3 onase pits Noutral i 4 Modulation y
) ) ngine "O‘i D.Q, Control *
Univ. of Nottingham /7 UK Speed Control and Engine Demand |
Qutput Voltage

- 3-Leg or 4-Leg Matrix Converter for US Army Ground Power Supply
« 50Hz- 400Hz Output Frequency
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Wind Power Conversion

Wind turbine

Generator Ac-ac
converter AC power
fo utility

Variable-voltage 480V
variable-frequency three-phase
three-phase ac 60 Hz
Wind turbine
i Doubly-fed 480V
- H 18 hIn p ut and Generator three-phase
Output Current Stator otz
Quality } .

-
L

© High EfﬁCiency ACpqwgr
over Wide Speed to uttlity
Range
Variable-voltage . .
variable-frequency Ac-ac B. Erickson, Univ.
© LOW VOI ume fhree.phase ac converter Of COIOradO, USA
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Multi-Level Conversion

hY

Variable-voltage

three-phase ac

variable-frequency

\

—

Generator

Wind turbine Proposed
new matrix

- Step-Up and
Step-Down

- Simple Switch Switch cell:

Commutation

« Modular
Construction

ETH

Eidgendssische Technische Hochschule Ziirich
Swiss Federal Institute of Technology Zurich

converter

L)

Q]

AC power
s fo utility
S 60 Hz

(00—
Q%a

(G0 ——p

00—

Dz* E|_Q

A —

"tk
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Constant

More Electric Aircraft

3-Phase
Shaft 115 Vac
Speed 400Hz
Integrated Drive Generator (IDG)
Cycloconverter
2:1 Input | | 3-Phase
Shaft  we{Generator] . '_2 115 Vac
Variable Frequency Power Generation Speed | | o 400Hz
Replacement of Hydraulic by Electric System VSCF (Cycloconverter)
DC Link

Rectifier L Inverter

————————— — ===

I ' _i_,—°3-Phase

2:1 Input

Shaft ——0 115 Vac
Speed I_ 'E_I_o 400Hz
I - L - — i}
VSCF (DC Link)
Motor Controllers
P | !
2:1 Input 1 o 3-Phase
1

o 115 Vac L

380 to
% 740Hz

Shaft
Speed

VF Generator
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Flight Control Surface Actuation
Left Flaperon ?ight Flaperon

Left Aileron Right Aileron

EHA Electro-Hydrostatic Actuator
EMA Electro-Mechanical Actuator Left Elevator  Right Elevator

Rudder
Converter Requirements ﬁ

- Extreme Temperature Range (-45°C ... 85°C)

- High Peak-to-Average Load Ratio (typ. 1:6) AN

- Wide Input Frequency Range (360...800Hz) el | AN

- Low Weight and Volume \

« Input Current THD (< 5%) e o
- Low EMI 0 101~

- Low Input Capacitance/Current
Displacement Factor (2.5uF/kVA)
- High Reliability

9' )%  EUROPEAN
ELECTRONICS
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Alternative Topologies

Back-to-Back Converter without DC Link Capacitor

IDC

iline IAC |
om-——-_L -

L20—mm+ e

L3o—mm1—
LF Kex 6K Kexy K& K& KA

line filter rectifier DC link inverter motor

i|ne[ _— Wj iDc M-
iy At t

- Line Frequency Switched Input Stage Univeof Erlansen.
- Rectangular-Shaped Input Current ' e

Nuremberg, Germany ,
0 0 EuRopEaN
ETH 95 & POWER
/ ELECTRONICS
Eidgendssische Technische Hochschule Ziirich /. AND
Swiss Federal Institute of Technology Zurich ‘ A orves 174(178)
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Mains Voltage/Current and DC Link Voltage

Chi 200V Chz 200V MZ.0oms ChIw

B 7.504A

motor operation

thi 206V Ch
C

T 00y M2.06ms Chrx 4V

7.50 A

generator operation

° CDC=2'ZUF 100 4
- f,=10kHz o
- 12.7kVA (7.5kW motor)

LF Mains Current 20
Harmonics

ETH

Eidgendssische Technische Hochschule Ziirich

1

M line-frequency switched rectifier with
0,75%-choke, motoring operation
@ ideal 120°-block

O rectifier with 2% line choke

’7 M@ rectifier with 4% line choke

13 17 19 23 25 29

order of harmonics

Swiss Federal Institute of Technology Zurich
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Direct-Linked-Type Frequency Changer

PR A g . URF7 VRF7 WR
IR J = | B J
—> Lo

A 210u NR:
d

_.;,,
ml_x
e
ﬁﬁ*
s
>
._\_]
=
=
[

30 ,u:__: 15 u VUV

VRS

R phase bilateral switching circuit

To—m—-— T phase bilateral switching circuit =

Se ! ' X S phase bilateral switching circuit = *‘{"’E——c Y
’WYL

- No Bidirectional Switches Required Fuji Electric, Japan
- Avoids Clamp Circuit
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- Regeneration of
Snubber Energy

ol

Fig. 11. Regenerative route of snubber energy.

« Bidirectional Connection of
Input and Output

* Input Voltage/Current
- Output Voltage/ Current

ETH

Eidgendssische Technische Hochschule Ziirich

Swiss Federal Institute of Technology Zurich
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Thank you very much
for your Attention |
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