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Schedule

m Indirect Matrix Converter (IMC)

Johann W. Kolar, Thomas Friedli
- Basics
- Comparison with Conventional (Direct) MC
- IMC Modulation Schemes
- Dimensioning
- EMI Filter Design
- Hardware Implementation
- Experimental Results

Coffee Break

m Indirect Matrix Converter vs. Back-To-Back Converter
Johann W. Kolar, Thomas Friedli

m Future Research and Development, Discussion
Johann W. Kolar, Patrick Wheeler
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Classification of AC-AC Converter Topologies

AC-AC Converter

I
DC-Link Energy Storage

VSR / VSI CSR / CSI| Conv. Matrix Converter ‘ ‘ Indirect Matrix Converter

No DC-Link Energy Storage

- Matrix Converter -

I I '

Inverting Link

Very Sparse Ultra Sparse

MC Features:  m Sinusoidal input and output currents
m Unity power factor at the input
m No energy storage elements: size and weight reduction
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Indirect Matrix Converter (IMC)
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Basic Matrix Converter Topologies

Conventional Matrix Converter Indirect Matrix Converter
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Conventional Matrix Converter (CMC)

Mathematical Description of the Basic Operating Behavior

Voltage Conversion Current Conversion
U, sAa sAb sAc) (u, I sAa sBa sCa) (i,
ug |=|sBa sBb sBc|-|u, I, |=| SAb sBb sCb |-|i;
Uc sCa sCb sCc) (u, I sAc sBc sCc) \ig
Ujpe = S cou i = gT i
Y aBC =] Yanc Lanc 2 N e
u,,Uu,,uU.: Inputvoltages I,,1,,1.: Input currents
U,,Ug,U- : Output voltages I,,l5,1c ©  Output currents
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Conventional - Indirect Matrix Converter (IMC)

: u SPA  snA u

Voltage Conversion A P sap sbp scp) | ®

Split into Rectifier and U |[=| SpB snB |- 5 LUy

Inverter Stage uC SpC snC san sbn-scn uc
Upgc =  Spw ' S Reet © U

Up
QDC - - §Rect ) gabc
un

m Introduction of a fictitious rectifier and inverter stage
m Fictitious DC link voltage and DC link current
m Modulation as for DC link converters

Indirect Matrix Converter can be considered as a physical implementation of a
mathematical concept
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Functional Equivalence of the IMC and the CMC

No.|A|B|C|Spa S Sac|Ssa Seb Sec|Sca Scb Sce|Uas Usc Uca|ia b e

llajalajl 0 0|1 0 O[1 O 0|0 O O0O]0 O O

2 |b|b|bfO0O 1 0|0 1 0|0 I 0|0 O O|0O O O

3|c|c|c|]O O 1|0 O 1({0 O 1|0 O O|O O O

a 4lalcic|1l 0O 0[O0 O 1[0 O 1]|Us O Ugplin O -ip
o 5(bjclc[0 1 0/0 0 1|0 O 1|Ugc O -Uyg|O ia -ia
6|blajaj]0 1 0|1 0 O[1 O OUp O Uxpl-inin O

b 71clalal0 0 1]1 0 0]1 0 0|um 0 -Ual-ia 0 i
O 8[c[b[b[0 0 1[0 1T 0[]0 1 0]Uc O Ug|O -is i
C 9lalblb[1 0 0/0 1 0|0 I O|Usp O -Up|ia -in O
O 10jclafc[0 O 1|1 0 0[O0 O 1 Up -Us O |ig O -ig
11)cibfc/|0 0 1]0 1 0|0 O 1 |-Ug Uec 0|0 ig -ig

2lalblaj]1 0 0[O0 I 0|1 O O|Uxp -Usp O |-ig iz O

1Blafcfal1 0 0[O0 O 1|1 O O|-Ua Ua O [-ig O g

14|b|clb|0 1 0[]0 0 1[0 1 O Uy -Uye 0|0 -ig ig

15/blajb|0 1 0[1 0 0|0 1 O |-Uyp Usp O |ig -ig O

16|cjcfal0 0 110 0 111 0 010 Ug -Ugalic 0 -ic

17|clc|/b|0 0 1[0 0 1[0 1 0| 0 -Uy Up|O ic -ic

18lalalb[1 0 0|1 0 0[O0 1 0|0 Uy -Up|-ic ic 0

9falajc[1 0 0[1 0 0|0 O 1|0 -Ug Ual-ic 0 ic

20|blbfc|]O 1 0|0 1 0|0 O 1|0 Uy -Uy| O -ic ic

. R . 21|blbfal0 1 0[O0 1 0|1 O O| 0 -Up Uxp|ic -ic 0

m Operation of the IMC s restricted to u,, > 0 Slalblc[1 0 070 T 010 0 1 0w v wlis e ic
231alcib|1 0 0[O0 O 1[0 1 O |-Up -Uy -Usp|ia ic i

24(blafc|0 1 O0f1 0 0|0 O 1 |-Uwp -Uca -Upc| iz ia ic

m Remaining switching states identical to iblclal0 1 000 0 111 0 0t U Usjic ia e
26|clafb|0 0 1|1 0 0[O0 1 O |Uqa Usp Uncl|ig ic ia

those of CMC 77[c[b]al0 0 110 0 T[T 0 0 |-Uss -Uap Ueal ic I ia
70(blbjc|0 1 0|0 0 1|1 1 0 Up -Upc|Unc| O -ic ic

71|b|bjal1 0 0[O0 1 0|0 O 1 0 -Uap Uap | Uap ic-ico

72|blblal0 1 0|1 O Of1 1 0 -Uap Uap |-Uap ic -ic 0
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Multi-Step Commutation for CMC / IMC

f J?i J ]L
JO®E K X &
a Y Ky K ¥ @ 4
O ... O
b b B
G O O
c (.
g ) o * . : : O
= — JRI R &
& I RERERE A
Y Constraints:
= No mains phases short-circuited
Example:i> o, u,, < 0,dA — bA = No interruption of i
ETH
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Multi-Step Commutation for CMC / IMC

1st step: off

== |Z| - )
J J Y
a 5151 @t tas
g & ] I T A
O ... O
b b B
G O O
c (.
g ) o * . : : O
= — JRI R &
& I RERERE A
Y Constraints:
= No mains phases short-circuited
Example:i> o, u,, < 0,dA — bA = No interruption of i
ETH
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Multi-Step Commutation for CMC / IMC

1st step: off
2nd step: on

J J Y
IO K ILJL’. A
g a @éﬂ vy & 4
o, ... O
b b B
G O O
c (.
° | ’ E<XE<E
i L Jx K x I &
& I RERERE A
Y Constraints:
= No mains phases short-circuited
Example:i> o, u,, < 0,dA — bA = No interruption of i
ETH
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Multi-Step Commutation for CMC / IMC

1st step: off
= 2nd step: on

3rd step: off
3/ ) ) |Z| )
,JSi I % ]L
JOX K & &
g g ‘7 %i 3 & 4
o, ... O
b b B
G O O
c (.
g ) o * . : : O
= — JRI R &
& IR At
Y Constraints:
= No mains phases short-circuited
Example:i> o, u,, < 0,dA — bA = No interruption of i
ETH
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Multi-Step Commutation for CMC / IMC

1st step: off Sequence depends on
2nd step: on current sign!
3rd step: off
4th step: on . @ 3
,JSi ) ]L
' JOXI X &
g u I xCI)w @ P
o, ... O
b b B
G O O
c &
5 ' ) BT -
== == JRI R &
L2 2 21 R1R] At
.Y Constraints:
= No mains phases short-circuited
Example:i> o, u,, < 0,dA — bA = No interruption of i
ETH
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Zero DC Link Current
Commutation for IMC

1

J J J ‘ ‘ I
Ny Wy W

l l l S
u

LLL

oo 0% 0%

= J K xI &
)\\;[/,J.JJ“ K}ﬁ

=0 Tr Tp

" i ~1/3mains
- period
Uha lca
w3 /6 0 +1/6 +m/3
Wae Uae
rm—————————1 _ __. Uah _ _ _ e
| | DC link
| 4 i voltage &
1C =IC
& T f" ““““ 1_ """"" current
RS N 0 0 o T
cde— =B
Sbpb S L 0 | e
Scpe A S S -
Sana : I ; : PWM
Shnb ] : I i | .
1. | [ pattern

3 E = 3
Ll A2 LA | L Ld
y ¥ g ‘28 8ls ¥ ¥
H 2i= iSi2iS|8inat = 12
R R i = S L e S
! L = - P . -
"1120 _'{'Tp
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Zero DC Link Current
Commutation for IMC

~_1/3mains
0 o
- period
;l- = . - . ' c e
(ac) [ JS“fJ @Lé l,JIJ l (100) N

a °] j °] A -rt/3 -r:lfﬁ' 0 +mf$ /3

O P-mm—0

b B fr:___:}::‘i"ﬁ _____ tabh ____%

i} " "-_?ﬂ b | - DC link
¢ ‘ —g-m=—0 b e’ voltage &
g y IS = . " B TN S
1 ﬁ «J'ﬁ x@fx@; I E i f 1 1_ current

N RS RSN o T S S
Shpb 1 : O L :
A S T I
T, I n 5

_ | T i PWM
u=u, e [ pattern
sc b1 1 I l
i I
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Zero DC Link Current
Commutation for IMC

(ac) :‘] ig‘i :‘1 l@ l@l,}él (110)

u <==—0

)\_@_‘1 jﬁ “.Jiﬁxﬁx@;x

on OG5 09
=

i

=0 Tr Tp

N 1/3 mains
- period
'H.bu “‘
-3 -/ 0 +r/6 +7/3
Uae 1,
TR s T Hab Jo——————————7J
1 1 .
L DC link
4y | i voltage &
Fio-e -l -- -1 - “f" ““““ | current
1 I . v :
: : —— ] —— : A
S o &
Shpb + ! — —_— T
1 | R Y i !
Sope i S
Sana ! ] : ; , ¥ PWM
Shab : : I I .
e T 1 1 [ pattern
s4 | ' i IR .
SC : ! : i ] s
:5 : < < g
d i IS N e
§ 1 8i & :Bi8iB|8i8IS s
g |81z £ 888z = £ &8
I S S T S S St S L St S L S =
=0 +Tp Tp
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Zero DC Link Current
Commutation for IMC

=0 Tr Tp

i ~1/3mains
0 o
_ - period
_l . o : I ; ' Ue
o il d l l |
e ddldl
a J T L A -n/3 /6 0 +u/6 /3
O P-mm—0
b B ﬁ.%:‘.‘:‘:-_-_h‘uh ____%
i . "-‘OF ! | - DClink
s +¢-mm—0 e i voltage &
L il ‘ I N O R current
e ﬁ I IJK]“K]I —= B 1_
)\; 7 . ! : v Sapa o ] ;j
Shpb ! :
Sepe —_—
el — L E ] PWM
u=u, = | [ pattern
i= oAl I s |
S . ! i
=0 o +Tp ) ?:;*
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Zero DC Link Current
Commutation for IMC

. ~_1/3mains
_ - period
/] = v - | e
a \ l l A -3 rtlfﬁ' 0 +r|:.";‘ /3
O P-mm—0
b B ﬁ_%r_‘. - Hab _ _ -ﬁ
° ! — | ] ' DC link
S - | o R voltage &
8 | | @ L JK xJﬁxJﬁx TN _"E—_F"” -. ————— 17 ————— current
O R E R T |l ) S

ot E ! PWM
[ pattern

u=uab

. $A !
=0 - [0

1
§ i 18 5 g
[ 3 [ 3
: . - l‘j ;'_-"t;"i - —
E ¥ 115, 8|8 .88 -
5 s = e P e R T =
] =] e ::|§ |82z = | =2 s
F I F ESISISEIE S I F S
£, 3 28 i i L ot ol . o -
- I
=0 +Tp T}
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Zero DC Link Current
Commutation for IMC

|——— pattern

. *‘“x/f"_ﬂxi/f;;“ 1/3 mains
- period
j . e ; I : ite
(ab) [K\F K& ® l@;[)l,ng ]L (10) N |
a °] °] °] A -rt/3 rl:lfb' 0 +r|:f;( '3
O P-mm—0
b B ﬁ.%--:::.ﬂuh ____ﬁ
” ! N | ] ' DC link
5 ' —+¢-mm—0 L e i voltage &
g 1 gl R -----if—---—— --------------
| xi I@; ! | 1_ current
)\\;[/ / NE. Sapa S =
: . e : i :
sune L PWM
i !
1

i=-i s4 |
C SB I_.
sC —I__] !
| 1
g 3! 5 ]
e Sy &
§ g §18)8(8i8i8: § | &
I I L o L i A i =
=0 #1p 7y
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Zero DC Link Current
Commutation for IMC

or 1p

o~ — 77—~ =5 1/3mains

eriod
j ) - . ' % e p
(ab) JS{J D ids g (100 =
a °] j °] A -rt/3 -r:lfb 0 +1/6 /3
O P-mm—0
b B ﬁ_%-_--nﬁqh __--ﬁ
Ci u 1'-—?* | i E - DClink
§ : =0 i Ll voltage &
: °l 7= [ - - - - - - T current
o - J fﬁ“@{"@" — F e
| e
n'ljma :l PWM

u=ug, == = pattemn

1 I
—t
1 ]
=T k] g
[ s 3 [ 3
. _ -y 4 e L ©
5 5 SiNlS)5iE R & 1 E
g 2z ZIE1glgiez = 2 8
[ I N I S I = Lt st = AL - =
gy I
W=0 1T T}
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Zero DC Link Current
Commutation for IMC

Summary

= Simple and robust modulation scheme
as it is independent of voltages and
currents (sign)

= Negligible rectifier switching

losses due to zero current commutation
of the rectifier stage

ETH

tw=0TF 7p

o >~~~ ~L =5 1/3mains
o period
e
Uha lca
-3 -m/6 0 /6 /3
Uac Uae
A e Uak R = e e
DC link
i i voltage &
7| <L i H"_____ - = _ t
B | | | | curren
Sapa -
Shpb -
0% NSNS S 5 N I
s ———— = Et
Shnh \ . - B {
el 1 | [ pattern
i | T .
sg b | ¢ . j—
se |+ [ &1
R ERN
| & e O S
=0 Ty
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Space Vector Modulation

Derivation

Intervals considered

Free-wheeling limited to Inverter Stage
dab + dac =1

Local Average Value of Input Currents
i-a :(dab+dac)i-» i-b :dabi-» i-c

Ohmic Fundamental Mains Behavior

cos®; =1

g ~Uy; g ~Uy; 0, ~Ug

Relative Turn-on Times

o __E_c__u_c’ dap :_[i_
a ua Ia

i i} §
) -iC ic F :
ir==--FER----- R - e -
- — -
Sapa g : 0
Shpb ; :
Sepe -
Sana — i
Shnb | i |
Senc | H |
54 ; S R
5B _l = = I_._l cxe = = I—
sC [ ; I, !
o E=] L: 3
= %3 %5 5] -
g $i 8 i9i8i8i4iqi5 § 3 S
&g gl & iSigigigigis o S g
= = e e H e = =
=3 (I S gt L S ] = S St
=0 1 Tp

Time Intervals

Tac = dacTP / 2

Tab = dapr / 2

Eidgendssische Technische Hochschule Ziirich
Swiss Federal Institute of Technology Zurich
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Identical Phase/Duty Cycle of Active Inverter Switching States (100), (110) in 7,

and 7,
T T
(100),ac (100),ab )
O100)ac = = O(100).ab = = (100) Yooy = 35U
Tac ab jﬂ
T T By
(110),ac (110),ab _2 3
5(110),ac - = 5(110),ab -— _ ~ 5(110) 9(110) =3 Uue
Tac ab

T . T

* 3 J? J;
u, = f(uacf(loo),ac +UapZ(100).ab T Yac® * Z(110).ac T Yab® * Z(110).ab)
2
:f(uacracé(IOO) + uabz'bcé‘(IOO) + uacz'acé(IIO)e + uabrbcé‘(IIO)e

Generated Output Voltage Space Vector
2

*

u,

Tab 2 Tac Tab j?
- tUa T 0100y +5 (Uge 7+ Ugy T )€ S0

1
2 Tp 2 Tp 2 Tp 2 Tp
jﬁ
_2 2 3
-3 (uacdac +uabdab)5(100) +§(uacdac +uabdab)e 5(110)'

Local Average Value of the DC Link Voltage
U =Ugpdap +Ugcly

ETH
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25 23
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Output Voltage Space Vector

T
*

_ 27 2T

J_
3 S(110)

Therefore, Calculation of the Relative On-Times of the Active Switching States of

the Output Stage can be Directly Based on i

S00) =5~ g cos(p, +4 T(100),ac =
2
uy ] .
(110) = 73 %U %) T(100)ab =~
— Absolute On-Times T(110).8c =~
T(110),ab =~

Local Average Value of the DC Link Voltage

g, —2

u=  ——
cos(a;t)

ro|w

ETH

ok
2 *
Tp G2l cos(p, +%)
1

A sk

1

NG

1L

U *
=Tp U—éub cos(¢, +%)
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Output Voltage Formation

Output Voltage System Voltage Transfer Ratio
up” =U; cos(m,t + ;) M = Lj} ££
uB*:lj;cos(a)zt—zT”+g00) u, 2

uc” ZO;COS(w2t+2Tﬂ+(DO) U’ :?'Ul =0.866-U,

(110)

£

S(100) U(100),ac -\5(100);'_‘(190),&:5
/ \ /

LN/

Inverter Output Voltage Space Vectors Average Output Voltage
Variation of iz requires a Variation | u- | 40
of the Inverter Modulation Index m, = —— = ——=cos(at)
U 3,
ETH

Eidgendssische Technische Hochschule Ziirich AP—c 200 7
Swiss Federal Institute of Technology Zurich =% 5 25



SM1C I Power Electronic Systems
I — Laboratory

Clamping
= Clamping of each output phase
over a 1/3-wide interval to :
minimize switching losses Z
= Switch conducting the largest
current is clamped A S S S N NN
Sapa AR SRR S T S S T N SRS NS NN
Shpb - | ‘ '
Scpe !
Sana :
. . Shnb i
Clamping over an Output Period e e
Pt Un Ug Uc . 1 ' | f
0... 76 Up Up, Un Up, Un o = RN
6 ... 2 Up, Un Up, Un Un sC )
w2 ...576 Up, Un Up Up, Un g i i .c:i E i -Di i 2
576 ... 7716 Un Up, Un Up, Un L : :“?E ! il‘?: | L
776 .32 | Un, Up Up, Un Up 2 | 2! 8 i8/9i8i8:8/8 ¥ 3| 8
372 ... 11746 Un, Up Un Up, Un § § E if:\ié\i §E ﬂg\ié\i F:\i E § §
1176..0 | U Un, Up Up, Un S S S St S S S S S S
tu=0 | i, | 7,
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Input Current Formation
Load Phase Currents i, = fz cos(w,t +D,)

ig=1, cos(w,t =2+ D))
ic =1, cos(m,t +2+D,)
Verify Equal Local Average Value 7 of the DC Link Currentin z,.and 7,

iac = i(iAé‘(IOO),acTac o iCé‘(IIO),acTac) = iAé‘(l()()) o iCé‘(IIO)

lap = ﬁ(iAé‘(loO),abTab ~IcS(110)a0%an) = 1a9(100) ~Ic i 10)

~ ok

=T T 3 ~ _" 2
| =y =lgp =M, 1, cosD, =1, —==cos®, cos(w;t)

1

Variation of Input Stage Modulation
Index due to Varying 7

1
m1 =—=
| cos oyt

Resulting Input Current Space Vector

- - ~ U 1
[ =1m =1, —2Z cos @, cos(am,t)

=1
1
U, cos ot

Eidgendssische Technische Hochschule Ziirich Ap—c 200 7
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Resulting Input Phase Currents
iy = fl cos(a;t)
iy = fl cos(ot —27”

=0 27
e =1, cos(at + =

Space Vector Modulation Summary

= Phase of resulting input vector is adjustable
= Output voltage vector u,” is adjustable
= PWM pattern is specific for each combination of input and output stage sectors

(hc)f'm (010) (110)

AT T T

A= -

b
(be (ac)

%I - ci(wi1) ju
Vi Re 7/ (100)
. (ab)
(ca)
P1 =01t \ 101
e 001) (1om)
Rectifier (input) stage Inverter (output) stage

Eidgendssische Technische Hochschule Ziirich Ap—c 200 7
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Conventional vs. Low Output Voltage Modulation

Conventional Modulation Low Output Voltage Modulation
(HV) ty=0 7TP Tp

Uab Hac

Ubc
u :

‘U

_Ueh
i : : _ - _Uch .
wy -t= U B e : Ue |
A ' - . -
. Uba ‘5 Uca Uba Uca
/3 /6 0 /6 /6 0 +n/6 +n/3

J3 -

A A~ 1~
U2,max,| :7U1 z086 'Ul

- U2,max,|| :EUlZO'S'Ul

Rectifier space vector
representation
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Conventional vs. Low Output Voltage Modulation

Uac Uac
HV 1;% ,,,,, l’-‘l‘ﬂ'l‘-" ,,,,%

ul

id iA
-ic -ic
=== e e r_ - F=]- -= = =
f- - -

id y it id
-ic -ic | .
[m===- == l.—. S R F
igh
iy
z 0

= One input phase (a) is clamped to
one DC link bus (p)

= Other input phases (b, c) are switched

to the remaining DC link bus (n)

ETH

Eidgendssische Technische Hochschule Ziirich

LV Uah Uah

= No input phase is clamped to the
DC link bus

= One input phase (b) is switched
between the positive (p) and the
negative (n) bus

= Current blocks of both polarities
appear in one input phase (b)

Swiss Federal Institute of Technology Zurich
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Conventional vs. Low Output Voltage Modulation

Output Voltage
Generation

Parameters:
fi=50Hz
f>=100Hz
fp=20kHz
L=1mH
C=9uF

0 Sms 10ms 15ms 20ms

Input Current
Generation

0 Sms 10ms 15ms 20ms

Eidgendssische Technische Hochschule Ziirich AP=c 200 7
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Conventional vs. Low Output Voltage Modulation

Switching Losses Output Common Mode Voltage

0.8 I \ \ \ 300 | i
PSerOJ iH\é 7 = s ngiﬂ/“- = = 250 | B
06 ¢2_0 i UO’RMS ¢2:0 E\G\B\ 4) 0
=

_ N [V] 200 B
. =/4 L 4?\A\"ﬁ‘ELV A ¢2:n\'\

0.4 Moy a—a—a—ypy ¢ — 150 g .
. " $7=0 ] HV
' 100
0.2 —
0.1 - =
0 0
0 0.2 0.4 0.6 0.8 1 0 0.2 0.4 0.6 0.8 1
Mj2 M2
Reduction of switching losses Output common mode voltage IS
of approximately 58% reduced to approximately 75%
ETH
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Conventional vs. Low Output Voltage Modulation

Switching Losses Output Current Ripple
1.6 - 0.6 HV —
e 20
1.4 a4 9270 e h,’_,,,f;""'"iiﬂ —& ¢2_; .
A{]:)rjl"'I““‘""‘M(‘S{'’r] 7 ~ _ AI2A,RMS,r AR ~ :
Z A G2=14 0.4 Lv. = ¢>-mA4
1 LV&/"& :
__m 9220 0.3
0.8 B HV""F — ’____;_ __:a
0.6 /',,,-"-_ —5 $r=m/4 0.2
0.4 l":':’-""’_B
0.2 =8 0.1
0 0
0 0.2 0.4 0.6 0.8 Mo 1 0 0.2 0.4 0.6 0.8 M2 1
Current Stresses
16 HV — .
|
v b= 0 v // o+ Input voltage ripple doubles
! /-- .; s . .
[A] el e = Output current ripple slightly reduced
(0 ISpA, 11 o - o
% Cisa 1 . ~
8 .// e R | = For given U, (M,,) the component
Ol L s current stress increases (conduction
= = -
N A losses)
2| o
“l.-
0 0.2 0.4 0.6 0.8 |

Mj?
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3-Level Modulation Scheme
Conventional Modulation (HV)

f“ =0 '){TP (Tp
\. #

Uab Ueac

Low Output Voltage Modulation (LV)

yi
Uab = g ”uTP,- Tp Uac

Ube

g

0 0
_._h‘(_-b
W -t= > e
e pra > Yea
/3 6 0 +nf6 /3 /3 /6 0 /6 /3
N— _
V
3 Output Voltage Level Modulation (3LV)
= Weighted combination of HV and LV modulation
= Lowers output current ripple
= Reduction of the output common voltage
ETH

Eidgendssische Technische Hochschule Ziirich

Swiss Federal Institute of Technology Zurich
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3-Level Modulation Scheme

Conventional / High Output
Voltage Modulation (HV)
. B

U2 207U1

Low Output Voltage
Modulation (LV)

U,=0...—U,

N | —

3 Output Voltage Level
Modulation (3LV)

l\/§U

2 =5

>

0 ' ' :
¢1=-1/3 -1/6 0 +1/6 +1t/3

Eidgendssische Technische Hochschule Ziirich AP—c 200 7 _—
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Advanced Modulation Schemes
Modified:

Conventional:

Switching Losses
in Output Stage Only

None
Reactive Power Coupling

Modulation

Low Output Voltage "

+ Reduced Switching Losses

- Max. Output Voltage is Reduced

Switching Loss Shifting
to Input Stage W

+ Shifting & Splitting Switching Losses

- Works for Output Phase Displacement
02 <m/6 & High Output Currents Only

Reactive Power Coupling

Input & Output i

|
I I

RPC 1 } RPCI |

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

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

Modulation

Differsfor:

Input Stage

(Formation of DC-link Voltage)

Input- & Output Stage

(Commutation Interaction)

Input- & Output Stage

(Formation of Reactive Input
Current / Output Voltage)

Eidgendssische Technische Hochschule Ziirich
Swiss Federal Institute of Technology Zurich
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Sparse Matrix Converter (SMC)

Standard IMC Topology JEF;; ,JEJJ " J%Mgmgx
with 18 Switches a KIKIKY A
b B
s ] -
i@ @ A
BEEEGO0
Derivation of the A S -
SMC Bridge Leg Spa o] o I
Configuration | oo
Sap"_[ Y a — Y a
o K ¢+
Snao—l v Sy o] Sa v
Scmo—l Sa
" @ Tm "o

As the operation is restricted to u,, > 0, blocking of S, , within the turn-on interval of
S, is not required and both transistors are combined into a single transistor §,

Eidgendssische Technische Hochschule Ziirich AP—c 2007 ——
1 99 37
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Sparse Matrix Converter Topologies |

—

p .
K% K%K% i L
5 KrKsKx
Sparse Matrix Converter N ——0
(SMC) 5 -5
Bidirectional c C
O + O
— JoxI xI &
E3 Kinsns
n
, Wfiﬂ['iwfi K L""‘/‘ R y
Ultra Sparse Matrix G | -_E
Converter (USMC) 8 7'y -0
Unidirectional c _ ! C
O ! O
T T A 4 !
Pre 5% ——/J 5 g Ve Veg
D, e (-%.+%) )\;g’ 1. |

Eidgendssische Technische Hochschule Ziirich AP—c 200 7 -_—
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Sparse Matrix Converter Topologies

Very Sparse Matrix Converter Ay iv |
(VSMCQ) I I ] i
Bidirectional a K“!x K‘!l REkrht A
b B
O |0
C . C
. N * Y AY A4AY
I K] ] KFEFRF
IXYS FIO 50-12BD 2 £ Y& ¥%
J J o
I IR
. vz yx  AKF ELFE A
Three-Level Output Sparse ™= I -0
Matrix Converter 8 | -
Bidirectional c I -5
TRy AY R Lk duk
LR EXEES)
o J J
ETH
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Swiss Federal Institute of Technology Zurich ] 39



SM1C I Power Electronic Systems
I — Laboratory

Realization Effort of Matrix Converters

Number of Transistors, Diodes and Isolated Driver Potentials

Converter . ) Isolated Driver
Transistors | Diodes .
Type Potentials

CMC 18 18 6

IMC 18 18 8

SMC 15 18 7
VSMC 12 30 10
USMC 9 18 7

AC-AC Converter

|

‘ DC-Link Energy Storage No DC-Link Energy Storage

- Matrix Converter -

_I__I—_l_ | [ |

VSR / vsui csr/csl | Conv. Matrix Convertes Indirect Matrix Converteril
Sparse Very Sparse Ultra Sparse Inverting Link |

Eidgendssische Technische Hochschule Ziirich Ap—c 200 7
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Indirect Matrix Converter Topology Overview

Indirect Matrix

g b { IPIPL _ J&H@Uﬁx f ﬁw ¥t

’ - ) Dl

LR i Ll gy Uti?if LF Ay
BIEEE G ) TIT % 1y

RB-IGBT Indirect

Converter (IMC) Matrix Converter
P
K r Y r iE! iE[ “_]! 3 ?
; o ;: _J1 1 j 1 ,JliI ]K.JKIJE.J"J x ; g ] JK;[“JI{;[ ]EJK!”K J% ];JJ J;JJ x _ " 1{2:1;{; ; J%lué ]EJJ x -_6‘
5 -f B - 5 i -
T T T A ==/J JKEE!JK?EEEE N o W W —!.r _!‘[ b! é x % x
)\;; ‘qu_'“ JL/-L K% . “Jﬁ ]UK] 1 }\.’Y Y& Y Y& ﬁ ﬁ )\;; X * x ‘: ’ JI\/] Jﬁ
Sparse Matrix Very Sparse Matrix Ultra Sparse Matrix
Converter (SMC) Converter (VSMCQ) Converter (USMCQ)

Eidgendssische Technische Hochschule Ziirich
Swiss Federal Institute of Technology Zurich
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Dimensioning Procedure
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Dimensioning
Basic Considerations for Drive Application
HM.-'IHMH
O M=1
1 —
_._._,_,—'—'_"ri-
Operating Point 2
5/6
0.75
23 |
0.5
112
1/3 |
0.25
/6 |  Operating Point1
My=002 ~_|
1 23 a3 0 13 123 i
= IEJ_?,IMF

Example of a steady state torque-speed
characteristic of a PMSM

Operating Point 2

Nominal load torque: my, = my, ,,
Nominal speed: ny, ~ ny, ,

Output phase displacement: @, < 10

(]

Operating Point 1

Nominal load torque: my, = my, ,,
Speed near zero: n,;~ 0

Output phase displacement: @, ~ 0°

Eidgendssische Technische Hochschule Ziirich
Swiss Federal Institute of Technology Zurich
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Dimensioning
Loss Distribution
I
JC & igl l
) i o ?JK J &I )
O O
b B
o, O
€ C
o O
gt | @ W A
o Kt ™
Input Stage Output Stage

= Conduction losses

= Due to zero DC link current

commutation, switching
losses are negligible

Eidgendssische Technische Hochschule Ziirich
Swiss Federal Institute of Technology Zurich

= Conduction losses
= Switching losses

q;:;nfl

3} =0 ‘.
o 2,1 10)
4 2 \

N
—
’ o, A
Vi,
£
.H
.cl;..;; S.,u.-r N i
JE JE
ig A ig A
O
B B
- O
C C
+— O O
SCn Ic Scn ic
DupZs K Duazs Dups I
n n
iq=0

Positions of i, and i, determine

which semiconductors are subject
to power losses

APEC 2007 44
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Dimensioning
Procedure for Loss Calculation

®  Conduction and switching loss measurement on high performance test setup

m  Determination of a set of parameters by a given interpolation approach
(polynomial parameters)
K; i=1..5

I”

m 2 “Universal” analytic expressions for semiconductor dimensioning at
Operating point 1 (local maxima):  pp, ax = f (f,,01.15 .K;)
Operating point 2 (global average): P, = f(f,,Uy I, .K;)

®  Limitation of the output current and overall converter efficiency
TZ,max,OPl = f (p;ev,max ’Rth ’Tj'TH )! TZ,max,OPZ = f (PDev ’Rth ’Tj'TH)

Top1 = f (p;ev,max 1'2,max,OP1)1 Nop2 = f (Pp,, ’|2,max,OP2)

Eidgendssische Technische Hochschule Ziirich AP"c 200 7 _—
Swiss Federal Institute of Technology Zurich g 45
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Switching Loss Measurements

Four Commutation Cases Uac Uao

u

"jp0q>0andi . <0

Measurement setup for an IMC, ' —i ﬁ f
|

cl
c
o
o

using RB-IGBTs in the input stage
lmc__J |_ S I el e = e e B e
(S d |
A > P
oL
Voo Zero DC link current commutation

|0

ST R L

Eidgendssische Technische Hochschule Ziirich Ap—c 200 7 I
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Switching Loss Measurements

Measurement Data Processing
= Use of switching loss polynomial
Wg (U,i) =K, -u-i, + K, -u-i,? + K, -u? + K, -u? i, + K -u? -0,

= Coefficients are derived by least square
approximation of the measured data

= Coefficients are used for analytical

loss calculation Example of fitted curves, Eqg 4uc0
1.4_ ............. R R R R R R (SRR .
\ / vl [ Ve
L AV -200V| :
Y ) S AVR0OVE e
T 08 R AU
E - | I I D=l R S T
./ :
o i
0 2 4 6 8 10 12

Current [A]

Eidgendssische Technische Hochschule Ziirich Ap—c 200 7 _—
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1'=d

Laboratory

Switching Loss Measurements

Example of Measurement Data Output

We g
Soif T IGBT on = off

[uWs]
1750

1500
1250
1000

750

0

i,=20A

15A

500 ’J//rr/
250

300 350 400 450

: : .2 2 2 .
Wson (U,i)= Kgont *U-ip + Kgonz - U-in” + Kggng U + Kggna -U? iy + Kggng - U

500 550
—_—

u V]

Wson
[uWs]
1750

IGBT off =+ on
i,=20A

1500

1250

1000

750

i2:5A

300 350 400 450

500

WDoﬂ‘
[nWs]
1750

1500
1250
1000
750
500
250

0

IGBT- Switching Loss Parameter
T; K, K> K; K, K;
Sot | 129 947 107 471 107 -84.1 10°  [2.52 107
25°C | S, | 41.6 1.75 308 107 60.7 107 923 10°
Dot | 66.6 2.54 332 107 95.4 107 2.90 107
Set | 179 -1.31 650 107 -116 107 3.48 107
120°C | Son | 70.0 2.94 518 107 102 107 -1.55 107
Dot | 97.9 -3.73 488 10 140 10° 427 107
Units nWs(VA)' [ nWs(VAD) ! [ naWs(V)! [ nWs(V'A)! [ nWs(V'AY)!
ETH

Diode on =+ off

550
R —

U [Vv]

400 450 500

2 2
3P

Used for analytical
calculation

Eidgendssische Technische Hochschule Ziirich
Swiss Federal Institute of Technology Zurich
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Transistor Currents in Half

Analytical Loss Calculation Pulse Period of Sector |
Conduction Losses — Model, Parameters _}ﬁ ----------- p - Yab -
“Dev - IGBT- On-State Parameter u corresponds to switched !
,’O , ____ — "\ ipey_ [ s ?;QOUF ;2(53' volt-age of output stage P4
N o= = = R

. . * ispB
Conduction Losses (in general)
. . . . .9
1 | gt Ppev.c =Upev Ipev =(UE + T Ipey) - Ipey =UE “Ipey + T+ Ipgy :
TP _ 5 ISCn
Tp Poev.c =UF “Ipev * I Ipev,rms

SpA

* Local Conduction Losses in Sector Il (exemplary of Spg)

SAn

_ . .2
PspB,c = (5(110) +5(010))' I8 -Uks 1ny +(5(110) +5(010))' 8" s v SpB

L . T T e e A R LT I

i_SPB iSpB,rms2 e ; '

Local Switching Losses in Sector Il (exemplary of Spg) o .
ESpB,SW = g g % __3 ,g %
= fp '[WS,Off (Ugc-ig )+ Ws on (Uap - 15 )+ Ws oft (Uap- g )+ Ws on (Uac»iB)] = | £i8 i8is 2
S QO S OIS

== LOcal Total Losses in Sector Il (exemplary of Spg) t/Tp=0
_ — 0, =0, + 0,

pSpB = pSpB,SW + pSpB,C (110) (110),ac (110),ab
ETH 5010) = %(010),ac t 9(010),ab

Eidgendssische Technische Hochschule Ziirich

Swiss Federal Institute of Technology Zurich APEc 200 7 49
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Conduction Losses (Example for Inverter)

Operating Point 1 Operating Point 2
(Local Loss Maximum) (Global Loss Average)
Equation Equation
_ 3 - ~
PDev,C,max :EM P '(2\/;U F,Dev + Dev '3|2) Poev.c =
A 4+243M cos®, 377 +1643M cos®, -
=I2| Uk pev 2 +IDey 3 P
V4 24w
OP1=M %0 OP2=M, =1
Transistor Transistor
M—->M=0 M2 —> M2 =1

5S,Inv,C,max =0

Diode Diode
4 4
M_)[E_M]zg MZ—)—Mzz—l
SR -
PDev,C,max =Z|2 2V3Ug pev + 'dev - 31 Total Inverter Stage (Piuy,c):
I::'InvC :6'(PS.InvC + I:)D.InvC)
ETH

Eidgendssische Technische Hochschule Ziirich

APEC 2007
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EMI Input Filter Design

Filter Design Procedure

Choice of standards

Y

Limits for emission i

Pass?

- - - Design filter - - Yes  Desi
gned
Slmulatlo_n or Current LISN QP Requm_ed topology and _Eyaluz_itlon (emission Slor
calculation spectrum measurement attenuation limits, size, stresses, etc)
no components no
Compare
T Identification of the f

largest emission condition

=
=
c Y c
2 S .9
8 + u R AY XY 3Y
= E £3 A AT A
<6
= = % - E € Yk Y& y& | ok P :”_QA
o w v = w wn
§ : § b : Eﬂ
» S
2 C
& 21 AY XY &Y
. I, _ AT AT AT F A e
10 100 1k 10k 100k 0 2 4 6 8§ 10 12 14 16 18 20 YA YiX Y&
Frequency [Hz] Time [ms]
Input current spectrum Input current VSMC

Eidgendssische Technische Hochschule Ziirich Ap—c 200 7
=2 51
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EMI Input Filter Design

Modeled Spectral Measurement (Chain o1)

Input current spectrum  _ > LISN simplified high frequency model
o <
— Q = -
w S < . , u jo
s = S5 U meas (J‘D): I'dm (J‘D)' M.()
7 S @ , Lam (j0)
—_ v = E C I Converter’s - -
< 6 —_— LISN )
pogie 8 < _8 250 nH T input current 50 ‘ ‘H pr
% 4 Liisn I (* idm ~ 40 vlms(s)
w3 SOuH Riisn |:| u %30 [T
E 2 50 Q ees .é.:; 20
1 E
0 [m 10
10 100 1k 10k 100k = = = . I k/ .
Frequency [Hz] 10 1 oForequency [HI/I]VI 10M
Calculations in frequency
and time domains
= 180 Measurement results - (U )
g 100 [ e Video filt Detect RBW filt
= 1 X XXxXK ideo filter gtector Gain ilter Attenuator
2 120 Mixer
£ 10 Measurement  Ur z- ‘UQP E Up m Uneas 1SN
T %0 —— ClassAlimit result = VB output
é 60 ~—— Class B limit
S 4
° LISN output voltage spectrum - (U, ...)
g 20
07 | Oscillator
Frequency [MHz]
Measurement values Spectral measurement modeled chain

Eidgendssische Technische Hochschule Ziirich AP—c 200 7
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EMI Input Filter Design

Modeled Spectral Measurement (Chain 02)

LISN output voltage spectrum RBW filter Effect of the RBW filtering
— 180 c a 2 | |
z S8 il narmimnt o T T
2 160 - g c o - Moderﬁner‘—' 10! — 1
= M0 L o= g 4 . 5100 | Uyl I
o i = QO [ CISPR 16 specified . .l 1
2 1201} 2 q’: E % 8 filter envelope % 10 ]
E 100 8 el 2 10 £ 10 1
B 80 —— ClassAlimit - |2 o 10° i
ER) " ClassBlimit — | £ = 10 Fﬁ, L !
5w o AP i T
= 20 - - 10¢ T ‘ Ufilt(Jm)ﬁw
s 7 TTTT e TYIOZ 107 — —
0.1 1 ”23 g g g = g g g g 10k 100k IM
Frequency [MHz] Frequency [kHz] Frequency [Hz]
Calculations in
time domain
-+
S a
— 180 oo 5 100 ‘
2 c 3 | ug(t) |
g 190 Wwa Y D, R
< 140 E O' P QP QP1
7 120 LoX | = o—p—{ 1] o
g 100 55| g
2 8 —— Class Alimit — =
é 60 ~ Class B limit > UD CQP — RQPZ UQF
5w o |
= 20 -
[a] 0 -100 e} 0o
0.1 1 0 20 40 60 80 100 120 140 160 180
Frequency [MHz] Time [ms]
Averaged values Effect of the QP detector Quasi-Peak detector

Eidgendssische Technische Hochschule Ziirich AP—c 200 7 e
Swiss Federal Institute of Technology Zurich =% 5 53




1C I Power Electronic Systems
I — Laboratory

EMI Input Filter Design

Three-phase Filter (Topology and Function) and Final Result

VSMC input current Designed three-phase filter Input filtered current
40 T 15
20 B lreins ) 10
- 22 N 1, (o) s
z g o 7 4
B e o N/
© § wielml, [Slem . .F S s \
== . /
120 “TT LI “TT LT ] i
0 2 4 6 8 10 12 14 16 18 20 P T 100K ™ 0 2 4 6 8 10 12 14 16 18 20
Time [ms] Frequency [Fz] Time [ms]
2 . [
= 1o —
g 1 AN z %0 Class A limit |
e U e T m o (] AN I o v 7 a — AN
2 120k b 1A A"HL‘ E 60 N ——Class B limit
% 100 - HEER0 R YN A “\\M1 / % 40 Xxxx
B 80 —— Class A limit | 5 2 l *x
R “ Class B limit I v g, | [,
§ 40 {- é i
g 20 8 -20
0 40
0.1 ! » 0.1 1
Frequency[MHz] | | s o= Frequency [MHz]
Measurement without filter Experimental result Final measurement
ETH (DM conducted emission)

Eidgendssische Technische Hochschule Ziirich
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EMI Input Filter Design
Three-phase CM / DM Noise Separator

Function Basic Noise Separator Schematic
Enables separate measurement of DM Uow.a
and CM noise in order to properly evaluate = Tra L[]
the performance of the designed filters O I ‘[ RE] ot o
ra 0 o
Ubm,b
-~ Trb Lb
Transformer CM inductor (Vo I I o o RE] |
DM, out,b

r
': Tr, L.
I I — RE] l Upm, out,c

UCMl ny %R l Ucwmout
R=50Q

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

Dimensions: 12.0 X 9.5 X 5.7 cm (4.75 X 3.75 X 2.25 in.)

Eidgendssische Technische Hochschule Ziirich Apﬂc 200 7 —
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Hardware Prototypes

Experimental Results

Eidgendssische Technische Hochschule Ziirich —c 200 7 ——
Swiss Federal Institute of Technology Zurich AP— 5 56




1C I Power Electronic Systems
I — Laboratory

Very Sparse Matrix Converter

Topology and Power Semiconductors

R N A .
AY & i* g l J
K| f'i l X ALK ALK &
a YA Y \ 4 A
O O
: : :
C C
O O
A AY A&
JO ALIC &G &
K] ] ﬁ h ﬁ
N N S ¥ Y4 ¥ , : sl & _
1K Z2 —n Y 2
ZS / ;".':;"/ 1ol & ;, d
— IXYS IGBT module IXYS IGBT : )
FIO 50-12BD Fll 5o-12E
1200V, 50 A 1200V, 50 A

Bidirectional power flow
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Very Sparse Matrix Converter

Hardware Construction

Power
PCB/Control
20%

EMC
In

Filter
20%

Commercial
Heat Sink

Coolin
60%

Input RMS voltage

Output power

Rectifier switching frequency
Inverter switching frequency

230V
6.8 kVA
12.5 kHz
25 kHz

2.8 kW/dm3
46 W/in3
94.5%

Power density

Efficiency

CM,

#
@8 [y » 3
Gormian,,
-
her 1,
. iy
54
_ : 3

Magneto resistive output current
sensors from Sensitec

Eidgendssische Technische Hochschule Ziirich
Swiss Federal Institute of Technology Zurich
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RB-IGBT Indirect Matrix Converter

Topology and Power Semiconductors

Jf}m{lﬁurff}r It ok

A
ag B-—o
b o~ L -_—
= C
e —— -

b

JHE HF -

J{FH@H{FT

IXYS RB-IGBT IXYS bridge-leg
IXRH40N120 Fllso-12E
1200V, 40A 1200V, 50 A

Bidirectional power flow

ETH
APEC 2007 5o
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RB-IGBT Indirect Matrix Converter

Hardware Construction

Output connectors
\

Control boards

Input filter

Heatsink

2.9 kW/dms
48 W/in3 Input RMS voltage 230V
Output power 6.8 kVA
Efficiency: 95.5% Rectifier switching frequency 12.5 kHz

Inverter switching frequency 25 kHz

Eidgendssische Technische Hochschule Ziirich Ap—c 200 7
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RB-IGBT Indirect Matrix Converter

Measurement Results

|
| DC link & & DClink
voltage ‘l voltage
100 V/div i 100 V/div
[ I ":{”| | SEREER P, | SV VIR || PRSP AFIFIRR || PR
3 Input 3 Output
| current .| current
! 5 A/div ! ¢ A/sdiv

Operating point: U, =230V, P, , =15 kW, f_, =120 Hz

Measured efficiency: = 95 %

Eidgendssische Technische Hochschule Ziirich Ap—c 200 7
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RB-IGBT Indirect Matrix Converter

Overall Losses

Input filter
52 W losses Rg-sl géT
IGB'I_'/ D_iode 27TW switching
switching Aux. power losses
losses Inverter stage losses
losses 30 W
105 W
Rectifier stage 55 W
53 W losses RB-IGBT
IGBT / Diode conduction
conduction 8 W
losses
losses

Calculated losses distribution at the maximum output power of 6.8 kVA, U, =230V,

M =M, and @, = 0°; shown for T; = 25°C
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Ultra Sparse Matrix Converter

Topology and Power Semiconductors

JKTJKTJKT

o ° 4
b o o B
Co °C
1 L L
LTI T Y
LEEIES R RN,
IXYS IGBT module  IXYS diode IXYS bridge-leg
FIO 50-12BD DSEP 60-12AR Fll 5o-12E
1200V, 50 A 1200V, 60 A 1200V, 50 A

Unidirectional power flow

Eidgendssische Technische Hochschule Ziirich
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Ultra Sparse Matrix Converter

Special Features — Clamp Circuit

Ipc
Fil 50-12BD Kl{ K'i K‘{ i . e .JKI * .Jlg * .J|£ *
°_| °_| °_| | External
o . R Resistor A
EMC ¢ =
b Filter * T |Power — B
Suppl .
c upply J C
pr—

L i )

= Auxiliary power supply connected to DC link

= Clamping circuit with resistor combination to dissipate the energy of a load
machine in braking mode

Output displacement angle: @, e (-%£,+%) ipc> 0

D, ¢ (—%,+%)  ipc<0o — Clamp activation

ETH
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RB-IGBT Indirect Matrix Converter

Hardware Construction
Input filter

Ceramic input capacitors

= Si USMC

= Si/SiC USMC
SiC free-wheeling diodes
in inverter stage

Gate drives

Input RMS voltage 230V
Output power 5.5 kVA
Rectifier switching frequency 25 (37.5) kHz
Auxiliary power Inverter switching frequency 50 (75) kHz
supply

Eidgendssische Technische Hochschule Ziirich Ap—c 2007 —_—
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Ultra Sparse Matrix Converter

Measurement Results Showing Clamp Operation

LeCroy

Motor speed
500 rpm/div

Voltage across
the clamp switch
200 V/div

SN T I O A A e e I i i rmr Zoomed voltage across
I the clamp switch
q T 400 V/div

3 5ms208 Y [].1ms 408V B 5ms 850 Y O STOPPED
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Overview of Hardware Prototypes

6.8 kVA | )
Si RB-IGBT IMC Si IGBT USMC

[ 1.5 kVA
Si MOSFET SiC JFET Si IGBT USMC with
Cascode SMC SiC output stage diodes

Eidgendssische Technische Hochschule Ziirich Apﬂc 200 7 _6
Swiss Federal Institute of Technology Zurich [==] . 7




SM1C I Power Electronic Systems
I — Laboratory

Comparison of Back-to-Back
Voltage DC-Link Converter and
Indirect Matrix Converter
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Criteria for Comparison

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, dimensions and power density

m EMIFiltering Effort
Design procedure, components, structure and volume
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Comparison of Realization Effort

Specifications

Input (3~AC) 400V, +10%, -15%, 50 Hz
Output (3~AC) S,=6.8kVAatT,, 6 =45°C
Switching frequency SMC: Input f, = 20 kHz / Output f, = 40 kHz

BBC: Input f, = 40 kHz / Output f, = 40 kHz
Dynamic Modulation Margin AM,;. = 5%

Load PM Synchronous Motor (PMSM)
P :JF P
AY AY AY 1 1
B ] i Spa | Dap
“J|< “J|< J|< e Wel e :Jg W Jg W W
a YA YA Yi A a A
O O O _— L@
g % g g - = |U -—g
s (& C C
O O o - O
AY A¥Y AV |
,JI<_ ,JI<:_1 ,J|<:_ e Neg W@ ,,JL’1 A JK] r o .,J}(l Al xl &
YA YA ¥Yai :

n n

Very Sparse Matrix Converter Back-To-Back Converter
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Comparison of Realization Effort

Assumption for comparison:

Ideally designed motors for each of the topologies

VSMC U, =L(1-AM;)-U, i = 280V
’ ’ U, : Input RMS voltage

|2 N = PzN =14A U, : Output RMS voltage
’ \/§'U2,N Uy : DC-link voltage
I, : Input RMS current
BBC Uge :(1+AMmin)'\/§'U1,max ~ 655V I, : Output RMS current
P, : Output power
1
U2,N — (I_AMmln)EUdc = Ul,max = 44OV
I2,N - 8.9A

Eidgendssische Technische Hochschule Ziirich

Swiss Federal Institute of Technology Zurich APEc 200 7 n




[1]

SM1C I Power Electronic Systems
I — Laboratory

Comparison of Realization Effort
Choice of DC-link Capacitor for the BBC

E4c : Peak input voltage

2 2 2
Lin- P |:(Edc ~Uge ) —(Ege +Ygc) } Uy, : DC-link voltage
CDC—Iink,min - ) ) ] ) 2 L, : Boost inductor
Edge Ude ((mm(udc) T EdC) _(UdC T EdC) ) U, : Input RMS voltage

Iy ripple © Input current ripple, peak-to-peak

Cbe_tink,min = 31uF

Capacitor is selected such that the voltage does not fall below a defined minimum
value during the transient from full regeneration to full motor operation

Choice of Boost Inductors for the BBC
LY /I3

o 2 \/g 1:P ’ i1,ripp|e
L ~ ImH

in,min

Inductors are chosen such that the current ripple at the switching frequency is
lower than 20% of the input current amplitude (minimum EMI filter volume)

Eidgendssische Technische Hochschule Ziirich —c 200 7
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Comparison of Realization Effort

Thermal Simulation and Main Components

Tsmperatnre V S
oo Descripti BBC ery sparse
105.000 escription Matrix
- semiconductors 5 v Ellco2E 6 IXYS FIO 50-12BD
65,0000 InPUt
oo Semiconductors
Output 3 IXYS FIO 50-12E 3 IXYS Fll 50-12E
T =ac°C Boost Inductors 3 1mH (toroidal) Not used
(a) VSMC amb — 45
Tj,max =150 °C DC-Link Capacitors 4 8 uF, foil, 400V, Not used

IXYS FIO 50-12E IXYS FIO 50-12BD

BBC requires larger
heat sink due to
lower efficiency

_ o &
Rth,diodes =13 C/wW ; .

(b) BBC

! _ o jodl, B

Ry, iGers = 0.6 °C/W 2
Eidgendssische Technische Hochschule Ziirich AP—c oo ——
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Comparison of Realization Effort

Losses and Thermal Limits — Comparison at Nominal Conditions

Losses Distribution Junction Temperature
0 Diode Switching (DS) I35 T T
@ Diode Switching S Y s | i p—
50 o Diode Conduction (DC) | 150 l e IG.BT Tj.max =
- o IGBT Switching (SS) 3) | [0 Diode Tymax B
= o IGBT Conduction (SC) < 145 |
- 40 o | 2
2 (DS) l 2 140 D H
3 30 5 & — 135
= 2 135 |2
§ 20 (DC) E 1] ] Té 21
° (SS) = 130 = © | b §
" 10 S 125 JE =
T 1 S T = =2 —
(SC) (50 S =17 1R 183
0 = 120 [ 52 17 LEE
Rectifier | Inverter Input | Output = - E ==
BBC VSMC 115 | |
Rectifier | Inverter Input Output
BBC VSMC
VSMC: No switching losses in input stage Limiting device VSMC: Output IGBT
BBC: Switching losses in both stages Limiting device BBC: Rectifier diode
ETH
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Losses and Efficiency dependent on Operating Point

Efficiency Max. Output Current for f, =0
PLoss(M, 1) (Standstill: Most Critical OP)
n o=1- :
n Ly
[%] '
IOOT- S,(m, 1) =3U;-1,-m 12]
1.0
08¢}
0.6}
ol e : L=0.5Ly 041
- f‘g:(}.zjfZN 021
65
0 0.4 0.6 0.8 i 0 VSMC BBC

modulation index

Max. Efficiency at Max. Modulation Index ~ Max. Output Current Amplitude

VSMC: 94.5% VSMC: 1.25 I;}N (due to special modulation)
BBC: 92.0% BBC: 0.461,,
ETH
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Losses and Efficiency dependent on Operating Point

Relative Loss Difference — Dependence on Load and Switching Frequency

Under rated load condition the critical f, is about 14 kHz

— VSMC is advantageous in efficiency within whole speed-torque plane beyond 14 kHz

Relative Loss Difference

AI:)Loss = (PLoss,VSMC - I:)Loss,BBC )/ I:)2N

Advantageous Applications
for VSMC (IMC)

= Applications requiring an output filter

A _' I_?:I_EN
- [,=0.51
- I_::Q“?j‘?;iw 30~ [P = Drives operated at partial load

= Aircraft applications (400 — 800 Hz)
= Low inductance machines

[kHz]

Eidgendssische Technische Hochschule Ziirich
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EMI Filtering Effort

Limits (standards)

—~—  —

'

Input current LISN HF equivalent QP measurement % | Design of the filter Evaluation Pass? E
spectrum circuit approximation 52 , ' =
p pp o e topology and Attenuation yes S
i o L QP (F) components < Size ag
S0uH i () E: resses =
Hsm v, () ¢ Compare Costs no $
—— - Modeling e
Input current spectrum without filter QP measurements expected maximum results
[
10 10 E 100 ;1
=8 _ BBC =8 ! VSMC| "‘é 80 §
= iom (F) = iom () = 60 =
S 6 36 2 S
£ = g 40 2
> > = =
2 2
= 2 = P @ I
o o 1 S 20 o
=) >
0 Al [l 0 L l (] 2 40 . 2
6 6 o S 6 o S 6
10 Frequency [Hz] 10 10 Frequency [Hz] 10 s 10 Frequency [Hz] 10 o 10 Frequency [Hz] 10

ETH
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EMI Filtering Effort

Comparison
Back -to-back VSMC
Total DM capacitance (for all three-phases) 15.54 mF 36 mF Fllter volume for
Total DM inductance (10 kHz) 1.20 mH 1.29 mH the VSMC iS 10%
Total CM capacitance 28.2 nF 28.2 nf |arger
Total CM inductance (10 kHz) 36 mH 36 mH
Total filter components volume 325¢cm?3 360 cm3

Filter Structure for the BBC

LCM,Z LCM,l le Ll
VAC 500F W409 VAC 500F W380 Micrometals T130-26 Micrometals T130-26
.3x4turns .3X7turns 39 turns 39 turns
— il I I . ] L o c
Z o o T
< o— il I . L o 8
= L«:»—I S
o — - . ©
O
R ’—:D—]
2d
c. L L1 2ow 111, Ryy 34Q2W SN I I e B
M2 T T "1 2 1 T T T T 1T T CM,l
Y2250V Ca X2250V  X2250V Y2250V
4.7nF X2 250V T T 150nF 4700nF 4.7nF
L 330nF ) )

Eidgendssische Technische Hochschule Ziirich
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Characteristic Waveforms

Nominal Operation (6.8 kW)

\
VSMC 150 V/div
Ya 15 A/div
ia
iy
WMW%MM MM
|
(a) (b) |
0 5ms 10ms 15ms 20ms
BBC 150 V/div
Ya 15 A/div
ia
© (d
0 Sms 10ms 15ms 20ms O Sms 10ms 15ms 20ms

BBC Features: = Constant DC link voltage at higher level (boost capability)
= Lower output currents due to higher output voltage level

Eidgendssische Technische Hochschule Ziirich AP—c 200 7 _—
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Power Density
VSMC BBC

Dimensions:

L 26.2cm O
W 8.0cm
H 11.5cm ) Dimensions:
Volume: 2.4 liters Volume: 4.6 liters L 22.7cm
. . W 16.0 cm

Power density: Power density: H 13.4.cm

~ 2.8 kVA/liter ~1.5 kVA/liter '

~ 46 W/in3 ~ 25 W/in3

ETH
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Conclusions

CMC and IMC / SMC proven to be competitive to BBC / Voltage DC
Link System

+ Efficiency: Typically 1-2% higher dependent on operating point for same
semiconductor effort (especially, lower switching losses at high
switching frequencies)

+ Volume: Typically 20% lower for forced air cooling

o Modulation: Comparable complexity of modulation and control,
USMC clearly advantageous for unidirectional power flow

- Output Voltage: Lower output voltage range, therefore mainly suited to
applications requiring a non-standard motor anyway

Eidgendssische Technische Hochschule Ziirich AP—c 200 7
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Future Research

Comparative evaluation of MC concepts and BBC for
equal / optimally utilized semiconductor effort

EMI performance (common mode filtering)

Applicability for highly dynamic drives

Sensorless control down to zero frequency

Modulation for low pulse number / high power applications
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