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Classification of Three-Phase AC-AC Converters
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DC-link AC-AC Converter Topologies

| eej
!

» 1-88¢ X%

ETH

Eidgendssische Technische Hochschule Ziirich
Swiss Federal Institute of Technology Zurich

!
K= ,JKI liJé %
A
L l B
u=0 S
% K= Jﬁ ziJﬁ 7 3
>0
-
EL L AL A
B
-~ C
LﬁLfL __/J
y v %A,B,C

pa.hc

Pa Py Pe
t/\\.

/
/

Pat Pyt P

\

4/135

3.
P= 3{;"—1 . fl (‘(}h(I)l

IECON' 2010 —



“1C I Power Electronic Systems —
I = Laboratory e 5/135

Symmetric Three-Phase Mains
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AU-SiC JFET I-BBC Prototype
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Basic Matrix Converter Topologies

bo I\:—q_, oB b o o B

ol A oo T

o C

— R o,
CEL ﬁﬁlﬂ B

JK{::,JK r W

3 &
C
_Q‘_Z__K:'} —2 (sin 2wt 4 sin 2w, (f, — T) + sin 2w, (1‘ + z)) =0
L L 3 3 3
ETH
Eidgendssische Technische Hochschule Ziirich I ECO N ' 201 0 -

Swiss Federal Institute of Technology Zurich



=IC I Power Electronic Systems 8/135 —
I'— Laboratory

V-BBC

Voltage Space Vectors
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DC Link Current
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VSI Space Vector Modulation (2)
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VSI Space Vector Modulation (3)
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VSI Space Vector Modulation (4)
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VSI Space Vector Modulation (5)

Local DC-link Current Shape
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VSI DC-link Current
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VSI Functional Equivalent Circuit
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I-BBC

Current Space Vectors
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CSR Space Vector Modulation (1)
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CSR Space Vector Modulation (2)
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CSR Space Vector Modulation (3)
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CSR Space Vector Modulation (4)

Local DC-link Voltage Shape
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CSR Functional Equivalent Circuit

Voltage Conversion
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Derivation of MC Topologies

——  Fundamental Frequency Front End ——
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Classification of Three-Phase AC-AC Converters
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Classification of Three-Phase AC-AC Converters
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IMC Properties
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IMC Space Vector Modulation (1)
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IMC Zero DC-link Current
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IMC Zero DC-link Current
Commutation (2)

DC-link Voltage u=u

DC-link Current i =- ?;
(ac) _ (110)
;l o o
o o o
SRR
4 l ] °l
O p-mm—0
g u <==m—0
§ : —+<4-m=—0
! ! O] o J K&
— x
AR cIRinin
ETH
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120°of
Mains
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|- ““‘e:-quE
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DT +}[b°' | _ iYca :
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| Current
i
!
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IMC Zero DC-link Current
Commutation (3)

DC-link Voltage u=u,
DC-link Current 1 =0
(ac) | (111)
1A

2 _

oo O 09

1 jﬁjﬂ el
pkek

1Ky Ky
)\\;K/.J J%J
ETH
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IMC Zero DC-link Current
Commutation (4)

DC-link Voltage u =u,,
DC-link Current i =

(ab) Z_ (111)

o oi ot Rtatad

§ - u

5 2 eiellarats
ETH
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120°0of

Mains
N Period
|- ““‘e:-quE
: Ue
T~ | Jba e !
/3 /6 0 +1/6 +7/3
DC link
Voltage &
Current
1
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L
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IMC Zero DC-link Current
Commutation (5)

DC-link Voltage  u =u,,
DC-link Current i =-1i,

(ab) Z_ (110)
S I
=
; E y T
2 oleel e
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IMC Zero DC-link Current
Commutation (6)

DC-link Voltage u =u,,
DC-link Current i = 1,
(ab) | (100)
;Z a—a -
J o o l: ;L
E»i .,JDJ JQ r Wl
4 ] T
O P-mm—0
g u <==m—0
§ ' —--—_—
! j o J K&
L 7 3
EAcl e imim
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Laboratory

IMC Zero DC-link Current
Commutation (7)

Summary

= Simple and Robust Modulation Scheme
Independent of Commutation Voltage
Polarity or Current Flow Direction

= Negligible Rectifier Stage Switching
Losses Due to Zero Current Commutation
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Coffee Break !
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IMC Space Vector Modulation (3)

Output Voltage Ref. Value iy = Uel¥is = [gelWat
= B
Input Current Ref. Angle 2, i = ]lej i1 oL = oi, &'
(3 (3]
Mains Voltage = Ulej‘pﬂ'l = ﬁlejwlt
Load Behavior iy = fge‘wfz = Le! (%z @2)
Assumptions
Im,bc = ;
m A / 3 T
(1‘91_1:1 < [0 g:| / -7 "%
/// //A\/ ﬁ’]
Tr ~ //// .
iy © {0’ ﬂ “HEIO <P;1 Re
o= -z . 1
L G -

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

Input Current Formation

Desired Input Current

Resulting Rectifier Stage
Relative On-Times

Absolute On-Times

ETH

y = _d(a.b) ?
o= —de i
i, = I, cos o
(41
_ . 2
1, = I, cos (cpé — %)
(3l
_ - 2
i. = I, cos (tpé - %)
11
sin (% — 5 )
7
diat) = cos (X 1
Y=
(!
Tp
T(ab) d(a.b) 7
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g, = Uy cos (cpﬁl)

. 27
u, = Uy cos (goﬁ;l — ?)

Mains Voltage

Available DC Link Voltage Values

=

D
~——

Ufae) = Uge = Ug — Up = V3 - Uy cos (gpﬁl - =

)

o =

U(ab) = Ugh = Uq — Up = \/§ : (Ajl CcOS (Q,D,L—!:l +

Select Identical Duty Cycles of Inverter
Switching States (100), (110) in 7, and 7,
for Maximum Modulation Range

T(ac)(pnn) T(ab)(pnn)
5(&(;)(pnn) — ? - 5(ab)(p’rm) - T = 5(p7m)
ac a
T{ac)(ppn) T(ab)(ppn)
Oac)opn) = = = Oabopn) = T = Otumm)
ETH

Sapa
Sbpb
Scpe
Sana
Sbnb
Sene
SA
SB
SC
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Switch Conducting
the Largest Current is Clamped
(over 1/3-wide Interval)
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Voltage Space Vectors Related to . 9
Active Inverter Switching States U2, (pnn) = §“
. 2
U2, (ppn) = gueﬁ’ /3

Output Voltage Formation
- 2/3

—

Uy = _TP/2 (5(ac)(pnn)7'(ac)uac + 5(ab)(pnn)7_(ab)uab

+ Oae)ppn) Tac) Uace” ™™ + o) (opm) T(at) ape? W/3>

2 T(ac) T(ab) 2 T(ac) T(ab) .
) nn) o ac ab o) n) = e " jm/3
(prn) g (Tp/Qu e+ Tp/Qu’I + O(pp )3 Tp/Qu"+ Tp/2u b e

2 9 |
— 6(Pnn)§ (d(ac)uac + d(ab)uab) + 5(ppn)§ (d(ac)uac + d(ab)uab) eJW/S

Local DC-link Voltage Average Value U = d(ge)Uae + d(ab)Uab
= 2— 2_ 1T/ = — %
Uy = (5(p,m)§u+ (5(ppn)§ue~7 /3 Uy = Uy

Calculation of the Inverter Active Switching State On-Times can be
directly based on iz !

ETH
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DC-link Voltage Local Average Value

Minimum of DC-link Voltage
Local Average Value

Resulting IMC Output Voltage Limit
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Simulation of DC-link Voltage

and Current Time Behavior 0
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Resulting Inverter Stage
Relative On-Times

Resulting Inverter Stage
Absolute On-Times

1
T(ac)(pnn) — §Tpd(ac)6(mln) -

1
T(ac)(ppn) = §TPd(ac)5(ppn) =

ETH

Eidgendssische Technische Hochschule Ziirich

V3
Oppn) = —5
: V3
O(pn'n,) - 7
1. 2 U

U5 T
- ——COS (991?2* + —)

48/135

*

U

/2 6

—Tp——
27" /3 U, cos P}

1. 2 U;

(st ) oo+
Sl | — 0= COS | L —x —
6 77 Yy

-
=T = sin | — 4+ % | sin ( H*)
2" \/B U, cos D (6 " "Oil) i,
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DC-link Voltage Local Average Value
- | , ‘ :
oy = 7 (240 Ttae) = icO(ppm) Ttac)) = E40(pnn) — ic(ppm)
~ I, . . .
b = 7 (Ea0mm Ty = 1cOpm) i) = T4 = 1cOpm)
Equal DC-link Current Local _ _ . f]; cos B
Average Values for Inverter 1= Uae) = Yap) = Io— —— COS api
Active Switching States U, cos P} a1
Local Average Value of g =1 = I cosys
Input Currentin a 1
Resulting Input Phase I = I, [{5 cos
Current Amplitude U, cos D]

Power Balance of Input
and Output Side
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IMC Simulation Results
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RB-IGBT IMC Experimental Results (1)

Output connectors

Control boards

Input filter

Heatsink

2.9 kW/dm?
48 W/in3
Input RMS voltage 400V
Output Power 6.8 kVA
Efficiency 95% Rectifier Switching Frequency 12.5 kHz
(7]

Inverter Switching Frequency 25 kHz

Eidgendssische Technische Hochschule Ziirich
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RB-IGBT IMC Experimental Results (2)

U,, = 400V
P..=1.5kW
f, .= 120 Hz
=12.5 kHz / 25kHz
DC Link Voltage
} AR (AR L } i I mmarah |
3 ; LY 1 / ;3
Input Current Output Current
100 V/div
5A/div
ETH i
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Alternative Modulation Schemes (1)

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

o Mba_ ___ Uea o b - tea.
/3 /6 0 +1/6 +1/3 /3 /6 0 +7/6 +7/3
DC-link Voltage:  Largest and Medium Line- DC-link Voltage: = Medium and Smallest
to-Line Mains Voltage Line-to-Line Mains Voltage
A 3 - A - 1 - .
U2,maX]| =§Ul z086U1 ! U2,maxl|| ZEU]' =05U1 !
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Alternative Modulation Schemes (2)

» Low Qutput Voltage Modulation

[ [he

11 J(aa)(xxx) 11 I
ll(bb)(xxx) 11(xx)(000) - A

1y nn) i(pnn) =ia
11 L(co)(xxx) . .
. ) I(ppn) = -1C

pn . .
I(pnp) =~ -1B

Iy ,(ac)(pnn)

Im 11,m

i1,(ab)(npp/) Pad
LN

I ~ ~
i (ab)(nnp)f'.‘ (ba) _

: 11 (ab)(npn)"’

—

(ac) | 1L(ao)ppn)

e | po

~ ll(ac)(“p“)“* i1, (ab)pnp)
11 (ac)(nnp) ca) /o
|./ > \( ) 11,(bg)(npn) 1,(ab)(ppn)
- cb
11 (ac)(npp) ~ \E )// 1,(ab)(pnn)

i(npn) =1p 11,(bc)(nnp) -
-~
Loy = ~o
(unp) i1 (be)npp)
i(npp) = -ia

ETH
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Im 1_1>2,m

i f
\
\
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U ac)npn) o Ua)=Uac U2 (ackppn)

U(ab) = Ua

ﬁE,(ab)(npn) H2,(ab)(ppn)

U(bc) = Ubc

U2, (be)(pnn) U2.(ab)(pnn)

—_ ’
u2,(bc)(pnp/

U2,(ab)(pnp)

~ ~ U2, (ac)(pnp)
/Y2 @00 Y2.600(ppp)

C U2 (bb)(xxx) U2,(xx)(nnn)
l_ffZ,(c:c)(xxx)
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Alternative Modulation Schemes (3)
» LV vs. HV Modulation

Uy

out ut volta e ilw‘ - il ‘ i il
Generation iy il wal
\H \II}HM M\HU\}NW\” il gl
> iA
0 5ms 10ms 15ms 20ms 0 Sms 10ms 15ms 20ms

1 i

Input Current
Generation
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Eidgendssische Technische Hochschule Ziirich I E C O N ! 201 0 -

Swiss Federal Institute of Technology Zurich




=IC I Power Electronic Systems 56/135 —
I'— Laboratory

Alternative Modulation Schemes (4)

» LV vs. HV Modulation

Switching Losses Output Common Mode Voltage
0.8 ‘ HV I I 300 | |
0.7 L,=n/4 |
Psw, r0-6 7 420 N UOJRMSZSO E\B\
0.5 LV 7 [V 200 2= n/4?\‘\/_\§ L \.\ HV
0.4 ¢2 =n/4 | | ¢2 /4 |
: & ] h—h—a—) 150 By
0.3 62=0 ] Qg
100 —
01 | 50 —
0 0
0 0.2 0.4 0.6 0.8 M]> 1 0 0.2 0.4 0.6 0.8 Mo 1
Reduction of Switching Losses Output Common Mode Voltage reduced
to approx. 58% to approx. 75%
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Alternative Modulation Schemes (5)
» LV vs. HV Modulation
Input Voltage Ripple Output Current Ripple
1.6 T | | | 0.6 \ HV 0
AULa RMS, 1 =0 R 0.5 $2=0 ! \E’Ld,zj; u
aAMT LVH, b2 = /4 = AI2A,RMS,r04 L ST =
| ] .
0.8 / HV;E 03 |
o % Loz =74 ] 02 .
0.4 _
0.2 — 0.1 7
0 0
0 0.2 0.4 0.6 08 Aol 0 0.2 0.4 0.6 0.8 Mo 1
Current Stresses
14 iSa, 1 T
IS,AVG iSpd, 1|
N
H‘{M,z “ m Input Voltage Ripple Doubles
] m Output Current Ripple Slightly Reduced
- m For given U, (M,,) the Component
- Current Stress are Increasing (Conduction
Losses)
M2 !
ETH
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Alternative Modulation Schemes (6)

» Three-Level Medium Voltage Modulation

High Output Voltage Modulation (HVM)

uzzo..@ul

Low Output Voltage Modulation (LVM)

U,=0...=-U,

N |-

Three-Level Modulation

_1 ﬁ-u]

2" 5
Weighted Combination of HVM and LVM

J,

o 1 ! \
Q1= -1/3 -fi6 0 +/6 +n/3
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Sparse Matrix Converter - SMC

Topology Derivation
——— Bidirectional / Unidirectional Converter
Experimental Results
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Classification of Three-Phase AC-AC Converters

AC/AC Converter
I I I
Converter with Hybrid q
DC-link Matrix Converter Matrix Converter
|
AC/DC-DC/AC | |AC/DC-DC/AC
Converter Converter S0 : " . .
" 5 Hybrid Direct Hybrid Indirect Direct Indirect
with Voltage with Current Matrix Converter Matrix Converter Matrix Converter Matrix Converter
DC-link DC-link (HCMC) (HIMC)
(U-BBC) (I-BBC)
’_I_‘ I
. AC/DC- Sparse
Conventional Fu]{{ll E:;'izge DC/AC Indirect Matrix Three-level
Matrix (‘on:e rter Converter Matrix Converter hrie;t-rie;e
Converter (Oi)en Motor- w1th9ut Converter (SMC) Converter
(CMC) windings) DC-link (IMC) (VSMC)
s Capacitor (USMC)

m Sparse Matrix Converter
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Sparse P P us0 P e U0
Matrix spa odlaSr2 A& Dy oIS & Dy Spa o—|KSpaI

Converter ' |
—0 a Sap +—oa znz °_3-|I<Sa +—oa

L S RS Dan
Sna .
San oJ Dna oJ Dna San o—l San
| s - p -
ETH Zurich Spa | iJ %J } l K[l g
J xRN &
ST ¥Ih ¥ ¥
ao 0O A
b o OB
CO ' O C
L ,,JL/]I,JKII,JL/]I
» 15 Transist
) 12 Taneistors N\ Sjﬁ% K1 JK} 1]
n
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—- SICFET
SiC Sparse on _ Si-MOSFET
Matrix Converter -%J _________________
[ECroy Vs
v 20 V/div
. o DS2 —
Switching Frequency 150kHz e

Output Power 2.5kW@10kW/dm?3

4

A4k e
at it i

e 100 V/idiv. 2

e

.

ISZ

INRRNEIREANE: b b Wwwg

20 ns/div
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i SICLFET
SiC Sparse DIVE - Si-MOSFET
Matrix Converter SbJ _________________
S
Switching Frequency 150kHz
Output Power 2.5kW@10kW/dm?3
O O U R O B0
-
-
Lyl
LIT
i B Wl
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p
Ultra Sparse KI H i
Matrix Converter ool I W W
ao O A
b o OB
c O O C
== i A W Y
wl 110 98
a) n
ETH Zurich p
T. Lipo [13, 20] t 1 l t '
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Ultra Sparse

Matrix Converter 20%3%
5ms/div
Upc

U, = 3-® 400V/50Hz

U, = 3-® 0...340V / 0...200Hz

P =5.5kVA i, !

f, = 25kHz (Rect.) / 50kHz (Inv.) //‘\ A /”\\ ;;/f\\ A\ /'\\4
" v \

I JCE s

Power

J Supply c

JKT .Jlfﬂr J';T

[~

Eidgendssische Technische Hochschule Ziirich I ECO N ' 201 0 -

Swiss Federal Institute of Technology Zurich



=IC I Power Electronic Systems 66/135 —
I'— Laboratory

Unidirectional 9-Switch AC-AC Converters with PFC Input

VIENNA Rectifier with VSI (VR-VSI) Ultra Sparse Matrix Converter (USMC)
p , R . ,
x X x l L 3 ,{i i gi
** e ==.JKx..K I Y i@ W W
O A ao 0 A
m O B bo OB
Kk |k c ¢
OJ DJ — — O c O ' O
> 2 | Fx =
S &I IJSI - i i g W@ Vg -
S S | N
a ! !
» With Intermediate Energy Storage » Without Intermediate Energy Storage
» 3-Level Input Stage » “Quasi” 3-Level Qutput
» Impressed Currents at Input Terminals (a,b,c) » Impressed Voltages at Input Terminals (a, 5,¢)
» Additional DC-Link Chopper Required » Additional DC-Link Chopper/Clamp Required
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Topologies with LC-Element in DC-Link

Z-Source Converter ZSC
T-Source Converter TSC
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Z-Source Converter

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

p i
D l l L KI}LKI
Sl & I &K I W W
a o ia 0 A
C C
b O —— ] O R
c O ' o C
= |JK 2K xI & JﬁliﬁlzJﬁlx
\ v J F. Z. Peng [45]

L. Sack [46]
Z-Source-Element
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T-Source Converters

D D
| A
| I i B &l ¥ rq
3 : Vi i Iw Voc N
m Suggested 2-Level T-Source Inverter C_DIV'" - . k O~ ¢ ‘ T8
Topologies by Strzelecki et al. [46], ¢ ] 113 e
2009, and Trans-Z-Source Inverter by -[ X Yt 3| 1 1
Quian et al. [48], 2010. i ) _

T-Source “Sparse Matrix Related” AC-AC Converter

p o
Spa | o o * . l
N WA W
Sa Wﬁ ng 1l S5 RS SN
m IMC-Based Modulation Scheme “o °4
m Output Voltage Boost Capability bo IE::,E:;:B;” o B
m Low Input Stage Switching Losses
m High Blocking Voltage Require- €o /J °C
ments of Output Side Switches 1 _1 _; i KA I %
m Need for Low Leakage Transformer . . 5
g O KT R |

n

Double T-Source with HF Autotransformer
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IMC - Extensions

- Three-Level
- Hybrid
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Classification of Three-Phase AC-AC Converters

AC/AC Converter
I I
Converter with Hybrid .
DC-link Matrix Converter Matrix Converter
|
AC/DC-DC/AC AC(:;DC-DCIAC
Converter onverter Py . . . .
" 5 Hybrid Direct Hybrid Indirect Direct Indirect
with Vqltage with Cl.!rrenl Matrix Converter Matrix Converter Matrix Converter Matrix Converter
DC-link DC-link (HCMC) (HIMC)
(U-BBC) (I-BBC) g

— | | | |

C . Full Bridge DI : Sparse
onventional Matrix DC/AC Indirect Matrix Three-level
Matrix C “a rter Converter Matrix Converter M t-'
Converter (0‘0 n‘r;«{ et " without Converter ( ) C & ”i‘
(CMC) P dings) DC-link (IMC) (VSMC) ULl
windings) Capacitor (USMC)

m Three-Level IMC
m Hybrid IMC

Eidgendssische Technische Hochschule Ziirich
Swiss Federal Institute of Technology Zurich
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Three-Level Matrix Ws_i ’Igi Wﬁ Jéi Jgi Jéi
Converter @ YW | J J J R
bo Ih oB
(Ve ||J o C

i il il N & | I ZEJE:i TJEi

» Bidirectional Converter Jéi Jﬁ JE—I %ﬁi ! ] . |

p

i e £
* * XA X | & |upmx J J -
Lt oB
Kok | HE oc

e R S RS R LS

| % | % ', KF K OKS

H
» Unidirectional Converter ' % ETH Zurich
a b c

ETH
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Three-Level Matrix

D
Converter jE"i »]S_i qg_i J ] Jéi
o o o J o N
ao H—‘ oA
bo I o B
Co IIJ o C
i l l N x| N o
o o o J o o
- l | l
>—0 >—8 p a a .
T
Sap °-| °-| .] SPN DNP l gl l
y
R
ao ”—‘ ] OA
bo I N -, oB
co I E oC
Sna °'| °] °| SNn DIIN
R
Ch. Klumpner [23, 24] m E N | Ik
PR
b)
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Hybrid IMC

Dpa [ Fy I Ug |1.1
a o Sap O A
b o O B
e O C

Ch. Klumpner [5, 6]
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Conventional Matrix Converter - CMC

Modulation
— Multi-Step Commutation -

ETH
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Classification of Three-Phase AC-AC Converters

AC/AC Converter
I I I
Converter with Hybrid q
DC-link Matrix Converter Matrix Converter
]
AC/DC-DC/AC AC(:;DC-DCIAC
Converter onverter S0 : « : .
" 5 Hybrid Direct Hybrid Indirect Direct Indirect
with Voltage with Cl.!rrenl Matrix Converter Matrix Converter Matrix Converter Matrix Converter
DC-link DC-link (HCMC) (HIMC)
(U-BBC) (I-BBC)
. AC/DC- Sparse
Conventional F“]:,ll E:;'izge DC/AC Indirect Matrix Three-level
CMatrix (‘on:e rter Cun\;lerter Matrix Converter I\ldieaet-rie;e
onverter . without Converter
(CMC) (O‘gﬁ:'d?:“‘;"' DC-link (IMC) (VSMO) Converter
s Capacitor (USMC)

m Conventional Matrix Converter

ETH
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Conventional Matrix Converter - CMC

a a
C P @ - C ! r 7
A i
g Saaa |SaBa |SaCa g SA S Sc
* ® - *
| « | ® l_. ] |_‘
. Sbab |SbBb | Sbch o ' I
O . P @ L O !
—_— r—~ —_—
A | /(I SCAC Sch ScCc )&I
S S o) O O O
2 A °B °C b) A B ¢

» Quasi Three-Level Characteristic

)
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CMC Classification of Switching States

Group I (aaa) (bbb) (ccc)

Freewheeling States

Group II (cca) (ccb)  (aab) 0

Generating Stationary (aac) (bbc) (bba) tap =

Output Voltage and Input

Current Space Vectors (acc)  (bee)  (baa) I
(caa) (cbb) (abb) Be
(cac) (chc) (aba) 0
(aca) (bcb) (bab) [ “CA T

Group III (abc) (cab) (bca) Positive Sequence

Generating Rotating

Space Vectors (achb) (cba) (bac) Negative Sequence

ETH
Eidgendssische Technische Hochschule Ziirich I ECO N ' 201 0 -
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CMC Rotating
Space Vectors »

79/135

Positive Sequence
Switching States

Re, a °
E’Z,(acb)
Im /
ot
i],(bal:)
il,(l:nca) r'k. o]
\ Im E \
il,(abc):_i;
Re, a Re, a
=77 i1 (ach)
L e)
B
11 (cha) -y
i],(l:ah)
° =T
C
d) .
Ao Negative Sequence
bo—X—0B (cba) J .
—— Switching States
ab@B (bac)
n ¢ C

ETH

IECON' 2010 —
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CMC Stationary Space Vectors

1] (abb)

11 (bbb)

il._(ccc)

Input Current Space Vectors

ETH

Im, BC
B
: }
N !
U2 (cac) s ulac U2 (aac)

[
Uab

80/135 —

E-_Z_(aaa) U2 (aca)
E}(bbb)
U2 (cee)

Output Voltage Space Vectors

Eidgendssische Technische Hochschule Ziirich
Swiss Federal Institute of Technology Zurich

— Re, A

Y Uz.gbcc) U2 (abb) U2 (ace)
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CMC/IMC Relation (1)

— —

Comespondsnte of T ae) = T o)
Z.1;((1,(10) — il,(ac)(pnn)

da O 1A

b O—l luac |
)—@ *—0

c O
1 AI Uac 1A
O 0 © o O
a b ¢ A B C
P. Ziogas [12]
» Indirect Space Vector Modulation L. Huber / D. Borojevic

ETH
Eidgendssische Technische Hochschule Ziirich I ECO N ' 201 0 -

Swiss Federal Institute of Technology Zurich




“1C I Power Electronic Systems —
I = Laboratory e 82/135

CMC/IMC Relation (2)

Matrix Representation

UA SaA SpAb  ScAe Ug u
<C)f Voltage and Current o o ¢ ¢
onversion
u =\ s 3 5 . =
B aBa  SbBb  ScBe Up oo | U
» CMC
Uc SaCa  SbAb  SeCe Ue Ue
la ’l:A
Wl = Z2cnmer | 1B
ic 7;0
uA SpA  SAn
u U T
P P S =5
up | = | SpB  SBn | - = éWRU =cMCI ~ =CMCU
un i/ T
uc SpC SCn ! Ugq, Uq
\ > Uy Sapa S bpb Scpc
- W | = éGR.U Up
> IMC Unp Sana  Stnb  Senc J
U, Ug
_ T
é}MQI o é;Mc,U

Eidgendssische Technische Hochschule Ziirich I ECO N ' 201 0 -
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CMC/IMC Relation (3)
SpA
SpC’
SaAa  SbAb  ScAc
SaBa SbBb  ScBe
SaCa  SbCh  ScCe
SapaSpA + SanaSAn
= SapaSpB + SanaSBn
SapaSpC + SanaScn
Example
L, _ 10
U2 (acc) = U2,(ac)(pnn) 1 0 0
- - éC‘MC,U: 0 1f- 00 1 -
1,(ace) = U1,(ac)(pnn) 0 1
ETH

ShpbSpA + ShubSAn
SbpbSpB + SbnbSBn

StpbSpC: + StabScn

83/135

SAn

Sapa  Sbpb  Sbpb
SBn

Sana  Stnb  Senc
SCn

SepeSpA + SeneSAn
SepeSpB + SeneSBn

SepeSpC + SeneScn

1 0 0
0 0 1
0 0 1

IECON' 2010 —
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CMC/IMC Relation (4) | #a; €[0,7/6]
g%ﬁ?ﬂg%ﬂigsﬁ I, =0 (ac)(pnn) = (ac)(ppn) — (ac)(ppp)
= (ab)(ppp) = (ab)(ppn) — (ab)(prn)|y _ 1, /0
(ab)(pnn) — (ab)(ppn) — (ab)(ppp)
> IMC — (ac)(ppp) — (ac)(ppn) — (ac)(pnn)|; _ 7,
» CMC ""tu — o [(acc)— (aac) — (aaa) — (aaa) — (aab) — (abb)]tu — Tp/2
(abb) — (aab) — (aaa) — (aaa) — (aac) — (acc)|tlL — T
| oas € [7/6, /3
lt, =0 (ac)(ppn) — (ac)(pnn) — (ac)(nnn)
~ (ab) () — (ab) ) — (@) ppm)l, 7,
(ab)(ppn) — (ab)(pnn) — (ab)(nnn)
» IMC — (ac)(nnn) — (ac)(pnn) — (ac)(ppn)|t =Ty -
> CMC "-‘t# — o [(aac)— (acc) — (cce) — (bbb) — (abb) — (aa )|fu — Tp/2
(aab) — (abb) — (bbb) — (cce) — (acc) — (aac)|tu — T, -
ETH
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CMC/IMC Relation (5)

S 3ﬁ SRR NSSaNSs

—TP t
e ﬁ SSRNcSRRccRRcoaN e

TN

aac) — (aaa) — (aaa) — (aab) — (abb)]tu — /2
aab) — (aaa) — (aaa) — (aac) — (acc)|t# — T,

""tu _ 0 (acc)—
(abb) —

S
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++ —F

SaB Spa
Uab _ Dao Db ig >0 Uabl_ Dpb DuB iy

CMC Multi-Step M Mty i
Commutation co= LT =

S e

Step 1 o Ses i
Uabl s & .
Step I
b%%moB P
\‘3‘!
. Step 2 T
J. Oyama / T. Lipo ++ ++
N. Burany u;f ]‘:S\j:. ;_ , Uail Xz ,
P. Wheeler b W B b W Bk
W. Hofmann = T
Step 3 o =
Example: u-Dependent P .
Commutation a
Uabl_ « L iB
bo [; H: , —o0B Step 11
== &
Step 4
» Four-Step Commutation Uap| =i =l ab)| ik

» Two-Step Commutation bo W A bo W: ,—_i*BoB

Le]
J
l
o
il

ETH
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4-Step Commutation of CMC (1)

Example: i-Dependent Commutation

= No Short Circuit of Mains Phases
= No Interruption of Load Current

ETH

0Q
AN

3

Assumption: 7>0, v,<0, aA—> bA

Eidgendssische Technische Hochschule Ziirich
Swiss Federal Institute of Technology Zurich
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4-Step Commutation of CMC (2)

1st Step: Off

Constraints

= No Short Circuit of Mains Phases
= No Interruption of Load Current

ETH

0Q
AN

:
]

(ol
a

Assumption: 7>0, v,<0, aA—> bA

Eidgendssische Technische Hochschule Ziirich
Swiss Federal Institute of Technology Zurich
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4-Step Commutation of CMC (3)

1st Step: Off -
2"d Step: On

QR
AN

:
]

(ol
a

Constraints %

= No Short Circuit of Mains Phases
= No Interruption of Load Current Assumption: 7>0, v,<0, aA—> bA

ETH
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4-Step Commutation of CMC (4)

1st Step: Off
2"d Step: On
3d Step: Off

o9

oG

on

e
k3

Constraints SEphngs

= No Short Circuit of Mains Phases
= No Interruption of Load Current Assumption: 7>0, v,<0, aA—> bA

ETH
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4-Step Commutation of CMC (5)

1st Step: Off
2"d Step: On
3rd Step: Off
4th Step:  On

Sequence Depends on
Direction of Qutput Current !

Constraints

= No Short Circuit of Mains Phases
= No Interruption of Load Current

ETH

QR
AN

:
]

(ol
a

Assumption: 7>0, v,<0, aA—> bA

Eidgendssische Technische Hochschule Ziirich
Swiss Federal Institute of Technology Zurich
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All-SiC JFET Conventional direct Matrix Converter

Gate Drives

Auxiliary
Supply

Integrated
Input EMI Filter
(CISPR Class A)

e
o
o

Output CM
(dv/dt) Filter

ACin Measurements @ U,,= 115 V RMS, 400 Hz
LeCroy T
Input A ZH\ A
Current JEA
AC out 2 A/div
Output
Current T
» P,,.=3kVA, n=93.1% (at 200 kHz) 2 A/div i
P £ nom= 144 kHZ (£ 45i,= 200 kHz) Tnput T
» 3 kVA/dm3 (50W/1n3) with 1200 V/6 A SiC JFET VO\l/tadqe f
> ~ 8 kVA/dm? (135W/in®) with 1200 V/ 20 A SiCJFET 200 //¢V i
» 273 x 82 x 47mm3 = 1.05 dm3 (64 in3) :

ETH
Eid.genb'ssische Technische Hochschule Ziirich I ECO N ' 201 0 -
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Control Properties of AC-AC Converters (1)

Voltage DC-Link B2B Conv. (V-BBC)

is0 p

,JIJ 1:,,](11:“] F 3 J ziJK]K,,JLJK
a Ls
O—i
b 1.
o—ms =|u>0
F——

,Jiﬁ ]i,]ﬁ JU%]E J

00 O O

]i,]ﬁ]

v
L

n

DC/DC Control Equiv. Circ.

Ly

o I J Pl

U,C \

L

» Boost-Buck-Type Converter

» Max. Output Voltage can be Maintained
during Low Mains Condition

ETH

Eidgendssische Technische Hochschule Ziirich
Swiss Federal Institute of Technology Zurich

e Matrix Converter (CMC/IMC)
—RNA P30
%L “153: Fﬂ v %M gl
g IH A a J 2 I XX é
3 red3 8 b 5
8 ﬂ 5 8 | YK 2K ¥ g
USRI
¢ Ugmal ,,

» Buck-Type Converter

» Maximum Output Voltage is . .
Limited by Actual Input Voltage U, = 0.866 - U,

IECON' 2010 —
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Control Properties of AC-AC Converters (2)

DC-DC Equivalent Circuits

(e L @ : 4 H . 4 L : 4 O
U, | 4 @ JU E} U,

O _ : o) IMC

O . 4 L 4 - + O
1 Uncontrolled U, I J_ = = = U,
* Input Filter ¢ T 1-BBC
. . o} -
(o] L + LIZI/‘:)
O *

) - —mm——- o
i @ v
! ! V-BBC

O L H . - O
U] ! == U2
i PomMe

[ 2

ETH
Eidgendssische Technische Hochschule Ziirich I ECO N ' 201 0 -

Swiss Federal Institute of Technology Zurich




=IC I Power Electronic Systems 95/135 —
I'— Laboratory

Control Properties of AC-AC Converters (3)

m Voltage DC-Link B2B Converter (V-BBC) m Matrix Converter (CMC / IMC)
» Input Current (in Phase » Output Current (Torque 2 Cascaded

with Input Voltage) 2 Cascaded and Speed of the Motor) } Control Loops
» DC-Link Voltage Control Loops ,

» Optional: Input Current
(Formation of Input Current

» Output Current (Torque } 2 Cascaded still Depends on the Impressed

and Speed of the Motor) Control loops Output Current)

ETH
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CMC - Extensions

Multi-Level
Full-Bridge

ETH
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Classification of Three-Phase AC-AC Converters

AC/AC Converter
I I
Converter with Hybrid .
DC-link Matrix Converter Matrix Converter
|
AC/DC-DC/AC AC(:;DC-DCIAC
Converter onverter 5 T : « . .
" 5 Hybrid Direct Hybrid Indirect Direct Indirect
with Vqltage with Cl.!rrenl Matrix Converter Matrix Converter Matrix Converter Matrix Converter
DC-link DC-link (HCMC) (HIMC)
(U-BBC) (I-BBC)

E— | | | |

G q Full Bridge aehe : Sparse
onventional Matrix DC/AC Indirect Matrix Three-level
CMatrix (‘on:e S Cum{lerter Matrix C?nvert)er Mat-rix
onverter . without Converter
(CMC) wﬁﬁ?d?ﬁotfr' DC-link (IMC) (VSMC) Converter
g8 Capacitor (USMC)

m Hybrid CMC
m Full-Bridge CMC

Eidgendssische Technische Hochschule Ziirich
Swiss Federal Institute of Technology Zurich
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Hybrid CMC

Switching Cell |

aAa

___|Switching Cell ||

bAb

| Switching Cell ||

cAc

a o—s

b o—

Switching Cell |

aBa

c o—ia

Switching Cell
bBb

!

B. Erickson

ETH

Switching Cell ||

cBc

Switching Cell |

aCa

| Switching Cell|,

bCb

|| Switching Cell |

cCc

98/135 —

a Switching Cell| , A
aAa i
PaAa
Daa p% DAa,p

. SAa,lei_E;{jL SaA,pA
SaA,n»J ) (_/\i\l‘EIL SAa,n

DAa,n CaA DaA,n
NaAa

b)

Eidgendssische Technische Hochschule Ziirich
Swiss Federal Institute of Technology Zurich
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Full-Bridge CMC / IMC

wﬁl;imﬁlplm L !

SbAb ScAc KWI
JJ x ,Jlﬂ y ¥
p
"]I’{lﬂlo"KLﬂL"] L |

0

O3>

Slvs]

oo oOT O

o0 0c O
A A

[e]vell

L

-

)\\\T/,J w@m@mﬁ% J

2

Sbeb S(.CC o
s
WQUK?UK?L’ B M. Braun K& ,JL/] x
¢ N. Mohan
ETH \
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Coffee Break !
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Comparative Evaluation

DC Link Converters
Matrix Converters

ETH
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Application Areas of Three-Phase PWM Converters

Bidirectional Power Flow Unidirectional Power Flow

Automation [/

Renewable Energy

60% of Worldwide Ind. Energy
Used by Electric Motor Drives!

ETH [a] “Study on Worldwide Energy Consumption”, ECPE Workshop, 2008

Eidgendssische Technische Hochschule Ziirich I ECO N ! 201 0 -
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Motivation
» Cost Allocation of VFD Converters » Status Quo = Motivation

Control and Gat . < g .
D%T,J OCichﬁtrya © Power Semiconductors e Holistic Converter System Comparisons

are (still) Rarely Found

e Comprehensive Comparisons Involves a
Multi-Domain Converter Design

e Voltage-Source-Type Converter Topologies
are Widely Used

[b]

Cooling System
and Mounting

- ~ - » Focus of the Investigation

Passive Components

e Bidirectional Three-Phase AC/DC/AC and
AC/AC Converters

Low Voltage Drives
Power Level from 1 kVA to few 10 kVA

E'H [b]: Based on “ECPE Roadmap on Power Electronics, 2008”

Eidgendssische Technische Hochschule Ziirich I ECO N ' 201 0 -
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Comparative Evaluation - Virtual Converter Evaluation Platform

Control and Gate Power Semicon-
m Define Application / Mission Profile Driver Circuitry ductors ~ 30%
- M-n Operating Rage
(Continuous / Overload Requirement)

- Torque at Standstill
- Motor Type Passive Cooling System
- etc. Components and Mounting

m Compare Required Total Silicon Area (e.g. for 7,< 150°C, 7= 95°C)
- Guarantee Optimal Partitioning of Si Area between IGBTs and Diodes

* Semiconductor Type, Data

* Thermal Properties

» EMI Specifications

* Converter Type, Motor Type (Losses)
* Modulation Scheme

* etc.

* Total Si Area - Figure-Of-Merit
. * Operating Efficiency

V1rtua! Converter —> ° Average Mission Efficiency
Evaluation Platform * Total Mission Energy Losses
e EMI Filter Volume
* Costs

* M-n Operating Range
* Mission Profile
* etc.

ETH
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Considered Converter Topologies — V-BBC, I-BBC, IMC, and CMC

With Intermediate Energy Storage Without Intermediate Energy Storage
i$0 P i$0
e K‘ - % g KI Motor Load ']é‘!‘! 15-“ €Y ¥ % g g
N W W i Y W R g N W W
a Ln 4 Zs a N S S § 4
o—ia O O
b Coe | B b | B
O— - =\y>0 o] u>0 O
c C ¢ C
o—ia o] 1 O
% TrIK2IK ¥
c,JL’W 7§ _IK[ F W K=& JK‘ x ,,JL/] y 3 L o ,JK{ x ,JL’] y §
o TR T Uy e = 0.866 U,
VSR (Boost) VSI (Buck) G CSR (Buck) VSI (Buck)
Voltage Source Back-to-Back Converter (V-BBC) Indirect Matrix Converter (IMC)
“State-of-the-Art” Converter System
i>0 =
- —-— et Uy max = 0.866 U
DC N
“ 1? 1? | ELEL EL y u E—. ;— L
C O O l; H I:
g uso0 g g L H a g
8 - — St e §
4g L oL L J sl
AN 11T aliia)
X [ 1 _ )\\g * G LA Conventional (Direct)
™ (SR (Buck) CSI (Boost) Bagnagai Matrix Converter (CMC)
Current Source Back-to-Back Converter (I-BBC) (;u:k)
ETH
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Drive System
Specs

Operating
Point

4 Topologies

Converter
Topology

Optimized
SPV

Modulation
Scheme

ETH

106/135 —

Converter Comparison Overview

Semiconductor Chip Area (7;, )

Power Module
Semiconduc- Heat Sink (7,, %) O
tor Losses Gate Driver

Semiconductor and Cooling System Design / Optimization

Energy Storage
(" Control
.

Power Quality

Passi " Reactive Power

assive

Components EMI & Filter Topology
4

Loading Limits - Lifetime

" Thermal Properties
y

Passive Component and EMI Filter Design / Optimization
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Comparative Evaluation (1) - Specifications and Operating Points

Main Converter Specifications

> 3x400V /50 Hz, 15 kVA
£, =8 ... 72] kHz
Uy = 700V (VSBBC)

» PMSM, Matched to Converter
(Lsin mH range, @, ~ 0°)

» EMI Standard, CISPR 11
QP Class B (66 dB at 150 kHz)

» Ambient Temperature 7, = 50°C
Sink Temperature 7, = 95 C
Max. Junction Temperature T max =150°C
(for T, = 20°C = T, = 65°C, T} o = 20°C)

ETH

Eidgendssische Technische Hochschule Ziirich

Torque Speed Plane

OP1/0P5 Nominal Motor/Generator Operation (90% U, ,...)
OP2/0P4 Motor/Generator Operation for 7, = f;

OP3 Motor Operation at Stand-still f 0
Torque ~ I,
A
OP5 OP4 OPpP2 OP1
‘\o\( )go/‘
'fé,nom 'fl 0 fi fé,nom Speed ~f2

Swiss Federal Institute of Technology Zurich
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Comparative Evaluation (2) — Semicond. Area Based Comparison

f

Mains and
EMI Specs

Operating
Point (M-n)

Semiconductor
Technology

Converter
Topology

Motor and
Load Type

N

Y

Y A

| Semiconductor Data Base

A

chip — Achip.n

Motor Drive Data Base
(VSBBC, CSBBC, ...)

'

Calculate chip losses and junction temperature

T, for 4, and given operating point

Increase chip

arca

Achipn = Achip T Adepip

max(7y)-min(7;) < ATy 00

Required minimum chip areas determined

AN Initialization Y,

Optimization

N

\

A

- Transistor and diode chip areas
- Power module size
- Cooling system requirements

- Efficiency
- Costs, etc.

Post Processin,
N AN

ETH

Eidgendssische Technische Hochschule Ziirich
Swiss Federal Institute of Technology Zurich

Torque ~ 1,
[
OP5 or4 (0] OP1
0\0\‘
OP3
Fr.nom i 0 h Jrnom Speed~f,

» Minimum Chip Area Required to Fulfill the
Junction Temperature Limit 75 ..., (150°C)

63%

37%

ETH Zurich [49]
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Semiconductor and Cooling System Modeling
Semiconductor Database

m 1200V Si IGBT4 and EmCon4 Diodes (Infineon) Losses as 7 (A
m 1200 V normally-on SiC JFET (SiCED) .

chips I, U/ and 75)

60
50
. 3 . Z 40
Scaling of Chip Area Transient Thermal Impedance .
20
140 — 2.00 1] I o
120 IGBT 1.00 = e : w ) ) )
=== %o 1 2 3 4
—~ 100 -
'E 80 =z 00 =TT i o Uee V)
E 3 aepe
% Diode~ 2 020 YT
£ g ATt
< 4 / 1 N 00 = o — 5
/ ® SiIGBT4 0.05 : - = s0mm’
20 = §i EmCond diode | N o ] THIE == 100 mm?
/ + SiC IFET Lok L T T 7 140 mm? "
0 L L 0.0 [ a1 E
0 20 40 60 80 100 120 0.001 0.01 0.1 1 10 K
Ahipaa (MM?) t(s)
_ Heat
Spreading
DCB 155°C
140°C
Solder 125°C
110°C
95°C
Thermal L
Grease Simulation with
ICEPAK and GECKO
Air
flow

S LT

ETH
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System Level

4 iSO

15-!! 15:! e % K‘ g
KaIKxI &
KKz Ka

a A
o o
b I p
e u>0 0
c C
< . ‘o
J 'léjz 'lé_:‘z 15_1:
= K= JL/] % _Kl %
INA Kx Kz x
Cy n
Prsemil?) O

= Ciumss

= Crans

= Cins

= Cis

L e

Rucs Cincs
Ts

i

Cooling Performance

Swiss Federal Institute of Technology Zurich
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Comp. Evaluation (3) — Semiconductor Chip Areas (OP1 & OP5)

1200 V Si IGBT4 and EmCon4 Diodes 1200 V Normally-On SiC JFETs (SiCED)
8F 8
[ @ Transistor chip area at 8 kHz E Chip area at 8 kHz
o | O Diode chip area at 8 kHz ) O Chip area at 32 kHz
g 6 |- B Transistor chip area at 32 kHz ] g 6 - B Chip area at 72 kHz _|
~ I O Diode chip area at 32 kHz ~
« I <
e I 2
< —
e 4 P
= I =
S &)
) g2
£ ' I =
oL 0 H a a |
V BBC I-BBC M CMC V-BBC I-BBC IMC CMC
Topology Topology
Resulting
Sensitivities
’ Conduction Losses ’ ‘
’ Switching Losses
ETH
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Comparative Evaluation (4) - Torque Envelope for Equal A

chip
» For OP1 (/,, =15 kVA) and OP3 (Stand-Still)
8 kHz: A, ~6 cm?, Referenced to IMC 32 kHz: Available Chip Area A, ~6 cm?
200 2P oP2 OP1 200 0P OP2 OP1
Acpp =59 em’ V-BBC | Ay = 5.9 cm?
175 fo=8KkHz 175 fs=32kHz
= 150 4 Chc = 150
X - X =X
& 125 /Ar T = 125 V-BBC
S I-BBC <
% 100 // %, 100 é:—"\{’7=1_?§_
S y IMC M= My EE s ///._
CMC IMC
ol 1 ol 4/
25 251 4
0 25 50 75 100 125 150 0 25 50 75 100 125 150
Output Frequency [Hz] Output Frequency [Hz]

Note: Design at Thermal Limit — A More Conservative Design would be Applied for a Product!

ETH
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Verification by Electro-Thermal Simulation Shown for IMC

Junction Temperatures OP1

» Suggested Algorithm to
Optimally Select the Semicon-
ductor Chip Area Matches well
at OP1 and OP3

Evaluated for OP1 @ 8 kHz

Torque at OP1 and OP3

» Suggested Algorithm allows for
Accurate Torque Estimation
at OP1 and OP3

» Torque Limit Line Requires
a Thermal Impedance Model of
the Module (R-C Network)

ETH

T,[°C]

Mrmx / M’V [%]

180
170
160
150
140
130
120
110

100 (:"

90
80
70
60

200
175
150
125
100
75
50
25

T,; @ 50 Hz
ll

Torque Limit

»—-—-—‘vv/ :

— IMC

¢ —
_..—-’-—’ M= My
—__..-"-_IMC \

Trend Lihe

0 25 50 75 100 125 150

Output Frequency [Hz]

Eidgendssische Technische Hochschule Ziirich
Swiss Federal Institute of Technology Zurich
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Passive Component and EMI Input Filter Modeling

300 ———— \ i
i = = B3277%.DC. 700V ’ J_ EMI Input Filter Topolo
250 | i — B3277,DC. 920V - c
{--- BRI DC IOV 07 -~ T 100
- D e B3202x, X2, 305V ot .
% 200 P B3202x, Y2, 305 V S P » CISPR 11 (Compl1ant to IEC/EN)
~ 150 | ne Cae PR —
; " P ,,-"/’, .- - dCZ;lé,r;alx 3 30 Class A QP === TH1Tt EMI Standard for CE
ol g T =70°C g Class B QP » Filter Design Margin
P MTTF data £ S0 SN DM Design Margin: 6 dB
% 20 40 60 80 100 = CM Design Margin: 8-10 dB
C (uF) 8 40
. 20
Bl I Low 10* 10° 100 107 10°
250 | — 104 _— Frequency (Hz)
~— 200 2 = Lema Lovz  Lews
E ----- 35A a l-~ .2 . a
= 150 | et b= E
< 100 M L | by E E - _I: b
ALy 1max . [ [
7:)P,max =100°C > — rE"]_-_- H] ‘
Coms == == == Comp == == == == =— =— Cpm> C(-M,\ = == == Rhu == L] = =
Cowm.i
L 1 (Crinp)
140 e T Low = =
120 ‘,-" — 10A _E_
100 P B I 3 : J :
g I il 25 Design Criteria and Constraints
_; 60 -.__:‘/,.'.' "."_/' // |: > R'ipple.-Based (qf,inp' C'F,()ut’ LB)
W0 T > Reactive Power ((;,,
W0 e e » Control-Based (G, Lyc)
- Topmax = 100°C oe °°)
00 1000 2000 3000 4000 5000 o0 P > Energy'Based (q)C' LDC
|Z] (Ohm)
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Comparative Evaluation (5) — Attenuation, Volume of Passives

Volume of Passive Components

e V-BBC Requ. 15 dB More Atten.

V-BBC

100
B DM attenuation

80 L @ CM attenuation

60
40

20

Required Attenuation (dB)

 RkHz

32 kHz
Switching Frequency

Eidgendssische Technische Hochschule Ziirich

Required Attenuation (dB)

100

80

60

40

20

7 -
i H V-BBC
0 B I-BBC
- L Volume reduction with H MC
"’E a) 5 ;amorphous tape-wound N
I i [ cores for Lg and Lpc
) I (Powerlite, Metglas)
£ 3}
© i
> 2
1t
oo Ll |
8 kHz 32 kHz 72 kHz
Switching Frequency
§ 100 F
B DM attenuation = B DM attenuation
O CM attenuation _ ] 2 gp | B CMatenuation |
N 1 =
g
: g 60
8
< 40
=
2
L 3', 20 H
o~
L | 0 =
© 8KHz 32 kHz 72 kHz 8 kiz 32 kHz 72 kHz

Switching Frequency

Switching Frequency

Swiss Federal Institute of Technology Zurich

IECON' 2010 —



Power Electronic Systems 115/1 —
FEE Laboratory e 5/ 33

Comparative Evaluation (6) - Total Efficiency and Volume

Efficiency vs. Switching Frequency Volume vs. Switching Frequency
100 ————— — | . 7 rstsok
Si: solid . | Si: solid BBC
og | SIC: dashed : XBBBEE:C 6 (SIC:dashed : XB%E:: o
_ mMC ] P SRR S LIV P
S El ——— T Z
5 QO L E e >
5 CMC 2 -359% Tttreeeeilil L Z
S 4 n@,&;:} ............... AN R E 3 1 o e '.‘;7-20%5 :
1= S S (i \\t;*'/' ------------ C el ikttt ol Pl St 44 a
i _ IMC > 2 CMC 5
92 2
_____________________ 1| 15 £
71| A I B bbbt 0
0 20 40 60 80 0 20 40 60 80
Switching Frequency (kHz) Switching Frequency (kHz)
» V-BBC: Local Optimum at 35 kHz for SiC JFETs
» MC: Significant Volume Reduction
ETH
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Multi-Domain Simulation Software
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GECK

RESEARCH

E GeckoCIRCUITS

Input
Topology / Device Models / Control Circuit / 3D-Geometry / Materials

¥ GeckoHEAT

Thermal Order

Impedance
et Inpedance

HF Magnetics EMC Filter Heatsink Reliability
Design Design Design Analysis
Toolbox Toolbox Toolbox Toolbox

Post Processing
Design Metrics, Sensitivity Calculation,

Device & Material Database
Control Toolbox
Optimization Toolbox

ETH
Eldgensssische Technische Hochschue Zirich IECON' 2010 —
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Overview of Gecko-Software Demonstration

» Gecko-CIRCUITs: Basic Functionality

» Indirect Matrix Converter (IMC)

IMC Simulation with Controlled AC Machine
Specify Semiconductor Characteristics
Simulate Semiconductor Junction Temperature

» Gecko EMC: Basic Functionality

Eidgendssische Technische Hochschule Ziirich
Swiss Federal Institute of Technology Zurich
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Further Information Regarding Gecko-Research

Gecko-Research

119/135 —

Gecko-Research - Home

¥ Home

Power Electronics Simulation - Gecko Research

+ Specialized Software to meet demands of Power Electronics Engineers
« Easy-to-use

« Three tools working together: GeckoCICUITS, GeckoEMC, GeckoHEAT
« Multi-Domain approach and Optimization

» Coupled Circuit-, Thermal-, and Electromagnetic Simulation

Free Trial Version of GeckoCIRCUITS
« Online Simulator in Applet-Mode
+ Mo installation required!

Power Electronic Converter Optimization

Let's assume you want to build a single-phase PFC rectifier with 230V input
voltage, 400V output voltage and 3.2kW output power. You can optimize this
rectifier for highest efficiency or for highest power density or for minimum cost

or ...

www.gecko-research.com

Free Online Version
GeckoCIRCUITS

Prices & Licensing
GeckoCIRCUITS

Eidgenéssische Technische Hochschule Ziirich
Swiss Federal Institute of Technology Zurich
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Gecko-Research Application Notes (1)

Gecko-Research

Gecko-Research - Free Reports

g Reports

Free Reports: Power Electronics Simulation and Application

To learn a few tricks how to speed up work with GeckoCIRCUITS, just go
through our free reports! The reports are also packed with up-to-date
knowledge of power electronics. More content will be added!

Important Information:

You can simulate most of the examples shown in the reports online! Just go to
the Online-version of GeckoCIRCUITS (Java-Applet). Or contact us for a free trial
version of GeckoCIRCUITS plus the related examples!

AC/AC-Conversion for Highly Compact Drives - What Options Do
I Have?

For operating a Permanent Magnet Synchronous Machine (PMSM), which allows
a highly compact desian, vou have to supply three-phase voltage with
controllable output frequency and controllable voltage amplitude. There are
many different alternatives for the AC/AC converter. Here you will learn all
options.

* Part I - An Overview of AC/AC-Converter Topologies

How to Design a 10kW Three-Phase AC/DC Interface Step by
Step

You need a rectifier with sinusoidal input currents (power factor correction) and
controlled DC-voltage at the output side? In this report vou will learn how to
compare the well-known Bidirectional 3-Phase AC/DC PWM Converter with
Impressed Output Voltage (VSR) with a Vienna Rectifier employing a simple but
effective strategy.

® Part I - How Can I Compare Topologies?
* Part II - Semiconductor Loss Calculation Demystified

« Part I1I - Do You Know the Junction Temperatures of Your Design?
(coming soon)

Subscription to our
Free Newsletter:

Subscribe

Delivered by FeedBurner

“ Overview of
AC-AC Converters

Eidgendssische Technische Hochschule Ziirich
Swiss Federal Institute of Technology Zurich
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Useful Hints for e.g. How to Implement Sector Detection for SV Modulation

» JAVA Code Block

e Integration of Complex Control Code;
Enhances Overview and Transparency

e (Code can Virtually be Copied to DSP C-Code
Generator (Minor Syntax Adaptations)

P untitled* - GeckoCIRCUITS
File Edit Simulation View Tools Help GICHO

Ready

B _Uwe'_
Edit Simulation View Tools Help GEoko

File:

Forschung_Projekte’_GECKD_bsp!tutorial\ GeckoCIRCUITS_E-BooksiMatrisConverter| java blockipes: koL IR

Stopped afer 1.406 [s)

A A

=

Ty

I measure

\\\\\\\\\\\\\\\\\\\ Special |
Digital | Matl
Thermal [ Control

Circuit | Motor & EMI

| sava-Function
| tF-mHen

| Define STATE-Variable
| setsTATE Varisble

| time

:|| Sparse-Matrix Control

. -
L

4] I I

A 4

g

eNE

5 15 4 YT 4 4 3 N 1 0 O 1S O $EE $TY S
1 T .I 4 .I |4 i
i‘: .iw Ty Ty .ﬁ': ,ﬁ'm
I Iz

LR

!i
P}

] e 1
| T
5 1 N3
=E T
t d
b b S

£
=
s
)
=
£

2
=z
=
=
o

g 8 16

Inertace to EXTERNAL

Signal from EXTERNAL

1
2 To
3 EXTERN
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x; , ki Design Space 7 A Performance Space

F 3

ETH Zurich [50]

PAm

Goal: Optimization Toolbox

» Guided Step-by-Step Converter Design Procedure to Enable Optimal Utilization of Technological
Base and Optimal Matching between Design Specifications and Final Performance
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——  Conclusions —
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Hype Cycle of Technologies

-Gartner Group
2005 -
o Hybrid Matrix Converter
e More Complicated Topologies
W o Refinements
ViSlblhty e Holistic Comparisons [51-54]
Peak of
2000 Inflated
e Sparse Matrix Converter Expectations

e Three-Level Matrix Converter
|

1995
o Reverse Blocking IGBTs
e Handling of Unbalanced Mains

Slope of
Enlightenment

1990

e Multi-Step Commutation » Plateau of
o Indirect Space Vector Modulation 1
o Indirect Meltrix Converter Through of Productivity
Disillusionment
1970’s Technology
o Invention of Matrix Trigger Time
Converter Topology
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Conclusions (1)

» MC is NOT an All-SiC Solution

Industry Engineers Missing Experience

86% Voltage Limit / Application of Specific Motors / Silicon Area
Limited Fault Tolerance

Braking in Case of Mains Failure

Costs and Complexity Challenge

Voltage DC Link Converter could be implemented with Foil Capacitors

» MC does NOT offer a Specific Advantage without Drawback

» EMI Filter
» Clamp Circuit

S, S S | Spa Spe Spc
Lews Lew Lo Lows i ' ¥
VAC 500F W490 VAC 500F W380 Micrometals T94-26 Micrometals T132-26 IXRH40N120 J I_ J I_ J |_ Drp A I_ A I_ A I_
3x4 turns 37 turns 22 turns 32 turns
a Sap Shp Sep A
w
o— ‘— =i — &
g [ [ A B
T o Emm - LEj_- * power | =2
=, L supply | & c
J_ Rowzs _]_ _l_ J_ S S S
= == = == == 189 Roms e
17 T]Jw T LT o= TTTTTTEZ?W S B T v FALFLEL
o !
. T T T Sna Suo Sne T San Sen Sen
Cema Cem2 Rem2 Comad Comz .
Y2 250V Y2 250V 18Q 1W X2 250V X2 250V xz 250v 189 w

1uF 1uF 10uF
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Conclusions (2)

» Research MUST Address Comprehensive System Evaluations

- MC Promising for High Switching Frequency
- Consider Specific Application Areas

- Consider Life Cycle Costs

- etc.

» V-BBCis a Tough Competitor

» PFE Might Offer a Good Compromise

» Most Advantageous Converter Concept Depends on Application
and on whether a CUSTOM Drive Design is Possible

» Integration of Multiple Functions (as for MC) Nearly ALWAYS
Requires a Trade-off
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Thank You !
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