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Classification of Three-Phase AC-AC Converters
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DC-link AC-AC Converter Topologies
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Symmetric Three-Phase Mains
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All-SiC JFET I-BBC Prototype
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Basic Matrix Converter Topologies
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V-BBC

Voltage Space Vectors
— Modulation —
DC Link Current
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VSI Space Vector Modulation (2)

Switching State Sequence
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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
Waveform

Influence of Qutput
Voltage Phase Displacement
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VSI Functional Equivalent Circuit

Voltage Conversion
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I-BBC

Current Space Vectors
— Modulation —
DC Link Voltage
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CSR Commutation & Equivalent Circuit
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CSR Space Vector Modulation (1)
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CSR Space Vector Modulation (2)

Formation of the Input Current
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CSR Space Vector Modulation (3)

Switching State Sequence

|t

i

=0
Nt =0
=0

z

(ab) —(ac) —(aa) |t ' 7,2

(ac)—(ab) —(aa) | — 1,2

(ac)—(aa) = (ab) | = Tp/2

U

(aa) — (ac) — (ab)
(aa) — (ab) —(ac)
(ab) - (aa) —(ac)

IECON’0OS8

t,u. — TP

t“ — TP

tp = TP

DC-link Voltage Formation

Uqg — U
up — Ug
Up — Ue
Ue — Up
U — Uy
Ug — Ue

U(ph) = U(ce) —

Ugh
Upq
Upe

Ueh

Uca

Uge

= —Ual,
= —Upe

—Uepg,

0

u= uabd(ab) + uacd(ac)

Eidgendssische Technische Hochschule Ziirich
Swiss Federal Institute of Technology Zurich

20/110 —



“IC I Power Electronic Systems
I — Laboratory

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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FE Topology /
Mains Behavior
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Indirect Matrix Converter — IMC

Space Vectors
Modulation
Simulation

——  Experimental Results ——
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Classification of Three-Phase AC-AC Converters
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IMC Properties

» Positive DC-link Voltage Required !
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IMC Voltage and Current Space Vectors
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IMC Space Vector Modulation (1)
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IMC Space Vector
Modulation (2)

» Zero Current Commutation !
» Zero Voltage Commutation
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IMC Zero DC-link Current
Commutation (1)
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IMC Zero DC-link Current
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IMC Zero DC-link Current
Commutation (3)
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IMC Zero DC-link Current
Commutation (4)
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IMC Zero DC-link Current
Commutation (5)

120°0of
Mains
AN Period
: “u.(__j.‘flcbi
DC-link Voltage u=u,,
DC-link Current i =-1,
U4
DC link
(ab) z' (110) 4 Voltage &
L. o Current
K&K & i g i
o S‘i Jg o W
a TING °-| 1 A
o >-mm—0 Sapa
Sbpb
é u 1-—§ Scpe
C Sana
g —-mm—0 Sbnb
Scnc
At —
SB L H .
— ! ! sc L ; | Pattern
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IMC Zero DC-link Current
Commutation (6)
120°of
Mains
PN -7 Period
. u;b :
DC-link Voltage u=u,,
DC-link Current i = i,
u DC link
(ab) l. (100) PR Voltage &
— s ] . | i Current
I W@ W i i B
P, Si J)J eg Neg - BB
a KY KT A ———
¢ p-mm—0 S B
Sbpb : : ;
é u t——g Sepe L
Sana L L1
g ,—-{-——g’ Sbnb 3 |:
s m—
i I =
v | | se P 3 ; Pattern
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IMC Zero DC-link Current
Commutation (7)

Summary

= Simple and Robust

= Negligible Rectifier Stage Switching
Losses

ETH

IECON’0OS8

= ‘ 120°0f
‘ Mains
P N | Period
| S _Heb |
S e
_TE/3 +TE/3
U
u . ¢DC link
oltage &
i Current
i o
Sapa
Sbpb
Scpe
Sana
Sbnb
Scnc
SA : : — :
s S PWM
sC N N S I Pattern
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IMC Space Vector Modulation (3)

Output Voltage Ref. Value i = Usel¥is = [pelWal

Input Current Ref. Angle = ;1 = Alejgpi1 = = 90@71 — D]
2 (31

Mains Voltage i = UyelPir = [1elwWit

Load Behavior io = I}e‘wz} — Let (%2 - @2)

Assumptions

T
Yiiy © [0’ E}

T
ei; € |0, 5}

. T T
seles
(31

PWM Pattern is Specific for each Combination of Input Current and Output Voltage Sectors
ETH
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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

dap) + diaey = 1

o = (dw@) + diae))
p = _d(ab) E
1. = —d(ac) E

iq = 11 cos =
3

- A . 2
1, = 14 cos @? ey
1

_ A 2
1. = I cos (goé + —W>

11 3
sin (% — o2 )
7
d(a,b) - 08 QOE -
11
Tp

IECON’0OS8

=1

sin (% - )
dae) = -
. COS Y=,
i1
Ip
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Mains Voltage

Available DC Link Voltage Values

2 ™
Uab) = Uab = Uq — Up = V3 - U, cos (gpﬁl + E)

U(ge) = Uge = Uq — U = V3 Uy cos (gpﬁl — %)
Select Identical Duty Cycles of Inverter
Switching States (100), (110) in 7, and 7,
for Maximum Modulation Range
_ Tac)(pnn) _ T(ab)(pnn)
Oac)(pnn) = ———— = O(ab)(pnn) = —_—— = O(pnn)
(ac) T(ab)
T(ac)(ppn) T (ab)(ppn)
Oac)ppn) = —— — = Oab)(ppn) = —_—— = O(ppn)
(ac) T(ab)

ETH
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Switch Conducting
the Largest Current is Clamped

(over 11/3-wide Interval)

Swiss Federal Institute of Technology Zurich
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Voltage Space Vectors Related to 2

Active Inverter Switching States U, (pnn) = 34
S 2
U2, (ppn) = g“ej ?
Output Voltage Formation
= 2/3
Uz = m (5(ac)(pnn)7_(ac) Uge + 5(ab)(pnn) T(ab) Uab

+ O(ac)ppn) Tlae) ace” ™ + 5(ab)(ppn)7_(ab)uabej7r/3)

2 [ T(ac) T(ab) 2 [ Tae) T(ab) /3
— 5 nn) o ac a 5 n) = ac a i/
()3 <TP/2“ Tt ) T Oowm g\ g tee T, gt | €

2 2 -
Otomn) 5 (dlacytiae + diatytan) + Oppm) 5 (dae)tac + diaptian) ™

Local DC-link Voltage Average Value U = dige)yUae + diap) Uap
_ 2 2 , = .
”L_[Q = 6(pnn) —-u + 5(ppn) —-U 6‘777/3 Uy = Ug
3 3
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ETH

Laboratory IECON’0OS8

DC-link Voltage Local Average Value
pe 3o (% B 9”%) _ 3 o cos(®)
S w(s) 7 (s
COoS | Y= COS =
Minimum of DC-link Voltage “ “
Local Average Value _ 3~
Umin = 2U1 cos D]
Resulting IMC Output Voltage Limit . = Uy cos 9]

il H‘MHH‘\

u HHH'HH iy, |

I ” vl al
Simulation of DC-tink Voltage T o 1 1
and Current Time Behavior {

i, H“I”” IHI“I I

0 Sms 10ms 15ms 20ms
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Resulting Inverter Stage
Relative On-Times

Resulting Inverter Stage
Absolute On-Times

1
Tao)pnn) = 51Pda)dpnn) = 5
1
Tae)opn) = 5TPa0)dppm) = 5
1

Tab)pnn) = 5LPd@)Opmn) = 5

1

Tab)ppm) = 5 LPd(an)Oppn) =

ETH

IECON’0O8
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DC-link Voltage Local Average Value

_, 1 | | |
ae) = (740 pnn) T(ac) = 1cO(ppn) Ttac)) = 140(pmn) — 1cO(ppn)
- 1 . . . .

= (740 onm) T(ab) — LO(ppn) T(ab)) = 140(pmn) — 10O(ppn)

3 *
~ Uy cos Dy .
cos Y=,

1= i(ae) = i(ap) = Io—
(ac) (ab) 2 Ul COS QST 0

Local Average Value of i, = 1 = I, cos 0
Input Currentin a 3

- Uy cos®
Resulting Input Phase I = =2 @i
Current Amplitude Uy cOSPy
Power Balance of Input _ 3. . 3. .
and Output Side p=P="1ui= 5Ull1 cosP] = §U§"[2 cos P

ETH
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IMC Simulation Results

600V
400V

W w

200V
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—400V ‘
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IECON’08

RB-IGBT IMC Experimental Results (1)

Output connectors

Control boards

Input filter

Heatsink

2.9 kW/dm?
48 W/in?
Input RMS voltage 400V
Output Power 6.8 kVA
Efficiency  95.5% Rectifier Switching Frequency 12.5 kHz

Inverter Switching Frequency 25 kHz

ETH
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RB-IGBT IMC Experimental Results (2)

U, = 400V
Put= 1.5 kW
f,.=120 Hz
f,=12.5 kHz / 25kHz
DC Link Voltage
! i ! o ::{:'Ir i i i ].::: . -+
3 ; \ T {' ;3
Input Current Output Current
100 V/div
5A/div
ETH
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Alternative Modulation Schemes (1)

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

DC-link Voltage: Largest and Medium Line- DC-link Voltage: ~ Medium and Smallest
to-Line Mains Voltage Line-to-Line Mains Voltage
- B - - 1 - o
UZ,maxlngl z086U] UZ,MGXJIZEUI:O"S'UI
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Alternative Modulation Schemes (2)

» Low Output Voltage Modulation

- —

11 ,(aa)(xxx) 11,(xx)(1 11)
11 ,(bb)(xxx) 11 ,(xx)(000)
1l L(ce)(xxx)

Im

-

11 n) 1(pnn) = 1A
- /m\% i(ppn) = _lc
s(hesppn) /.

1(pnp) = -1B

—

—

il,(ab)(npp/) P
N

I ~ P
i (ab)(nnp)}.‘ (ba)
: 11 (ab)(npn)",

—

(ac)

—

iy 1@ pnp)
=11 (ab)(pnp)
(ab) =7

- : 11 (ac)(npn)ﬂi
11 (ac)nnp) (ca) el g
i
BLAAL
-~ & ~ (cb)
e

~
@) ~ /7~ 1

11 (bc)(nnp) -~

I(npn) = 1B ; L
Ly = 1 ~
(no) 11 (be)npp)

I(npp) = 1A
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—» Re
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Im Wm
’ !
\
\
— \ —_—
W2,(ac)mpn)  — Y(ac) ™ Uac U2, (ac)(ppn)
U2 (ab)(npn) U2, (ab)(ppn)
U2, (be)(ppr) Il>2,(ac)(pnn)

Il’2,(31:11)(xxx) H2,(>cx)(ppp)
U2 (bb)(xxx) U2,(xx)(nnn)
W2 (ce)(xxx)

> Re, A

—_—

u2 (bC)(pnn) U2 (ab)(pnn)
5 (bC)(pnp)

U2, (ab)(pnp)

U2 (ac)(pnp)
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Alternative Modulation Schemes (3)

» LV vs. HV Modulation

Output Voltage
Generation

Input Current
Generation

ETH

IECON’08

“ I | It " Pl |
|l iy ”””"MH”HNHW | ““"”“'HHHHH

HHHMI\HH\WH. mum\HHHIW HHHHHHIM mu\HIHH}WHW ‘

10ms 15ms 20ms
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Alternative Modulation Schemes (4)
» LV vs. HV Modulation

Switching Losses Output Common Mode Voltage
0.8 \ HV \ \ 300 \ \
0.7 H,=m/4
PSyw —7 250 -
' =0 |
0.6 2 U(),RMS200 20 EQ\‘B\ 070
0.5 LV R [V] proma A LV B HV
0.4 Al A—a——a 5 P74 — 150 AA 27“/4“3\\1 .
$>=0 Qﬂ
0.3 —
100 —
0.2 =
0.1 = >0 i
0 0
0 0.2 0.4 0.6 0.8 M]2 1 0 0.2 0.4 0.6 0.8 M]Z 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 T 0.6

AU RMS 1.4 11, ¢2:0 —| 05
a, ’rl.Z ijj, b2 = n/d — MZA,RMS,I" :ﬁ;’a
1 | 0.4 |
o8 U —wh 6220 03
0.6 1, &2 = n/4 ] 0o |
0.4 . '

0 0

0 0.2 0.4 0.6 08 Mol 0 0.2 0.4 0.6 08 4l

m Input Voltage Ripple Doubles
m Output Current Ripple Slightly Reduced
m For given U, (M,,) the Component

Current Stress are Increasing (Conduction
Losses)

1
Mj2
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Alternative Modulation Schemes (6)

» Three-Level Medium Voltage Modulation

0 I
Q1=-1/3 -1t/6

ETH
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+7/6

High Output Voltage Modulation (HVM)

N

U2 ZOTUI

Low Output Voltage Modulation (LVM)

~

1 ~
U2 :05(]1

Three-Level Modulation

Weighted Combination of HVYM and LVM
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Sparse Matrix Converter - SMC

Topology Derivation
—— Bidirectional / Unidirectional Converter
Experimental Results

ETH
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Classification of Three-Phase AC-AC Converters

Converter with

Hybrid

Matrix Converter

Matrix Converter

IECON’08

AC/DC-DC/AC
C‘l’l“‘v,e{‘“ - - Hybrid Direct Hybrid Indirect Direct
ity itse Matrix Converter Matrix Converter Matrix Converter
DC-link (HCMC)
| B8O

m Sparse Matrix Converter

ETH

—
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. AC/DC- Sparse
Conventional F ug/l[ft?iige @ DC/AC Matrix Three-level
Matrix Converter Converter .
Converter ()Conv;lll'tetr without (SMQO) CMatrlx
(CMC) ( P?“d. otor- DC-link (VSMC) onverter
windings) Capacitor (USMC)
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Sparse
Matrix
Converter

ETH Zurich

» 15 Transistors
» 18 Diodes
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SIC-JFET
All-SiC-Sparse  Si-MOSFET
Matrix Converter

[ECroy Ves
— 20 Vidiv
Switching Frequency 150kHz ™
Output Power 2.5kW@10kW/dm?3
2 Vidiv
TREREY ’
- —— 100 Vidiv 2
-

52

____i T T } LL:]H v 2 Aldiv
REg g . 5

20 ns/div
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SiC-JFET
All-SiC-Sparse _ Si-MOSFET
Matrix Converter
Switching Frequency 150kHz
Output Power 2.5kW@10kW/dm?3
el
-
-
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Ultra Sparse Matrix ’ - i
Converter ng Krtfi K “g ok

ao

O A

bo OB

5
Mz
2
DA
g
DL 1¢
7~
»
L /N
»
J
>
(@]
(@)

a) n
ETH Zurich p
T. Lipo [13, 20] 1 1 g g
K axIK&xIK &
Wj Wj i K
ao O A
bo OB
cO ' O C
i T 7T
= AlLKXI A
» 9 Transistors @J a a i K K\ K‘
» 18 Diodes b) 2 . .
n
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Ultra-Sparse
Matrix Converter 2Ny

5ms/div

lLeCroy|

U, = 3-® 400V/50Hz

U, = 3-® 0...340V / 0...200Hz
P

i

1E F

Power

R

Supply

lJKfJETJKT
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IMC - Extensions

. Three-Level
Hybrid

ETH
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Classification of Three-Phase AC-AC Converters

Converter with
DC-link

Hybrid
Matrix Converter

Matrix Converter

IECON’08

>-DC/AC

V onverter
with Voltage
DC-link

BBC)

Hybrid Direct
Matrix Converter
(HCMC)

Hybrid Indirect
Matrix Converter
(HIMC)

Direct
Matrix Converter

m Three-Level IMC
m Hybrid IMC

ETH

—

Indirect
trix Conver

Conventional
Matrix
Converter
(CMC)

Full Bridge
Matrix
Converter
(Open Motor-
windings)

Capacitor

Three-level
Matrix
Converter
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Three-Level Matrix Wé_i l

Converter J
oA

oC

] ’
3

T T T
e . J o o
» Bidirectional Converter

* * X X | &% |Umx J J N
m 0B
KL E | Ak oc
L/W L/WF 1F umzKx 2L x 2%
SR 0 B R < <
» Unidirectional Converter ' X ETH Zurich
- S S
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Three-Level Matrix b
Converter Ty ﬂs_i JK,‘T% Jlﬂ: ,KH:
) & &Ik 2K

1 .
:

0A

o C
T

IS RES
ht Kt A

lin,ug LQ LK l
| THAE:

oC

N

y \~ |

T

San | N
Ch. Klumpner [23, 24]
b)
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Hybrid IMC

Dpa [ [ [ Ug q1.1

ao Sap o A

b o OB

c O ' O C

L A aK &
AN 2o8 324 Sl
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

Converter with Hybrid

Matrix Converter

AC/DC-DC/AC

ith Vol Hybrid Direct Hybrid Indirect
Wl]t)c ;‘]. tla(ge Matrix Converter Matrix Converter
. (HCMC) (HIMC)

BBC)

Matrix Converter

Direct
Matrix Converter

IECON’08

Conventional
Matrix
Converter
(CMC)

Full Bridge
Matrix
Converter
(Open Motor-
windings)

Capacitor

Indirect
Matrix

(VSMC)
(USMC)

m Conventional Matrix Converter

ETH
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Conventional Matrix Converter - CMC

a d
O ® - - O
Tur [Suze [5u
b aAa aBa aCa b
O * L o O ® \Sé .\SE \SE
0 r ° |_. °
. Sbab  [SbBb | Sbeb . :
O ' . . .- o, t
f— ~~ Sl —
)\ | /(I, ScAc Sch ScCc )\ | /(I
o, Oy © O o} O, .
a) C b) A B C

» Quasi Three-Level Characteristic
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CMC Classification of Switching States

Group I (aaa) (bbb) (ccc)

Group II (cca)  (ccb)  (aab) } g =0
(aac) (bbc) (bba)
(acc) (bece) (baa) } —
(caa) (cbb) (abb) Be
(cac) (cbc) (aba) } s — O
(aca) (bcb) (bab) oA

Group III (abc) (cab) (bca)

(acb) (cbha) (bac)
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CMC Rotating
Space Vectors

[}
Im
b)
oF
Im
b —
i1,(bac)

i1 (beay ¥,

\
\
R
\

11,(cba)

d)

ETH

IECON’0OS8

©)

/

-0‘)1

B (ach
=0
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56 o

B
=1

Cog® Og® oge
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CMC Stationary Space Vectors

Im Im, BC

Uab U2 (aab)

- — —® —» Re A
y UZ.‘(bcc) U2 (abb) U2 (acc)

1 1.(aab)

—_—

19 (abb)

—_

U2 (bba) U2 (aba)

il.(aaa)

. - !1.(bbb) U2, (cea) U2 (aa) U2, (aca)
a) 11, (cbb) i geco) by U2, (bbb)

C U2 (cee)
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CMC/IMC Relation (1)

—

U2 (ace) = 17:2, (ac)(pnn)

1,(ac)(pnn)

o—™O
*—0
o O
B C

P. Ziogas [12]
» Indirect Space Vector Modulation L. Huber / D. Borojevic
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CMC/IMC Relation (2)
» CMC
UA SpA  SAn
Up
up | = | SpB SBn
Un,
Uuc Spc Scn
» IMC
ETH

IECON’0OS8

U A SaAa  SbAb  ScAc Ug, Uq
up | = | SaBa SvBb ScBe U | = 2cpcr | o
uc SaCa  SbAb  ScCe Ue Ue
lq Z‘A
b :§C’MC’,I B
le ic
T
S =5
U =CMC,I =CMC,U
P
=WR,U
" u’n
/ Uy Uyg
]
\> Up Sapa.  Sbpb  Sepe
- U | =2qpy | W
Up Sana  Sbtnb  Scnec /
Ue Ue
S = g7
=IMC,I =IMC,U
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CMC/IMC Relation (3)

SpA  SAn
S — S Sapa  Sbpb  Sbpb
Sana  Sbnb  Scne

Spc SCn

SaAa  SbAb  ScAc
SaBa  SbBb  ScBe
SaCa  SbCb  ScCe
SapaSpA + SanaSAn ShpbSpA + StnbS An SepeSpA + SeneSan
= SapaSpB + SanaSBn SbpbSpB + SonbSBn  SepeSpB + SeneSBn

SapaSpC + SanaScn ShpbSpC + StnbScn SepeSpC + SeneSom

Example

. - 1 0 1 0 0
U2 (acc) = U2, (ac)(pnn) 1 0 0

3} 3} éCMC,U: 0 11- 00 4 =10 0 1
41, (ace) = U1, (ac)(pnn) 0 1 0 01
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CMC/IMC Relation (4)

> IMC

> CMC

> IMC

» CMC

ETH

Eidgendssische Technische Hochschule Ziirich
Swiss Federal Institute of Technology Zurich

IECON’0OS8

lt, =0 (ac)(pnn) = (ac)(ppn) — (ac)(ppp)
— (ab)(ppp) — (ab)(ppn) — (ab)(pnn)ly — 7, /9
(ab)(pnn) — (ab)(ppn) — (ab)(ppp)
— (ac)(ppp) — (ac)(ppn) — (ac)(prn)ly — ), -

"'|tu _o [(acc)— (aac) — (aaa) — (aaa) — (aab) — (abb)|tu — Tp/2

—~
Q
S
=

~—

|

—~

aab) — (aaa) — (aaa) — (aac) — (acc)|tu — T,

9011’2* = [77/67 71'/3]

1 =0 (ae)(epn) — (ac)(pnm) — (ac)(nmn)
— (ab)(nnn) — (ab)(pnn) — (ab)(ppn)|; — 7, /2
(a8) (o) = (ab) (prn) — (ab) ()
= (ac)(nnn) = (ac)(pnn) — (ac)(prn)ly, = 17,
|t# _ o (aac) — (acc) — (cce) — (bbb) — (abb) (aab)|tl — Tp/2
(aab) — (abb) — (bbb) — (cce) — (acc) — (aac)|tl — T,
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CMC/IMC Relation (5)

B ﬁ SSRRcs RSN s i o3

tp,—U ]?TF
T dn B o 8
; 9.8
ABC

gp—»* € [0, 7/3]

tu

""tﬂ _ o (acc)— (aac) — (aaa) — (aaa) — (aab) — (abb)]tu — Tp/2
(abb) — (aab) — (aaa) — (aaa) — (aac) — (acc)\tu — T
ETH
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IECON’0OS8

Dga Das Dga DaB
= 4 . ! s ., !
Uabl DaBb P Dﬁ{: ig>0 uabl Di}3b - DFSE iB
o bo —0B bJ—QET,:?I%oB
CMC MUIt.I-Step See™2 T Spp I <0 Spp =8 T ]SDB]I;,
Commutation co=—h co—hg
Step 1 <
++ %
a
uabl = = .
_ LI Step I
bo —0B
. Step 2 ot
J. Oyama / T. Lipo - iy
a o a
- Wheeler b ST 1 —"08 bo [ —5B
W. Hofmann SRl Sl
Step 3 o e
+ %
a
Uabl IR | lB
bo— S Ted==0B Step II
-3 &
Step 4
» Four-Step Commutation Uao| k=1 Nah = =
» Two-Step Commutation bo-_%%‘% B bo—_qg;;go B
= = = &
ETH N ala " i
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4-Step Commutation of CMC (1)

(0N

oo

e
k3

Constraints W

= No Short Circuit of Mains Phases
= No Interruption of Load Current Example: 7>0, u,,<0, aA— bA
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4-Step Commutation of CMC (2)

1st Step: Off %

o
'

g
L

00
a

Constraints W

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

ETH
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4-Step Commutation of CMC (3)

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

oL
'

g
L

00
a

Constraints W

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

ETH
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4-Step Commutation of CMC (4)

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

o9

ola )

oo

e
k3

Constraints Hupsiga

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

ETH
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4-Step Commutation of CMC (5)

i
1st Step: Off -
2"d Step: On
31d Step: Off O

4th Step:  On

oL
'

g
L

Sequence Depends on
Direction of Qutput Current !

00
a

Constraints Hupsiga

= No Short Circuit of Mains Phases
= No Interruption of Load Current Example: 7>0, u,,<0, aA— bA
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CMC - Extensions

Multi-Level
Full-Bridge

ETH
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Classification of Three-Phase AC-AC Converters

Converter with
DC-link

y i
Matrix Converter Matrix Converter

Hybrid Indirect
Matrix Converter
(HIMC)

Full Bridge
Matrix
Converter :
(Open Motor- DC-link
windings) Capacitor

Indirect

(VSMO)
(USMC)

m Hybrid CMC
m Full-Bridge CMC
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Hybrid CMC

Switching Cell|
aAa

Switching Cell
bAb

| Switching Cell ||

cAc

a o—m

b o—

Switching Cell |
aBa

c o—ilm

Switching Cell

bBb

B. Erickson

ETH

Switching Cell ||
cBc

Switching Cell
aCa

|| Switching Cell

bCb

l| Switching Cell

cCc

b)

Switching Cell
aAa
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Full-Bridge CMC / IMC

aAa

O3>

SbAb ScAc '(‘7
_ Jox ,J 7 \
R J 5
B p |
K&:lmﬁl;:im L]

Sy

oo 0c O

oJus]]

oo 0T O®
2
B
Pt
L /N
Bl
gl

x?iyJ . )@J WQLMI:{L"]?L
ngﬁumrfgm | ;

]

ef@]]

Sheb ScCc tﬂ‘
M. Braun
Kblmp?lmp'?u, c N. Mohan ‘JJ T EJH t
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Coffee Break !
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Comparative Evaluation

DC Link Converters
Matrix Converters

ETH
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Comparative Evaluation

m Define Application / Mission Profile

M/n Operating Rage (Continuous / Overload Requirement)
Torque at Standstill

Motor Type

etc.

m Compare Required Total Silicon Area (T< 150°C, T =80°C)
- Guarantee Optimal Partitioning of Si Area between IGBTs and Diodes

* Semiconductor Type / Data
* Thermal Properties

* EMI Specs

* Converter Type

* Modulation Scheme

* etc.
* Total Si Area
* M/n Operating Range Virtual * Operating Efficiency
* Mission Profile Converter Evaluation * Average Mission Efficiency
e etc. Platform * Total Mission Energy Losses
* EMI Filter Volume
* (Costs

ETH
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Semiconductor Characteristics

Heat
Spreading

155°C
140°C

m 4" Generation Si IGBT (T & FS IGBT 4)
m EMCON4 Diode
B T;max =175°C 3

DCB

Solder

~—__

Thermal

1
fs 80 © C Grease

0 20 40 60 80 100
T.=150°C ®) Acyp [rom?’]

100 Turn-on Switching Loss Energy
— 80
. IGBT
= 60 .
= Diode
‘no 0 ) B /
=
0
0 20 40 60 80 100

(a) Iy [A]

Thermal Resistance vs. Chip Area
Switching Losses vs. Switched Current / Voltage
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Drive Specification

230V, 50 Hz

15 kVA @ 90% of Max. Output Voltage
8 kHz / 24 kHz

PMSM

0...150 Hz

OP1 Nominal Output Frequency f,,

0P2 f> =f;, Mains Frequency

oP3 Close to Stand-still (f, ~ 0),
Voltage Transfer Ratio M,, = 0.02

M~1T,
Generator Operation Motor Operation
OP5 OP4 M,y OP2 OP1
________ O___ ___.O________
? OP3 _?
l l
| |
| |
| |
| |
| |
[ |
| |
t i >
Ny nyoon~f,

ETH

IECON’0OS8

Je ji,ll(‘ K.j x J% x JKI ZEJK‘ X

a A
O—m O

b C B
O—mm = l o}
§—mm U>0 S

La,b,c
JH x Jl{l x “J}\JW x K= Ji\jl x ,Ji(] x
I>0
. K ﬁ FL L Al A
O O
b B
O O
c C
It ’ +—0
>\ Capb.,c — — >\ CA,B,C
p
T
']53: ']E}: i@ 4 KI e
KaKalKx

a KaxKaJKa A
O O

b B

O O

c C

O

I A AE
=4 x
Ney Ka K& K& ! JK‘[ ]UL/] *
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Results for OP1

f=8kHz f= 24 kHz
Je X JK‘ Kz Jx ,KI 1:,0(‘ X
o_-a é Ig?/T I§i7()oj)e IGBT Diode
b C B ’ 66% 34%
O—mm = l 0
c C
O—mm U>0 o
La,b,c
JH x JK[ | J% x K& JKI X JKI Acnp=3.3 em’ Acpp=4.3 cm’
Nor1 = 95.7% Nor1 = 94.4%
I1>0
; ; L é é
. 144 L 2l oL A
o © IGBT Diode IGBT Diode
b B 63% 37% 66% 34%
O O
c C
o ’ .5
’ﬂ’li’l L Al .
>\E ; >\; ; A('hip =4.7 Cm2 — 2
Cab,e ’ ¢ ‘ ¢ CA,B,C =94.0% A('hill =6.3 cm
p for1 = 2% nop1 = 92.3%
T
I AL AE
KaKxlKx
a Jx Kz K& A
O O
b B IGBT Diode IGBT Diode
© °© 68% 32% 70% 30%
c C
g .
eyl ¥
= KaKxlKx
NS Kx Kz K& -
n A('],,'p =5.6cm _ 5
Nor1 = 95.3%, A('],,'p =6.0 cm
Nor1 = 94.8%

ETH
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Results for OP3 & 0P1

IECON’0OS8

f= 24 kHz
IGBT Diode
66% 34%

Acnp=10.3 cm®

f=8 kHz
,ug A JK‘ A x J=x ,Kl 1:,0(‘ A
a A
© IGBT Diode
- cL l B 50% 50%
cc>—- U>0 g
La,b,c
JORIC XK X N W W
Acnip=4.8 cm?
1>0
. ' ﬁ EL L e A
o ) IGBT Diode
b B 63% 37%
O O
c C
o ’ —
KK L |
)\\g;/ ){;g/ Acnip=16.3 cm?
Ca,b,c ” - v v CA,B,C
p
T
']EF!! ']Eklz i@ 4 K[ e
Jx KX C 13
a J & Cx K& A
O O
b B
© o IGBT Diode
c C 54% 46%
O
TN
J 3

ETH

"I 4
X;J][
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Acpip =175 cm®

IGBT Diode
65% 35%
Acnp=9.2 cm?

IGBT Diode
55% 45%

Acnp=11.7 cm®
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Efficiency vs. Switching Frequency

OP1 @ P,,= 15 kVA

95.5 [ T~~~ IMC
§ B

>
5
= 94
.g \
2 93.5 \-\
aa)
7 \\C-Bic
92.5 ~

10 12.5 15 17.5 20 22.5
Switching Frequency [kHz]

» High Efficiency of IMC at High Switching Frequencies
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Control Porperties of AC-AC Converters

N -! : @@} \U H@} -_._IUZ

O . 4 4 L] 4
< S
1 Uncontrolled U, I _L
* Input Filter * T

T
;

.
®
O

1

—

[ 2
O
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——  Conclusions —
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Conclusions (1)

» MC is NOT an All-SiC Solution

Industry Engineers Missing Experience

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

Braking in Case of Mains Failure

Costs and Complexity Challenge

Voltage DC Link Converter could employ Foil Capacitors

» MC does NOT offer a Specific Advantage without Drawback

» EMI Filter
» Clamp Circuit

Spa Spb N
Lews Lewa Lpyia Lpu, f it I
VAC 500F W490  VAC 500F W380 Micrometals T94-26 Micrometals T132-26 IXRH40N120 J |_ J |_ J |_
3x4 turns 3x7 turns 22 turns 32 turns
Sap Sty Sop

pe A o &
iy & i g
S o —*mm ‘m o
EL‘ E .E £%}

C San Stn Sen
A M1
o I ] DRSS
4.7nF i
Sha Sup She Sin Sen N
Cens Cenz Rema Corza Couz Coirt Reuy
Y2250V Y2250V 18Q IW X2 250V X2 250V X2 250V 18Q2 1W

InF 4.nF = 1uF 1uF 10uF
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Three-Phase DM/CM Noise
Separation

UDM,a _
*—: Tr, L,
} = oI IO 'H ~ RE] l .
v S r— Lout,a
. )\ .H o
UDM,b
Three-Phase e Try, L,
PWM Rectifier Noise @_° BE - l”
Characteristic o p— ) DM, outh
amwv [0 — 1 | UpM,c
Tr L
CISPR 16 measurement — c c
1 gee ) N /\Aﬂ UA | WW%WF (no CM/DM separator) |*“* —@—C < < .H ’e!
g \\, f\A\N\‘ VU \ﬂu AUN W .— R R UDM, out,c
| /\ VV RJ\W”MAMAA

w BRN
~

V! \/\“/\[\ 2 1l b1y uCMl ,\l %R l UM out
TR WW% R=50Q
20— Measurement of one of the DM W\]

outputs of the CM/DM separator Noise source Common mode Differential mode
) (LISN/AMN) measurement measurements
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Hype Cycle of Technologies

-Gartner Group
2005
e Hybrid Matrix Converter
 More Complicated Topologies
Vi sihility o Refinements
1 Peak of
2000 Inflated
e Sparse Matrix Converter :
o Three-Level Matrix Converter Expectatmns

1995
e Reverse Blocking IGBTs Slope of
e Handling of Unbalanced Mains P
| Enlightenment

1990
o Multi-Step Commutation
e Indirect Space Vector Modulation
e Indirect Matrix Converter

Plateau of

Through of Productivity

Disillusionment
1970’s

o Invention of Matrix
Converter Topology

Technology
Trigger Time
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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-BBC will be Tough Competitor anyway

» FE Might Offers a Good Compromise
» Integration of Functions Nearly ALWAYS Requires a Trade-off
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