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Variable Speed Motor Drive (VSD) Systems

Industry Automation / Robotics

Material Machining / Processing — Drilling, Milling, etc.
Compressors / Pumps / Fans

Transportation

etc., etc. .... Everywhere !

® 60...70 % of All Electric Energy Used in Industry Converted by VSDs

ETH:zurich CRERA
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Variable Speed Drives — State-of-the-Art 1/2

m DC-Link Based AC/DC/AC OR Matrix-Type AC/AC Converters
m Battery OR Fuel-Cell Supply OR Common DC-Bus Concepts

HE
Iy
AC <1 DC

O ; { i
: l 4 |, :B 38%

DC . - : |l | n of electric energy use is for motors

(L. - - | N in commercial buildings.
Uy
-—

(Lt

of electricity consumed by industry

Battel'y 3ph Motor is used in electric motor systems.

® 45% of World'’s Electricity Used for Motors in Buildings & Industrial Applications

ETH:zurich CRERA
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Variable Speed Drives — State-of-the-Art 2/2

m Mains Interface | 3-© PWM Inverter | Cable | Motor - All Separated
m PWM Output > Conducted & Radiated EMI/ Reflections @ Motor Terminals / Bearing Currents

Large Installation S/Jace / $%%
Shielded Motor Cables / Filters / $%9%
fpecial Types of Bearings / Grounding / $33%

omplicated / Expert Installation ~/ $$%

m Drive and drive output

Motor (load) Mechanical
output

e High Performance @ High Level of Complexity & High Costs (!)
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SiC Low Rps(,n) High-Voltage Devices

m Higher Critical E-Field of SiC - Thinner Drift Layer
m Higher Maximum Junction Temperature T, max

|

E
at300K | Si  GaAs 4H/6H-SIC  GaN Eaisic ]
Eg ev) 1.12 14 3.0-3.2 34
Ec (Mviem)| 0.25 0.3 2.2-2.5 3
Ln emzvs) | 1350 8500 100-1000 1000 sSic
er 11.9 13 10 9.5
vsat (cm/s) |1x107  1x107 2x107  3x107 .
Ecitsid— — A Si
A (WicmK) 1.5 0.5 3-5 13 ] VU TTTmmmm—e— .
‘ p* [ N-
©2000 Carl-Mikael Zetterling WS ic : ‘
. 4V For 1kV: Si SiC . Wsi 5
R, = W (um 100 10 Schottky contact Ohmic contact
on E 3 é y . )
S, Ec Nb (cm?3) 1O 16 : |
o— "
R* 1 R*
on,Sic ~ 300 °S — n H—o

e Massive Reduction of Relative On-Resistance > High Blocking Voltage Unipolar (!) Devices

b
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—— Advantages ——

.

17%”}-:«»%

EDGE 1 EDGE 2

R N TN AT R S AR A BN 1

2 ¥ A AR AR A O A A

b
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Si vs. SiC

m Si-IGBT / Diode -> Const. On-State Voltage, Turn-Off Tail Current & Diode Reverse Recovery Current
m SiC-MOSFET —> Loss Reduction @ Part Load BUT HigherR,,

6x gi—IGB;' 6x SiC-MOSFET
6x Si-Diode i
K Kd I3 5 B E

K KE Kh bR E
1200V 100A 1200V 100A
Die Size: 98.8mm? + 39.4mm? Die Size: 25.6 mm?

e Space Saving of >30% on Module Level (!)
ETH:zurich CRERA
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Si vs. SiC Conduction Behavior

m Si-IGBT —> Const. On-State Voltage Drop / Rel. Low Switching Speed
m SiC-MOSFETs > Resistive On-State Behavior/ Factor 10 Higher Sw. Speed

70 - / 70
L4 /
60 l‘ 60
K / —
< 50 . S50
. / =
= , £
40 4 € 40
g P4
330 “ § 30
% 'I‘ T=175°C 3
= 20 520
77 2
[=] / ‘l | w
10 " i —— iiIITSt.IE(Z‘:n. (Vs;:-;ls\a') 10
— i gs=+
- NS eIy Forward 0

Reverse

0 1 2 3 4 5 0 1 2 3
Drain-Source voltage : Vpg [V] Forward voltage : V, [V]

D [

1200V 100A 1200V 100A
Die Size: 98.8 mm? + 39.4 mm? Die Size: 25.6 mm?

e SiC MOSFETS Facilitate Higher Part Load Efficiency
ETH:zurich
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Si vs. SiC Switching Behavior

m Si-IGBT - Const. On-State Voltage Drop / Rel. Low Switching Speed
m SiC-MOSFETs > Resistive On-State Behavior/ Factor 10 Higher Sw. Speed

800f 180

600 1 T 60
uce (V)

400t 140

200t/\——20
ic (A)

o ——p——10

0 rms) 800

Do
Do
1200V 100A

Die Size: 98.8 mm? + 39.4 mm?

e High di/dt &dv/dt > Challengesin Packaging / EMI / Motor Insulation / Bearing Currents

800p 180
600} NWW‘"—- 60
b Ups (V)
400f— 140
200 i ‘ | 20
ip (A)
OF 0

0 rms) 800

i

1200V 100A
Die Size: 25.6 mm?

7/ 43_|@|

CRERA



1C I Power Electronic Systems i
I = Laboratory T}

—— Challenges ——

.

17%”}-:«»%

EDGE 1 EDGE 2
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Low Commutation Loop Inductance

m High di/dt Switching Transition
m Commutation Loop Inductance L an Ui
m Allowed L Directly Related to Switching Timet, -> LS < | =at, I_
L L
t, z
a=0.1
1 t,=100ns S/
/
100nH AN |
i /10 S22
10nH p—t——tn fA, el AL
AT = ~1ns
4 / HH |
a le;gzaf_oe,
> InH i j Ui
0.10 1Q 100 100Q ="

e Advanced Packaging & ParallelInterleaving for Partitioning of Large Currents (Z-Matching)

ETH:zurich 'CRERA
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Surge Voltage Reflections & CM Currents

m High dv/dt / Short Rise Times of Inverter DM & CM Output Voltage Pulses
m Reflections @ Motor Terminals > High Insulation Stress
m (M Leakage Current > Radiated Emissions & Bearing Currents

BBk

LB

¢ SDDV

YASKAWA

fov
Cnmmo =mode v olQage JURUIRIR TS AU SO VUL AP

ﬂTW“U’WWW

e

Bearing current - ims

| Inverter output <—>E100|Ls

e Motor Surge Voltage | CM Leakage Current | Bearing Current
ETH:zurich 'CRERA
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Motor Bearing Currents

m Switching Frequency CM Inverter Output Voltage > Motor Shaft Voltage
m Electrical Discharge Machining (“EDM”) in the Bearing

[=RegalRexnord

I
Inverter )
Cor L1
"
I

C
| Vao “ |
|
I
0 [TTTTTTTTTmm s
I == Z. :
: - || Stator © BOSCH
: |
] 1
[ <1l __
I
I

=> Cond. Grease / Ceram. Bearings / Shaft Grndg Brushes / dv/dt-Filter OR Full-Sinewave Filters

ETH:zurich CRERA
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11/43_Iﬂl
Conducted & Radiated EMI Emissions

m Higherdv/dt - Factor 10
m Higher Switching Frequencies > Factor 10
m EMI Envelope Shifted to Higher Frequencies

fc]:(ﬂ-ton)l fl‘:Zz(T[Ir)l
fs=10kHz & 5KkV/us for (Si IGBT) 200 ERREE RRSAR SR ENEEEE EEE AR S R FhstH Pt S
fs=100kHz & 50 kV/us for (SiC MOSFET) S 1
Vo = 800V @ . B
DC/DC @ D=50% ey
2 140
I: Ik 2f Z EIRRr T a1 =il
T Ve T V(f)@ W £ 120 Fo B R R
fﬁw <|ﬂ 100 - -
> a0 [ SR A | PN
! 0V @DC ERERRRERR RREREEE LSRR AN | (AR L | L B N ]
| P Lt SRS o MR 4 A M 1414 || NSNS
T 10 10 10° 106 107 108 10°

f - Frequency (Hz)

e HigherInfluence of Filter Component Parasitics & Couplings - Advanced Design

CRERA
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Inverter Output Filters

dv/dt-Filters
Full-Sinewave Filters ———

=
| |3

ETH:zurich 'CRERA
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dv/dt-Limitation ——

@
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Passive | Hybrid | Active dv/dt-Limitation

m Passive — Damped LC-Filter f;> f;
m Hybrid - Undamped LC-Filter & Multi-Step Sw. Transition
m Active - Gate-Drive Based Shaping of Sw. Transients

fow=16 kHz
tR=tF=130n5
. fr=2.4 MHz
P Inc dv/ds-Filter: 3...6V/ns
.J_* - N
BERFEFNL, L, :
C——CDC . - I —  c* /\/ §
— || [ C’OJ—J—-L )
LR TR | ERRAN
n Lo T y oo = 10° 106 10°
JT: v CM_I_

= Frequency f (Hz)

e (Connectionto DC-Minus & CM Inductor - Limit CM Curr. Spikes/ EMI / Bearing Currents

ETH:zurich 'CRERA
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Comparison of dv/dt-Filtering Techniques

m Passive Concept

1. LCR-Filter
2. Clamped LC-Filter

+

VDC

]ﬁ}

—
<h
—

i L iy a*
- 0
jvla C‘L vll*
BN

©

LI - ]

m Hybrid Concept (3f,,)

1. LC-Filter
2. Multi-Step Switching

+
J;}

ol i a
J|_ VI C—L V,li*
i T i

© . 0

\ /

Pl
@
p—
¥

\ /

m Active Concept
1. Miller Capacitor
2. Gate Current Control
@Cgﬁm 0
— #i a
VDC —ha—Q
CM—E : v,
=T
1200V SiC / 16 mQ
CM=120pF

fI
if

T
VT

[\

7

{1
LU
fL

\

J—1
L

Time ¢
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Multi-Bridge-Leg dv/dt-Limitation

m 2-Step Switching / Resonant Transition (Hybrid dv/dt-Filter)

° T, =mn(LC,)**
Vic ﬁ} 3 L Y —
Coc | h v,,.—;—T-'_l Voo - b t . vi,c
3 R | . / ;
: s ‘ t

m Staggered Sw. Parallel Bridge-Legs > Non-Resonant Multi-Step Transition

tﬂ
T i i s o
v JmE E & g . "] IT t
v, -, o,
% ok 0% J;} S s
I s Sl s | e

® Adv. for High Power [ High Output Curr. Syst. Employing Parallel Bridge-Legs & Local Comm. Caps
ETH:zurich

.
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—— Triangular Current Mode (TCM) ——
ZVS Operation

ETH z(irich t CRERA
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Full-Sinewave Filter & ZVS Operation

m Purely Sinusoidal Output Voltage (DM & CM Filtering)
m High Sw. Frequency & TCM = Low Filter Inductor Volume

m ZVS of Inverter Bridge-Legs

an
15/ 43__ Nl

SR EIERL

, _— - =
U= |ap - %
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t o

® Only 33% Increase of Transistor Conduction Losses Comparedto CCM (!)

o Very Wide Switching Frequency Variation

(i
;;:m’hn'rw

I;

ETH:zurich
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Frequency-Bounded TCM - B-TCM

m Very Wide Switching Frequency Variation of TCM = B-TCM

m

I\

~

\ 7/
I\

((

40
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Nef

T
2. .
‘I/I;V band i,
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Current (A)
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Time (t) Time (t)

Frequency (kHz)

e TCM > B-TCM — 10% FurtherIncrease of Transistor Conduction Losses

ETH:zurich CRERA



1C I Power Electronic Systems i
I = Laboratory ==}

——— Continuous Current Mode (CCM) Operation
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3-® 650V GaN Inverter System (1)

m Transphorm 650V Normally-On GaN HEMT/30V Si-MOSFET Cascode 6-in-1 Power Module
m Sinewave LC Output Filter — Corner Frequency f~= 34 kHz (f,,= 100kHz)

m No Freewheeling Diodes

LVSi HVGaN
FET HEMT
D

R Transphorm GaN Maodule ! N
Pin_ > G4 = Po_ >
-4 - —
Py
Ioc —] —] —]
Sine wave Filter
1 Y YY) L — |
VDC b {fYY Y Vuv |
Coe LYY Y Viw
A
LF — |y
Cr
N o ]
GaN 6-in=1 module, 600V

—> Comparison to Si-IGBT Drive Systems

ETH:zurich

2.2kwW
(3hp)

Torque
Transducer

11kW
(15hp)

YASKAWA

an
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3-® 650V GaN Inverter System (2)

YASKAWA
m Comparison of GaN Inverter w/ LC-Filter to Si-IGBT System (No Filter, f,,=15kHz)
m Measurementof Inverter Stage & Overall Drive Losses @ 60 Hz
Bin Transphorm GaN Module Po I T\ 085
P E l:] 98% > /?):- —
Ioc —] —] —] !
Sine wave Filter Torque % ::72 ’/,(/
e Y Y Yy L—» Iy Transducer i%:o i
Ve | = YN § TV . V(@:ﬁ:@ - /
Lr e 2.5k ey 2o f
1 1 (3hp) (15hp) 945 /
— -—|[l -—|[‘ TTT J s
N a(') 935 1 ‘ =
(aN 6-in-1 medule, 600V 930 F
. ‘ OulputPow;er Drive Po[kW] . :
Pin \/ f Pm v 90.0
F—{ 80% => =o ; = "
loe 700 T
_| _| _| Torque § 60.0 ,/ :
L— I Transducer % / /
= :i va b Mod gf"’” //
—h 2.2kW 11kW E 200
- _||; } _||< } (3np) (15hp) E ! ;
N (-) ! | . . { —0—SiGBT  ——GaN
Si IGBT 6-in-1 Inverter module, 600V 0.0 | | |

e
=1

a2 04 0.6 08 10 1.2

Output Power of Motor Pm[kw]

14 16 18

> 2% Higher Efficiency of GaN System Despite LC-Filter (Saving in Motor Losses) !

CRERA
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Multi-Level / Multi-Cell
Converters & Modularity
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3-Level T-Type Inverter (1)

m Higher Number of Bridge-Leg Output Voltage Levels / Lower DM & CM Voltage Steps
m Neutral Point Clamped | Flying Capacitor | T-Type Bridge-Leg Topologies

Motor Line-to-Line Voltage

) 13 b o

111
6 @ [»
S
L —

L oo
T TT% L

3-Level Bridge-Leg 2-Level Bridge-Leg

e More Complicated Bridge-Leg Structure
e On-State-Losses of Series-Connected Switches

ETH:zurich 'CRERA
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3-Level T-Type Inverter (2)

m 3-LevelT-Type Inverter — 3-Level Phase Voltage / 5-Level Line-to-Line Voltage
m Lower DM & CM Voltage Steps Compared to 2-Level Converter

1. s g
G o J _
i | 1SS
G p—
5 UT S
p .
Jé J,@ J:J} Vass1 |
A ) Veist Gate1  Gate2 Vo2
L H Source/ (G1 ) jE_}‘___‘( Drain/
B ﬁ N Drain p-GaN Source
S1 52
— (HD ( b [iAGand 7 & e
I L e Hﬁu@ i-GaN
- JH JH JH 1 1 J_ ;% Buffer layer
i T T —l_ Panasonic Si substrate

e Full-Sinewave DC-Link Referenced LC-Filter — Elimination of DM & CM Sw. Frequ. Voltage Harmonics
e T-Type Topology Ensures Low Conduction Losses — Adv. Application of M-BDSs (!)

ETH:zurich 'CRERA
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3-Level T-Type Inverter (3)

m 3-LevelT-Type Inverter — 3-Level Phase Voltage / 5-Level Line-to-Line Voltage
m Lower DM & CM Voltage Steps Compared to 2-Level Converter

3
B o
¢

|

. Jé}m}_ A[ I 2 J?.}JM}_ A[
g =ie= Ees=co
| BeR  tirem ] IETERIIE .

e Full-Sinewave DC-Link Referenced LC-Filter — Elimination of DM & CM Sw. Frequ. Voltage Harmonics
e T-Type Topology Ensures Low Conduction Losses — Adv. Application of M-BDSs (!)
'CRERA
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SiC/GaN Figure-of-Merit

m Figure-of-Merit (FOM) Quantifies Conduction & Switching Properties
m FOM Identifies Max. Achievable Efficiency @ Given Sw. Frequ.

1 1010 ,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, e
FOM = ——— SEEE N NEEEHEE 1 SIS SR G
Rds,onQoss L - Wolfspeed |
V10 e T
— \ /-.- ----------------------------------------------------
¥
!
,,,,,,,,,,,,,,,,,,,,,,,,,,, i
107 1

102
Rated Voltage - Vismax (V)

e Advantageof LV over HV Power Semiconductors -
e Advantageof Multi-Level over2-Level Converter Topologies

ETH:zurich CRERA
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3-Level Flying Capacitor (FC) Converter

m 3-Level Flying Cap. (FC) Converter = No Connection to DC-Midpoint
m Involves All Switchesin Voltage Generation - Eff. Doubles Device Sw. Frequency

400
Z 200
o 0
:—E -200
= 400
U]
T,
T,
800V Uy
. brni(' f';
Jo @elo @ 0 @30 ® 0
i ]
I Tz‘ff T;'w :I 2]—:‘“‘
U . e B
3 Soft Hard Soft Hard Soft Hard Soft Hard t

Tr. Tr. Tr. Tr. Tr. Tr. Tr. Tr.
(ZVS) (ZVS) (ZVS) (ZVS)

® FC Voltage Balancing Possible also for DC Output (!)

ETH:zurich CRERA
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4.8MHz GaN Half-Bridge Phase Module

m Combination of Series & Parallel Interleaving

— 600V GaN Power Semiconductors, f,,= 800 kHz
— Volume of =180 cm? (incl. Control etc.)
— H,0 Cooling Through Baseplate

* 25 kW/dm?3
- Semiconductor Efficiency (%)
) 10— % Gontrol
| |
p I .( 9r [4—% Z . Lbr
N ,:-J} . x| 5y il kel S
0 » | ) > 3
‘th - .?:: 6L o ) > -~
U= | G| =H - — S5l 1 il B > :
B = a . C = 4 [ | L LA Y
:3 - ity * 3 * \—_/ 96 DC Input g A - // Power Stage
— =1"—=
= 2 |- AC Output N ' Measurements
n e Jq} 7 ’ | [ | | | | 95 H,0 Cooling Baseplate
: # / 2 3 4 5 6 7 8 9 Auxiliary + Gate Drivers
# Levels N+1

e Operation @ f,,,= 100kHz / f,,, .z= 4.8 MHz, 10kW, U;=800V

ETH:zurich CRERA
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Motor-Integrated
Inverter Systems
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Multi-Axis Drive Systems

m Common DC-Bus — Single AC/DC Converter/ Smaller Cabinet

an
25/ 43 __ Ml

m Motor Integration of DC/AC Stage — Massive Saving in Cabling Effort / Simplified Installation

3

Control =~ —

3

Control = —

AC

DC[

DC

AC|

AC

DC|

DC

ACf

AC

DCr

I_._‘_.r.._.ly'._?._._|

AC

DC|

AC

DC

e Facilitates DC-Bus Energy Buffer

e Direct Energy Exchange @ DC-Bus / Higher Efficiency / Unidir. Front-End

ETH:zurich

DC Power
Network

YASKAWA

Inverter
Stage

CRERA
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Motor Integrated Inverter Stage

m Comparative Evaluation of ML-Inverter Concepts
m 2x2-LevelStacked 650V GaN | 3-Level 650V GaN | 7-Level 200V Si Inverter
m Design for 800V DC-Link / 7.5kW / 99% Efficiency / 3s 3x Ty, Overload

» - — f;w Aux, En
° s e T Fr. ol
e+ ey e f“.= 2_}‘- - —-— _ Comro“cr
-T- H H H ™ = : -
o+ [ory o f ":.1 ..,..{I: n...'l: n_..ll: 111 g ol
0] . - - 0 =
+| "‘{;J'T' = |== u-=- - -
T IJ = H T Hil: b-HI: v-r-ll: .
= |y ey e T— = ":_"""'
H o d - H P P LLLY
i ”I_] ‘-.I-l H-I o H{_l .-H_l H'I-l ? Ba
.= 35kHz f.-75kH; B

e 7-Level FC Inverter — Large PCB Area Requirement & High Complexity
e 2x2-LevelInverter — No Flying Capacitors & CM Cancellation / Low L.y Volume
e 3-Level FC Inverter — Best Overall Trade-0ff (Complexity/ PCB Area / Volume of Full-Sinewave Filter etc.)

ETH:zurich CRERA
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Buck-Boost |
Functionality |

b
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Motivation

m General / Wide Applicability

— Adaption to Load-Dependent Battery | Fuel Cell Supply Voltage
— Operation in Wide Output Voltage / Wide Motor Speed Range

1.4 0.8
+—————— Ohmic Loss Region —————= Mass Transport
Loss Region | 07
Activation 1.2 — .
Loss
i - 0.6
Region }_\
= N p [05F
2 0.8 R3]
g b B v ~04 =
= A 4 =
Fuel-Cell Inverter Motor S 06 Tl g
3 . i L 0.3 g
02 5] "'a.._;\ S oa
H, > - 02
H,O 0.2 4 — 0.1
0 T T T T 0
0 0.5 1.0 1.5 2.0 2.5

Current Density (A/cm?)

e Full-Sinewave Filtered Motor Supply Voltage
e LC Output Filter Inductor Advantageously Utilized as Buck-Boost-Inductor

ETH:zurich 'CRERA
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Buck-Boost « Y-Inverter »

m Generation of AC-Voltages Using UnipolarBridge-Legs

f;

O

TE}TJ% :ﬁ:x) Al AN
1 JQPJ%}J'}_:_#% G -

Y]

Y
Ii .
DR ] ——
+ . Tajgj Tbﬂ_:‘:—.j TJ'E:} i Ty E% Tb35_} TjE:j | ioa a% —
7t U= b zl = [ ] b 17, b, v °
TﬁdEj Ty Ej TcﬂEI} Ly Ty : :I% Tbﬂﬁ} L Tcd:'_-rj — ¢
| on O , “Y-Inverter”

e Switch-Mode Operation of Buck OR Boost Stage —> Quasi Single-Stage Energy Conversion (!)
e 3-@ Continuous Sinusoidal Output/Low EMI - No Shielded Cables / No Motor Insul. Stress

ETH:zurich 'CRERA
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3-O Current Source Inverter (CSI) Topology

m Y-Inverter > Phase Modules w/ Buck-Stage | Current Link | Boost-Stage
m 3-OCSI > Buck-Stage V->IConverter | Current DC-Link DC/AC-Stage

f+ % o3 Jsjs _33 153 Jﬁ

| 3 e I”in”

\ v 1

:\\ /: G l—|r':]l i]}TJ:ﬂ}TJ l_* . Zj—i

¥ ' L

: TyEyEr T
k3 e

Ny oy Ao

g TA;E}T,;E}T;IE'} C

e Single Inductive Component
e Positive DC-Side Voltage for Both Directions of Power Flow = Future Utilization of M-BDSs

ETH:zurich 'CRERA
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3-® Buck-Boost CSI Modulation

m “Synergetic” Control of Buck-Stage & CSI Stage
m  6-Pulse-Shaping of DC Current by Buck-Stage —> Allows Clamping of One CSI-Phase  ~ =\~
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e Switching of Only 2 of 3 Phase Legs (2/3 Mode) > Significant Reduction of Sw. Losses
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3-® AC/AC Conversion
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Derivation of 3-® Current Source AC/AC Converter (1)

m Derivation Based on Bidir. Buck-Boost Current Source Inverter (CSI) > Buck-Boost PFC Rectifier (CSR)
m Lower # of Ind. Components Compared to Boost-Buck Rectifier Approach

L e -
TTT 2 | 1
ERIAMIL

e AC/DCBuck Stage Distributes DC-Link Current to Mains Phases — Sinusoidal Inp. Current
e Synergetic Control/Modulation of Rectifier Stage & DC/DC Stage for Min. Sw. Losses
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Derivation of 3-® Current Source AC/AC Converter (2)

m DC-Side Coupling of Buck-Boost Current DC-Link PFC Rectifier & Inverter — AC/DC/AC
m Full-Sinewave Filtering @ Input & Output w/ Single Magnetic Component
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e Bipolar Blocking / Unidir. Switches | Unidir. DC-Link Current Sufficient for Bidir. Power Conversion
e Modulation-Based Inversion of DC-Link Voltage Polarity - Inv. of Power Flow Direction
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3-® Current Source AC/AC Converter

m Sinusoidal Motor Voltage Achieved w/ Single Ind. Component A

m Unidir. Valves Sufficient for Bidir. Power Conversion

m M-BDSs — Synchronous Rectification
L
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e Relation to High-Power Thyristor-Based Medium-Voltage Synchr. Machine Variable Speed Drives
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| EETLETY Self Reverse-Blocking M-BDS-Concept (1)

m Bidir. Curr. DC-Link Converters — Unidir. I, & Bipolar U,. OR Bidir. I,. & Unipolar U,,
* HV Switch + HV Diode  HV Diode Characteristic / High Cond. Losses

* M-BDS Ohmic Cond. Char. BUT 2 External Gate Signals / 2 Gate Drivers
» “Self-Switching” Ohmic Cond. Char. BUT High Local Complexity (Sensing)
I
? d-f—o P
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k} 1 ¥ A ! v G1 0
G, Driver t Q
ao—» Level
b o— I I Shift
€= DHv
el H'_ Sext
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: : 3 -

e SRB-MBDS Quasi-Ohmic Cond. Char. (Cascode w/ LV Si Schottky Diode) & 1 External Gate
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| EETLETY Self Reverse-Blocking M-BDS-Concept (2)

m Bidir. Curr. DC-Link Converters — Unidir. I, & Bipolar U,. OR Bidir. I,. & Unipolar U,,

HV Switch + HV Diode  HV Diode Characteristic / High Cond. Losses

M-BDS Ohmic Cond. Char. BUT 2 External Gate Signals / 2 Gate Drivers
» “Self-Switching” Ohmic Cond. Char. BUT High Local Complexity (Sensing)

600V 190 m{) GaN M-BDS
40V/10 A Si Schottky Diode

oo
>
L 4

——25"C

7H--e--100 " C . g
S, S, L
6F , A 1 ; ; 7 v
/ /r Uil 8 v [/ ;L( . A G1 0
=50 ‘ X ] G, G, Driver Q
Na¥ 55 ol Level
= )i ] Q. eve
54 ol a ° g Shift
2l : ’
DHV
2 1 ) ] Sext
1L 14 On 24 On, i +On

‘ ‘ . ‘ ‘ Oft
o 05 1 15 2 25 3 35 4 v
Forward Volt. (V)

e SRB-MBDS Quasi-Ohmic Cond. Char. (Cascode w/ LV Si Schottky Diode) & 1 External Gate
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DUA| Ba4

m Current DC-Link Topology

e Application of M-BDSs e Standard
Complex 4-Step Commutation OR SRB-MBDSs
e Low Filter Volume

ETH:zurich
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e Challenging Overvoltage Protection e High Input/ Output Filter Volume
e Limited Control Dynamics
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DUA| lLa4

m Current DC-Link Topology

e Application of M-BDSs e Standard
e (omplex4-Step Commutation
e Low Filter Volume

m All-600V-GaN AC-ACVSDs 97% Nominal Eff.
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3-O AC/AC
Matrix Converter
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Indirect & Direct 3-® AC/AC Matrix Converter

m Constant 3-O Instantaneous Power Flow = No Low-Frequ. DC-Link Power Pulsation Buffer Requirement (!)
m Indirect AC/DC—DC/AC OR Direct AC/AC Power Conversion - IMC OR DMC

m DMC - Switch Matrix w/ Bipolar Voltage Blocking & Current Carrying Devices

Pa,bc

pa+pb+pc
Pa Po Pe
Mains .
I
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e Input-Side Cap. / Output-Side Motor Ind. > Operation Limited to Buck-Type (Step-Down) Conversion
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3-® AC/AC Matrix Converter Comparison

m Indirect Matrix Converter (IMC) m Direct Matrix Converter (CMC)
e GaN M-BDS AC/DC Front-End e 4-Step Commutation
e Z(S Commutation of AC/DC Stage @ ip=0 e Exclusive Use of GaN M-BDSs

e No 4-Step Commutation
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e Higher # of Switches Compared to DMC e Thermally Critical @ fout = fin

e Lower Cond. Losses @ Low Output Voltage
e Thermally Critical @ f,,,~> O
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3-O Current DC-Link vs. Matrix AC/AC Converter

m Current DC-Link Topology

.1 normally
_l:i on

O o om

ol o]

T

e

:

Application of M-BDSs | 12 Switches
4-Step Commutation

Buck-Boost Functionality
Low Filter Volume

o+

O otm o

e

e (Challenging Overvoltage Protection

ETH:zurich

m Direct Matrix Converter

Application of M-BDSs | 9 Switches
4-Step Commutation

Complex Space Vector Modulation
Limited to Buck-Operation (!)
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e Challenging Overvoltage Protection
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Outlook
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Summary

m Future Need for ,, SWISS Knife“-Type Inverter Systems

— Wide Input / Output Voltage Range

— Continuous / Sinusoidal Output Voltage

— Electromagnetically,, Quiet”- No Shielded Cables
— “Plug & Play” / Non-Expert Installation

— SMART Motors / Cognitive VSDs

— On-Line Monitoring / Industry 4.0

m Enabling Technologies

— SiC/ GaN

— Advanced (Multi-Level) Topologies

— “Synergetic” Control

— Monolithic Bidirectional GaN

— Integration of Switches / Gate Drives / Sensing / Monitoring
— Adv. Modeling / Simulation / Optimization

— Machine Learning / AI

m System Level - Distributed DC Bus Systems, Integration of Storage, etc.
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Monolithic 3D-Integration

m M-BDS GaN 3x3 Matrix Converter with Drive-By-Microwave (DBM) Technology

— 9 Dual-Gate GaN AC-Switches / 4-Step Commutation
DBM Gate Drive Transmitter Chip & Isolating Couplers
— Ultra Compact > 25x 18 mm? (600V, 10A - 5 kW Motor)

Source: Panasonic 1sscc 2014

DBM gate drive

Isolated
transmitter chip dividing
\ couplers
PWHM signals
Isolated Power Supply 5.0GHzIsolated (5kVpc) Dividing Coupler -
HB Driver Gate A Transformer GaN integrated
N— bidirectional
(‘;m — switching chip
A1s = * bidirectional switches )
12mm ‘//‘:\‘ ‘1 ‘::na \
/ “! Reference 3
s \ @S o
' . RF-Output 0—‘—— :
(Fr:m’l;;n e e - $
transmitter ) RF-nput mp » » : :
= s I § i v X
L = KR - "R
pcB 028mm {|

e Massive Space Saving Compared to Discrete Realization (!)
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Smart Converter Concept
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m Utilize High Computing Power & Network Effectsin the Cloud —> “Cognitive” Power Electronics

Internet
Gateway

A

ETH:urich
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Source: Dr.R. Sommer

SIEMENS

Sensors
(Speed,Temp.)

Intelligent Gate Drive Unit

* Semiconductor protection (overcurrent, overvoltage, ...)

» Collecting and preprocessing of sensor data (current,
voltage, temperature, ...)

» Semiconductor specific condition monitoring functions

L Passive Components
T (Filter, dc-link, ...)

i Sensors
q» I (Current, Voltage, ...)

) Power Semiconductors
iy (IGBT, SiC ...)

Gate Drive Unit (GDU)
(e.g. intelligent digital GDU)

]

Customer
Automation

Internet
Gateway

Internet
Gateway

Sensing & Computing on ComponentLevel | ConverterLevel | System Level | Application Level
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