Future SiC/GaN Variable Speed
Drive Inverter Topologies

= “How to Handle a Double-Edged Sword" =—=)=

Dominik Bortis, et al.

‘% Swiss Federal Institute of Technology (ETH) Zurich
Power Electronic Systems Laboratory
www.pes.ee.ethz.ch

2" Wagner Automotive Symposium — Inverter Trends & Technology, November 7th, 2019




Future SiC/GaN Variable Speed
Drive Inverter Topologies

= “How to Handle a Double-Edged Sword" =—=)=

Dominik Bortis, M.Guacci, M. Antivachis, J.W. Kolar

‘% Swiss Federal Institute of Technology (ETH) Zurich
Power Electronic Systems Laboratory
www.pes.ee.ethz.ch

2" Wagner Automotive Symposium — Inverter Trends & Technology, November 7th, 2019




S1C I Power Electronic Systems
I" = Laboratory

ETH:zurich

ETH Zurich

21 Nobel Prizes
509 Professors
5800 T&R Staff

2 Campuses
136 Labs

35% Int. Students
90 Nationalities
36 Languages

150t Anniv. in 2005

_ Departments
ARCH Architecture
BAUG Civil, Environmental and Geomatics Eng.
BIOL Biology
BSSE Biosystems
CHAB Chemistry and Applied Biosciences
ERDW Earth Sciences
GESS Humanities, Social and Political Sciences
HEST Health Sciences, Technology
INFK Computer Science
ITET Information Technology and Electrical Eng.
MATH Mathematics
MATL Materials Science
MAVT Mechanical and Process Engineering
MTEC Management, Technology and Economy
PHYS Physics
USYS Environmental Systems Sciences

Students ETH in total

21000
4’300

B.Sc.+M.Sc.-Students
Doctoral Students

AVL 2o
'

SET



S1C I Power Electronic Systems
I = Laboratory

ITET - Research in E-Energy

Power
Systems
Power Advanced
Electronic Mechatronic 4
Systems Systems
Systems
.............................................................. High Power Power
Electronics Semiconductors
Technologies
High Voltage
Technology
» Balance of Fundamental and
Application Oriented Research
e . OJ?
ETH:zurich AVL sz

S ET



S1C I Power Electronic Systems
I = Laboratory

Power Electronic Systems Laboratory

Industry Relations
1 R. Coccia / B. Seiler

Johann W. Kolar

Adv. Mechatronic Systems
D. Bortis

M. Kohn /Y. Schnyder

P. Maurantonio

M. Eisenstat

P. Seitz

AC-DC AC-AC DC-DC DC-AC Multi-Domain j Measurement Advanced Magnetic

Converter Converter Converter Converter Modeling Technology Mechatronics Levitation
F. Krismer D. Bortis F. Krismer D. Bortis D. Bortis

M. Heller

Y. Li P. Bezerra
D. Menzi J. Azurza T. Guillod M. Antivachis R. Giuffrida

D. Neumayr P. Czyz G. Knabben J. Bohler P. Papamanolis P. Niklaus E. Hubmann Th. Holenstein
D. Zhang M. Haider J. Schifer M. Guacci S. Miric P. Piintener
Secretariat Administration Computer Systems Electronics Laboratory

22 Ph.D. Students
1 PostDoc
2 Sen. Researchers

ETH:zurich

*

FLPE

*

x Competence 4

Centre
*

Leading Univ.
in Europe

AVL &

S ET

e
~<©



S1C I Power Electronic Systems

I = Laboratory

ETH:zurich

Outline

Introduction

SiC/GaN Application Challenges
VSI with Output Filters
Boost-Buck VSI

Buck-Boost CSI

Q3L & Modular Inverters

vV VVvvVVVYVY VY

Conclusions

1/38 ——

AVL 2o
o —

S ET



S1C I Power Electronic Systems
I = Laboratory

ETH:zurich

3-O Variable Speed Drive
Inverter Systems

State-of-the-Art
Future Requirements

AVL

J90

00



=IC I~ Power Electronic Systems 2/38
I" = Laboratory

» VSD State-of-the-Art

m Mains Interface / 3-© PWM Inverter / Motor — All Separated

- Large Installation Space / 338
> Complicated / Expert Installation / $$$

m Conducted EMI / Radiated EMI / Bearing Currents / Reflections on Long Motor Cables

—> Shielded Motor Cables / $%3%
—> Inverter Output Filters (Add. Vol.) / $3%

Source: FLUKE

m Drive and drive output Motor and drive train

e High Performance @ High Level of Complexity / High Costs (!)
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» Future Requirements (1)

m  “Non-Expert” Install. / Low-Cost Motors —> “Sinus-Inverter” OR Integrated Inv.
m Wide Applicability / Wide Voltage & Speed Range —> Matching of Supply & Motor Voltage

m High Availability

Voltage Stress
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e Single-Stage Energy Conversion -> No Add. Converter for Voltage Adaption
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» Future Requirements (2)

m Red. Inverter Volume / Weight > Matching of Low High-Speed Motor Volume
m Lower Cooling Requirement = Low Inverter Losses & Low HF Motor Losses

m High Speed Machines —>  High Output Frequency Range

Source: T

Georgia ;\
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Gravimetric Power Density - v (kW /kg)

96

—> Main “Enablers” — SiC/GaN Power Semiconductors & Adv. Inverter Topologies
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Enabling Technologies & Challenges

WBG Semiconductors
Advanced Inverter Topologies
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» SiC/GaN

EDGE 1 m Very Low On-State Resistance > Low (Partial Load) Conduction Losses

m Very Low Switching Losses —> High Switching Frequencies
m Small Chip Area - Compact Realization
1010
1
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ds,on ~<o0ss :
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Upe 3 |
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TIJ:: §%z Rys on |:" ﬂ 108 L :
= A '_L,l' 9 = e Eoo
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a 107

Rated Voltage - Vs max (V)

e C(hallenges > Packaging / Thermal Management / Gate Drive / PCB Layout
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» Sivs. SiC

EDGE 1

m Extremely High dv/dt (Si-IGBT: dv/dt = 2...

m Very Low Switching Losses
m High Switching Frequencies

Si-IGBT / Hybrid-Pack 2
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e C(Challenges -

N2 2 Z

Motor Insul. Stress (Volt. Peaks = Insul. Breakdown - Partial Discharge)
(Impedance Mismatch of long Cable & Motor)
(Motor Shaft Volt. > Elect. Discharge in Bearing)

Reflections
Bearing Currents

EMI

6kV/us vs. SiC-MOSFETs: dv/dt = 20...60kV/us)
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Inverter Output Filters

Full-Sinewave Filtering ——
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Full-Sinewave Filtering
YASKAWA
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» 3-O 650V GaN Inverter System (1) YASKAWA

m Transphorm 650V GaN HEMT/30V Si-MOSFET Cascode Switching Devices
m Measurement of Sw. Properties > Turn-On/O0ff 10A/400V

LvVSi HVGaN
FET  HEMT D

2-in1
module —» I
e 500 Vas(v) — lout(A F15 500 T |——vas(v)—fout(a} | 15
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Driver l ps ] I\
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nun s o e .
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-100 | : : ne (us) -3 -100 . ‘ . ‘ (us) -3
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e Factor 10 Lower On/O0ff Delay & Sw. Times Comp. to IGBTs
e Extremely Low Sw. Losses —> Inverter Sw. Frequency fs= 100kHz
e Sinewave LC Output Filter —> Corner Frequency f= 34kHz (f;= 100kHz)
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» 3-O 650V GaN Inverter System (2) YASKAWA

m Comparison of GaN Inverter with LC-Filter to Si-IGBT System (No Filter, f;=15kHz)
m Measurement of Inverter Stage & Overall Drive Losses @ 60Hz
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> 2% Higher Efficiency of GaN System Despite LC-Filter (Saving in Motor Losses) !
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» 3-O 650V GaN Inverter System (3) YASKAWA

m Sigma-7F Servo Drive — Integration of Inverter (T0-220 GaN) Into Motor Housing
m Distributed DC-Link System (“Converter” generates DC)

m 0.1-0.4kW /270...324V Nominal DC Link Voltage P ,
DC Power Controller ﬁiw?r—“lcaﬁ ol il |
Network - =EES=—==
\ N / Cable DDDDDDDD
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Inverter e L
Stage = —
__________________ wiring
Network Cable I
e Small Size (0.4 kW @ 70 x 70x 170mm) J J J J J J J ﬁ !
e Massive Saving in Cabling Effort / Simplified Installation '\ e B e JONE
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Buck-Boost Inverter

VSI & DC/DC Front-End
——  Phase-Modular Buck-Boost Inverter
(SI & DC/DC Front-End
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» Boost Converter DC-Link Voltage Adaption

m Inverter-Integr. DC/DC Boost Conv. > Higher DC-Link Voltage / Lower Motor Current
m Access to Motor Star Point & Specific Motor Design Required

m No Add. Components
F3 B3 B3

a
b
c

+
]

i b % 103
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Y B g

% fo% 5%

-> Analyze Coupling of the Control of Both Converter Stages —> “Synergetic Control”
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» “Synergetic Control” of Boost-Buck Inverter (1)

m DC/DC Boost Converter Used for 6-Pulse Shaping of DC-Link Voltage
m 2 (!) Inverter Phases Clamped (1/3 PWM) = Low Switching Losses / High Efficiency
m  Conv. PWM Inverter [ Clamped Boost-Stage Operation @ Low Speed
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» “Synergetic Control” of Boost-Buck Inverter (2)

m Control Structure and Simulation Results
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e Seamless Transition — Clamped Boost-Stage - Temporary = Full Boost-Stage Operation
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» “Synergetic Control” of Boost-Buck Inverter (3)

m Experimental Verification

U, =40...60V

P =500W

fs =300kHz (200V EPC GaN, 2 per Switch)
fo =5kHz (max.)

M =0...2 (for U=40V)

U,
M=
3Ub
Battery DC/DC Boost Stage DC/AC Buck Stage Motor
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—> Comparison to Conv. U,~const. Operation (PWM of 2/3 Phases or 3/3 Phases)
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» “Synergetic Control” of Boost-Buck Inverter (4)

m Experimental Verification

— Const. DC-Link Voltage & PWM of 3/3 Phases or 2/3 Phases
— Synergetic Control = PWM of 1/3 Phases - Substantial Loss Saving (!)
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' | h 1
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0 100 200 300 400 500 Power W
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Phase-Modular Topologies

Boost-Buck Modules
Buck-Boost Modules

ETH:urich AVL 3%

S ET



=1C I Power Electronic Systems 15/38 —
I = Laboratory

» Phase-Modular Boost-Buck / Buck-Boost Inverter

m Realization of 3-® Inverter Using 3 DC/DC Converter (Phase) Modules — S. Cuk/1982
m Wide Voltage Conv. Range -> Battery or Fuel-Cell Supply & Adaption to Motor Voltage
m Continuous Output Voltage - Explicit or Integrated LC Output Filter

Phasea§
) LJ:}‘J:}J:]} |\mmlﬁg= mm—
bl 1 o)
JT s Baphy ks

Phase a

i J”}JS}JS}_? 3 | a3

YL =St

—> Preference for Low Number of Ind. Components > Buck-Boost Concept — “Y-Inverter”

ETH:urich AVL 3%

S ET




=1C I Power Electronic Systems 16/38 —

I = Laboratory
&
f [LFE

3-® Continuous Output / Low EMI !

Buck-Boost Operation / Wide Input &/or Output Range
Standard Bridge Legs / Building Blocks

High Power Density

Phase a ]
[, \ I 7N l"am

! 1 SN .
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Hardware Demonstrator / Exp. Analysis / Comparative Evaluation
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» Y-Inverter (1)

e Operating Behavior
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» Y-Inverter (2)

e Control Structure

(i) (i) (iif) (iv) o U o
Motor Output Voltage : Inductor Current i “Democratic” Buck-Boost [+ )
dq control : Control : Control : Modulator 11 1o
.
dy [
Aw T
W ~
3i- Motor p
Control
w dq-Axis B PWMbe| |

Position ;

Sensor

—> Seamless Transition Between Buck & Boost Operation
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» Y-Inverter Prototype

e DCVoltage Range

e Max. Input Current + 15A

e Output Voltage 0...230V,,,. (Phase)
e Qutput Frequency  0...500Hz

e Sw. Frequency 100kHz

per Switch
e IMS Carrying Buck/Boost-Stage Semicond. & Comm. Caps & 2" Filter Ind.

Control
Output Filter 3® Qutput Board DC Input

Inductors

iy

L4
Z ,“ &

Main
Inductors

160 x 110 x 42 mm3
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» Experimental Results - Dynamic Behavior

e Transient Operation

Up= 400V
U,= 400V, (Motor Line-to-Line Voltage)
fo = 50Hz g
. = 100kHz / DPWM
6A/div
100V/div 6A/div

m Dynamic Behavior
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» Experimental Results - Conducted EMI
of the Cond. EMI Noise on the AC-Side (QP, with AC-LISN)

—— e : LISN
| . C R il

150kHz 500kHz 30MTTz

—> Total Power Density Reduces — (740cm?) > (890cm?)
—> Conducted EMI with Fulfilled
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» Experimental Results - Radiated EMI

e Y-Inverter Placed in Metallic Enclosure
e Measurement Setup

e Alternative Measurement Principle

Lan- Lo [|C Tl
10ul 23mil L,;SMH e I Lﬂ“
! H ”
3 Coc™| ;: = C= 4 1 _1_ 4 1 _L_
‘ = ]2“;— - 1pFl li_ Cnr_ T T T 7T¢ 24U
| Cureo | -1 =T 2.5pF =10nF
1 e ,,J'— }wzw J <
. — q} 75mq2 SiC ——
= all off = DC AC
40 [ : ] . ]
g 33
- c 2 [
® 5 :
%
m
=
0 il 3 . L
30M 250M 1G

f (Hz)
—> Already Noticeable Noise Floor
—> HF-Emissions Well Below Equivalent EMI-Limit
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» Efficiency Measurements
e Dependency on Input Voltage & Output Power Level

U,~ 400V / 600V
U,= 230V, (Motor Phase-Voltage)
f¢ = 100kHz
— 135 | U =400V ---
Un=600V — n = 98.27%
, _ @ Uin DPWM \
Filter Filter Semiconductors DSP / Fans / PCB @5

Inductors Capacitors

4

-
]
T

AuXilie}rics /
Buck-Boost
Buck(SW)

CIN

- \ Filter
Buck(Cond) / Capacitors
Boost(Cond)

System Efficiency n (%

w
o
2

/
Buck-Boost
Inductors

-
o

System Power (kW)

> Multi-Level Bridge-Leqg Structure for Increase of Power Density @ Same Efficiency
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DC/DC Buck Stage &
Current Source Inverter

Monolithic Bidir. GaN Switches ——
Synergetic Control

e 2,°
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» Current Source Inverter (CSI) Topologies

m Phase Modular Concept -> Y-Inverter (Buck-Stage / Current Link / Boost-Stage)
m 3-O Integrated Concept > Buck-Stage & Current DC Link Inverter

B |“‘7: h m m

+ | 00
- Ob
L ocC

Ll s Eragires

0!
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L

\ o/
@) =
Y & TJE'EETBJE‘} 3
F EyEyEy
Ry By oy
) TQIE}T;QE}T;IE;* C

—> Low Number of Ind. Components & Utilization of Bidir. GaN Semicond. Technology
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» 3-O Integrated Buck-Boost CSI (1)

m Basic Topology Proposed in 1984 (Ph.D. Thesis of K.D.T. Ngo/CPES)
m Monolithic Bidirectional 650V GaN e-FETs

bthSTbB CS (\51 B ___%___

EI
oY Panasonic

[ -I<-| - »
AR e & ok
T
T, oy o F el
T_I:JET_I:: 1 _I:: ; Voist Gate1  Gate2 V322
Lo : oa Sourcef (G1) ((32} Drain/
+ T = [ Drain DGaN Source
Upo == 2 n—j ob (s1) (52)
M I | | oc -AIGaN
Tole 30, T !
oy T Y cal
Buffer layer

Si substrate

i Py Yy

- Factor 4 Improvement in Chip Area Comp. to Discrete Realization
—> Also Beneficial for Matrix Converter Topologies or Back-to-Back Configurations
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» 3-O Integrated Buck-Boost CSI (2)

m Monolithic Bidir. GaN Switches Featuring 2 Gates / Full Controllability
m Buck-Stage for Impressing Const. DC Current / PWM of CSI for Output Voltage Control

100 s

Y

-100 F

-200 t

400 ‘ ‘ ‘ ‘ ‘ ‘ ‘

200 |

-200 |

-400

0 5 10 15 20
t - time (ms)

e Conventional Control of Inverter Stage > Switching of All 3 Phase Legs (3/3)
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» 3-O Integrated Buck-Boost CSI (3)

m Monolithic Bidir. GaN Switches Featuring 2 Gates / Full Controllability
m Buck-Stage for Impressing Const. DC Current / PWM of CSI for Output Voltage Control

400 I U P
200
> 0
-200 :5‘”:
400 L _’UPU/
400 r ‘
200 \ ___________________ E
E o NN ............................ e
w0b AN A S —
g T e e e —
0 5 10 15 20
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e (onventional Control of Inverter Stage —> Rel. High CSI-Stage Sw. Losses
e . OJ?
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» 3-O Integrated Buck-Boost CSI (4)

m “Synergetic” Control of Buck-Stage & (SI Stage
m  6-Pulse-Shaping of DC Current by Buck Stage —> Allows Clamping of a CSI-Phase

h 0 5 10 15 20
t - time (ms)

e Switching of Only 2 of 3 Phase Legs —> Significant Red. of Sw. Losses (= -86% for R-Load)
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» 3-O Integrated Buck-Boost CSI (5)

m “Synergetic” Control of Buck-Stage & (SI Stage
m  6-Pulse-Shaping of DC Current by Buck Stage —> Allows Clamping of a CSI-Phase

400 ————

400

2000 N

-200 | S -

0 5 10 15 20
t - time (ms)

e Switching of Only 2 of 3 Phase Legs —> Significant Red. of Sw. Losses (= -86% for R-Load)
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Further Concepts

Quasi-2-Level FC Inverter
——— Integrated Filter Power Module ———

F £ o ¢
0 5

G, A

N

o p
He o
Q
| . M
y K
L
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Quasi-2L/3L
—— Flying Capacitor Inverter ———
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» Quasi-2L & Quasi-3L Inverters (1)

m Operation of N-Level Topology in 2-Level or 3-Level Mode
m Intermediate Voltage Levels Only Used During Sw. Transients
m Applicability to All Types of Multi-Level Converters

Controlled as

Controlled as
single switch

single switch

A\ 1Ib D
MnRpp
L

) , Controlled as
High capacitance |., single switch
flying capacitor \
C)lvdf 3 C )l‘&!c o
/ Controlled as //

Only for transient

Only for transient
voltage balancing

voltage balancing

single switch

T T
S~

® Reduced Average dv/dt - Lower EMI / Lower Reflection Overvoltages
e (lear Partitioning of Overall Blocking Voltage & Small Flying Capacitors
o Low Voltage/Low Ry ,,/Low $ MOSFETs - High Efficiency / No Heatsinks / SMD Packages
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» Quasi-2L & Quasi-3L Inverters (2)

m Operation of 5L Bridge-Leg Topology in Quasi-3L Mode
m Intermediate Voltage Levels Only Used During Sw. Transients

m Applicability to All Types of Multi-Level Converters 3.3kW @ 230V, /50Hz

Equiv. f= 48kHz

3.5kW/dm?
Eff. = 99%

A DD ,,
FAIPEP o s a

d
- L — T T T J_M T
s G C. G5 G
X a8 pe E ra
tapll S3eliE
C,.:: ’E ’5’
SMD ) iZEE

150V Si1-MOSFETs

® Reduced Average dv/dt - Lower EMI / Reflection Overvoltages
e (lear Partitioning of Overall Blocking Voltage & Small Flying Capacitors
® Low Voltage/Rys,,)/$ MOSFETs > High Efficiency / No Heatsinks / SMD Packages
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» Quasi-2L & Quasi-3L Inverters (3)

m Operation of 5L Bridge-Leg Topology in Quasi-3L Mode
m Intermediate Voltage Levels Only Used During Sw. Transients

m Applicability to All Types of Multi-Level Converters 3.3kW @ 230V, /50Hz

Equiv. f= 48kHz

3.5kW/dm?
Eff. = 99%

A DD ,,
FAIPEP o s a

w] L1 17 ; E l L,
1 T T e L X TC R Ty X
7{& o Coi ‘LCm CT ‘LCw C 'LC
¢ : :
[ T ,;

2 5 3 7
EMI Filter f zg‘a %%
”C o é 1<)

® Reduced Average dv/dt - Lower EMI / Reflection Overvoltages
e (lear Partitioning of Overall Blocking Voltage & Small Flying Capacitors
® Low Voltage/Rys,,)/$ MOSFETs > High Efficiency / No Heatsinks / SMD Packages

00
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» Quasi-2L & Quasi-3L Inverters (4)

AL IR ED
D
m Operation of 5L Bridge-Leg Topology in Quasi-3L Mode
m Intermediate Voltage Levels Only Used During Sw. Transients
m Applicability to All Types of Multi-Level Converters

— Q-FCVoltage (Uncntrl.)

® Reduced Average dv/dt > Lower EMI / Reflection Overvoltages
e (lear Partitioning of Overall Blocking Voltage & Small Flying Capacitors
® Low Voltage/Rys,,)/$ MOSFETs > High Efficiency / No Heatsinks / SMD Packages
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Ultra-Compact
Integrated Filter
Power Module

—— 650V GaN E-HEMT Technology ———
fs o= 4.8MHz
£.27- 100kHz

s 0,°
ETHzurich AVL sz

S ET




S1C I Power Electronic Systems
Laboratory

ETH:zurich

» Integrated Filter GaN Half-Bridge Module (1)

+

"7

Minimization of Filter Volume by Series & Parallel Interleaving & Extreme Sw. Frequency

Selection of M=3 / N=3 Considering Efficiency / Filter Volume Trade-Off
650V GaN E-HEMT Technology

U,=800V, P=10kW, Au

I

s

[
Jo &

out,pp

5

= 1%, fs e 4-8MHz

Sser= N = (M-1) - fs

.fl'PS
v,
—_—
Ly v
.
¢
@ | o
\ Vsw,i
% V,UH'ZZN -

V,<15%
I, <30%

o0 Fllter Des1gn Space (M 3, N 3)

90nF

e

N
\ (] \ 4’ L('—-'
P
<t
0 0.5 1 1.5 2 2.5 3
Inductance Value Lpy, (uH)

N Ly,=3.3uH
Cr=90nF

Ul_._______.

e Design for Max. Output Frequency of f,,. = 100kHz (!) @ Full-Scale Voltage Swing

AVL 3
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» Integrated Filter GaN Half-Bridge Module (2)

m 10kW Demonstrator System 800V

. sorvl JJU””U-HLLWUJ ﬂ133.33v |
— 650V GaN Power Semiconductors aoov ML T TTTIL - Psw2 Usws
— Volume of =180cm? (incl. Control etc.) soovh Ve, Al !
— H,0 Cooling Through Baseplate v T

800V : : :
— T

600V J/ o™ . 354

400V Y- ’

325V ) .
* = 50kW/dm?3 200V} TNy e L
/ 0V . ”"“K\./

30A : .
» ‘/IA@'LW

20AL A
10A TV
0A
-10A ¢
-20A ¢ i1 MR
-30A : : : : L3,
0 ,

7’51111]

100V ¢
10VE

1V K f /
0.1V [ Jout

3‘fout. fsw,eff — 48MHZ

T
o Operation @ f,,=100kHz (fs ..~ 4.8MHz) Gy el
® 95% calc. Efficiency 0.1 1 10 f(MHz)
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Motor-Integrated
Modular Inverter
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» Motor-Integrated Modular Inverter

Vltu, H

m Machine/Inverter Fault-Tolerant VSD

m Motor-Integr. Low-Voltage Inverter Modules
|

|

Very-High Power Density / Efficiency
Supply of 3-® Winding Sets / Low C Buffer Cap.

Rated Power 45kW / f,.:= 2kHz
m DC-Link Voltage 1 kV

99.5 T i i T T T T T T T ! ! i i
:

Efficiency (%)
©
[N}

98.5 L « o —
15 20 25 30
Gravimetric Power Density (kW /kg)

—> Evaluate Machine Concept (PMSM vs. SRM etc.) / Wdg Topologies / Filter Requ. / etc.
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» Motor-Integrated Inverter Demonstrator

m Rated Power 9kW @ 3700rpm
m DC-Link Voltage 650V...720V

m 3-O Power Cells 5+1

m Outer Diameter 220mm

— Axial Stator Mount

— 200V GaN e-FETs

— Low-Capacitance DC-Links
— 45mm x 58mm / Cell

—> Main Challenge — Thermal Coupling/Decoupling of Motor & Inverter
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—  Conclusions ——
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» Conclusions

m Future Need for Single-Edged ,,SWISS Knife”-Type Systems feat. Multiple Tools

— Wide Input / Output Voltage Range

— Continuous / Sinusoidal Output Voltage

— Electromagnetically ,,Quiet” - No Shielded Cables
— On-Line Monitoring / Industry 4.0

— “Plug & Play” / Non-Expert Installation

— SMART Motors

m Enabling Technologies

— SiC/ GaN

— Adv. (Multi-Level) Topologies incl. PFC Rectifier

— “Synergetic” Control

— Monolithic Bidirectional GaN

— Intelligent Power Modules

— Integration of Switch / Gate Drive / Sensing / Monitoring
— Adv. Modeling / Simulation / Optimization * @ -

m System Level - Integration of Storage, Distributed DC Bus Systems, etc.
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Thank you!
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