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S-Curve of Power Electronics

m « X-Technologies » / “Moon-Shot” Technologies
m « X-Concepts » > Full Utilization of Basic Scaling Laws & X-Technologies
m Power Electronics 1.0 > Power Electronics 4.0
m 2...5...10x Improvement NOT Only 10% !
/
/
Performance !
« X-Technologies » ' ﬁ
« X-Concepts » '
4.0 |
» Super-Junct. Techn. / WBG /
P » Di ital/Power / f’
Modeling & Simulation 5 4
Performance Replacement » Power MOSFETs & IGBTs /

b e Z (Disuptive) » Circuit Topologies

S SR Microelectronics

E 2 % » Modulation Concepts ,

l Diodes / Thyristors Control Concepts /
\ Solid-State Devices —
™~ Existing “\ / 1.0
Technology s
» Effort/Time m * 2025
1958 2015
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Global
Megatrends
_ Digitalization ——>
o Sustainable Mobility
Renewable Energy
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3-® AC/DC Converter Application Areas

m Datacenter Power Supply
m Electric Vehicle Battery Charging
m Renewable Energy Applications

Typ. 200...1000V, EV Battery
Voltage Range

Uy Uy Uy
g ia ldc gy ia ]dc « ia ]dc
AC DC o] AC o AC <1 DC
. | |, |
— Udc T [idc T Udc
DC ——L DC fo— DC po— DC to{/ DC
320...530V,,, MPP Tracking in 60...90% of
Line-to-Line Max. Open Circuit Voltage

e Non-Isolated OR Isolated Output
e WWide AC Input &/0R DC Output Voltage Range
e Unidirectional OR Bidirectional Power Transfer
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3-O Diode Bridge Rectifier

m Conduction States Defined by Line-to-Line Mains Voltages
m Intervals with Zero Phase Current / LF Harmonics
m No Output Voltage Control
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=> Active Mains Current Shaping / Simultaneous Current Flow in All Phases
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—— 3" Harmonic Injection ——
PFC Rectifier
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Integrated Active Filter (IAF) PFC Rectifier

m 3" Harmonic Current Injection into Phase with Lowest Voltage
m Phase Selector AC Switches Operated @ Mains Frequency — 3-@ Unfolder

/
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o
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®
0 120°

2 Py= const. Required
—> Sinusoidal Mains Current
e Non-Sinusoidal Mains Current —> NO (}) DC Voltage Control
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Integrated Active Filter (IAF) PFC Rectifier

m 3" Harmonic Current Injection into Phase with Lowest Voltage
m Phase Selector AC Switches Operated @ Mains Frequency — “3-® Unfolder” Input Stage
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—> DC/DC Output Stage — P,= const.
- Sinusoidal Mains Current

—> Controlled Output Voltage

e Non-Sinusoidal Mains Current
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IAF Rectifier & Buck Output Stage

m [Efficiency n > 99.1% @ 60% Rated Load

400
200

m  Mains Current THD, = 2% @ Rated Load =
m  Power Density p = 4kW/dm3 % 0
E -200
P,= 8 kW 400
U\= 400V, > U,= 400V, const. / Controlled

fs = 27kHz

FPGA Board
Gate Drivers ee”

Current in A

DC Output

-20 | | 1 1 1
0 60 120 180 240 300 360

wtin ©

Auxiliary
Supply e
EMI Filter i 5
Liy; Injection & &
Buck Converter '8 _
Switches E —— Calculation Up,, = 400V
975 , —— Calculation Upy, = 380V
. . 2 [ Measurement Up,, = 400V ||
e SiC Power MOSFETs & Diodes ° | s Mossirsment U= 230V
e 2 Interleaved Buck DC/DC Output Stages (!) o7l L T
00 10 20 30 40 50 60 70 80 9.0

Output Power in kW

P x&%a
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! 2EINET 4 Application of M-BDSs (1)

m M-BDS — Monolithic Bidirectional / Bipolar Switch
m Realization of the Phase Selector Switches of 3" Harmonic Inj. PFC Rectifiers
m Bipolar Voltage Blocking / Current Carrying Capability
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Si substrate
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0 120°

® M-BDS > Factor of 4 Reduction of Chip Area Comp. to Discrete Realization of Same R ,, (')
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! 2EINET 4 Application of M-BDSs (2)

m Realization of the Phase Selector Switches of 3 Harmonic Inj. PFC Rectifiers
m Bipolar Voltage Blocking / Current Carrying Capability
m Low Sw. Frequ. / Mains Frequ. Operation

Upn
w/

(o I =]

ol

(Y]
0 120°

® M-BDS > Factor of 4 Reduction of Chip Area Comp. to Discrete Realization of Same R ,, (')
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Swiss Rectifier

m Integration of 3 Harmonic Injector Switches & Buck Output Stage
m Controlled Output Voltage
m Sinusoidal Mains Current »
m i Def. by KCL: E.g. i,- i —e °
% % % SaYa
s
5 _-I -
¢ +
° CT o
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o Low Complexity L
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Swiss Rectifier Demonstrator

m [Efficiencyn = 99.26% @ 60% Rated Load
Mains Current THD, = 0.5% @ Rated Load

m  Power Density p = 4kW/dm3 .
P,= 8 kW
Uy = 400V, > U,= 400V, v
fs = 27kHz 99.5 : .
. T —
i : DC Output PR Calculation U; = 230V
N - alculation U; =
Gate dm\' : > 98.5 o Electrical Meas. Uy = 230V
Drivers ; s _§ 98.0 | m Calorimetric Meas. U; = 230V
9 ¢ Electrical Meas. U; = 195V
EMI TR % 97.5 ‘_ / | v Electrical Meas. U; = 264V
Input 1 1 1 I
Fiﬁer 97‘02 6 10 14 18 22
’ Output Current in A
ICMCI
Buck Converter
Switches
AC
Input

e SiC Power MOSFETs & Diodes
e Integr. CM & Output Coupling Inductors (ICMCI)

SR
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! G100l ) M-BDS-Based 3™ Harm. Inj. Rectifiers

m Bipolar Voltage Blocking / Current Carrying Capability
m Factor of 4 Reduction of Chip Area Comp. to Discrete Realization of Same R,

[ nl.
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e Mains Frequ. Operation of the Phase Selector Switches = Conduction Losses Only
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3-Level T-Type
Boost PFC Rectifier ——

1
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3-Level T-Type PFC (Vienna) Rectifier

3 Harm. Inj. Inductor Shifted to AC-Side & PWM of DC-Midpoint Ref. Inj. Switches

3-Level Diode Bridge Input Voltage
Sinusoidal Input Current
Controlled Output Voltage

Low Sw. Voltage Stress

Low AC-Side Inductance

Low Conduction Losses
Bridge-Leg & Phase Symmetry

o0 o5y o

an
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Vienna Rectifier Demonstrator (1)

m Design for More Electric Aircraft Application
m 650V CoolMOS & 1200V SiC Diodes
m Coldplate Cooling

Ql

P,= 10 kW

U,= 400V, =10%
fy = 50Hz or 360...800Hz 5
U,= 800V,

ol

ol

n =96.8%

Y o= 10 ki/dm?

® THDi = 1.60/0 @ fN = SOOHZ (fP= 250kHZ)
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Vienna Rectifier Demonstrator (2)

m Design for More Electric Aircraft Application
m 650V CoolMOS & 1200V SiC Diodes
m Coldplate Cooling

P,= 10 kW

U= 400V,.=10%

fy =50Hz or 360...800Hz
U,= 800V,

=
Aol
1-1-1-
ol ool Ql

n=96.8%
p =165 W/in? (10 kW/dm?3)

£ = 250ki1z 200V/Div

///\\ A\
\
o THD,=1.6% @ f, = 800Hz

e System Allows 2-® Operation L
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! TEINETL M Application of M-BDSs

m M-BDS-Realization of the Midpoint-Switches
m Significant Reduction of Cond. Losses @ Given Chip Area

. yam—

a i . é ai i Sama —

b b b T M

© o g o—Jg | Upn

g Co g c 0—_|g_ h
111

e 600V M-BDSs @ U,,= 800V, in Combination w/ 1200V SiC Diodes (MOSFETs for Bidir. Power Flow)
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Ultra-Fast /High-Power EV Charging

m Modular Mains Interfaces | Future Non-Isolated Virtually Grounded Systems  ciargeraint

stations

m Very Wide Output Voltage Range (200...800V) e

growth)

2,500,000

e Local Battery Buffer
e 320kW —> 400km Range in 20min
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Bidirectional Boost-Buck PFC Rectifier Concepts

m Vienna Rectifier Type Bidirectional Boost PFC AC/DC Front-End & DC/DC Buck Output Stage
m Coordinated “Synergetic Control” of AC/DC and DC/DC Converter Stage for Min. Sw. Losses

FH —IODU[—O BOOSt Ra=h - old desi gn- —_—
== N A 700 2017 standard
v ; oJ oJ J 1 JE:} 1 600:_ =
00 200...750V
) fitfi ;
e - Shisiis |- v |
= 2004 l
RSN Z Buck 300 |
111 | g =R L Jax} L 200:_ . — S
J:FJE;}J:F B _ i
>—E}o-«—-- ° [ — } A
Il Il
) il

e Future Non-Isolated EV-Charging - Earth Leakage Curr. Limited Using “Virtual Ground Control”
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IEEE TRANSACTIONS ON INDUSTRY APPLICATIONS, VOL. 29, NO. 2, MARCH.’AP

ITY Quasi-Dual Modulation of/]\
Three-Phase PWM Converters

Johann W. Kolar, Member, IEEE, Hans Ertl, Member, IEEE, and Franz Zach, Member, IEEE

m Duality of Voltage DC-Link & Current DC-Link Converter Circuits
m Unipolar Blocking / Bidir. Current = Bipolar Blocking Unidir. Switches = Appl. of M-BDSs (!)

$- 4

J <:><*I}|

2 ‘ .
o
peagicas

T i
) %9

[

e “Boost-Buck” Translated into “Buck-Boost” Functionality / Lower # of Ind. Components
ETH:zurich IEEE PEAC 2022
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Bidirectional Buck-Boost PFC Rectifier Concepts

m Boost—Buck OR Buck—Boost Combination
m Closed Loop vs. Open Loop Mains Current Control & Active Input Filter Damping
m “Synergetic Control” of AC/DC and DC/DC Converter Stage

-
N O
_ T
__ T
%}
Il
1

~
.=

N

e AC/DC Buck-Stage Output Inductor Utilized as DC/DC Boost Inductor > Min. # of Inductive Components
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Boost-Buck | Buck-Boost Demonstrator Systems

10kW @ 400...800V,, @ 3- 400V, . Mains
U,,. =200 ... 800V,

1 =98.8% @ 5.4 kW/dm?

AC/DC — f,,= 100 kHz

DC/DC — £, = 2x 100 kHz/200 kHz eff.

DC Qutputs
Control PCB

DC-Link Capacitor
Gate Drivers

Rectifier Stage
/ CM Inductor
DC/DC Stage 5
DM Inductor
Power PCB
Rectifier Stage EMI Filter PCB

DM Inductors

® Boost-Buck Voltage DC-Link PFC Rectifier

ETH:zUurich

m 10kW@ 400...1000V,. @ 3-0 400V, Mains
m U,,=200...1000V,
m N'=98.6% @ 6.4 kW/dm?
m AC/DC— f,,=100kHz
m DC/DC—F. = 2x 50 kHz/100kHz eff.
DC-Link
CM - Inductor DC Outputs
Gate Drivers
Control PCB, :
DC-Link
DM - Inductor

3-® Mains Input Power PCB

AC-Side
Filter PCB

® Buck-Boost Current DC-Link PFC Rectifier

IEEE PEAC 2022
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m Boost—Buck OR Buck—Boost Combination
m Closed Loop vs. Open Loop Mains Current Control & Active Input Filter Damping
m “Synergetic Control” of AC/DC and DC/DC Converter Stage

TTT  Jexleg s !
e (1T L

e 600V M-BDSs for Boost—Buck & 1200V M-BDSs for Buck—Boost Combination @ 400V, . Mains

ETH:zurich IEEE PEAC 2022
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3-Q@ Isolated
Matrix-T ’;/pe Single-Stage
PFC Rectifier

L1
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Isolated Matrix-Type PFC Rectifier (1)

m Based on Dual Active Bridge (DAB) Concept
m Opt. Modulation (t,...t,) for Min. Transformer RMS Curr. & ZVS or ZCS

m Allows Buck-Boost Operation
s Ly jg %.% % J !
b o—m— Z Mp L i .H. i T

b

Upn

4_

’ R ST Ny/N;
| o TTT %g % %g g |
PR B
- n
Uu u/ " N
p S 1 Une Up " L
- T SR
™ i I S BN Ugh+ -—-"--—========= o
| / ip_——_\: —13 t/T.
u 1
\ '?;P L / A | \| | |
+ >— - + —t3 \ /{I
/ P -
u’p U ~ugy | s 1 I
- - _ud( ’ q—:
—Uact - :
e Equivalent Circuit e Transformer Voltages / Currents
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Isolated Matrix-Type PFC Rectifier (2)

m Efficiency 1 =98.9% @ 60% Rated Load (ZVS)
m  Mains Current THD,; = 4% @ Rated Load
m  Power Density p = 4kW/dm?

P,= 8 kW
U= 400V, > U,= 400V,

f s = 36kHz
Gate Drivers \

ZYNQ 7000

Transformier System on Chip

with Leakage

Input

Filter

Direct Matrix Converter
Heat Sink
Full-Bridge

» 900V / 10m() SiC Power MOSFETs
» Opt. Modulation Based on 3D Look-Up Table

ETH:zUurich

Efficiency in %
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i o fow = 31KklIz
- v fg,w — 36 kHZ
s fsw =41kHz
¢ .fsw = 50kHz
B o sw — 60 kHz
A
| 1 1 I
2 6 10 14 18 22
Output Current in A
10A/div
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W " ; . X !I\
™\ 1/” a W
h,
o \i v

>q: >(| t'\/‘ >&I\\ e >,r/ ' i >
a Iy 3 !
y /
N

NSNS
K " ‘/f ‘\- N " ‘.“/I \“4’\ ¢
N X XM
VLN N 1‘\ ™ ¥ \LM..,\[ o \«-,.._Jllr

N N i i
T g ey

7

V«A\
\
h “,f
J v/‘.‘-><‘ 5'\

¥
1
¥ ey

W,

oy N{I‘(vx

FE
2w

IEEE PEAC 2022




Power Electronic Systems g
|-I E I_-I Laboratory 3 24 /32 ]

! Il ) Application of M-BDSs

m Matrix-Type Bidirectional DAB-Based Topology
m Unidir. Vienna Rectifier II (Boost-Type)
m Unidir. Vienna Rectifier III (Buck-Type)

R
MRER e . K
o oh - ? J
T s tEs
S I ,
TTT o o o] - P

e Functional Integration > Lower Complexity BUT Limited Controllability

ETH:zurich IEEE PEAC 2022
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Variable Speed Drive Concepts

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

AC TDC Uns in o
+ ° l ;

Uy
Iy

il

38%

of electric energy use is for motors
in commercial buildings.

[+

$ 0
@70/0

of electricity consumed by industry

Battery 3ph Motor is used in electric motor systems.

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

*bﬂ
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3-® AC/AC
Matrix Converter

U | VW
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Indirect & Direct 3-® AC/AC Matrix Converter (1)
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 Switch Matrix w/ Bipolar Voltage Blocking & Current Carrying Devices
Pab,c
Pa™ Pt Pe
Pa Po Pe
_ Mains i
P 1A a
= > a
ludc b O—l
. 9 Uac
1, n C -
Uac 1A 1A
0 . -t O 0 O o O
1 Mains Motor Motor
e Output-Side Motor Inductor > Operation Limited to Buck-Type (Step-Down) Voltage Conversion
ETHzurich

IEEE PEAC 2022
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Indirect & Direct 3-® AC/AC Matrix Converter (2)

m Input Filter Capacitors | Sw. Stage | Motor Inductance
m Buck-Type Power Conversion Topology

. — —
J;:]:} J{SE}J 1oL
._.|-Q ._||-Q |'° JH oJH:}oJl—Jq}

& EEE B B2

oS 0Q

o0 O 09

oo

i %5%%%%%%%%%

e IMC Relies on Strictly Pos. DC-Link Voltage / i=0 Input Stage Commutation
e M-BDS-Based Realization of DMC Features Lower # of Switches / 4-Step Commutation Required

ETH:zurich IEEE PEAC 2022
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! Ikl @ Application of M-BDSs

m Indirect Matrix Converter (IMC) m Direct Matrix Converter (DMC)
e M-BDS AC/DC Front-End e 4-Step Commutation
e Z(CS Commutation of AC/DC Stage @ i,~0 e Exclusive Use of M-BDSs
e No 4-Step Commutation
T
NU I BE;
e I o 3
W B o
Y o b °;‘ K B
o R L ki
o] o o H H o T
Cre==== o
Ay SRR )
o C
£
5
e Higher # of Switches Compared to DMC e Thermally Critical @ f,,, = f;,
e Lower Cond. Losses @ Low Output Voltage
e Thermally Critical @ f,,, > 0
ETHzurich IEEE PEAC 2022 (CF52
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R&D Activities
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Experimental Analysis of 15t Gen. 600V GaN M-BDS

m  #A POWERAMERICA Program — Based on Infineon’s CoolGaN™ HEMT Technology
m Dual-Gate Device / Controllability of Currents in Both Directions
m Bipolar Voltage Blocking Capability | Normally-On or Normally-Off

E 400 14 — g 400F 4 —

3 = A — =

= - ~3 Aj \':

Vél_) §£ 200 12 = ;:c 200} 2 -

Vs < = 2 U L

. ~ — s 0 0 =z > 0 s 0 =

: : 200%24% - 2] B é

2 ERE E

= -400 1-4—= ‘2 400k -4 =
wn 0 2 4 6 8 wn 0 2 4 6 8

Z 400 - - 4~ = A00F— = —4 —

g < g W =

S Ugsp G G s, S ::.'c 200 t 1 t 12 :— ';-'E 200 2 f

b <=— b —_— < = Q =]

S 0 , (= S of = =0 =

i-AlGaN \ / = T ; ] ;

i-GaN p-Ciand = 2200 ! , —1H-2 8 2 -200 2 £

o, Buffer Layer = < < 3

|ﬂf|n90ﬂ Si Substrate § -400 i | 4= E -400 | = 4=
22! 0 2 4 (§] 8 w2 0 2 4 ] 8

Time ¢ (pus) Time ¢ (pus)

e Analysis of 4-Quardant Operation of Rys,,)= 140mQ | 600V Sample @ + 400V
e Shared Drift Region - “True” Monolithic Bidirectional Switch (TM-BDS)

ETH:zurich IEEE PEAC 2022
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Monolithically Integrated Bi-Directional SiC IGBT

m Planar-Gate Bi-Direct. IGBT Fabricated w/ Double-Sided Lithography Process on Free-Standing n— Wafers
m MOS-Cells on Both Sides of Lightly Doped Drift Region / Cond. & Sw. Loss Infl. by Back-Side Gate Volt. Bias
m Challenging Packaging & Cooling

Chow et al., 2016
. .

BV=25kvat
J=1mAfecm?

g

e (mA/fem?)

P ~ » o © 5

Eyuinen (MJ/em?)

8 8 8 8 8 3 8 8

BV=14kVat
J=1mAfcm?

o & A &

0 T -10

Ve (V) Ve (V)

e Simul. Performance of a 15kV BD-IGBT | Blocking Characteristic (max. 7.2 kV Meas.) - Epi Layer Defects etc.
e Shared Drift Region > “True” Monolithic Bidirectional Switch (TM-BDS)

ETH:zurich IEEE PEAC 2022 (CPSS
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Solid-State Circuit Breakers (SSCBs)

m Ultra-Fast Fault Interruption | Reduced Fault Stress | Arc-Less} Low Surge Voltage | Long Lifetime
m Software / Remote Configurable Trip Behavior / Remote-Controlled Load Switch

l' ] - -
S5 Traditional Solid-State
. - - - -
>l are Circuit Breaker Circuit Breaker
.—.
l. ) A - ¥ P S
polverjenrzc‘undzlc!ur‘ A u:ums:t;;
Od WOLY.
- . : EELN
Control - . e — g g » n
Cateh Switch h : n D 4 E
i . Volta i ! - N ey
S:ln:ﬁrfntigj’ — Gate driver B / Vssca cla?npigneg ke B E D - o]
circuit Electromagnet Blaplay - ; “ATE::‘D § Fn
Power semiconductor 2 - l o A e F - s
Auxiliary Cooli / v Switch - R etk ) Semiconductors B .
power ooling 2 | & 7
. T . o — HE=__rcrminal
lssc C,/AWTOM

Rodrigues et al., 2021
e Recent LV Example w/ Custom SiC Modules / Max. 100A Cont. / UL- Certified
e M-BDSs — Low On-Resistance Mandatory (e.g. 1100V, 22mCQ) GaN M-BDS) | Low Leakage Current

ETH:zlrich IEEE PEAC 2022 (CPSS
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Monolithic 3D-Integration ST S——

m Example — 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 > 25 x 18 mm? (600V, 10A - 5kW Motor)
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e Massive Space Saving Compared to Discrete Realization
e Key for Future Super-Compact Power Electronics Converters (!)
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Thank you!
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