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Research Scope

Power Cross-Departmental

Electronics Mechanical Eng.

Turbomachinery, obot1cs

Microsystems
Medical Systems

Actuators /
El. Machines

* Explore the Limits / Create New Concepts / Push the Envelope
* Maximize Technology Utilization
* Enable New Applications
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Dr. Dominik Bortis

——  Advanced Mechatronics ——
Selected Research Results
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Ultra-High Speed Drive Systems

New Record !
100W @ 1'000°000 rpm

um-Scale PCB Drilling

Dental Technology

Laser Measurement Technology
Turbo-Compressor Systems
Air-to-Power

Artificial Muscles

Mega Gravity Science

i
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Magnetically Levitated
UHS Drive Systems

m Laser Measurement Technology
m Active Damping of Air Bearings
m Satellite Attitude Control

New Record !
500°000 rpm
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Highest Rotational Speeds

m Highest Rotational Speed Ever Achieved
m Sub-Millimeter Rotors

m Magnetic Levitation in Vacuum

m Mega Gravity Science (10%g)
Am"e sl e m Materials Research

i ' World Record !
Drive and Active

40'260°000 rpm
—— Radial
'w(\R ks Circumferential Speed > 3000 km/h
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Turbo Compressor-Integrated GaN-Inverter

m E-Mobility 5...15kW Fuel Cell Pressurized Air Supply
m 1kW Rated Power, f,,=300kHz | n=280'000rpm / f, = 4.6kHz
m Low EMI / Low Cabling Effort

+
Ue & A - -I —I -I
. Power Control electronics — Control Battery start -
Cooling water . . . X
channels electronics P power electronics electronics ~ switch (not
rower connection ~ Battery start visible)
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e Integration > 2x System Power Density | 97% —> 98.5% Inverter Efficiency
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Power Electronics
Research Topics / Results
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Required Performance Improvements

Environmental Impact... [kge /kW]

[kgc, /kW]
[kgy /kW]
[em?;; /kW]
v State-of-the-Art
Weight / Volume

Losses

. J ’
\
\

Failure Rate

Power Density [kW/dm?] Future

Power per Unit Weight [kW/kg] > Time-to-
Relative Costs  [kW/$] Market
Relative Losses [%]

Failure Rate [h-1]

 (onnected Intelligent Power Electronic Systems —> Power Electronics 4.0
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S-Curve of Power Electronics

m Power Electronics 1.0 - Power Electronics 4.0
m Identify “X-Concepts”/ “Moon-Shot” Technologies
m 10x Improvement NOT Only 10% !

/
/
/
/
/
Performance /
4.0 A
» Super-Junct. Techn. / WBG /
> D1%1tal/Power /
Modeling & Simulation 3 5
Performance Replacement » Power MOSFETs & IGBTs /
Y. 2 (Disruptive) » Circuit Topologies
B £ g Smeos Microelectronics
£ 3 > Modglahori EoncepEs 2.0
\ | . gng /DDiO. des ontrol Concepts
) olid-State Devices /
™ Existing N\ /‘ 1.0
Technology s
> Effort/Time m * 2025
1958 2015
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Pulse-Width-Modulated Converters

m Basic Concept

Uy

U, o—— —
0 t/ s t/ s
0 50 100 50 100

7 _
A CT} Uy
A

e Switch-Mode Voltage Formation and Subsequent Filtering
e Higher Sw. Frequency > Smaller Filter Components (Limited by Sw. Losses, Signal Processing etc.)

ETH:zUurich
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X-Technology # 1

!

Wide Bandgap
Power Semrconductors
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Low Ry, High-Voltage Devices

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

j,max
ch
at300K | Si  GaAs 4H/6H-SIC  GaN Eaisic |
Eg (ev) 1.12 1.4 3.0-3.2 3.4
Ec (Mmvicm)| 0.25 0.3 2.2-2.5 3
Ln (cmzvs) [ 1350 8500 100-1000 1000 SiC
Er 11.9 13 10 9.5
vsat (em/s) [1x107  1x107 2x107  3x107 .
Ecrlt,Si . Si
A (W/ecmK) 1.5 0.5 3-5 13 ] N\ TTTTmmmem——— -y
+  |—| - o
© 2000 Carl-Mikael Zetterling P WSIC : N ‘
4V For 1kV: Si SiC P Wsi ;
on — B W (um) 100 10 Schottky contact Ohmic contact
EH L < Nb (cm?) TR : ' ]
o— v
Roymn— R ]
msic ® 300 Ronsi o n H"”

® Massive Reduction of Relative On-Resistance > High Blocking Voltage Unipolar Devices
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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 80

600t — 60
UCE (V)

400} S 40

200 k 20
ic (A)
oW 0

0 t (ns) 800

Do
na
1200V 100A

Die Size: 98.8mm? + 39.4 mm?

e Extremely High di/dt & dv/dt - Challenges in Packaging / EMI / Motor Insulation

Diode
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400

:_J ‘ | Ip I(A) (2)0
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)
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Die Size: 25.6 mm?

a
Tl 12/40



“1C I Power Electronic Systems
I = Laboratory -~
Tl

—— Challenges ——

ETH:zUurich —



“1C I Power Electronic Systems
I"— Laboratory o

Tl 13/40
o [ Qg O
Circuit Parasitics
m Extremely High di/dt

m Commutation Loop Inductance L aU, U,

m Allowed L, Directly Related to Switching Time t, > LS < 7 =al, 7

L L

—_—

[, z

a=0.1
L ' T
t,=100ns Y
/

100nH ¢ // Py

/ 10ns
aUi / /

U\ L Ui 10nH f———— ,4— — LA L]

i Ins
il - Pan;{le
onnection
p=——— | 9 1nH / L:“' l]l
0.1Q 1Q 10Q 100Q =

® Advanced Packaging & Parallel Interleaving for Partitioning of Large Currents
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m Higher dv/dt
m Higher Switching Frequencies
m EMI Envelope Shifted to Higher Frequencies

Si vs. SiC EMI Emissions

- Factor 10
- Factor 10

fe=10kHz & 5 kV/us for (Si IGBT)
fs=100kHz & 50 kV/us for (SiC MOSFET)

Ve = 800V
DC/DC @ D= 50%

7, r,.
T Ve 1T

200

— —
(=2} co
= ]

V - Amplitude (dByV)
—
N
]

[ee]
<

100

fé] = (T[ton )7|

e

103 104

10°

108

107

f - Frequency (Hz)

® Higher Influence of Filter Component Parasitics & Couplings —> Advanced Design

i
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. LITTLE BOX Google
CHALLENGE

Build the 2kW 1-® Solar Inverter with the Highest Power Density in the World
Power Density > 50W/in> (3kW/dm?3)

Efficiency > 95%

Case Temp. < 60°C

EMI FCCPart 15B

B s
¢/

EDGE 1 EDGE 2

kR A TS (RO R RS
N S R e AR R
e 6 06 0 O

3ty

|
N
20% - <3% THD,< 5% THD;<5%

—‘<
I Vi
v \ . ‘ /
v, i, 100 / \
[|.5OV¥)C —'—_?_—:I—?_—
400V ---------- .
\Vi — Ve v +[
_c _: o]
200nF == . cos®<+0.7..-0.7 |
| = —l—fg< 50mA f0=60HZ

m Push the Forefront of New Technologies (!)
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. ZVS/TCM & Full Digital Control @ f > 1MHz

e ZVS Dead Times & Gate Drive Time Delays Vi
e i =0 Detection Time Delay ‘
e Control of Interleaving A T ¥ A | T,
| /- ) :. £ D)y :72
W AN e ¥
= LA 2 A Al
(e,
+ — Coss Cext
I == | -
lL L .70 T ' T 7 2 oss eff
o—— N -0 dr+ dt- BaN7 .
v 0 T S AN“7Z 4N J ,,,,,,,,,,,,,,,,,,,,,,
' - Coss Cext + + ]11 I
T _Jn—} % — v = T
I—. o T o 0 +7 t
o o o I [
Tdt,p Toff Tdt.n on Tdt,p

m Novel 4D-Interleaving ZVS / TCM Concept
m Novel High-Speed / Isolated i = 0 Detection Concept
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Bl Mutti-Objective Optimization

e Multi-Objective Optimization of Little-Box 1.0 & 2.0
e Step-by-Step Idealization of the Power Transistors
e Ideal Switches: k= 0 (Zero Cond. Losses); k=0 (Zero Sw. Losses)

100 l ;
@) —
- 4D-Interleaving Considered for TCM
= 98
>
2 Fo 1
2
Q
2 97
m
A !
96
I b T11+' Tll
95 T Tha
4 6 8 10 12 14 16 18

Power Density p [kW/dm?]

p=250W/in® (15kW/dm?) @ n= 98% Efficiency Achievable for Full Optimization

ETH:zUurich
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. Little-Box 1.0 Topology

e Active DC-Side Buck-Type Power Pulsation Buffer
e Interleaving of 2 Bridge-Legs per Phase
e 2-Stage EMI AC Output Filter

10Q ; . Phase 1 Phase 2
1o i - -
is | 1 """""_"":V C C
| Power 1, Jﬂ Jﬁ L L Lo
: e Buffer :T1A+ Tins 1A, L1B
] —
450V vy, | 1Tos ! -
° |Cqe! Ly ! '
<+> ¢== °: |
T | s | ! ——-—
1 - | 4
i n—ﬁ Co l 1 Ta-| Ts-
S L - H = Loa, Lop L L
7 AR R e R R
TCCMO Inverter Stage

m ZVS of All Bridge Legs @ Turn-0On/Turn-0ff in Whole Operating Range (4D-TCM-Interleaving)
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CEC Efficiency (%)
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. Performance Comparison of the Finalists

m SiCor GaN / Sw. Frequencies up to 1MHz

m ZVS / ZVS-TCM / Hard Switching Approaches
m Two-Level and Multi-Level Bridge-Legs

m Parallel or Series Active Power Buffers

99 :
985! Virginia Tech (3rd)
Ref. [23] Schneider
98¢ N Electric (2nd) iy _pridge  7-level
97 5} \ ? inverter UIUC
. O~ ~F DC/|AC| buck-stage
97 | \ oo" ~ i - \\)Hbldcr inverter
96.5 Univ. Tennessee/i\/ Eq. an> < e \\
i / D S
96 Taiwan Tech \ /AN 1
\CE+T(ISI) // Eq. (12)
95.5¢ \ FHIISB 2 evel i
ETH
95} ETH (LB 2.0)
@B 1.0
94.5 ' ; : ' :
0 50 100 150 200 250 300

O GaNSystems
O IFX CoolGaN

O SiC Wolfspeed

ETH:zurich
Little-Box 2.0

__—— 97 4%/

Power Density (Watt/in®)

e 2 Categories of Solutions Dependent on CM Requirements

$
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Multi-Level / Cell
Converters & Modularity
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Multi-Level Bridge-Leg Concepts / Scaling

m Reduced Ripple @ Same (!) Switching Losses
m Lower Overall On-Resistance @ Given Blocking Voltage > 1+1=2 NOT 22=4 (!)
m Application of LV Technology to HV

0 400V
e v
0
L g 8£L
T I / 400V :
e H ~ 1 - 20 A ~
T 1 AImax,N = _ZAImax,N=1 /ZL
‘ ROtSTRES N
Jek -
=" I 20 A - . -
I 0 5 10 15 t[ms
Ul 1+ g 400V — | .
JmE 5
1 JH A[]C,max,N — ﬂz(i)Zl 200V !
o :& U 32 1_‘5' j\]3 0 l . A |
0 2 4 6 8 10 12 14 16 f[kHz]

e Scalability / Manufacturability / Standardization / Impedance Matching / Redundancy

ETH:zUurich
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X-FOM of Multi-Level Bridge-Legs

m Quantifies Bridge-Leg Performance of N-Level FC Converters
m Identifies Max. Achievable Efficiency & Loss Opt. Chip Area @ Given Sw. Frequ.

D-FOM X-FOM
Optimized h ?
Gayy Die Area ’.,ﬁ\\)
e T ~ "/
Sy SIO \\\ "/
J
A ) /,’ _‘2‘4 .0
@ | .- Tad
w7 -1
Uilv Ul UB 1 2 3 4 5 6 N
N= # of Levels -1 N2
5 3 T
0 s D FOMU )' 1 N oS | X- FOM(U, N)= N- D- FOM(4 Uy)
® SiC - = Gal - e v
RS B \/Ro,,( UB) C,asso( UB) A GaN B ~NYs

N 9 S

Ew E R BEIRRE L] N —
3 Q2L (N=6) = / | ML (N=6)
< . z ~ | Benefit <0
= Benefit 1.5 = |

8[ Y i / , - | E; 10! _I\IL Advantage e ]
Q ! =

0 I 0
TS 103 104 102 103 10
U (V) Ug (V)
V7
e Compared to 2-Level Benchmark > PeemiminmL = 14/;!1-2 Pserni, min, 21 Z@/s
@ Same Filter Ind. Volt-Seconds Apipme = NY2A i, 1 \g
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3-O® Hybrid Multi-Level Inverter Demonstrator

m Realization of a 99%++ Efficient 10kW 3-O 400V, ,Inverter System

r

m 7-Level Hybrid Active NPC Topology / LV Si-Technology

7 Level
Cfcl
E' t (ms)
99.35%
2. 6kW/k§]

Upg 56 W/in

_'E—J_
ANPC FC
Stage Stage
(50/60 Hz) (fu)

e 200V Si > 200V GaN Technology Results in 99.5% Efficiency
ETHzurich —
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4.8MHz GaN Half-Bridge Phase Module

m Combination of Series & Parallel Interleaving

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

* = 820 W/in3
Semiconductor Efficiency (%)
10 99 Control L
P / 9t \
M gl 08
N OJ@ L, % Tt
. Q
U, C LJH -1 T 97
ch fo ? s 5t »
R L &3 4 ot
(= Go # o s \ Power
J } — Uy 3 —— ’ 96 " Stage
— — 2t - Gate Drivers
P JQE E ; 1 I N I N 95 \ Auxiliary + Measurements
: 2 3 4 5 6 7 8 9 .
4 Levels N+ 1 Cooling Baseplate

e Operation @ f,,,~100kHz / fs ..~ 4.8MHz, 10kW, U, =800V
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Motor-Integrated Modular Inverter

m Fault-Tolerant VSD =

m Low-Voltage Inverter Modules Ee JEJ} JEJE JE% my

m Very-High Efficiency / Power Density et 4o ot
m Automated Manufacturing (A EF E s

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

995 T T i T T T ! ! T I ! ! ! T
- 50 150 250 . o N =6 Vi,;=167V|
S .
e N=2 Vg, =500V |
:fs“’. (k‘HZ): 8 N=1 Vaei = Vac

Efficiency (%)
8

98.5 1=

Gravimetric Power Density (kW /kg)

e Smart Motor / Plug & Play | Connected / Intelligent VSD 4.0

$
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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

-
5 — Axial Stator Mount
{ Curtent — 200V GaN e-FETs
g Senser — Low-Capacitance DC-Links
— 45mm x 58mm / Cell

® Main Challenge — Thermal Coupling/Decoupling of Motor & Inverter

ETHzUurich —
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X-Technology #3

!

Functional Integration &
Synergetic Association
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Phase a \

3-® Continuous Voltage Output
Buck+Boost Operation
Standard Bridge-Legs / Building Blocks
ZVS Operation / High Power Density

- 1.2kV SiC MOSFETs

T R3 R ke k| B3] B3]

== l- | | |°Z
—i | | l —o0 C

| B3 53 By e e B

ETH:zUurich

7 ~ l"am

i v

L/ B\ Voe
va . A |
[/ i /\\\ 1
f \Y /
h S 7 |
4
\\ -
.~n/ ......
() ).5 1 (ms)
][ Boost ][ Buck

Hardware Demonstrator / Exp. Analysis / Comparative Evaluation

a
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Control Structure

M (i (i) (iv) o U
Motor : Output Voltage : Inductor Current i “Democratic” Buck-Boost +
: P g : : [l )
dq control Control : Contro : Modulator Il iin
- <
Aw u? u Au_ — il j j ] y
W' = === > O = e
+¥ - Motor u; _|_%_|_ +% _ ‘l’m
Control r==- : iy dp -
w dg-Axis  |[Yc_ Uy U j ] —? PWMp ||
" st

Position ;

Sensor

m Cascaded Current / Voltage / Current Control Loops
m Seamless Transition between Boost- & Buck-Mode

ETH:zUurich
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3-® Modular Buck-Boost Inverter Prototype

e DC Voltage Range
e Output Voltage 0...230V,,. (Phase)
e Output Frequency 0...500Hz
e 3x SiC (75m())/1200V per Switch *
Control
Output Filter 3® Output Board DC Input

Inductors

o

<= ; i, i”.f !
& v !{4’ Ity
&y ( &&

g ] Il_lf/[_,r} . ;.
gt ,”",’!’f y

Main
Inductors

160 x 110 x 42 mm?3
m IMS Carrying Buck/Boost-Stage Transistors & Comm. Caps & 2™ Filter Ind.

ETH:zUurich
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3-® Modular > 3-@ Integrated Buck-Boost CSI

m Bidirectional/Bipolar Switches > Positive DC-Side Voltage for Both Directions of Power Flow

WY
' lT—*|1l TAJEI}TMJEJ‘}TCJS}
TEyEy R

- TJE} :
oy Yoy B

i TQE}TI;‘EI}TC_ZIE;

e Monolithic Bidir. GaN Switches = Factor 4 Reduction of Chip Area Comp. to Discrete Realization

i
Vaist gatet Gatez Vo2
Source/ (G1) (G2) Drain/
Drain p-GaN Source
(S1) (52)
i-AlGaN =
S8

Panasonic

Ve, g

i-GaN

Buffer layer

Si substrate

$
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3-@-Integrated Buck-Boost CSI

m  “Synergetic” Control of Buck-Stage & CSI Stage

m  6-Pulse-Shaping of DC Current by Buck-Stage —> Allows Clamping of a CSI-Phase S
000 ﬁﬁﬁﬁtﬁﬁﬁﬁ 2 <

V)

-100 H

-200

400

200 |

-200 | : —

0 5 10 15 20
t - time (ms)

e Switching of Only 2 of 3 Phase Legs = Reduction of Sw. Losses by = 86% (!)

ETH:zUurich —
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Isolated 3-@® Matrix-Type PFC Rectifier

m Based on Dual Active Bridge (DAB) Concept

m  Optimal Modulation (t,...t,) for Min. Transformer RMS Curr. & ZVS or ZCS
m Allows Buck-Boost Operation

i L a
G o - -
b o— b

¢

1
2 [ u:‘

UabF-=---=-========= t; !
> —| > 1
'_, PRE— I

—HUah L _t4

>

/

\ .
L i | | %

+ éﬁ) é +, _../ t3 \ e :
Up Ug [ 4

I
Uge - f
—Uac+

» Equivalent Circuit » Transformer Voltages / Currents

ETH:zUurich
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Isolated 3-@® Matrix-Type PFC Rectifier

m Efficiencyn = 98.9% @ 60% Rated Load (ZVS)

m  Mains Current THD, = 4% @ Rated Load =99%
m  Power Density p = 4kW/dm3 005 *
X 99.0 5
P,= 8 kW g =
U= 400V, > U,= 400V, 7 989 fow = 21101
= — sw = 206
fs = 36kHz é 98.0 iw =1l Lﬁgg
5 o5k Jew = N
|
Transformer Gate Drivers SY‘NJQ 700%}1‘ 97'02 6 10 14 18 22
with Leakage PRECELODASIID Output Current in A
Input 10A/div

S

41,\\‘7‘ 1 /./Jﬁ\\ﬁf.ﬁ,vm».\_yt/‘ﬂl--\}y f‘"‘" f’w'u‘»m;\)?/r""-'«\.« ‘;r/(.)A N\
h (Y &
u \\i /"/ A l\\ / - i J/ : / [\ /

Direct Matrix Converter
Heat Sink

Full-Bridge Clie ‘ \\ \ /_ -

"o J A ¢ \ N oo/

‘J. N >5:j ‘ \/\ﬂ‘k\ »/\ﬁt\ /%l"\\‘ . ; N X{\
> 900V / 10mQ SiC Power MOSFETs Il N R I
» Opt. Modulation Based on 3D Look-Up Table e R P e
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3-@® / 1-@ Full-Power PFC Rectifier

m 4-Wdg. CM Filter Inductors & Add. Diode Bridge-Leg
m Interleaving of Bridge-Legs in 1-® Operation 0<P .<P
m Application as EU/USA EV-Charger Front-End out ~ 4 nom

AC

T

® 22kW / U,~=750V / U,= 3-® 400V OR 1-® 240V | 98.4 % Efficiency | 6.8 kW/dm® Power Density

ETH:zUurich —
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3-Port Resonant GaN DC/DC Converter

m Single Transformer & Decoupled Power Flow Control

m Charge Mode PFC - HV (250...500V) SRC DCX / Const. f,,, Min. Series Inductance / ZVS
|

|

Drive Mode HV —> LV (10.5...15V) 2 Interleaved Buck-Converters / Var. f,, / ZVS
P = 3.6kW

PFC.gJ:j % 1 i1 PFC i v L HV.a % L
VPFCE() | l”T PFC i i U HVi ‘ | q
PFC.}))J:j} T T v pe &

: LV.lbo
ITLV  TFT L,

® Peak Efficiency of 96.5% in Charge Mode / 95.5% in Drive Mode
ETH:zurich
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3D-Packaging / Heterogeneous Integration

System in Package (SiP) Approach

m

m  Minim. of Parasitic Inductances / EMI Shielding / Integr. Thermal Management
n

u

Very High Power Density (No Bond Wires / Solder / Thermal Paste) YT
Automated Manufacturing Source: Lyt 1= =T

2.1in? and 34 W/in? 0.57 in? and 105 W/in?

72 Watts 60 Watts

- 2.3

Y

-—0.65"—»
1.26 in? and 26 W/in? 0.57 in? and 105 W/in?

33 Watts 60 Watts

e Future Application Up to 100kW (!)
e New Design Tools & Measurement Systems (!)
e University / Industry Technology Partnership (!)

ETH:zUurich
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Monolithic 3D-Integration

Source: PANASONIC 155CC 2014

m  GaN 3x3 Matrix Converter Chipset with Drive-By-Microwave (DBM) Technology
= 9 Dual-Gate GaN AC-Switches
— DBM Gate Drive Transmitter Chip & Isolating Couplers
= Ultra Compact > 25 x 18 mm? (600V, 10A — 5kW Motor)
DBM gate drive Isolated
transmitter chip dividing
couplers
PWM signals
5.0GHz Isolated (5kVDC) Dividing Coupler
Refenncez GaN integrated
rt2 bidirectional
«15"““ bldectons) swches ) switching chip !
12mm "P‘ma - il S—| - .
ﬂ . ‘1 dRmrenctS _‘” =T ~T
R E \C v
Port 1 RF-Output °"_'_ m m m
W it =
{r::tmﬁ:d) RF-Input ._ -Dj;L s 1
P.CB "23’"'“I T

ETH:zUurich
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Automated Design
Digital Twin / Industry 4.0
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Digital Signal & Data Processing

m Exponentially Improving uC / Storage Technology (')

— Extreme Levels of Density / Processing Speed

— Software Defined Functions / Flexibility
— Cont. Relative Cost Reduction

e Fully Digital Control of Complex Systems

e Massive Computational Power - Fully Automated Design & Manufacturing / Industrial IoT (IIoT)

Transistor number per chip

Moore’s Law

Ivy Brid
10° Gulftown Core 6 o
Sandy Bridge
AMD K10 @
108
AMD K8
Core Duo
107 AMD Athlon Pentium M
AMD K6 Pentium 4
Pentium Il
Pentium Il
6 Pentium Pro
10 i486 Pentium
MC68020 i860
80386
10°
80286 MC68000
8086
104
8080
8008
1970 1980 1990 2000 2010 2020

Year of introduction

$
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Automated Design Roadmap

m End-to-End Horizon of Modeling & Simulation
m Design for Cost [ Volume [ Efficiency Target /| Manufacturing | Testing / Reliability / Recycling

Autonomous Design —> Design 4.0

— Independent Generation
of Full Designs for Final
Expert Judgement
Augmented Design
- Suggestion of Design _

Details Based on

Previous Designs Assisted Design

— Support of the User with
Abstracted Database of
Former Designs

State-of-the-Art -

- User Defined Models
and Simulation /
Fragmented

e AI-Based Summaries > No Other Way to Survive in a World of Exp. Increasing # of Publications (!)

ETH:zUurich
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Scaling Law - Power Electronics 4.0
m Metcalfe's Law
- Moving from Hub-Based Concept

to Community Concept Increases
Value Exyonentially (~n(n-1) or

~n log(n) )
» .
. &7 2Ny . 600
, e ' Value
. d 1
AR - e 450
Dl ap.
300
| S ° s L ] 4
Y 0
o * > ®
[ ] ® [ ]
° ¢t @ S V. @
[ o o E
3 10 21 36 B Mumberof nodes [l Connections

e Automated Design / Digital Control / Digital Twin

ETH:zUurich —
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S-Curve of Power Electronics

m Power Electronics 1.0 > Power Electronics 4.0

m Identify “X-Concepts”/ “Moon-Shot” Technologies ,
m 10x Improvement NOT Only 10% !

#1 WBG Semiconductors ,’
#2 Multi-Cell/Level Concepts /
#3 Functional Integration /
#4 3D-Packaging/Integration
#5 Digitalization / IIoT 7‘

.0

4
» Super-Junct. Techn. / WBG /
g » Di ital/Power /

Modeling & Simulation 5

Solid 55ng /DDiqdes Control Concepts
olid-State Devices /
/— 1.0 "“——___-—__

> Effort/Time m * 2025
1958 2015

Performance Replacement » Power MOS.FETS & IGB.TS /
1 2 (Disruptive) » Circuit Topologies
2 2 g i Microelectronics /
E Z & » Modulation Concepts 5
\ |

™ Existing
Technology

ETH:zUurich
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Future Development

m Commoditization / Standardization
m Extreme Cost Pressure (!)

“There is Plenty of
Room at the Top” > Medium Voltage/Frequency

Solid-State Transformers

Standard / 1 100kW
Integrated e

Solutions ~ T—1L__
- N
A System
10W &/ Applications

“There is Plenty of
Power-Supplies on Chip € Room at the Bottom”

e Key Importance of Technology Partnerships of Academia & Industry

ETH:zUurich —
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Selected EV Charger Topology

m Isolated Controlled Output Voltage
m Buck-Boost Functionality & Sinusoidal Input Current
m Applicability of 600V GaN Semiconductor Technology
m High Power Density / Low Costs
3¢ | AC/DC DC/DC L EV
Grid Vienna Rectifier 5 Stage i Battery
‘.: | by X MXY io p
|| Dix > DC /"]
L £ F
| a L, _ TS, == Uy
|y et Lo T /o
EQ N M » M,, —
ie . Jd SrT - |_
\ ’§ iyt L Uyz be
2 a
& Dzﬁ$ f T k; pcp o |

—> Conventional / Independent OR “Synergetic Control” of Input & Output Stage

ETH:zUurich —
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_,, Conventional vs. “Synergetic” Control

'@“ m 1/3-Modulation - Significant Red. of Losses of the Power Switches Comp. to 3/3-PWM

m Conduction Losses = -80% w0 /
m Switching Losses =-70% 001 x It

Voltage (V)

Duty Cycle d
S)

T T T T
[
a0
= )
3
> 1 1 1 1 1
x X T T T
Dy = 1L - |
. y i W ¥ Py Dax B .
; o) Il L i |
a Za Ln a ny S 1r Uu““m, ZDz-’ M”W'U’W 1
© | | I e
b b
N > T T T
c c =<
~\ >— P = ‘ZS
vz 5 M
A X A 5
Dzé o Il Il ! L Il
z 0 60 120 180 240 300 3600 60 120 180 240 300 360

wt (%) wt (°)

-> Operating Point Dependent Selection of 1/3’-PWM OR 3/3-PWM for Min. Overall Losses

ETH:zUurich
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Wireless Power Transfer

m AlLl-SiC Power Electronics m Inductive Power Transfer Coils
- Rated Power 50kw - Air Gap 150...220mm
- Battery Voltage  600...800V - Power Density 1.6kW/dm?
- Power Density 9.5kW/dm?3 - Frequency 85kHz

- Sw. Frequency 50kHz/85kHz

* Nococ = 95.8% @ 50kW / ICNIRP @ 800mm

ETH:zUurich
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166kW / 20kHz DC-Transformer

e Half-Cycle DCM Series Resonant DC-DC Converter

e Medium-Voltage Side 2kv
e Low-Voltage Side 400V

Ubcan

500 1000

S 250 500
(3] -
g 0 0 5

= =

2 250 500 O
-500 -1000

0 10 20 30 40 50 60 70 80 90 100 110

Time [ps]
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. Little-Box 1.0 Prototype

e DC(-Side Power Pulsation Buffer

8.2 kW/dm3

8.9cm x 8.8cm x 3.1cm
96,3% Efficiency @ 2kW
- T=58°C @ 2kW

'Ach= 1.10/0
= Ach= 2.8%
- THD+N,= 2.6%
- THD+N,= 1.9%

m Compliant to All Original Specifications (!)

- No Low-Frequ. CM Qutput Voltage Component
- No Overstressing of Components
- AUl Own IP / Patents

ETHzUurich —_—
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. Little-Box 1.0 Prototype

e DC(-Side Power Pulsation Buffer

8.2 kW/dm3

8.9cm x 8.8cm x 3.1cm
96,3% Efficiency @ 2kW
- T=58°C @ 2kW

- AuDC= 1.1%
- Ach= 2.8%
- THD+N = 2.6%
- THD+N,= 1.9%

m Compliant to All Original Specifications (!)

- No Low-Frequ. CM Qutput Voltage Component
- No Overstressing of Components
- AUl Own IP / Patents

ETHzUurich —_—
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