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“X-Technologies / X-Concepts” — Key Enablers of Further Performance Improvements in Power Electronics

Abstract— Power electronics is a key technology for all forms of electrical energy generation and use in modern society, ranging from renewable energy systems
and very diverse power supply applications, including fast charging of electric vehicles and hyper-scale data centers, to variable frequency motor drives for industrial
automation. Progress in this area has been driven over the last 40 years by new concepts for power semiconductors and corresponding circuit topologies and
modulation/control schemes, as well as the introduction of integrated circuits and microprocessors enabling digital signal processing and control.

We are now in the midst of another highly dynamic phase of development in power electronics, and it is interesting to reflect on the driving forces, in other words,
to identify the "x-technologies" and "x-concepts" that will shape the field in the next decade. After a brief review of x-technology candidates such as monolithic
bidirectional GaN switches, 3D-packaging and ML-supported multi-objective design optimization, the talk identifies key x-concepts, namely modularization,
hybridization, synergetic association, functional integration and decentralization, and then demonstrates/verifies their capabilities using latest research results from
the Power Electronic Systems Laboratory at ETH Zurich, like a 99.4% efficient multi-level PV inverter system, an ultra-compact 3-port automotive DC/DC converter
system, a synergetically controlled ultra-wide output voltage range three-phase EV charger, a monolithic bidirectional GaN switch current DC-link AC/AC converter
for motor integrated variable speed drives, a 4.8MHz switching frequency 100kHz bandwidth AC-source and a partial power processing DC/DC server power supply.

Finally, the urgency of transitioning from today's linear economy to a circular economy and/or of life cycle assessments, embodied energy analyses and design for
repair, reuse and recyclability are highlighted as important "beyond tomorrow" topics for power electronics research to ensure that the widely accepted net-zero
CO, target for 2050 is ultimately achieved on a sustainable basis.
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Introduction

——  (lean Energy Transition ————
All-Electric Society
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The Challenge

m Global Energy Flows — 2021

oil

‘/A‘_\k n,m

Industry,

. \\ \
Power and heat :
Buildings'

Bioenergy / ‘

Cars

Trucks
Trains
Ships
Aircrafts

Coal

Other transport
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Other industry
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From hydrogen — ‘ .
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Source: IEA / Energy Technology Perspectives 2023
Nuclear

m Large Share of Fossil Fuels (!)

ETHziirich (infineon.



S1C I Power Electronic Systems

2/60_|@|

I'=d Laboratory
[ ] [ [ ] [ [
Decarbonization / Defossilization
m “Net-Zero” Emissions by 2050 & Gap to be Closed
m 50 Gt(0,,, Global Greenhouse Gas Emissions / Year - 280 Gt(0, Budget Left for 1.5°C Limit
Units: GtCO,/yr
40 GtCOzé ngsféttléeogatp gf Sources of emission:
£ JIELSI2 T 08 --- ETO 2022 CO, emissions
closed in 2050 — PNZ Total CO, emissions
. Overshoot emissions
A to limit warming below
1 1.5°C carbon budget overshoot of 7 1N.5 ¢ ; I
Carbon I 300 GtCO; to be closed by net negative et negative emissions
fbufgsfé - emissions from 2050 to 2100
or 1. l HEr _
2020 2030 2040 2050 2060 2070 2080 2090 2100 o
VI\
~Net-Negative”
Remove Overshoot
of 300 Gt(O0,
m Challenge of Stepping Back from 0il & Gas
m Human History — Transition from Lower to Higher Energy Density Fuel — Wood - Coal > 0il & Gas
ETH:zurich
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The Opportunity

(2009) 16 TW-yr —e @ vz e— 27 TW-yr (2050)

Renewable energy resources per year

Solar
23,000 Tw-yr
per year

Note: Graphical
Representation Assumes
Spheres Not Circles

Fossil energy resources - total reserve left on earth

Primary Consumption:
16 TW-yr = 27 TW-yr
Final Consumption:
11TW-yr > 15TW-yr

Coal
Source: R. Perez et al., o
IEA SHC Program Solar - .

Update (2009) 90-300 Twyr

ETHzurich
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m Global Distribution of Solar & Wind Resources

SOLAR RESOURCE MAP

PHOTOVOLTAIC POWER POTENTIAL @ worwsmmorow T ESMAP

oo e W v

ox g m

Long-term average of photavolaic power potential (PVOUT)

Daily totals: 20 24 28 32 36 40 44 4B 52 56 60 64
KWh/KWp

Yearly totals: 730 876 1022 1168 1314 1461 1607 1753 1899 2045 2191 2337

DITU Wind Energy

ONSHORE & OFFSHORE WIND RESOURCE MAP @WORLDBMKGRDUP Department of Wind Energy

WIND POWER DENSITY POTENTIAL CESMAP @ vorrex

Wind Power Denslty @ 100m - (Wim
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The Approach

m Outlook of Global Cumulative Installations Until 2050 / Add. 1000 GW Off-Shore Wind Power
m In 2050 Deployment & 200 GW/Year (On-Shore Wind) incl. Replacements

4/6o_|@|

9000 Historical | Projections 8519 (2050) 6000 Historical : Projections
SR s 21.3% : 7.2%
8000 ! CAGR 2000-18 ] CAGR 2019-50 5044 (2050)
: g 500 : 50TW >
7000 g — E
e 2 / \ :
O, 6000 o 4000 i
z 2 i
%3
o
0
% 5000 o 7’
k- 2 3000
5 :
& 4000 ¢
e £
£ 2840 (2030) H 1787 (2030)
E 2000 T 2000
° 3
g i
2000 0 :
1000 542(2018) |
480 (2018) ‘
1000
1 (2000) 17 (2000)
2000 2005 2010 2015 2020 I 2025 2030 2035 2040 2045 2050 02000 2005 2010 2015 2020 2025 2030 2035 2040 2045 2050

Sources: Historical values based on IRENA's renewable energy statistics (IRENA, 2019¢) and future projections based on IRENA's analysis (20192). Source: Historical values based on RENA's renewable capacity statistics (IRENA, 2019d) and future projections based on IRENA analysis (IRENA, 2019a)

m CAGR of =7% up to 2050 - 5000 GW
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Net-Zero CO, by 2050

m Global Energy Flows — 2050 / Net-Zero Scenario

o' :
e- "o oil Other,transformation
. .
S -~

Natural gas Cars

Trucks

Transport Trains

Bioenergy Ships

Aircrafts

i ] ) Other transport
Other renewables R \
\ AR Industry, Chemicals

From power and heat mm="

From hydrogen wem Iron and steel

Cement

Buildings
) Other industry

Solar PV
= mmm Agriculture
y ﬂ ’ . DAC Residential
4 \ = To power and heat

Wind — Y 3 mm To other transformation Services
-\ W

Hydro

ohses Non-energy use

Losses

Nuclear

Source: IEA / Energy Technology Perspectives 2023

m Dominant Share of Electric Energy — Power Electronics as Key Technology (!)
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Fundamental Role of Power Electronics

m Global MEGA-Trends > Industry Automation | Renewable Energy | Sustainable Mobility | Urbanization etc.

Today, the automotive segment, especially
EVIHEVs, drives both technological
development and market demand

Industrial

Renewable energy, stationary battery  EV/HEV inverters, boost converter,

Autonomous driving, loT... energy storage, charging infrastructure, DC-DC converter, 48V converter, Source:  Status of Power
HVDC deployment... on-board charger... Electronics Industry
2019 Report
\YOLE

yDévelappemenl

e C(Clean Energy Transition - “All-Electric” Society
e UN Sustainable Development Agenda -> There can be No “Plan B”, because there is No “Planet B” (Ban Ki-moon)

ETH:irich Infineon
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Performance Indicators / Trends

Environmental Impact & Material Usage ... [kgr /kW]

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

J

Power Density [kW/dm3]
Power per Unit Weight [kW/kg]
Relative Costs [kW/$]

Relative Losses [%]

Failure Rate  [h]

Failure Rate

Future

Manufacturability
Recyclability / Sustainability
Networked / IToT

(infineon
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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

|

2...5...10x Improvement NOT Only 10% ! i
/
/
Performance !
« X-Technologies » ' ﬁ
« X-Concepts » A
4.0
» Super-Junct. Techn. / WBG /
» Di ital/Power / J)’
Modeling & Simulation 5
Performance Replacement » Power MOSFETs & IGBTs /
R (Disruptive) » Circuit Topologies
5 2 g SRy Microelectronics
E 2 % > Modglattiorl Eoncep’{s 2.0
| . SSERtS /DDiO, des ontrol Concepts
‘ olid-State Devices __/
™~ Existing “\ / 1.0
Technology RN
» Effort/Time m * 2025
1958 2015
1st Integr. 1+t Single-

Circuit Chip uP

ETHziirich (infineon.
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X-Technologies
SiC | GaN

——  3D-Packaging & Integration ——
Digital Signal Processing

ETHziirich (infineon.



S1C I Power Electronic Systems
— Tl

| Laboratory

A

X-Technology &wjﬁi} SiC| GaN
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Low Rps(on) High-Voltage Devices

m SiC MOSFETs / GaN HEMTs
m Low Conduction Losses
m High Efficiency

Infineon

typical CellR . XA @25°C

46

[[| = Si Limit TTr /
| = = SiCompensation Limit {@16pm Pitch)
==== Sj Compensation Limit (@4pm Pitch) / /
10 H —--siCompensation Limit (@1um Pitch) <
F|  ——4H siC Limit - 3
F| =——GaN Limit = - p
: e | GBT-Limit (Nakagawa) > ’ :
®  CoolMOS C3/C5 - PE
- ® SFET3HV nm » =
e m  SFET4/5 w/o Substr ,"
1H + I1GBT34RC ———o—" =
- E| = SsicJFET IFX = L S5 ==
o C » GaN HEMT published - T SPEadin
= [ - > B i
— £ o T-
~ i | - P /
a I
=~ 01L > - .
< E L=/ 3
_ Amount of semiconductor < - ; / ]
2 Si : 5 [ = ]
R = 4V, material needed to o i - / ]
on — 3 isolate10,000V B N
0.01 E e
su,E. < s :
GaN sic - 3
R* - 1 R* Setmnft Diamond i -
nsic ® 300 Nos ) [ ] ) = ey L
silicon gallium nitride silicon carbide diamond 1 U 10000
1000um 100um 90um 20um

m High Voltage Unipolar (!) Devices -> Excellent Sw. Performance / High Power Density

ETHzurich
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Si vs. SiC Switching Behavior

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

800[ 180

600+ ! i 60
ucg|(V)
400f [+ a0

0 t(ms) 800

Do
bo
1200V 100A

Die Size: 98.8mm? + 39.4 mm?

800f 80

600+ M""“* 60
b ups (V)

400p—f+——+—+—140

2001 | | ' 20
\ ip|(A)
0 = wa—— 0
0 t (ns) 800
1200V 100A
Die Size: 25.6 mm?

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

ETHzurich
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Monolithic 600V GaN Bidirectional/Bipolar Switch

m 44 POwWEtRAMERICA Program — Based on Infineon’s CoolGaN™ HEMT Technology @eo/n
m Dual-Gate Device / Controllability of Both Current Directions
m Bipolar Voltage Blocking Capability | Normally-On or -Off

NS
- -
_ —
N (4
= V.
1 sze1, |
_'l
Veist Gate1  Gate2 V5202
Sourcef (G1) (G2) Drain/
Drain -Gal Source
(S1) (S2)
i-AIGaNL] 5]
i-GaN
Buffer layer
Si substrate

400 400F 4

.

200 12 2 200¢ 2

-200 % 98
-400 -

400

-200¢ -2

SV

Inductor current 4 (A)

=

-400¢ -4

Switch node voltage v, (V)
o
=)
Inductor current 4 (A)

Switch node voltage v, (V)
=
L
i
o

o]
]
.
(=]
co

=

400F

‘:-'\\' ( \"]

N

age v, (V)

& 200

[}

-200

—

Inductor current i; (A)

Switch node voltage 1
|
= oo @
[nductor current i (A)
Switch node volta
= N

o ]

2 400
2 0 2 4 (6} :
Time ¢ (ps) Time ¢ (pus)

® Analysis of 4-Quardant Operation of Rys,,= 140m<Q) | 600V Sample @ + 400V

ETHzurich
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%}gmﬁxﬁe

EDGE 1 EDGE 2

R = S A e e U N S R R

AR S N A R 8 AR AT NN e
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Circuit Parasitics

m Extremely High di/dt
m Commutation Loop Inductance L an Ul.
m Allowed L, Directly Related to Switching Time t, > L < 7= at, —
L I L
L, z
a=0.1
L Sl =i
. =100ns /
/
100nH o L

Ui 10nH /

A — 1
/, ) e ns
e A
/ M - Parille
onnection
h—et > InH A 1] U
0.1Q 10 100 100Q = 2=

® Advanced Packaging & Parallel Interleaving for Partitioning of Large Currents

Infineon
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Si1 vs. SiC EMI Emissions

m Higher dv/dt —> Factor 10
m Higher Switching Frequencies = —> Factor 10
m EMI Envelope Shifted to Higher Frequencies

fé] = (T[ton )7| f;2: (T[tr)il

f=10kHz & 5 kV/us for (Si IGBT) 200
fs= 100kHz & 50 kV/us for (SiC MOSFET) o

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

O
A v T vm@ %zﬁ“
Jow

Q

—_
oo
]

—_
(=)
[

100

V - Amplitude (dByV)
—
N
]

[ee]
<

"::,,,:,;:‘,H;; T N

T 103 10 10° 10° 107 108 10°
f - Frequency (Hz)

® Higher Influence of Filter Component Parasitics & Couplings - Advanced Design

ETHziirich (infineon.
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X-Technology Integration
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3D-Packaging / Heterogeneous Integration

System in Package (SiP) Approach
Minim. of Parasitic Inductances / EMI Shielding / Integr. Thermal Management
Very High Power Density (No Bond Wires / Solder / Thermal Paste)

PCBs Embedded Optic Fibres
Automated Manufacturing
Recycling (?)

e Future Application Up to 100kW (!)

e New Design Tools & Measurement Systems (!)
e University / Industry Technology Partnership (!)

an
14 / 60 __ Wi

VICOR
Source: —%

0.57 in? and 105 W/in?

60 Watts

<—0.65"—

0.57 in? and 105 W/in?

60 Watts

(infineon
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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
PWHM signals
5.0GHz Isolated (5kVDC) Dividing Coupler
Refomncaz GaN integrated
sz P bidirectional
115“““ Lid‘:recﬁ:ngu?et':itchss) switching chip
12mm & ‘ Port3
4 . ‘I ’Rofarenco:i -
- \) E
-, . R -
Port1 RF-Output Outr—

W $s

(From DBM i

h'a:sr;mr) RFInput Q » J}‘ s

“"H="F XK H

Pprt2 :

|

pCB 0.28mm T

ETHzurich
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Future uP Chip-Stack Packaging

m Slowing Transistor Techn. Node Scaling - Vertical & Heterogeneous Integr. of ICs for Performance Gains
m Extreme 3D-Integrated Cube-Sized Compute Nodes
m Dual Side & Interlayer Microchannel Cooling

Fluid connection

Heterogeneous chip stack: Optical o
- CMOS. beyond'CMOS signa"ing: quuld
- logic, cache cooling
1/0 layer: Heterogeneous
Glassfibre - Si-Photonics TEEETTE: chip stacks
array O ) - electrical /0
- power FET CarrICool
) interposer
............ Mf;:xi_ularupterposer: e i & 5 - 8 withr[;))ower
- fluid cavity conversion
- passives

- alignment features

Land Grid Array

e Interposer Supporting Optical Signaling / Volumetric Heat Removal / Power Conversion  CarrICool

ETHziirich infineon
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Digital Signal /Data Processing

m Exponentially Improving uC / Storage Technology (!)
— Extreme Levels of Density (nm-Nodes ) / Processing Speed

— Continuous Relative Cost Reduction

FinFET Nanosheet

‘umec .

e Distributed Intelligence

e Fully Digital Control of Complex Systems — AI-Based Design / Digital Twins / Industrial IoT (IIoT)

Moore’s Law

Ivy Bridge
10° Gulftown Core 6 'vy. B
Sandy Bridge
8 GIURICES Core i7
o 10 AMD K8 Core2 Quad
'S . Co[r)ez Duo
ore Duo
a_) 107 AMD Athlon Portich M
Q AMD Ké Pentium 4
— Pentium Ill
_g Pentlur:n 1l
Pentium Pro
6
g 10 i486 ___Pentium
c MC68020 i860
S
g 10° 80286 S0558
b7 MC68000
c
© 8086
'_

104
8080
f“soos
10

3 |__4004

1970

1980 1990 2000 2010 2020
Year of introduction

17 /60 _I%l
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Abstraction of Power Converter Design

Performance Space

Design Space

Performance Space
* Efficiency

* Power Density

e Costs

* Reliability

* elc.

System

e Phase-Shift DC/DC Conyv.
e Resonant DC/DC Cony.

Costs

7 (k)

->

e DC Link AC/AC Conv.
e Matrix AC/AC Conv,
e ¢clC,

Components

e Power Semiconductor
e Interconnections

e Inductors, Transt.

o Capacitors

e Control Circuit

* clc.

Materials

e Semiconductor Mat.
e Conductor Mat.

o Magnetic Mat .

* Dielectric Mat ,

. el

* Evaluation Formulas
e Lifetime Models
¢ Cost Models

e etc.

* Specifications

¢ Operation Limits

e Converter Topology
* Modulation Scheme
¢ Control Concept

e Operation Mode

e Operating Frequ.

® efc.

* Doping Profiles
* Geometric Properties

* Winding Arrangements
* Magnetic Core Geometries

* etc.

e Mapping of Design Space” into Converter “n-p-a-Performance Space”

e Design Space — Set of Selected Design- & Operating Parameters, Materials, Components, Topology, etc.

ETHzurich
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Multi-Objective

[ J [ J [J s 5
Optimization
I

Converter Topology
Modulation Scheme

I

Electric Power Circuit Model

Component Values, fp

1o T I Do /o 0 /(o)
% ]
Lo | g +
Capacitor Transformer / Inductor Semiconductor | CM Noise ‘ | DM Noise ‘
Type « Windings Geom. Type Model Model o
* Wire Type l/l?—u lrﬂtu g
* Core Geom. - — z
* Core Type Offline Optimized DM/CM >
T Loss Model Filter Topology 5
CmflC( M ¥ lL{w/L( M g
Loss Model ‘ Reluctance Model | 7 Filter Filter Inductor 5
; L Capacitor « Geometry E
l P B | Thermal Model | Type * Material E
Min. Loss Model i l &
Losses « Windings R*
B<B + Core o ‘ Loss Model ‘ Loss Model |
=Dy
T<Ty. Trerm ] Off-line
V£ Vit Optimized .
’ Thermal Model | Heat Sink Min.
Vol
Transformer/ Heat Semic
Capacitor | Capacitor Inductor Sink LOGEEG- EMI Filter | EMI Filter EMI Filter | EMI Filter
Volume Losses Volume Volume h " Cap. Vol [Cap. Losses Ind. Losses | Ind. Vol.
Summation of Component Volumes and Losses ’—

l

Total Converter Volume / Losses

e “Digital Twin”
®  Multi-Objective Optimization —> Best Utilization of All Degrees of Freedom (!)

ETHziirich (infineon.
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Multi-Objective Optimization

m Based on Mathematical Model of the Technology Mapping
m Multi-Objective Optimization - Best Utilization of the “Design Space”
m Identifies Absolute Performance Limits > Pareto Front / Surface

Design Space Performance Space

e (larifies Sensitivity Ap / Ak to Improvements of Technologies
e Trade-0ff Analysis

> p

an
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Design Space Diversity

m Equal Performance p, for Largely Different Sets (X, k ); of Design Parameters
m E.g. Mutual Compensation of Volume or Loss Contributions (e.g. Cond. & Sw. Losses)

—>—
(x,k);

k)

/\k//

\

- Optimize
<& Understand

Design Space

e Allows Consideration of Additional Performance Targets (e.g. Costs)

Performance Space

s >p

an
21 /60 __ N

(infineon



“1C I, Power Electronic Systems b
22 /60 __ il

1" = Laboratory

Design Automation Roadmap

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

Autonomous Design > Design 4.0

— Independent Generation
of Full Designs for Final
Expert Judgement

Q

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:irich Infineon
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X-Concepts

Modularization
— Eynergetlc Association —
unctional Integration
Hybridization
Decentralization
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X-Concept Modularization
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SiC/GaN Figure-of-Merit

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

1 1010 Fr T --------1-- - - -‘--——‘'t- ‘- 11T r1----- - -1 -1
FOM=—F— | BRI NG
Rds,onQoss [ e : it = v G Wolfspeed

T L s E
’@“ o See QRSP & & 555

¥
1 | g Qi 0 :

107

Rated Voltage - Vgsmax (V)

e Advantage of Multi-Level over 2-Level Converter Topologies

ETHziirich (infineon.
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Scaling of Multi-Cell/Level Concepts

m Reduced Ripple @ Same (!) Switching Losses
m Lower Overall On-Resistance @ Given Blocking Voltage
m Application of LV Technology to HV

o f 400V
Jﬁ sw U
0
AL 87,1
T o / 400V
H A 1 - 20 A
T 1 AImax N = NT2 AImax N=1
y H—ﬁ ” ; N
o 1+ - l—‘ /U i, 0
oE L

L L 1 20a L

(<20 =

P 0 10 15 t[ms]
vl L e 400V —
5
200V
Y Jl—c AUC,max,N =l2(i)zi ! !
c 2 u 32 f, N N I S P Y s S A
0 2 4 6 8 10 12 14 16 f[kHz]

fSW N-fSW
e Scalability / Manufacturability / Standardization / Redundancy

ETHziirich (infineon.
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Quasi-2L & Quasi-3L Inverters

m Operation of N-Level Topology in 2-Level or 3-Level Mode .
m Intermediate Voltage Levels Only Used During Sw. Transients AP

Controlled as N4 Controlled as

l-c single switch ~ : single switch
N\
-/ \ -
=1 ) , Controlled as
|-n ————————————————— High capacitance |-o single switch
flying capacitor
L
|'° [ | ! |'°
- | 1 i 7 —
()lvdc T 5 :_‘_______“__:i C)l‘v de Cq
/ lﬂ Controlled as ,// | |'°
Only for transient single switch Only for transient
voltage balancing F / voltage balancing F
- -
! fi-

e C(lear Partitioning of Overall Blocking Voltage & Small Flying Capacitors
o Low Voltage/Low Ry ,,/Low $ MOSFETs - High Efficiency / No Heatsinks / SMD Packages

ETHziirich (infineon.
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3-® Hybrid Multi-Level Inverter

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

ANPC FC
Stage Stage
(50/60 Hz) (fow)

e 200V Si - 200V GaN Technology Results in 99.5% Efficiency

26 / 60 _I%l
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4.8MHz GaN Half-Bridge Phase Module

m Combination of Series & Parallel Interleaving lllin..

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

* 25 kW/dm?3
. Semiconductor Efficiency (%) 3
N d} 10 81 2 LTI TSN ./
I L okl 5
) } =t - . £ 6} o -~
Uspe == Ce| =M - ° g5+«
= == d . 4 5 4 | |
— ) #*= [ 9612% y O '
t} Uy 3 —"v' DC Input O 3 <" Power Stage
— gl_i AC Output \ ' Measurements
n Jq} — / : | [ [ | H,O Cooling Baseplate
\_A/ 2. 3 4 5 6 T 8 Infineon [@J ETH Auxiliary + Gate Drivers
# Levels N+1
e Operation @ f,,,~100kHz / f,, .= 4.8MHz, 10kW, U, =800V
s 2 ./;7
ETHzirich (Infineon
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Synergetic
X-Concept / Association
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3-® 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 . o\%
Grid Vienna Rectifier 5 Stage i Battery
‘mm- ' . M .
‘;-l“‘ x X ' = b p
L ! Dax% % } > DC ——»-0——
U L + uSgya
a _ T .S, ——=Uu
a L a a ; ~ ~aya Xy
|y [ be
g X e O R vl
.8 J-_a A_l LUy,
: 11 ' :
rLZ
€ D, p; DC o |
— z

|
L

|

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

ETHziirich (infineon.
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Synergetic Association

m 1/3-Modulation -> Significant Red. of Losses of the Power Switches Comp. to 3/3-PWM ‘;@

m Conduction Losses of the Switches = -80%
m Switching Losses =-70%

Y@
S
v

=
&
3
=
3¢ i AC/DC DC/DC . o\ z
Grid | Vienna Rectifier 5 Stage i Battery
iX X i = Zop %
ETE" 171
L uséyé
a g - TS, .. ——=u =
a “a a a ; ~ “aya Xy <
N e T (=
C [ |
DC =
l—& 5—1 = Uyz S:-’
DZﬁ? T T iz DC n © :5;) L L I I L L | L L L
c oy 0 60 120 180 240 300 3600 60 120 180 240 300 360

wt (°) wt (%)

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

ETH:irich Infineon
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Synergetic Association

/
m 1/3-Modulation - Significant Red. of Losses of the Power Switches Comp. to 3/3-PWM :@_’.
N

m Conduction Losses of the Switches = -80%
m Switching Losses =-70%

Voltage (V)

I

”F:@zr;n%":%ﬁim

nyim u,

iﬁﬂ | e W

LI

Duty Cycle d

Voltage (V)

AC/DC . Dual Active Bridges
Vienna Rectifier (DABs)

Current (A)

Current (A)

K 10 kW/dm?

0 60 120 180 240 300 360 0 60 120 180 240 300 360
wt (%) wt (%)

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

ETHziirich (infineon.
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Functional
Integration

X-Concept
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Buck-Boost 3-O Variable Speed Drive Inverter

m Generation of AC-Voltages Using Unipolar Bridge-Legs
m Utilize Filter Inductor for Boost Operation - Functional Integration

"I ;\ \'I /
——0 ~ -~
+| P _ S
3 '’ \/.\
o R e Y ‘.
e =% Y ;

e g S ; I __ I o fenisM) ],
T ' Gl o i1 4 DERNAY;
- | . . -

Ry Ty ey S T T

| ol
I i
Tl & Tule & Tofo ki, Tol® | Tufok | Tofsx | . %
e o 1Ga ; = % i a>_fomsM) |,
A T ! Y I R i e ] bo A\
Ta? E} Tb2 Ej Tcﬂ"‘t‘j Lo Taﬂt :|:C’Tb4 Ej _ Tc4"¢_|_'13 pr— ¢
o]
_cn

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

ETHziirich (infineon.
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Boost-Operation u,, > U;

m Phase-Module A " :
. )i ([(Boost Regime ] | Buck Regime
20, i ;
I i i . U \ﬂ\mm
. = -_l 1 0,8 E . Ui
Td: > /
H . 0 — |\ |/ ! \|

U = ad

T="=0 BN

.1
m Motor Phase Voltages o M T

Duty Cycle

Tn3

l]l]l
: :
= 0 &
° 3
= |6}

'(A]nl L] J 1 1 1 J
'Tm/4 ] ~ll : "!;n/"l 0 Tmf‘l Tm/2 3‘1"“/4

e (Current-Source-Type Operation
e (Clamping of Buck-Bridge High-Side Switch - Quasi Single-Stage Energy Conversion

Infineon
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Buck-Operation u,, < U;

m Phase-Module

p+= Ij f] ‘i:.ﬁ,>1=+a
! J“j Tafe &
{7i T "I - &2 .1 “:111(‘:‘[':'1

! 1J53 l,ﬁlj “

n e

m Motor Phase Voltages

“Ymt - 1
T,/4 0 T,/ T2 3T,/

e loltage-Source-Type Operation

Voltage

Current

j [ Boost Regime ] [ Buck Reglme
2Um
Ui
0 |

/\/\

flll T
o IR

g

Ta/4 0 T/4 Tu/2 3T,,/4

e (Clamping of Boost-Bridge High-Side Switch —> Quasi Single-Stage Energy Conversion

33/60 _I%l
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SiC 3-® Buck-Boost Inverter Demonstrator

e DCVoltage Range 400...750V
e Max. Input Current + 15A
e Output Voltage 0...230V,,,. (Phase)
e OQutput Frequency 0...500Hz
e Sw. Frequency 100kHz J
200V/div
1V/div
Control

30 Output Board DC Input

Q -
>
S E
.
o8 .
.
o, -10ms -8ms 6ms s
.
ain

Inductors

m Dimensions - 160 x 110 x 42 mm? * 250 W/in3

ETHziirich (infineon.
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Isolated 3-® AC/DC Converters

m Conventional Approach > Two-Stage | 3-® PFC Rectifier & DC/DC Converter Stage
m Functional Integration -> Utilizes AC/DC-Stage for Power Factor Corr. & HF AC Voltage Generation
—> Transformer Stray Inductance Used as Current Source

Typ. 200...1000V, EV Battery

Voltage Range
Uy . Uy .
<« I, ]dc “la Idc
+ +
lfdc T 9 (fdc —_
DC o DC o DC -

320...530V,,,
Line-to-Line 380V (260...400V,,)

Datacenter Power Distribution

e Elimination of DC/DC Converter Input Stage & DC-Link -> Single-Stage Energy Conversion (!)
e Electric Vehicle Battery Charging | Datacenter Power Supply | AC Grid Interfaces of DC Micro-Grids

ETH:irich Infineon
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3-O Input DAB-Type AC/DC Converter (1)

m Modification of 3-® Xfrm DAB -> Prim.-Side Phase-Modular AC/DC Converter Topology
m Synchronized (!) Prim.-Side Switching @ 50% Duty Cycle

”Jﬁ} B |

e Voltage Stress on Prim.-Side AC Switches Determined by Peak Value of Grid PHASE Voltage (!)
e Bidirectional Power Flow

ETHziirich (infineon.
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3-O Input DAB-Type AC/DC Converter (2)

m Voltage Stress on AC-Side Power Transistors Determined by PHASE Voltage Amplitude (!)
m 600V GaN MBDS for 400V RMS Line-to-Line Grid (U, ,, = 560V)
m Unity Power Factor / Bidirectional

* Line-to-Line Input 400V,
* DC Output 250...450 V),
* Rated Output Power 6.6 kW

® Prim.-Side Sw. Frequency f,,= 72kHz
o 14.5x13.1x3.7cm?/ 5.7x5.2x1.5in?
® Power Density w/ EMI-Filter = 6kW/dm?3 (98W/in3)

ETHziirich (infineon.
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3-Port Resonant GaN DC/DC Converter

Single Transformer & Decoupled Power Flow Control

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

|
|
m Drive Mode HV - LV (10.5...15V) 2 Interleaved Buck-Converters / Var. f,, / ZVS
m P=3.6klW

PFC.gJH% L i prC iT Y —[HV.a. %
C

VPFct() lvT,PFC i i vT,HVi ‘ DjVHV
3 3

PFC.ng T T HV.b]!

o
~ ~
'@
¥

. LV.1bo
IT LV T3T L

® Peak Efficiency of 96.5% in Charge Mode / 95.5% in Drive Mode
e P(B-Based Windings / No Litz Wire Windings - Fully Automated Manufacturing

ETHziirich (infineon.
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Hybrid Integrated Active Filter (IAF) PFC Rectifier

m Hybrid Combination of Mains- and Forced-Commutated Converter
m 3" Harmonic Current Injection into Phase with Lowest Voltage
m Phase Selector AC Switches Operated @ Mains Frequency — 3-@ Unfolder

Upn
R

0

o oS 0%

=0

w/
0 120° ~

2 Py=const. Required g
—> Sinusoidal Mains Current
e Non-Sinusoidal Mains Current -> NO (') DC Voltage Control

ETHziirich (infineon.
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Hybrid Integrated Active Filter (IAF) PFC Rectifier

m Hybrid Combination of Mains- and Forced-Commutated Converter
m 3" Harmonic Current Injection into Phase with Lowest Voltage
m Phase Selector AC Switches Operated @ Mains Frequency — 3-@ Unfolder

/
]

o

=
S
ol
[
-
-—
-u:
=
o o &
o ° o
ol |ol | &I

:

2 Py=const. Required
—> Sinusoidal Mains Current
e Non-Sinusoidal Mains Current -> NO (') DC Voltage Control

ETHzurich
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IAF PFC Rectifier & Buck Converter Demonstrator

400

m [Efficiency n > 99.1% @ 60% Rated Load .
m  Mains Current THD, = 2% @ Rated Load 5 200
m  Power Density p = 4kW/dm?3 & 0
§ -200
P,= 8 kW 400
U= 400V, > U,= 400V,
fs =27kHz

FPGA Board
Gate Drivers ‘

Current in A

0 60 120 180 240 300 360
wtin ©

Auxiliary
Supply

EMI Filter 2 |
Lin Injection & g
Buck Converter 5
Switches SE’ -
= —— Calculation Upy, = 400V
e SiC Power MOSFETs & Diodes 97.5 | Solotilationlps =380V |
o | e Measurement Up,, = 400V
e 2 Interleaved Buck Output Stages . ¢ Measurement Uy, = 380V
e (ontrolled Output Voltage 97.0 A Ty B E—
00 10 20 30 40 50 60 7.0 80 9.0

Output Power in kW
®

ETH:irich Infineon
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Partial/Differential Power Processing

m Reduced Converter Rating

UC

. P, T
c - U,
B 1+

m Low Influence of Converter
Efficiency on Overall Efficiency

P, (+;m,)
P, (1+y)

T]:

ETHzurich

100 %

96 %

92%

88 %

84%

80 %

i U.
— - o +
RN
+ \lp cl A
U, C \l = U,
~ e |
| W
n preferred
* operating range
:-\
N \ e —
kil ‘\-‘_.__ He =95 % —
AN -— |||
\\\\\__\ — 7. =90 % —
—~—— ]
T — T
0 02040.6081.0 2.0

an
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Partial-Power Pre-Regulated LLC DC-Transformer

m Aux. Converter Stage for + 10% V,, Compensation | V;, = 340V ... 420V

m Const. Voltage Transfer Ratio / H1gh Efficiency LLC «DC/DC Transformer» @ Const. Frequency | f,, = 100kHz
m Const. Output Voltage | V, .= 48V

HV-Side LV-Side .
Iu, 1 2 Inverter FB, ILCR t Tank Rectifier FB, ! ]m,. 7
o0 esonant Tan = M o 99
Jf} Jf} L ) ij Jﬂj HV-side PCB
" T BT 5 N N.g b H TMS320F28335 FB, - CoolGaN 98 f
V - v, Vrml ' L, lvrw ll"TE v § T
¢ Y I S > 96}
— — C!I 5 6 .E 95 F
— 3 _ “res ‘U
7] Vax 3 J:'] Jq} C g 94t
FB, i 3t ——LLC
3 D, Aux 92 i i i i i i
kg LC, 250 500 750 1000 1250 1500
LS E— v, | ; Power (W)
3 - Partial-Power
ﬁ} l ==C‘ -EJlj \ \ Converter .
~ * 140 W/in3
Partial-Power Pre-Regulation (P*) Converter - \ Infingon I@ ETH
¥
® Rectangular Aux. Voltage Added or Subtracted (f,,,= 600kHz) from V;
e Marginal Impact of Control on Overall Power Dens1ty & Efficiency
LR} = ./;7
ETH:iirich (Infineon
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Hybrid EMI-Filter / Leakage Current Reduction

m Future Extension of EMI Limits — 9kHz ...150kHz | IECTS 62578 Tech Spec. for Active Infeed Conv. Applications

m Earth Leakage Current “Compensation”

m Conducted CM EMI-Filter

QP Limit (dBuV)

140 F—
120
100 -
80

60

40

kHz

Long motor
¢ cable @

—-— IECTS 62578 C1
« =« [ECTS 62578 C2

—&— CISPR 11 Class A

—— CISPR 11 Class B
—o=— [EC 61800-3 PI

IEC 60533 General
—— IEC 60533 Bridge
—4— CISPR 15

MHz MHz

Prevents Unintentional Residual Current Device (RCD) Tripping w/o Isolation Transformer
e Attenuation of Cond. EMI Emissions in Wide Frequency Range 30/40/15dB @ 4/10/150kHz

44 / 60 _I%l
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X-Concept Decentralization
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Networking Scaling

m Metcalfe's Law

— Moving from Hub-Based Concept
to Community Concept Increases
Potential Network Value
Over-Proportional > ~n(n-1) or

~n log(n)
®
b4 "
v : y '. :; ® .: - \ 600
¢ 1 M - Value
k( S 'A“,.,\, \.—19<<7.{«- 450
. . /
v
300
& e o ® * e
" ° i ° 150
[ ] o » &
® e .
® ° ®
® e © 0
3 10 21 36

ETHzurich

B Numberofnodes [l Connections

an
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IIoT in Power Electronics

m Digital Twin > Physics-Based “Digital Mirror Image”
m Digital Thread -> “Weaving” Real/Physical & Virtual World Together

FEA Model
CAD Model

FMEA Digital Twin Physical Asset

Real Time
Operational Data

Maintenance -~ i 2.l ——p—
History

Operational 4 Physics Based Models
History 4 + Statistical Models

Fleet Aggregate + Machine Learning
Data

® Requires Proper Interfaces for Models & Automated Design
e Model of System’s Past/Current/Future State > Design Corrections / Predictive Maintenance etc.

ETHziirich (infineon.
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IIoT Starts with Sensors (!)

m Condition Monitoring of DC Link Capacitors M e
m On-Line Measurement of the ESR in “Frequency Window” (Temp. Compensated) Vet
m Data Transfer by Optical Fibre or Near-Field RF-Link Source: Prof. Ertl

TU Vienna, 2011

C RH&'R LF_H'L
—] -
%—J
-ngumnglur_ -
°_+[|I_° A‘;‘i‘“
10 e e 30 2 MmicrRo- F
2 L I 9 = 105°C i \)CONTROLLER\) gﬁSL:SNAl;S
Zc t ~ z €= 1 Ick N
MW (7 -
1 F = 7 4 20 Ao PCB
AN v /7
[e] | >~ C|370“h/ Z- 1 [a] Ry | ‘
I Zc _
Bl E_\\ | ‘NEW s 10 SHUNT-
: e ' = RESISTOR
i | l Rpsp -
0.01 ) ..J‘.!‘ | |“‘ 0 MONITORING BUS
I0Hz 100Hz 1kHz 10kHz 100kHz 1MHz 10 MHz ELECTROLYTIC CAPACTOR

® Possible Integration into Capacitor Housing or PCB
e Additionally features Series Connect. Voltage Balancing

ETH:irich Infineon
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Motor Condition Monitoring / Fault Detection

m Utilize the “Motor as Transducer” for Determining Aging / Wear of Motor and/or Mechanical Load
m Non-Intrusive Detection of Mechanical or Electrical - Bearings or Stator & Rotor - Abnormalities
m Motor Current Signature Analysis (MCSA) in Time & Frequency Domain

» Source: S. Cruz et al, 1998
4 DARIVE MOTOR SINGLE PHASE OR S R.Fi l 05 -
! N p . POLY PHASE ource: R. Fiser et al, 1997 . !
EXAMPLE OF A I 7 " ELECTRIC POWER |
EQUIPMENT  Pume ! = 1 | ' 04 oo
TO BE MONITORED . | Juesm y !
» . . i / CLAMP ON CURRENT = ]
":"/\’ _ SENSING PROBE SFTS RO
oy - oo %
cusToMm MAGNETIC YT . —
SIGNAL CONDITIONING TAPE RECORDER < .
ELECTRONICS (OPTIONAL:
P - T T — N
I g 0,0 Bt L )
E‘ , 0 10 20 30 40 50 60 7
) o - Frequency (Hz)
- 05
z P
3 03 - .‘..‘. F— .
2 i
E‘*gg e .
. 01 -
WAVEFORM RECORDER SPECTRUM ANALYZER :
\DIGITAL DOSCILLOSCOPE! (FOURIER TRANSFORM COMPUTER: 00 a iy i_
Source: ORNL, A SIGNAL OPTIMIZED FOR B SIGNAL OPTIMIZED FOR "6 W 0 4 S0 & 7%
Kryter et al., 1989 TIME DOMAIN ANALYSIS FREQUENCY DOMAIN ANALYSIS

Frequency (Hz)

e ORNL (1989) — MCSA Condition Monitoring of Motor-Valves in Nuclear Power Plant Safety Systems
e ANNs Discussed for Diagnostics since 25+ Years — Improvements w/ Computing Power of Modern Inverters

ETHzurich
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Smart Inverter Concept |

AN

=

m Utilize High Computing Power and Network Effects in the Cloud
Source: R. Sommer
SIEMENS

+ * Passive Components Intelligent Gate Drive Unit
(Fiter, de-ink, ...) « Semiconductor protection (overcurrent, overvoltage, ...)
q i Sensors e Collecting and preprocessing of sensor data (current,
(Current, Voltage, ...) voltage, temperature, ...)
* Semiconductor specific condition monitoring functions &

Internet
Gateway

1, Power Semiconductors
] (IGBT, SiC ...)
>F  Gate Drive unit (GDU)
(e.g. intelligent digital GDU)

™M

A

(

Sensors
Speed, Temp.)

ETHzurich

Customer
Automation

Internet
Gateway

Internet
Gateway

On-Line Protection / Monitoring / Optimization on Component | Converter | Drive | Application Level

49/60_1@
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Ultra-Fast EV Charging, Traction,
H, Production, Datacenters, etc.

| = Laboratory
Future Application Areas
m WBG Driven Extension to Medium Voltage | Extension to Micro-Power Electronics
m Extreme Cost Pressure for Standardized Solutions (!)
Clustered AI Processors <  “Thereis Plenty of = Medium Voltage & Frequency
Vertical Power Delivery Room at the Top” Solid-State Transformers
100kA @ 0.75V
Standard / ol 100kwW
Integrated |
Solutions ~ T—1I__
A System
10w Applications
\/ =
“There is Plenty of
Power-Supplies on Chip €  Room at the Bottom”
e “There's Plenty of Room at the Bottom”, Lecture by R. Feynman @ Caltech, 1959
e Key Importance of Technology Partnerships of Academia & Industry
ETHzurich

an
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“Moore’s Law” of Power Electronics

m “Moore’s Law” Defines Consecutive Technology Nodes Based on Min. Costs per Integr. Circuit (!)
m  Complexity @ Min. Comp. Costs Increases approx. by Factor of 2 / Year

Economy of L
ower
Scale —> < Vield
108
1962 >2015: Smaller
p Transistors but Not
104 - \/ i any more Cheaper

p

108

ing Cost/C

102

.

Relative Mar

1 10 102 108 10¢ 105 fP*

Number of Components Per Integrated Circuit

e Potential Power Density Improvement — Factor 2...5 Until 2030
e Definition of “n*, p* o*, f,*- Technology Node” Must Consider Conv. Type / Operating Range etc. (!)

ETH:irich Infineon
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NEW
PARADIGM
AHEAD
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Power Electronics = Electronic “Energy” Management

¢
m Design Considering Converters as Standardized “Integrated Circuits” (PEBBs) < ‘*
m Extend Analysis to Converter Clusters / Power Supply Chains / etc. {.. A &,

e/

— “Converter”  —> “Systems” (Microgrid) or “Hybrid Systems” (Automation / Aircraft)
“Time” —> “Integral over Time”
— “Power” - “Energy”

p(t) > [p(t)dt

0
Power Conversion Energy Management / Distribution
Converter Analysis System Analysis (incl. Interactions Conv. / Conv. or Load or Mains)

Cap. Filtering Energy Storage & Demand Side Management
Costs / Efficiency Life Cycle Costs / Mission Efficiency / Supply Chain Efficiency
etc.

9
9

Converter Stability 3 System Stability (Autonom. Cntrl of Distributed Converters)
9

Infineon
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Energy Management — DC Micro-/Nanogrids

HV DC bus REF' '
’ Generator
S Dus

\ | l, Saveny Battery-
= - Long Term | - i
NV Storage §_ | Example of a
= = Mobile Systems

Short Term
Storage

Application
Area

x
AC/1 x 230V AC

m Renewable Energy Integration
m “Networked” — Bidir. Flow/Exchange of Energy & Signals/Data | Distrib. Autonom. Cntrl & Protect.
m Hybrid Power Solutions — Combin. of Electric / Hydraulic / etc. Systems | Continuous Opt. & Diagnosis

ETHziirich (infineon.
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The I8 81V in the Room

HYDRO HYDRO
) Q)

. N m 25°000 GW Installed Ren. Generation in 2050
comsusnon B S R A T & conusmon m 15°000 GWh Batt. Storage
!ﬁ HVDC &
__Tat= de ) TGRSR B m 4x Power Electr. Conversion btw Generation & Load
mansusson] = l .| TRANSMISSION m 100°000 GW of Installed Converter Power
oy by m 20 Years of Useful Life
E pECC
!P PV >—>’WIND Q@HEV ‘iE PV }’}—;\IIND ﬁﬁPHEV
oEm | OB OB o= o OEg
P AC DTISTRIBUTION—[ T AC DISTRIBUTION
. nECC | (& nECC |
- PV WIND PV }—vaND
Gh Bam "OUSHO G Bmn |Cloass
% . LOADS %] % : I
r 4 I} \ & B =
f'\-pEcc CONSUMER FPECC CONSUMER ha
Q‘; ey | [FLECTROMCS & eV ELECTROMCE
m 5000 GW,, = 5°000°000°000 kW,, of E-Waste / Year (!)
S TN -+ Source . Boroyevich (2010) m 10°000°000°000 $ of Potential Value

ETHziirich infineon
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The I8 81V in the Room

m 52°000°000 Tons of Electronic Waste Produced Worldwide in 2021 - 74 000 000 Tons in 2030
m Increasingly Complex Constructions - No Repair or Recycling

Source:

~ GreenIT
Solution

E-waste flow

-
-
|

Venezuela

E-waste generation in 2014
(kilograms per capita)
42 MILLION
TONNES

E-waste generated
each year i

WORLD ASIA AMERICAS EUROPE AFRICA OCEANIA

41.8 million 16 117 116 1.9 0.6
tonnes million million million million million
Source: nature

m Growing Global E-Waste Streams —> Regulations Mandatory (!)

ETHziirich (infineon.
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The Paradigm Shift (1)

m Growing Global E-Waste Streams / < 20% Recycled oN Gopper .
m 120°000°000 Tons of Global E-Waste in 2050 L S aminm " b
+  Cobalt
24,645 % Antimony
| 10960 ¥+ Silver
9481 Indium
Global e-waste generated ~ 6,062 ' 4 Bismuth
60 E-waste totals gé 1,036 644 o ] T Ge‘rmanium
SE
50 < 52mt () =g 17 )
2 13

‘—g 40 ‘ 0.4
o~
EEEY
S 20

10

0

202 2021

o 2014 2015 2016 2017 2018 2019 020 0 Global/ 2019
£ 1
iz 2
25 3
5 4
T 5

6 | & ~ 3,046

7 E-waste per inhabitant (i) 'g;g e 13

. unitar * 12
Note: 2017-2021 are estimates 2016 0.2 -
‘ Ersrtimvated value of raw materials at 0.01

ws e 00 BILLION EUROS

m “Linear” Economy / Take-Make-Dispose = “Circular” Economy / Perpetual Flow of Resources
m Resources Returned into the Product Cycle at the End of Use
m E-Waste Represents an “Urban Mine” w/ Great Economic Potential

ETH:irich Infineon
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ETHzurich

World totals

per Inhabitant

(Mt)

(kg/inh.)

~Nou kR WN-=OC

57/60_Ig
The Paradigm Shift (2)

m Growing Global E-Waste Streams / < 20% Recycled
m 120°000°000 Tons of Global E-Waste in 2050

~ RAW MATERIALS
RECYCLING& ) o

MATERIALS >

RECOVERY

Global e-waste generated

E-waste totals

& 52 Mt (1)

DESIGN

CIRCULAR
ECONOMY

2014 2015 2016 2017 2018 2019 2020 2021

USE
MATERIALS
ASLONGAS

L%

POSSIBLE
PRODUCTION &
. (RE)MANUFACTURING
E-waste per inhabitant !fi.} g«’é
unitar
Note: 2017-2021 are estimates SRR
DISTRIBUTION
g 3
010

m “Linear” Economy / Take-Make-Dispose = “Circular” Economy / Perpetual Flow of Resources
m Resources Returned into the Product Cycle at the End of Use

(infineon



Power Electronic Systems PN
|-IE 5 Laboratory Y 58 / 60 I%l

Complexity Challenge

m Technological Innovation — Increasing Level of Complexity & Diversity of Modern Products
m Exp. Accelerating Technological Advancement (R. Kurzweil)

complexity

|

-ten——
www

- hunderd — _'IZ‘ d I j_ A
printing -{--- [ T

- thousand —— S
writing |-

-10 thousand —

time back in years

language |

- million —— .

-10 million—

[

m Ultra-Compact Systems / Functional Integration — Main Obstacle for Material Separation

ETHziirich (infineon.
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Performance Indicators / Trends

m Energy Systems / Electronics

\ 4
Supply Chain
& PP v : State-of-the-Art
Mission Manufacturing &
m Complete Set of New Recycling Effort
Performance Indices Energy Loss : }ggz?;rsfn?g;t
— Power Density [kW/m?] Tooxffrfeg?/f; of Fallure Rate
— Energy Density [kWh/m?3
— Environmental Impact [kgCO,eq/kW]
— TCO '$/kW2] Future
— Mission Efficiency (%]
— Failure Rate [h1]

(infineon
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Power Electronics 5.0

m Power Electronics 1.0 = Power Electronics 5.0

m X-Technologies & X-Concepts » Circular Economy Compatibility
m New Main Performance Indicators (!) » Cognitive Digital Twins
AI-Supported Design & Operation |
1
/

» WBG Semiconductors 5.0
» Digitalization / IloT
Multi-Cell/Level Conv. J ik b
3D-Packaging/Integr. /_
Funct. Integr. 4

» Super-Junct. Techn. / WBG /_ /

» Digital Power
Modeling & Simulation 3.0

Performance

Replacement > Power MOSFETS & IGBTS /_ /

by 3 (Disruptive) p Circuit Topologies
5 Z Technology Microelectronics
E 2 3 >Modglatlonl Eoncep]c:s 2.0
. ntr n :
-
\ olid-State Devices
™ Existing N 1.0
Technology ~‘~ /
» Effort / Time [ ] * 2050
1958 2015

ETHziirich (infineon.
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Thank you!
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Future Development / Trends

m MEGA-Trends — Renewable Energy / Energy Saving / E-Mobility / “SMART XXX”
m Power Electronics will Massively Spread in Highly Diverse Applications

Technology Push
- WBG Semiconductors ¢« X-Technologies »

* Digital Control « X-Concepts »
+ 3-D Packaging P
* Adv. Design

Performance ' \ /J— =" NN « Standardized
' - « Robust & Reliable
: /":""____'__ * Plug & Play
N « Cost Optimized
i * Environmentally Friendly
| |
: : Market Pull
' ' * Energy Saving
| | « E-Mobility
| | * Renewable Energy
| | * etc.
| | = Time
2020 2030
e More Application Specific Solutions
e More Specific Requirements — High Peak/Avg. Ratio, Wide Volt. Range etc.
e (ost Optimization @ Given Performance Level for Standard Solutions
e Design / Optimize / Verify (All in Simulation) — Faster / Cheaper / Better

dn
A-1__ Nl
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Energy Independence / Security of Supply

m Global Oil Trade (2016) — High Import Dependency of Leading Economies

Source: BP. The
Statistical Review of
World Energy 2017

Mexico
Canada

Central and United States
South America == |apan

7,000 1
B Reserves
China 6,0001 g Non-reserve resources
‘ Others 5’000 1

Asia and Pacific

Europe

emissions (Gt)
:b
o
o
o

«©
\ g ~
Main flows Others & O 2,000 1
. North M.E.y = O
of crude oil Africa &
(millions of tonnes) g 1,000
©
177 B
o O B
West = o
60 Africa % OO%) O§ 0@6 0’» é\?’
30 : & " O
2 < 2 2, N
The 4 main exporting countries or exporting areas M.E: Middle East 5 & é\?
are represented using various colors. U.AE. United Arab Emirates 5 bQ Source: Ch. McGlade et al
. K. Kuwait & N )g‘,ce' 20/ Al
The arrows represent trading for a volume z Q doi:10.1038/nature14016
of more than 20 million tons, i.e. 78% of the world trade. ©

m 2°CTarget > Globally, 30% of Oil Reserves | 50% Gas Reserves | > 80% Coal Reserves Should Remain Unused (!)
m “The Stone Age Didn't End for Lack of Stone — The 0il Age will End Long Before the World Runs Out of 0il”

ETHziirich infineon
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Critical Minerals

m Production of Selected Minerals Critical for the Clean Enerqgy Transition

Extraction Processing m Qatar

» Indonesia

mDRC
m Philippines
. m China
mUS
Saudi Arabia

m Russia
®ran

Oil Oil refining

Fossil fuels

Natural gas LNG export

‘ Fossil fuels ‘

Copper Copper
Australia
Chile
m Japan
Myanmar
m Peru
B Finland
Belgium
= Argentina
Malaysia

Nickel Nickel

Cobalt Cobalt

Minerals
Minerals

Rare earths Lithium

Lithium Australia Rare earths

0% 20% 40% 60% 80% 100% 0% 20% 40% 60% 80% 100%  Estonia

Shares of top three producing countries, 2019

m Extraction & Processing More Geographically Concentrated than for 0il & Nat. Gas (!)

ETH:irich Infineon
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Multi-Objective Optimization

m Typ. Performance Indices — Efficiency n [%] | Power Density p [kW/dm?] | Rel. Cost o [kW/$]
m Consideration of Specific Operating Points OR Mission Profile

: System-level . (0
f’ models e (70) Missipn cost LCC (€) (’)
Search Pareto function
algorithm front
/L i Ci(% i) P LOC —=__§
— - | o O 4\ o
i Constraints
| > 0, (kW/dm?)
Coréllionent Performance Mission cost
space
models (W /€) P space

m Mission Profile — Power Loss > Energy Loss / Life-Cycle Cost (!)

ETHziirich (infineon.
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Example — Three-Phase AC/DC PEBB

m Key Power Electronics Building Block (PEBB) for Three-Phase PFC Rectifiers & Inverters

10 kW
400 V,. Mains :

800 VDC Output — Auxillary-PCB
1200V SiC

Filter Power-PCB

Control Electronics :
Capacitors

D\
e\

S T ¥ : 4 - -
- EE R e
° - - Gate I . ' d Switches
Drivers ., Coldplatex
° - T DC-Link S
° —— Capacitor

T T% RN 2 S JEgs

Filter _

Capacitors
p Boost Inductors

DC-Link Capacitor

m Main Components Considered (Losses, Volume, C0,,,)
m Power Trans., Heat Sink, Boost Ind., DC-Link Cap., ﬁilter Cap., Gate Drivers, Sensors, Contr. Electr., PCBs

ETH:zlrich Infineon
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N-p-Multi-Objective Optimization

m Design Space Diversity — Optimiz. for Min. Environmental Impact w/o Compromising Eff. or Power Density (!)
m Example of a Three-Phase Two-Level AC-DC PEBB w/ LC-Input Filter

10 kW

400 V,. Mains
800 V), Output
1200V SiC

Efficiency n (%)

m Degrees of Freedom

100 100 _
' °\°
o
99+ 2
175 &
98t G
- 3
2 '
T *%: %%, 50 ¢
7| mrsmngmsecan i W Ll |-
‘o ® o Ry o vong g
¢ o o %o @e » . g
ol
O 2 4 6 8 10 12 14 16 24
Power Density p (kW/dm?)
* Switching Frequency [25...200 kHz] m Assumptions < Junction Temp. @0120 °C
* Rel. Ind. Peak Current Ripple [0.25...1] * Ambient Temp. 40°C )
* Variable Transistor Chip Area * Necessary Heat Sink Vol. via

Variable Ind. Size (N87; Solid/Litz Wire) CSPI = 25 W/(K-dm?)

(infineon
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Efficiency vs. Operating Time Carbon Footprint

m Global Warming Potential GWP [kg C0,,.] as Add. Performance Indicator
m Mission Matters — Example 8 Hours Full Load per Day Over 10 Years
m Electricity Mix Matters — Carbon Intensity

100 200 — — : :
90 " 99 g COeq / kWh
A c§\° " Swiss Electricity
= 99+ 180 — T 150 oo/ > Consumption Mix
3 g &
S 170 8 O
o 98 o o 100 &
.9 | 60 \%/ i" A "'
= : 9 T & 21.g CO,eq/ kWh
W g7 g b 3 0 Q] 50&' Swiss Renewable Electricity |
it LT I of 50 B A: 63kgC0,, Production Mix
S B: 42 kgC0,,
96 ' : : : : : ' : 40 0 : ' : :
0O 2 4 6 8 10 12 14 16 0 2 4 6 8 10
Power Density p (kW/dm?) Time (years)

m Energy Losses During Use Phase Contribute to Overall GWP
m More Eff. Designs w/ Higher Initial GWP Outperform Less Eff. Designs for Longer Operating Times

ETH:zlrich Infineon
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2-Level vs. 3-Level PEBB Evaluation

m 3-Level Flying-Capacitor Bridge-Legs w/ 650 V SiC MOSFETS / 2-Level Bridge-Legs w/ 1200 V SiC MOSFETs
m 400V, Mains | 800 V) | 10 kW | LC-Filter w/ Same Capacitor Voltage Ripple

1007 1007 110

100
— 9971 —~ —~ i P —_
< . g &7 {0 g
< B L e o} ) ]
> N “ ] = = 180 8
g 98 SR - $ 98 2
20 LRERRR S, © |70 = 20 {70 =

) R & ()

E TG e _2L ,_l 1 ﬂ_ E &

(] i SRe0e < L 160
97 2 97 s

®o ooa'““.,,,x"/ ! 50 50

96 : : : : ' 40 96 ' : ' : : 40

0 5 10 15 20 25 50 100 150 200 250 300
Power Density p (kW/dm?) Environ. Compat. egwp (W / kg CO,eq)

m Higher 3L Inverter Eff. & Power Density BUT Lower Environm. Compatibility [W/kg(O0,,.]
m Higher 3L Initial GWP Due to Higher # of Power Semiconductors

ETHziirich (infineon.
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Comprehensive Environmental Impact Profile

m Further Environm. Impact Indicators — Volume & ReCiPe 2016 Areas of Protection
m Human Health | Ecosyst. Quality | Resource Scarcity
m Comparative Evaluation of 2L vs. 3L PEBB

Case A Losses 100% Volume CaseB Losses 100% Volume
(206 W) 80% (3.3 dm?d) (206 W) (3.3 dm?®)
Damage to Damage to
GWP Resource GWP Resource
(59 kg CO,eq) Availability (59 kg CO,eq) Availability
4.99) (4.99)
Damage to Damage to Damage to Damage to
Ecosystems Human Health Ecosystems Human Health
(19:107® species-year) (0.06 DALY) (19:107® species-year) (0.06 DALY)

ETHzurich

m CaseA 99% Eff. @ Equal GWP — Significantly Diff. Volumes & Diff. ReCiPe Performance
m CaseB 98% Eff. @ Highest Rel. Environm. Compatibility — Similar Volumes & Environm. Impacts

dn
A-9 Nl
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Design for Repairability & Circularity

m Eco-Design — Reduce Environmental Impact of Products, incl. Energy Consumption Over Life Cycle
m Re-Pair / Re-Use / Disassembly / Sorting & Max. Material Recovery, etc. Considered

m EU Eco-Design Guidelines (!)

Material selection

Material quantity

Disassembly concepts

Predetermined
breaking points

m FAIRPHONE — Modular Design | Man. Replaceable Parts | 100% Recycl. of Sold Products | Fairtrade Materials
m 80% of Sustainability / Environmental Impact of Products are Locked-In at the Design Phase

ETHziirich (infineon.
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CEC-Power Electronics Roadmap

m Environmental Awareness as Integral Part of Power Electronics Design

Circular-Economy-Compatible (CEC)
Power Electronics

\ ¢

“Net-Zero €0, is Not Enough”

* Max. Repairability | Reusability | Recyclability
e Min. Scarce Materials, Min. Toxic Waste

Full Environmental Footprint
Based on Smart Datasheets
» Seamless Integr. of Comp. Models in Multi-0bj. Opt.
* Full A-Priori LCIA / Environmental Footprint
Generic Life-Cycle * Standardization / Single Source of Truth
Impact Analysis (LCIA)
* New KPIs in Multi-0bj. Opt.
* Data Sources / Quality / Abstraction
/ Generalization as Key Challenges

Classical np-Pareto Optimization / Design
* Manual A-Posteriori LCA of Complete Converters

m Automated Design | On-Line Monitoring | Prev. Maintenance | Digital Product Passport

ETHziirich (infineon.
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The Comprehensive Solution (!)

m (0,-Free Electricity / Electrification — Viable Pathway for Reducing Emissions !&! Costs (Long Term)
m E-Fuels & P2X for Long-Haul Transport / Aviation / etc. & Short Term / Seasonal Storage

c H 0 0, N. Direct solar Science
1 fuel .
. Demand for aviation and Xy T NH; S.J. Davis et al.
ERN long-distance shipping S N, 2018 .
R Domandfor | N ST Cath0, ' v H ( ) Long-distance
industrial —= i x NH, . 0. Ammonia 2 road transport
b an materials = GH,O: N H plant 1%
highiy rellable ] — o ™ N0 syntnetie P. Electrolysis
electricity C:H,0, ) gas/liquids 10
N k| R 10,
co, i I 2 -
L Biomass '\ - \\‘L Residential,
~  gasfiquids o ) commercial Short-distance
e, . Lie) Short-distance med/heavy
J. Geologic K f:ﬂm’:‘e i l e ity fight :?id ransp. mag"}:ansp'
storsge and alt, Steel _ industry L
' 14%
@ G. Nuclear V
2%
© Birect Al Electricity
. Direct Air
26%
Caplure Hydropower/ F. C d Combined <
. ompresse
pumped slorage air energy heat 0, o
;x storage & e|esc;£|c|ty 27. /0 .Of D” ’ 'TCl.llt. tO
Eliminate Emissions

Global fossil fuel &
industry emissions, 2014
(33.9 Gt CO,)

)
o
4
~ i -
C. Natural gas/
‘ biomass/syngas . Other centralized
w/ capture energy storage
e- B. Solar N
A. Wind (e.g., thermal, batteries)

m Integrated Net-Zero Multi-Carrier Energy System — E-Energy | Heat & Cold (N.N.) | etc. | Storage | C0,C&S
m Missing Multi-Discipl. Research on Cross-Sector Converters / Technologies / Geogr. Diversity / Economics etc.

ETHziirich (infineon.
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The Comprehensive Solution (!)

m Power Electronics {35 A Key Enabler!

O, N. Direct solar
t fuels
0 ~H0 N H3

CXHvoz
S. Demand for aviation and
long-distance shlppmg

cHo, B N,
W o ! 0. ammonia Hz
' plant

C.H,O \NH

Q. Demand for C,H,0, . N
highly-reliable H; o M. Synthetic P. Electrolysis
electricity > gas/liquids
N 1 N {o,
co, i -
L Biomass '\ B -
gasfliquids l‘i'\ ) ’
e/
- %_\
H0

J. Geologic
storage

@ G. Nuclear

I. Direct Air

Capture
. Hydropower/ F. Compressed
pumped storage air energy

storage
C. Natural gas/
:Ilnc"a':::::v“gas . Other centralized
~ energy storage
e B. Solar (e.g.. thermal, batteries)

A-13 _I%l

Science
S.J. Davis et al.

(2018) Long-distance

road transport
1%

Residential,
commercial
10%

Short-distance
Short-distance med/heavy
light road transp. fﬂag l,}:'ralﬂs‘-p.

1% -

Other
industry
14%

2%
o
Combined ="
& eloctity 27% of Difficult-to-
5% Eliminate Emissions

Global fossil fuel &
industry emissions, 2014
(33.9 Gt CO,)

m Ren. Gen. & Cross-Sector Conv. — Heat-Pumps / Electrolyzers / FCs / etc. > All Power Electronics Dependent !

ETHzurich
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Remark Bottom-of-the-Pyramid

m 2 Billion People are Lacking Access to Clean Energy
m Urgent Need for Rural Electrification

4\

The number of people without access to electricity

LATIN AMERICA SUB-SAHARAN AFRICA

2009 o @ 2009 @ @
2030 @ D 2030 e @

their income
on fucks for hecting, kghting
and cooking

REST OF ASIA CHINA

o0s e @ o0 ° :
2030 @ @ 2030 0 0

9 Over 1 billion people will still be without access to electricity in 2030

urce: IEA, Dalberg Analysis, IFC

m 2 US$ / Household / Month (!) for 2 LED Lights & Mobile-Phone Charging
ETH:urich

A- 14_I%l

. Rural
. Urban
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Low-Loss PCB-Winding Inductor

m Conv. PCB Windings & Airgaps > Skin / Proximity / Fringing Field - to PCB - Current Displacement
m Arrangement of Airgaps for Mutual Field Compensation
m Thermal Interfaces for Efficient Cooling

200 — 180 T T T
180 — PCB Winding Only O FEM — Calculation
— PCB Inductor (N95) ) 1607 | o Simulation -]
160 — PCB Inductor (N49) © FEM = /! | -
% 140 1 Thermal Interface - .
—r 140 [~ . . N95 - - - -
3 120k Wlndlng /« \'\ /%_)\ 120} % /”/ |
Cﬁ Ny Core Losses = P
S 100F & 100} s
Eﬁ /\\ -—- = g i -
Z o -~ LT --=""T d 2 gohk-
& -45% 4\ ° 5 ‘
60 8 e,
= N49 & 6ol 4 Thermal Interfaces i >N i
f;; 401 Estimated QE) % Hot Spot w
&= Copper Losses = 40k o o )
20l T/Q——————Q\U/Q———“—KT
0 ! 1 | L 20 1 1 I I |
0 100 250 500 750 1000 0 T T
2
Frequency f _ (kHz) Angular Position ¢ (rad)

e Optimal Positions & Wdg Distance of Airgaps for Multi-Airgap / Multi-Layer Inductors
e Factor of 3 Red. of Skin & Prox. Losses

ETHziirich infineon
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The End

ETHziirich (infineon.
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