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U.S. Energy Resources | Areas of Use | Losses

i .S. ioni : 97. M Lawrence Livermore
Estimated U.S. Energy Consumption in 2021: 97.3 Quads Nationa) Laboratory
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m End Use Efficiency — Industry n = 49% (!) | Transportation n = 21%
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Average
Efficiency

of 33% / More
Energy Wasted
than Used (!)
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U.S. Forecasted Electricity Use
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m “Transformation” Scenario > Increase of Electricity Share to 47% (!)
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Industrial Use of Electric Energy

Variable Speed Drives / Robotics

Material Machining / Processing — Drilling, Milling etc.
Data Processing / Communication

Compressors / Pumps / Fans

Lighting

etc., etc. .... Everywhere !
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X-Technology # 1

El. Motors / EL. Lighting / ...
Power Electronics
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Electromechanical Energy Conversion (1)

m 30...40% of Global Electricity Consumption — Largest Single-Energy End Use
m 40% of All Electric Energy Used Powers Industry
m 65% Share of Electric Motors

200
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G Bonfiglioli

m JEC 60034-2-3 (2020)
m High Eff. Motor/ Generator Operation | Electronic Control & System Optimiz. Mandatory for High Eff. (!)
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Electromechanical Energy Conversion (2)

m 30...40% of Global Electricity Consumption — Largest Single-Energy End Use
m 40% of All Electric Energy Used Powers Industry
m 65% Share of Electric Motors

Source: { Infineon

O Power factor

N e correction
o boost/totem pole g Power supply
IMC300 ] Gate driver | [Power stage

()

Arm® iMOTION™
UART Cortex®-M0O " [of 3 >
SPI/12C e MCEsupervision g  Motorcontrol
* Sensors * PFCcontrol —
CAN e Actuators * Protection
e Communication o Scripting > hall
¢ Additional safety ¢ Safety a
GPIO (option)

G Bonfiglioli

m JEC 60034-2-3 (2020)
m High Eff. Motor/ Generator Operation | Electronic Control & System Optimiz. Mandatory for High Eff. (!)
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Efficient Lighting Evolution (1)

m 15...20% of Worldwide Energy Consumption Used for Lighting
m Power Electronics Mains Interface of Fluorescent Lamps & LEDs

Source: STANPRO

300 Im/W
70 Im/W Source: Hera
16 Im/W
“® @ / @
Oil lamp Light bulb Fluorescent lamp
approx. 15,000 B.C. 19th century 20th century 21st century

m SMART & Human-Centric Intelligent Lighting — Dimming | Flex. Color Mixing | Presence Detection
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Efficient Lighting Evolution (2)

m 15...20% of Worldwide Energy Consumption Used for Lighting
m Power Electronics Mains Interface of Fluorescent Lamps & LEDs

Source: STANPRO

300 Im/W

Flyback

.
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Q == Source: Hera
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CJ_ A I PFC control Flyback control - 7
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[ Dimming contral } XMC1300 J

T T i t 1] Source: Infineon

()

m SMART & Human-Centric Intelligent Lighting — Dimming | Flex. Color Mixing | Presence Detection
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Power Electronics Roadmap

m C(osts
TIME-TO-MARKET
: gg::z (Custom Designs) POWER DENSITY
200%
m Robustness AN
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m Efficienc . “ %
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m Objectives / KPIs Dependent on Application Area ROLS
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Power Supply Efficiency Categories

m 80 PLUS Voluntary Computer PSUs Certification Introduced in 2004
m Min. Efficiencies @ 20% | 50% | 100% & PF > 0.9 @ Rated Power

@ PLANET 4

El
=~ TECHNOLOGY A

msi

l. —_—

G3
80 Plus Gold

Efficiency

90%
92% / PF 0.95

85%/PFO.9 | 88%/PF09 | 90%/PFO.9 | 92%/PF0.95
100% 80% / PF 0.9

Loading 80 Plus 80 Plus Bronze | 80 Plus Silver 80Plus Gold 80 Plus 80 Plus
Platlnum Tltanlum
% [ - ! - 1 - [ -]
Efficiency

Loading (% of Rated Output Power)

m No Efficiency Targets @ Very Low Load / Standby (!) > “One Watt Initiative” of IEA (2010) e
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Power Electronics S-Curve

m « X-Concepts » > Full Utilization of Basic Scaling Laws & X-Technologies
m « X-Technologies » / “Moon-Shot” Technologies

Perf .
errormance « X-Technologies » ' :ﬁ
« X-Concepts » '

» Super-Junct. Techn. / WBG / %

» Digital Power / 3
Modeling & Simulation 5 4

Performance Replacement » Power MOSFETs & IGBTs /_ /

t s E (Disruptive) » Circuit Topologies
5Z g SRy Microelectronics
E F 3 >Modglattlori Eoncep%s 2.0
. ontrol Concepts :
‘ oo S S —/
\ olid-State Devices
™~ Existing N __/ 1.0
Technology s
» Effort/Time m * 2025
1958 2015
Y E, o
5@@5 :,Q
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Disruptive Technology

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

_ 4

e, Bl «
1 .

on, SiC ~ Ron, Si
300
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material needed to
isolate10,000V
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SIiC JFET IFX
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m High Voltage Unipolar (!) Devices —> Excellent Sw. Performance / High Power Density
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Efficiency / Lifetime — Power Density

m High Efficiency > Low Operating Costs & Extended Lifetime
m Forced > Natural Convection Cooling > No Maintenance -

Expected Lifetime

m Operation in High Temperature Environments source: Wi
—Alu125°C 2000h  =——Alu 125°C 1000h  ==-Alu 105°C 2000h
==+Alu 105°C 1000h Poly 125°C 2000h Poly 105°C 2000h
- 1.000.000 h
99.5 w
] - 100.000 h
99.4 | Calculated ﬁ
o d .
] - 10.000h
~—@ Power Analyzer |
720 Ve —®&— Calorimeter : ™ 2.000 h
- | . j : > 1.000h
7.5 10 12.5 125°C 105 °C o~ 85°C 65 °C
Power (kW) 95°C
Capacitor Temperature

m Low Cond. & Sw. Losses of SiC/ GaN —> Extreme Compactness @ Very High Efficiencies
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Power = “Energy” Electronics

m Converter > System
m Time —> Life Cycle

an
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Medium Voltage /
Medium Frequency

Standard /

| 100kwW
Integrated o
Solutions

/\D Energy
ow Management P
J Systems
Power-Supplies

. o
on Chip ’

m There is Plenty of Room @ the Top | There is Plenty of Room @ the Bottom
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Power Electronics — Business Volume
m Clean Energy Transition - “All-Electric” Society
m 5.2% CAGR / Compound Annual Growth Rate — 2021 - 2030
Pout [W]
1ov DR Source: (Infineon
e POWER ELECTRONICS MARKET SIZE, 2020 T0 2030 (USD BILLION)
- $31.3
§23.6
§225
m ™ o e o > e
oy
m Global Megatrends / Drivers > Sustainable Mobility | Renewable Energy | Industry Automation | etc.
ETH:zurich

oY Ex
& ~

TE
< N,
ToNa

“3p0W0



S1C I Power Electronic Systems
Laboratory

ETH:zUurich

X-Technology #2

Electric Energy Storage
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Power / Energy Management

m Local Battery Storage & Power Electronics for Decoupling of Load / Generation & Supply
m “Mission Efficiency” Optimization | Peak Load Shaving | UPS | Ancillary Grid Services

SEIRENA

/ Container / Housing

I Lithium Battery Prices Plunge

ARG I Volume-weighted average of lithium-ion battery price
Power Electronics é from all sectors (in USD)
Dooo - “
Transformer L

Thermal Management

Thermal Management

Pack / Rack / Tray

924
726
Fire Protection System 668
T 1B =3 .
295
A
N W I . 181 157 137

2010 2011 2012 2013 2014 2015 2016 2017 2018 2019 2020

\ / J
Source: Bloomberg

1y

Energy Management Systems
Thermal Management

m Utilized Storage Technology Dependent on Timescale & Power / Energy Demand
m Learning Curve of Battery Technology Driven by Automotive Applications (10'000 GWh in 2030)
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Energy Management — DC Micro-/Nanogrids
|
Long Term \ wmaaygza‘ <A M
Storage f Example of a
Mobile Systems
Short Term
Storage
|
T
| . Wide
On-board Appllcatlon
Charging device | pog:r\‘ls;gpw A rea
e
m Renewable Energy Integration
m “Networked” — Bidir. Flow/Exchange of Energy & Signals/Data | Distrib. Autonom. Cntrl & Protect. e
m Hybrid Power Solutions — Combin. of Electric / Hydraulic / etc. Systems | Continuous Opt. & Diagnosis S
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X-Technology #3

Digitalization / IloT
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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 .

m Distributed Intelligence

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

Moore’s Law

Ivy Brid
10° Gulftown Core 6 ‘y_.rl B
Sandy Bridge

108 ANDKI0 Corei7
= AMD K8 Core2 Quad
e Core2 Duo
g AMD Athlon Core Duo
o 107 Pentium M
o AMD K6 Pentium 4
— Pentium Ill
_g Pentium Il

Pentium Pro
6
g 10 ‘Pentium
c i860
S 105
-—
-2 80286 /8 mce8000
c
© 10 8086
= 8080
8008
103 L4004
1970 1980 1990 2000 2010 2020

Year of introduction
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Virtual Prototyping

Performance Space

Performance Space

Design Space

Efficiency
Power Density

Costs
Reliability
elc.

System

Phase-Shift DC/DC Conv.
Resonant DC/DC Conv.

DC Link AC/AC Conv.
Matrix AC/AC Conv.
elc.

Components

Power Semiconductor
Interconnections
Inductors, Transf.
Capagcitors

Control Circuit [

ele.

Materials

Semiconductor Mat .
Conductor Mat.
Magnetic Mat .
Diclectric Mat .

ele.

Atm.

e Evaluation Formulas
¢ Lifetime Models
Cost Models

* ¢glc.

Specifications
Operation Limits
Converter Topology

Modulation Scheme
Control Concept
QOperation Mode
Operating Frequ.

etc.

Doping Profiles
Geometric Properties
Winding Arrangements
Magnetic Core Geometries
etc.

m Mapping of “Design Space” into System “Performance Space”

ETH:zUurich
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Multi-Objective

Optimization

m “Digital Twin”

Specifications
Vi,Vo, Po, Ave, CISPR 11/22 A.B

l

Converter Topology
Modulation

cheme

I

Electric Power Circuit Model

Component Values, fp

|

1crms o/ Ay — - ii(1) /vi(f)
X
L o— | L g +
Capacitor Transformer / Inductor Semiconductor | CM Noise ‘ | DM Noise ‘
Type « Windings Geom. Type Model Model

¢ Wire Type l/‘:u lrﬂtu

* Core Geom. - —

* Core Type Off-line Optimized DM/CM

Loss Model Filter Topology
l CmflC( M ¥ lL{w/L( M
Loss Model ‘ Reluctance Model | 7 Filter Filter Inductor
L Capacitor « Geometry
l @I Dy | Thermal Model | Type * Material
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 kngEq' EMI Filter | EMI Filter EMI Filter
Volume Losses Volume Volume h " Cap. Vol [Cap. Losses Ind. Losses

Minimum Losses or Volume

EMI Filter
Ind. Vol.

Summation of Component Volumes and Losses

’_

l

Total Converter Volume / Losses

m  Multi-Objective Optimization —> Best Utilization of All Degrees of Freedom (!)
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Automated Design

m Multi-Objective Optimization - Identifies Absolute Performance Limits

Design Space

Performance Space

Total Loss (W)
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I Pp=0

Foy=Frp.

o1

I Fey=0

24 ¢
Transformer

27 P,=T50W
20 ¢
S
16+

T .
W T

149w |

12 1262 cmzi
10 ' 1 1 v 1 1 1 1

15 20 25 30 35 40 45

Footprint Area (cm?)

m Clarifies Performance Sensitivity to Technology Improvements - Trade-0ff Analysis
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Connected > Networked
- Moving from Hub-Based Concept
to Community Concept Increases
Potential Network Value
Over-Proportional (~n(n-1) or
~nlog(n} )
I ”
: @SN N Value
300
& * o o T o’ .. 150
e P ® e
[ ] \V ® e J . ¢ s @ .
3 10 21 36 W Numberof nodes [l Connections
m Metcalf's Law
m Automated Design / Digital Control / Digital Twin o e
ETH:zurich NGV
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Smart Inverter Concept

m “Cognitive” Power Electronics / Converter Systems |

(IGBT, SiC ...)
Gate Drive Unit (GDU)
Internet _ . -
Gateway (e.g. intelligent digital GDU)
A

Sensors
(Speed,Temp.)

ﬁ
Internet

Gateway

Customer
Automation

Internet
Gateway

m Component — Converter — System — Application Level — IloT

ETHzurich

22/23 _1@

Source: R. Sommer

SIEMENS
Passive Components Intelligent Gate Drive Unit
(Filter, de-link, ...) . .
* Semiconductor protection (overcurrent, overvoltage, ...)
Sensors * Collecting and preprocessing of sensor data (current,
HETITETS WEIEE 2 o) voltage, temperature, ...)
Power Semiconductors * Semiconductor specific condition monitoring functions
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Energy 4.0 — Innovation Potential

Conceptually only Bounded by ;’wfzgg’ipao;t;;(;g p/e rlgsei:n

* Laws of Physics

& .~ ... No Need to Wait !

TCO / Payback
Regulations
Resources

Education / Research
Sustainability / LCA

Side Conditions

Power Electronics
Energy Storage
Digitalization
Sector Coupling

Key Technologies
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m Integration of Main Energy Sectors — Electricity | Heat/Cold | Fuels & Generation | Consumption | Storage
m  Full & Max. Eff. Utilization of Intermittent Renewable El. Sources > “All-Electric” | “Net-Zero”

Sector Coupling = Electrification+ PtX

Services
) |
Sector Coupling # Electrification
direct Electrification
of other sectors

Power-to-X

CHP and combined-cycle
plants

1ouseholds
Other fuels

Infrastructure
Energy Brainpool m

Traffic
Unite and Develop the Gas-&Electricitygrid jointly

m Electric Power-to-X / Hydrogen | Inertia of Thermal Processes | Combined Heat & Power | etc.
m Therm. Insulation of Buildings is Most $$3$-Effective to Improve Energy Efficiency (vs. Transp. & Ind.)
ETHzurich
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¥ Remark Increasing E-Waste Problem

m 53°000°000 Tons of Electronic Waste Produced Worldwide in 2019 - 74 000 000 Tons in 2030
m Increasingly Complex Constructions - No Repair or Recycling

Source:

Greenl|T
Solution

E-waste flow

E-waste generation in 2014
(kilograms per capita)

42 MILLION
TONNES

E-waste generated) ;-
each year H

WORLD ASIA AMERICAS EUROPE AFRICA OCEANIA

41.8 million 16 11.7 116 19 0.6
tonnes million million million million million

Source: nature

e Growing Global E-Waste Streams > Upcoming Regulations S
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Cradle-to-Cradle

R-3/4 _I@l

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

Source:
https://circularphila
delphia.org RAW MATERIALS
RECYCLING & R é}_ﬁi
MATERIALS :
RECOVERY g
X <
y - *‘@‘1‘ DESIGN
COLLECTION : §' CIRCULAR ’% [@
R 2,
Sh s ECONOMY 2
= =
2 =
< 1)
5 A &
MATERIALS ) $ A
ASLONGAS = ==
POSSIBLE
CONSUMPTION PRODUCTION &
(RE)MANUFACTURING
N
-9
DISTRIBUTION

ETHzurich

g 3|

ECO-

EFFECTIVENESS

ECO-
EFFICIENCY

m Decoupling of Economic Growth & Use of Resources

- Rethink

- Reuse

- Upcycle

OPT\M\SEPOSHWE IMPACT H H H H
mmmmﬂﬂﬂﬂﬂﬂ_ 11
TIME
—— MANIMISE WEGATIVE IMPACT

- Recycle .
- KOeijEr- et al.
e 2017

«F‘GY Ep‘./
< c
. 2
-

N
% v

“3p0W0



S1C I Power Electronic Systems
I'— Laboratory

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

4\

Remark Bottom-of-the-Pyramid

The number of people without access to electricity

LATIN AMERICA

- o @

ki 2030 @
developing workl,

291 million
young peogle, go
1o whools without

Lowsincome households
in Alrica can spend up to
40% of
their income
on fulsfo heating, bohing

SUB-SAHARAN AFRICA

2000 @ (i
e (o7

eleciicty

urce: IEA, Dalberg Analysis, IFC

REST OF ASIA CHINA
o e @ o ° ;

Eoch year
4.3 million
people die from housshold
air polkufion, more

i 2030 @ (250 2030 0 0

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

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

ETHzurich

. Rural
. Urban
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Thank you!
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