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Examples of
Research Activities in

- Mechatronics —

® Ultra High Speed Drives
m Bearingless Machines
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Ultra High Speed Drive Systems

» pm-Scale PCB Drilling

» Dental Technology

» Laser Measurement Technology
» Turbo-Compressor Systems

World Record ! » Air-to-Power
» Artificial Muscles
100W @ 1'000°000 rpm » Mega Gravity Science

ETH:zurich (iﬁneon _
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Ultra High Speed Magnetically
Levitated Drive Systems

» Laser Measurement Technology

I » Active Damping of Air Bearings
WOrld Record * » Satellite Attitude Control
500°000 rpm

ETH:zurich (iﬁneon _
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Bearingless Motors

e Maximum Speed 2000rpm

e High Acceleration Capability
(3.8s from 0 — 2000rpm)

e 7mm Air Gap

e Two Phase Winding Configurations

e Adaptive Unbalance Compensation Control

ETH:zurich (iﬁneon _
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PES Research Scope

Power Cross-Departmental

Electronics .
Mechanical Eng., e.g.
Turbomachinery, Robotics

Microsystems
Medical Systems

Economics / Society

o Airborne Wind Turbines ﬁftﬂgzﬂ?ﬁ é .

 Micro-Scale Energy Systems

» Wearable Power

* Exoskeletons / Artificial Muscles
* Hybrid Systems

* Pulsed Power

ETHziirich Cinfineon



“1C I Power Electronic Systems
I'— Laboratory

Industry Collaboration

» Core Application Areas

Renewable Energy

UPS

Smart Grid

Automotive Systems

More-Electric Aircraft

Medical Systems

Industry Automation
Semiconductor Process Technology
Etc.

» 16 International Industry Partners

ETH:zurich
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Research
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Outline

» Global Megatrends

» Resulting Requirements for Power Electronics
» Multi-Objective Optimization Approach

» Optimization Application Examples

» Power Electronics 2.0

» Summary

ETHziirich (infineon _



“1C I Power Electronic Systems
I'— Laboratory

Global
Megatrends

Climate Change
Digitalization
Sustainable Mobility
Urbanization
Alleviate Poverty
Etc.

ETH:zurich
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Climate Change — >
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» Climate Change

m (0, Concentration & Temperature Development year AD

m Evidence from Ice Cores 1000 1,200 E:DDDSB[]

— 360
— 340
— 320
— 300
— 280

260
— 240 global carbon dioxide

i g : JIH] [\ ||\ l\ 990 conc;epnr’ﬁtion
Bt Wy W |
e W \W«J wf%w

Average Increase
| 0.49

400,000 350,000 300,000 250,000 200,000 150,000 100,000 50,000 4%[a

years before the present

» Reduce CO, Emissions Intensity (C0,/GDP) to Stabilize Atmospheric CO, Concentration
» 1/31in 2050 — less than 1/10in 2100 (AIST, Japan @ IEA Workshop 2007)
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» Climate Change

m (O, Concentration & Temperature Development
m Evidence from Ice Cores

Source: H. Nilsson
Chairman IEA DSM Program
FourFact AB

» Reduce CO, Emissions Intensity (C0,/GDP) to Stabilize Atmospheric CO, Concentration
» 1/31in 2050 — less than 1/10in 2100 (AIST, Japan @ IEA Workshop 2007)
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=> Utilize Renewable Energy (1)

m Enabled by Power Electronics

Medium-Voltage Power

Collection and Connection

- Higher Rel‘iability (!) Source: M. Prahm / Flickr to 0n-Sh0re Gnd
— Lower Costs

» Off-Shore Wind Farms
» Medium Voltage Systems

ETHziirich (infineon _
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=> Utilize Renewable Energy (2)

m Enabled by Power Electronics

— Extreme Cost Pressure (!)
— Higher Efficiency
— Higher Power Density Source: % 2006

r-———

PV Inverter

0

TN ‘- ™
o

£

o 8
§ S
g I
=

g 5
= G
£ 0.50 100 5
g -
@ e
a

» Photovoltaics Power Plants
» Up to Several MW Power Level
» Future Hybrid PV/Therm. Collectors 0.00

1990 1995 2000 2005 2010
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=> Utilize Renewable Energy (3)
s Enabled by Power Electronics

— Electrolysis for Conversion of Excess Wind/Solar Electric Energy into  Hydrogen

- Fuel-Cell Powered Cars
- Heating

Hydrogenics 100 kW
H,-Generator (n=57%),

H1%h Power @ Low Power grid < Gas grid
Voltage

m ~ Conversion into electricity =

Storage of electricity

Combined cycle
plant/CHP

Electrolysis/ H,
b tan

co Methanization
C0, €O, tank CH,

o

Source: www.r-e-a.net
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Digitalization >
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» Digitalization

- Moving form Hub-Based

m Internet of Things (IoT) / Cognitive Computing to Community Concept Increases
Potential Network Value
— Ubiquitous Computing / BIG DATA Exponentially (:g(g‘ggn)o)r

— Fully Automated Manufacturing / Industry 4.0
— Autonomous Cars

— Etc.
transistors
600
Pentium 4 Processor | 100,000,000
Pentium® lll Processor
MOORE'S LAW
Pentium® Il Processor 1 10,000,000 450
Pentium® Processor ’ ‘
4B6™ DX Processor, ® o oA
4 1,000,000 ° -0 ¢ °
386™ Processor - L P 4
300 « P &Y .
©
g . o ©
R A 1 100,000
g v . 3 10 21 36
o 10,000 190 B Connections
BODB -
4004 B0 ; W Number of nodes
1000 0

: j |
1970 1975 1980 1985 1990 1995 2000

» Moore's Law » Metcalfe's Law
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¢4

—> Green / Zero f 3?\ Datacenters (1)

t,ilq

Server-Farms
s Enabled by Power Electronics up to 450 MW

99.9999%/<30s/a

— Ranging from Medium Voltage to Power-Supplies-on-Chip $1.0 Mio./Shutdown

— Short Power Supply Innovation Cycles Since 2006

— Modularity / Scalability Running Costs >
Initial Costs

— Higher Power Density (!)

— Higher Efficiency (!)

— Lower Costs

Sl 1Y

LN bl
. L
Al for £ IS %

\ A

48 Watis 60 Watts
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—> Green / Zero‘gl kﬁ‘%‘ Datacenters (2)
s Enabled by Power Electronics

— Ranging from Medium Voltage to Power-Supplies-on-Chip
— Short Power Supply Innovation Cycles
— Modularity / Scalability

— Higher Power Density (!)
— Higher Efficiency (!)
— Lower Costs

1000 :
g Power Density
= 100 A Converter Systems[_]— Barrier *
= with H,O-Cooling NUE U
Z 1 [ [31]
— -
> |
= - -
1 e T e /[/j““ 6]
R R e SN
= ~ e ] o
= 0.1 = Telecom AC/DC. T,
» Power Density Increased by £ o Converter Modules gggﬁﬂg
Factor 2 over 10 Years 0.01 .‘ |. i
1970 1980 1990 2000 2010 2020 2030
Year

ETHziirich (infineon _



“1C I Power Electronic Systems

I'— Laboratory

=2 Fully Automated Manufacturing - Industry 4.0

m Enabled by Power Electronics

— Lower Costs (!)
— Higher Power Density
— Self-Sensing etc.

10/64 ——

fr=s.=

T TESLA MOTORS
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=2 Fully Automated Raw Material Extraction

m Enabled by Power Electronics

— High Reliability (!)
- High Power DenSity (!) Source: matrixengineered.com

» ABB's Future Subsea
Power Grid > “Develop
All Elements for a
Subsea Factory”

ETH:zurich (iﬁneon _
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Sustainable Mobility 5
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» Sustainable Mobility

m EU Mandatory 2020 CO, Emission Targets for New Cars

— 1479 CO (km for Light-Commercial Vehicles
m for Passenger Cars
— 100% Compliance in 2021

— 95¢C0,/

» Hybrid Vehicles
» Electric Vehicles

CO, [in g/km]

180

160

140

——
.
—

\N
from 2008: -4%/year

12/64 ——

1 THE INTERNATIGAL COURCIL
ON GLEAN TRANSPORTATION

1
1
1 X

~ 2017: 178 g/km

S~ ~ ight-co_mmercial
vehicles
! ~N
~
~
S~ %
1 2020:147 g/km
! -18% (2012-2020)

2015: 130 g/km

b
\ \
120 NS
~
i passenger car ~
1 1 ~
1 S 5
100 1 ~
. 2020: 95 g/km %
i 1 (one year phase-in)
I -28% (2012-2021)
1
80 +
2005 2010 2015 2020

ETH:zurich
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=> Electric Vehicles (1)
7\
s Enabled by Power Electronics - Drivetrain / Aux. / Charger / ><\
— Higher Power Density Faraday Future
— Extreme Cost Pressure (!) FF-ZERO1
750kW / 322km/h

Global .
) Share in
100% PEV Sales
80% -
H Plug-In
60% Hybrids
40% M Electric
Vehicles
20%
0%
2014 2015 2016 Q1 Q2 EVvorumes con

1 Motor per Wheel
300+ Miles Range
Lithium-Ion Batteries along the Floor

(infineon _
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=> Electric Vehicles (2)
m Enabled by Power Electronics - Drivetrain / Aux. / Charger
— Higher Power Density
— Extreme Cost Pressure (!)
cost/part in% parts/year
4 ﬂl
100 4+
10k——
90 T Gen.-Ch
@10% p.a ~30%red.
80 - (Modularisation + Standardisation)
70 +
60 4+ Gen.-Change 100k—
~20% red.
50 4 Standardisation)
40
=9 1000k—-
I Gen. 2 I Gen. 3 | Gen. 4 | -
0 : | | | | >
P Typ. 10% / a Cost Reduction o1t ot 2010 2003

» Economy of Scale !

ETH:zurich
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=> Futuristic Mobility Concepts (1)

s Enabled by Power Electronics

— Hyperloop

— San Francisco - Los Angeles in 35min SCHYPERLOOP

POD COMPETITION
www.spacex.com/hyperloop

= | \\\\\»)) 7

» Low Pressure Tube

» Magnetic Levitation

» Linear Ind. Motor

» Air Compressor in Nose

ETHziirich (infineon _
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=> Futuristic Mobility Concepts (2)

= Enabled by Power Electronics

— Cut Emissions Until 2050

Source:

* €0, by 75%, EADS
* NO, by 90%, Future Hybrid
* Noise Level by 65% Distributed Propulsion Ail'ycraft

» Eff. Optim. Gas Turbine
» 1000Wh/kg Batteries
P Distrib. Fans (E-Thrust)

» Supercond. Motors
» Med. Volt. Power Distrib.

ETH:zurich (iﬁneon _
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nch

Laboratory

=> Futuristic Mobility Concepts (3)

s Enabled by Power Electronics

Superconducting-motor-driven
fans in a continuous nacelle

NASA N3-X
Vehicle Concept using
Turboel. Distrib. Propulsion

; Fan-speed
High-speed HTS | motors — Distributed
generator — electrical . fans
o 4 bus 3 Power ; -
Wing-tip mounted / converter
superconducting oj_—. — ’
turbogenerators g'

Turboshaft Cryo

I
1 'Y
! A
engine cooler(s) “' @_’!, ’ &
Cryo :' .

cooling —~ -
b
» Electric Power Distribution
» High Flex. in Generator/Fan Placement Other
P Generators: 2 x 40.2MW / Fans: 14 x 5.74 MW (1.3m Diameter) SEpliEusS
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Urbanization — >
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» Urbanization

18/64

m 60% of World Population Exp. to Livein Urban Cities by 2025
m 30 MEGA Cities Globally by 2023

Smart Buildings
Smart Mobility
Smart Energy / Grid
Smart ICT, etc.

Los Angeles, US
12.3m13.2m

e

Moscow, Russia
12.1m12.2m

ef |

Karachi, Pakistan
16.6m 24.8m

Chongging, China
13.3m17.3m

Dehli, India
25.7m 36m

Beijing, China
20.3m 27.7m

Tokyo, Japan
38m 37.1m

Shanghai, China

New York, US
18.5m 19.8m

=

Chengdu, China
7.6m 10.1m

——y

London, UK
10.3m 11.4m
Paris, France
10.8m 11.8m | Lahore, Pakistan
8.7m 13m

Cairo, Egypt
18.7m 24.5m
R T,

Bogota, Colombia 9=2m'1:h5a::_la"d 23.7m 30.7m
9.7m11.9m Ahmedabad, India : : e r——
— - Lagos, Nigeria 7.3m 10.5m b 12 Qm'1 6 7rrr:p
Mexico City, Mexico 13.1m 24.2m : :

KEY

Current megacities
2015 population
2030 population
Future megacities

2015 population
2030 population

Mumbai, India Ho Chi Minh City, Vietnam
; 7.3m 10.2m

21m 27.8m
Kinshasa, Congo Hyderabad, India
Luanda, Angola 11.5m 20m 8.9m12.7m
5.5m 10.4m

Jakarta, Indonesia
10.3m 13.8m

21m 23.8m

Sao Paulo, Brazil
21m 23.4m

N .

Buenos Aires, Argentina
15.1m 16.9m

Johannesburg, South Africa
9.7m 11.9m

Rio de Janeiro, Brazil
12.9m 14.1m

» Selected Current & Future MEGA Cities 2015 = 2030

ETH:zurich
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=> Smart Cities / Grid (1)
s Enabled by Power Electronics

— Masdar = “Source” Masdar
— Fully Sustainable Energy Generation
* Zero €O,
* Zero Waste
— EV Transport / IPT Charging
— to be finished 2025

to Base | « Self-optimizing
Power | . Self.islanding
« Self-healing

. Smart Switches/
Electricity Routers

@ Customer Nodes

DER Generation
(Fuel Cells, etc.)

to Base
Power

ETHziirich infineon _




“1C I~ Power Electronic Systems 20/64 ——

=

Laboratory

=> Smart Cities / Grid (2)

s Enabled by Power Electronics

— Masdar = “Source” Masdar @
— Fully Sustainable Energy Generation e
* Zero CO,

* Zero Waste
— EV Transport / IPT Charging
— to be finished 2025

to Base | « Self-optimizing
Power | . Self.islanding
« Self-healing

. Smart Switches/
Electricity Routers

@ Customer Nodes

DER Generation
(Fuel Cells, etc.)

to Base
Power

Power

ETHziirich (infineon _
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Alleviate Poverty 5
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» Alleviate Poverty

m 2 Billion “Bottom-of-the-Pyramid People” are Lacking Access to Clean Energy
m Rural Electrification in the Developing World

Lowsincome households
drica can spend up to

in Africa
40% of

their income
on fuelsfo hecting ightng

pe of relo

1.2 billion
people lock access 1o any
L

Holfof ol primry
schoal chidven in he
deveboping workl
291 million
young peogle, go

o whooh without
eleciiciyt

ot}

The number of people without access to electricity

21/64 ——

LATIN AMERICA

- o @

2030 @ (2m)

SUB-SAHARAN AFRICA

2000 @ (i

2030 @

people are served by heakh
elect foe

1 billion

ricity

REST OF ASIA

e o

2030 @ @

CHINA

2030 0 0

. Rural
. Urban

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

Source: [EA, Dalberg Analysis, IFC

» Urgent Need for Village-Scale Solar DC Microgrids etc.
» 2 US$ for 2 LED Lights + Mobile-Phone Charging / Household / Month (!)

ETH:zurich
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| ... in Summary
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» Current / New Application Areas (1)

m Power Electronics Covers an Extremely Wide Power / Voltage / Frequency Range
m Extensions for SMART xxx / Mobility Trends / Availability Requirements

— Medium-Voltage / Medium. Frequ. Conv.
— 3D-Integr. of Low Power Converters
— Life-Cycle & Reliability Analysis

Frequency (Time™!)

Smart \

Grid

" Reliability

Voltage :
Analy@s

Power

N s

Temperature Cars Length

» Future Extensions of Power Electronics Application Areas

ETHziirich (infineon _
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» Current / New Application Areas (2)

m Commoditization / Standardization for High Volume Applications
m Extension to Microelectronics-Technology (Power Supply on Chip)
m Extensions to MV/MF

MV / MF Power
Electronics
Smart Microgrids,
/\ DC Distribution
Standard / Pl 100kw
Integrated =
Solutions ~ T—1I__

\D
A" System
J Applications r ~

- =2

mnow

Micro Power
Electronics

» Cost Pressure as Common Denominator of All Applications (!)
» Key Importance of Technology Partnerships of Academia & Industry

ETHziirich (infineon _
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» Future “Big-Bang” Disruptions

m “Catastrophic” Success of Disruptive New (Digital) Technologies
m  No Bell-Curve Technology Adoption / Technology S-Curve
m “Shark Fin“-Model

BIG BANG MARKET Big Bang Market Adoption
SEGMENTS
T Source: www.verschuerent.wordpress.com
February 2015
Trial
Users
See also:
Big Bang Disruption —
Strategy in the Age of
A . Devastating Innovation,
———V" i ———— - —— ] L DOWneS and P' NUrIeS
Innovators  Early Adopters  Early Majority Late Majority Laggards

1 |
ROGERS'S MARKET SEGMENTS

» Consequence: Market Immediately & Be Ready to Scale Up — and Exit — Swiftly (!)

ETH:lirich Infineon _
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Power Converter
Design Challenges

Mutual Coupling of Performances
New Integration Technologies

ETH:zurich (iﬁneon _
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Mutual Coupling of Performances

ETHziirich (infineon _



“1C I~ Power Electronic Systems 25/64 ——
I'— Laboratory

» Required Power Electronics
Performance Improvements

Environmental Impact... [kgg /kW]
[kge, /kW]
[kgy /kW]
[cm?; /kW]
y State-of-the-Art

Weight / Volume

v 4

Losses

Failure Rate

m Performance Indices

Power Density [kW/dm?3] Future
Power per Unit Weig/; [kW/kg] > Time-to-
Relative Costs [kW/$] .

Relative Losses [%] Market

Failure Rate  [h!]

ETHziirich (infineon _
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» Multi-Objective Design Challenge (1)

m Counteracting Effects of Key Design Parameters
m Mutual Coupling of Performance Indices = Trade-Offs

Efficiency

an(?lg;l:gg Switching
Initial Costs Frequency

Life Cycle Costs
Reliability
Redundancy

/ Size

Operat. Temp.

Derating,

Level of
Redundancy

Integration

Costs

—> Large Number of Degrees of Freedom / Multi-Dimensional Design Space
—> Full Utilization of Design Space only Guaranteed by Multi-Objective Optimization

(infineon _
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» Multi-Objective Design Challenge (1)

m Counteracting Effects of Key Design Parameters
m Mutual Coupling of Performance Indices - Trade-Offs

—> Large Number of Degrees of Freedom / Multi-Dimensional Design Space
—> Full Utilization of Design Space only Guaranteed by Multi-Objective Optimization

(infineon _
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» Multi-Objective Design Challenge (2)

ETH:zurich

m Specific Performance
Profiles / Trade-Offs
Dependent on Application

Functional
Performance

Reliability Efficiency

Industry

Functional
Performance

Reliability Efficiency

Information &

Applications Communication Industry
Functional Functional Functional
Performance Performance Performance
80 A
i

Reliability Efficiency

Domestic
Applications

Reliability Efficiency

Laboratory
Applications

P
Reliability Efficiency

Aerospace
Applications

infineon _
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» Remark: Visualization of Multiple Performances ;-)

m Spider Charts, etc.

m Chernoff-Faces

AARONSON,L.H. ALEXANDER,J.M. ARMENTANO,A.J. BERDON,R.I.

D O O
|

BRACKEN,J.J. BURNS,E.B. CALLAHAN,R.J. COHEN,S.S.

DALY J.J. DANNEHY,J.F. DEAN,H.H. DEVITAH.J.

» H. Chernoff (Stanford): “The Use of Faces to Represent Points in K-Dimensional Space Graphically”

ETHziirich infineon _
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New Integration Technologies _____ 5,

ETHziirich (infineon _



=
n
L

ETH:zurich
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» Advanced Technologies / Extreme Integration

m Industry Is Leading the Field (!)

— Cutting Edge Converters (up to 1.5kW) 3D-Integrated (!)
— PCB Based Demonstrators Do NOT (any more) Provide Much Information (!)

m Future Role of Universities in Question (!)

— Not Any More Many “Low Hanging” Fruits

— Solution of Non-Problems vs. Non-Solution of Problems &
— Industry Technology Partnership for Technology Access

— “Fab-Less” Research @ Universities?

P Research on Multi-Objective Design / Virtual Prototyping as Natural Consequence (!)

30/64 ——
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‘ Abstraction of Converter Design
Design Space / Performance Space

Pareto Front
Sensitivities / Trade-0ffs

Multi- Ob ective
0pt1m1zat1on

ETH:zurich
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» Abstraction of Power Converter Design

Performance Space

Efficiency
Power Density

: Costs > 0
Performance Space : Reliabilty / ¢ Evaluation Formulas

ete f(x,k) “«—° Lifetime Models

——————————————————————————————————————— Costs ‘ e Cost Models
3 System | e ete.
DeS1gn Space Phase-Shift DC/DC Conv.,
Resonant DC/DC Conv.
¢ Specifications

Operation Limits
Converter Topology
Modulation Scheme

Matrix AC/AC Conv.

-
.
* DC Link AC/AC Conv.
L]
. clc.

Control Concept

-
3
e & @ .T. -

Components Operation Mode
* Power Semiconductor Operating Frequ.
* Interconnections etc.
¢ Inductors, Transt
* Capacitors
¢ Control Circuit [ 19 | « Doping Profiles
* e m e Geometric Properties
! -, Winding Arrangements
Materials ® Magnetic Core Geometries
. etc.

* Semiconductor Mat.
* Conductor Mat.

* Magnetic Mat.

* Dielectric Mat ,

. elc,

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

ETHziirich infineon _
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» Mathematical Modeling
of the Converter Design

Specifications
V], V(}, .P(), At’(}, CISPR 11/22 A,B

l

Converter Topology
Modulation

cheme

l

Electric Power Circuit Model

Component Values, fp

32/64 ——

Tems I/ A ims I drms Hang ity /vy
l " 1 ¢ 1
Capacitor Transformer / Inductor Semiconductor | CM Noise ‘ | DM Noise ‘
Type « Windings Geom. Type Model Model

. ere Type l/j;” l’fﬂtil

* Core Geom. - —

* Core Type Off-line Optimized DM/CM

l Loss Model Filter Topology
C”-chl'lv' ﬁ lLU.U/L( M
Loss Model ‘ Reluctance Model | 7; Filter Filter Inductor
Capacitor + Geometry
l @D | Thermal Model Type » Material
Min. Loss Model i l
Losses * Windings R
B<E « Core " ‘ Loss Model ‘ Loss Model |
=Dy
T<lu|  Treim | Off-line
V< Vi Optimized .
’ Thermal Model | Heat Sink Min.
Vol
Transformer/ Heat Semic
Capacitor | Capacitor Inductor Sink }_osseil EMI Filter | EMI Filter EMI Filter
Volume Losses Volume Volume o Cap. Vol ]Cap. Losses Ind. Losses

Minimum Losses or Volume

EMI Filter
Ind. Vol.

Summation of Component Volumes and Losses

}_

|

Total Converter Volume / Losses

—> Multi-Objective Optimization - Guarantees Best Utilization of All Degrees of Freedom (')

ETH:zurich
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» Multi-Objective Optimization (1)

m Ensures Optimal Mapping of the “Design Space” into the “Performance Space”
m Identifies Absolute Performance Limits - Pareto Front / Surface

n
A
N~ P
. _15’? !
.S UP ap P ”‘.’

>

Design Space Performance Space

- Clarifies Sensitivity Ap/ Ak to Improvements of Technologies
- Trade-off Analysis

ETHziirich (infineon _
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» Determination of the 77-p-Pareto Front (a)

Comp.-Level Degrees of Freedom of the Design

Core Geometry / Material
Single / Multiple Airgaps
Solid / Litz Wire, Foils
Winding Topology

Natural / Forced Conv. Cooling
Hard-/Soft-Switching

Si / SiC

etc.

etc.

etc.

System-Level Degrees of Freedom

Circuit Topology
Modulation Scheme
Switching Frequ.
etc.

etc.

Only 77-p-Pareto Front Allows Comprehensive
Comparison of Converter Concepts (!)

1 jj! fl.u

i'='__’ D R,

A n-p-Pareto-Front

i Power
Density

n Limit

’ ; > p
Plim

(infineon
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» Determination of the 77-p-Pareto Front (b)

m Example: Consider Only f, as Design Parameter

m Only the Consideration of
All Possible Designs / Degrees

“Pareto Front”

35/64 ——

of Freedom Clarifies the Absolut Limit Output
Absolute 7 -p-Performance Sofute 7-p-Limi Inductor Capacito
Limit 100 o]
: — @
* fr=100kHz 98 4 |
g 96 - Heat sink & |
2 Output Cap.
= :
fa— n-p-Limit _—/ Heat sink :
- for Specific ,
Design .
= 92 - /
= Ry .
= | []n :
!
. !
O 90 . 1 1 l |
0 2 6 8 10

ETH:zurich

Power Density [kW/dm?]
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» Multi-Objective Optimization (2)

m Design Space Diversity
m Equal Performance for Largely Different Sets of Design Parameters

X Pi
A A
.
Pr
/x/// I?H !
- !
K\
(ZI?)][ > l’H
>k - > P
Design Space Performance Space

- E.g. Mutual Compensation of Volume and Loss Contributions (e.g. Cond. & Sw. Losses)
- Allows Optimization for Further Performance Index (e.g. Costs)
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» Converter Performance Evaluation
Based on n-p-o-Pareto Surface

m Definition of a Power Electronics “Technology Node” = (n*p*,o* f5*)
m  Maximum o [kW/$], Related Efficiency & Power Density

n
~100%
np,o
na-Opt. 999 A
& ["2240 -p-o-Pareto
/d ’“)Surface
\ &
\\t: ~~~~~~~~ np-Opt.
V2R TSRl
ap-Opt.

Ip

0 50

—> Specifying Only a Single Performance Index is of No Value (!)
—> Achievable Perform. Depends on Conv. Type / Specs (e.g. Volt. Range) / Side Cond. (e.g. Cooling)
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» Converter Performance Evaluation
Based on n-p-o-Pareto Surface

m Definition of a Power Electronics “Technology Node” = (n*p*,o* f5*)
m  Maximum o [kW/$], Related Efficiency & Power Density

n
~100%
np,o
na-Opt. 999 A
& ["2240 -p-o-Pareto
/d 4 pSurface
\ &
A ;: ~~~~~~~~ np-Opt.
V2R TSRl
ap-Opt.

0 50

—> Specifying Only a Single Performance Index is of No Value (!)
—> Achievable Perform. Depends on Conv. Type / Specs (e.g. Volt. Range) / Side Cond. (e.g. Cooling)
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» Remark: Comparison to “Moores Law”

m “Moores Law” Defines Consecutive Techn. Nodes Based on Min. Costs per Integr. Circuit (!)
m  Complexity for Min. Comp. Costs Increases approx. by Factor of 2 / Year

Economy of L
ower
Scale —> < Yield
105
1962 >2015: Smaller
Transistors but Not
104 \_/ ‘ any more Cheaper

Relative Manufacturing Cost/Component

1 10 102 108 104 108 fP*

Number of Components Per Integrated Circuit

—> Definition of “n7%p* 0% f,*~Node” Must Consider Conv. Type / Operating Range etc. (!)
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Multi -Objective
Optimization

Application Examples , ,
Comparative Converter Evaluation

Impact of Technology Progress
Design Space Diversity
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Comparative Converter Evaluation >
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Example #1

Two-Level vs. Three-Level
Dual Active Bridge

ETHziirich (infineon _
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» Wide Input Voltage Range
Isolated DC/DC Converter

Structure of “Smart Home” DC Microgrid Universal DC/DC Converter
\ 4 \4
& 2
L] o P=5kW @ 5 _. >98%
8 Idcl max 22A
’ O—p D C
2 + +
EE Vi Vaca
S5 = o——— 3
e & [100,700] V | 750V
2 DC Loads * DC Bus
m Universal Isolated DC/DC Converter m Advantages
— Bidirectional Power Flow — Reduced System Complexity
— Galvanic Isolation — Lower Overall Development Costs
— Wide Voltage Range — Economy of Scale

High Partial Load Efficiency

ETHziirich (infineon _
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» Comparative Evaluation of Converter Topologies

< Lieo
i SolJE? SA'{:? iy Lo Tr Ly, e SJE} SJ-JE‘} % |
- Vdc?g: 1-!:1' . l. l "T_) = Vi -
0 Y;W t Sj"‘ SJ"‘ - n:l gJH SOJH Cf2 0 Y;W t
o d q} 4 q’i - :q} ; q} o

m Advanced 5-Level Dual Active Bridge (5L-DAB)

Idcl
o9 1

1 sk3 sk iy
_ - g sEES ER] v

& Tacl L'U TI' L'm Tae2 ) : lc)lel—-!

Uacl 2 I S S + > ° 0 - + .l‘;n_‘f
VZlcl @ JS_ =0 27 [Uaer l l Uac2 _ ‘/(1(‘2
0 It — EH'{?;}- ~ — Chy 0 I t

_o_

LT 8
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» Optimization Results - Pareto Surfaces

o
[{=)

m 3-Level Dual Active Bridge

m 5-Level Dual Active Bridge BL vy~ P PE

'''''
..

o)
oo
I

=,

o
=3
©
=

3[‘ Ua\’g ~FPhox PF

o]
e}

o]
Ut
Nw)
[wa

Average Efficiency 7avg
=]
[@p]

=

1 2 3 4 5 6 5 10 15 20 25

Power Density pyoc (kW /dm?) Watts per Euro op (W/€)
w25 " T " 3L Op ~ Phox PF
v s

Average Efficiency 7ave (%)

[S]
<

—
Ut

—_
o

o0 75 100 125

5

Watts per Euro op (W /

1 2 3 41 5 6
Power Density ppo (kW /dm?)

ETHziirich (infineon _
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Example #2

Performance & Life-Cycle-
Costs of Si vs. SiC

120/240V ac

50/60 Hz
=)
= >

Generation meter Electricity grid

ETH:zurich (iﬁneon _
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» Multi-Objective »-p-o-Comparison of Si vs. SiC

m Three-Phase PV Inverter System

— Typical Residential Application

— Single-Input/Single-MPP-Tracker Multi-String PV Inverter
— DC/DC Boost Converter for Wide MPP Voltage Range

— Output EMI Filter

EMI
Filter

Vevpp =[400,800] V V,= (325 % 10%) V

- Exploit Excellent Hard- AND Soft-Switching Capabilities of SiC
- Find Useful Sw. Frequency and Current Ripple Ranges
—> Find Appropriate Core Material
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=IC I Power Electronic Systems 44/64 —_—
I'— Laboratory

» Topologies - Converter Stages

1 \pp [‘dc ]:)(lc
— T .
. Com | sdﬂ% L S S;JE‘}JE?JE‘:} Loy i
0 L.t = > on
i (-]
v Vi - oh — P
. o [[l D =l o .0 T t
m SiIGBT — T K °7T 5.
3L-PWM Inverter 0 ™t | | - A g N
—x
m SiC MOSFET 0 Lt t
2L-PWM Inverter
0 Lt
m SiC MOSFET 1
Interleaved
2L-TCM Inverter 0 7T, t
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» Optimization Results - Pareto Surfaces

SiC SiC Si
2LTCM ¥ 2LPWMY 3 3LPWM Y
99.00 99.0 99
g 98.75 F ’ 98.5 ¢ 98
2 9850 . 98.0 97 ¢
~ o825t & {1 975¢ 96
98.000 - 0 97.00 0 95
N o 4
% (W/e) 07 P (KW/dmn?)
(2 s T2 30 [36]
Min. Switching frequency f, . (kKHz) Switching Frequency f, (kHz) Switching Frequency f, (kHz)
— No Pareto-Optimal Designs  — Pareto-Optimal Designs for — Pareto-Optimal Designs for
for £, > 60 kHz Entire Considered f,, Range Entire Considered f,, Range
— No METGLAS Amorphous — No METGLAS Amorphous — METGLAS Amorphous Iron
Iron Designs Iron Designs and Ferrite Designs
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» Optimization Results — Investigations Along Pareto Surfaces

m Comparison of the
Inverter Concepts <
P o .
e 2L-TCM U 3
o ©o ;
o - @@ B
2o @ © © E
Q@ @ -
o 80
8 — 60
SZ,
—> Semiconductor Losses 2% 20}
Clearly Dominating a 0

(35...70%) — 2L-TC(M — —2L-PWM— — 3L-PWM—

Parametrized Trajectories on Pareto Surface

ETH:zurich (iﬁneon _
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=
n
L

» Extension to Life-Cycle Cost (LCC) Analysis

m Performance Space Analysis m Life-Cycle Cost Analysis
— 3 Performance Measures: 7, p, ¢ — Post-Processing of Pareto-Optimal Designs
— Reveals Absolute Performance Limits / — Determination of Min.-LCC Design
Trade-Offs Between Performances — Arbitrary Cost Function Possible
4 \
Componen
X ?’\odel; System 7 [%] %3itction Lcc (€)

Evaluation
vau Pareto

Surface

Parameters

S

- P (UP'* Meuros phox) ==

@
®
R %

System 3
odel P §(kW/dm?)

Design Performance Cost
Space Space Space

T o [$/kW] | : \ J

Xk

Parameter Optimization

—> Which is the Best Solution Weighting 7, p, 5, e.g.in Form of Life-Cycle Costs (LCC)?
- How Much Better is the Best Design?
- Optimal Switching Frequency?
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v
» Post-Processing SIC ot SiCamt o Siap oo

........

o= 24kHz £, =44kHz f.=18kHz

Pio=1.48% Puou=1.77% Pio=2.79%

3

m Life-Cycle Cost Analysis (10 years)

o)

Weighted Loss Share (%)

Vhoxtot =1.75 dm® Vbox.tot =2.17 dm® Vhox,tot =2.81 dm®
23

13 .

Volume Share (%)

Pt=335 € Yit=354 €
5 8

@ @

35 N 13

m  Best System - 2L-PWM SiC Converter
@ 44kHz & 50% Current Ripple

Cost Share (%)

— 22% Lower LCC than 3L-PWM Msc Mavx/pcB MG, ML, MLy, ML, Hev- Hcs
— 5% Lower LCC than 2L-TCM
— Simplest Design _ Leo=sw e LeC=110€ LCC—084 €
— Probably Highest Reliabili? X
— Lower Vol. ?Housing) Not Yet Considered! o

—> Application of SiC Justified on “System Level” 3
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Example #3 Inductive Power Transfer _____
owc:

ETHziirich (infineon _




“1C I Power Electronic Systems

I'— Laboratory

» Multi-Objective Optimization of 5kW Prototype

m Design Process Taking All Performance Aspects into Account

m System Specification

- Input Voltage 400V
- Battery Voltage 350V
- Output Power 5kwW
- Air Gap 50mm

m Constraints / Side Conditions

- Thermal Limitations [°C]
- Stray Field Limits [uT]
- Max. Constr. Vol. [m3]
- Switching Frequency [kHz]

ETH:zurich

m System Performance

* Efﬁdency n= Pout/Pin [°/°]
* Power Density a =P /A [kW/dm?]
* Stray Field f =B../Brorm [%]

Coil Former

PVC
Windings (V)
(Litz Wire) / &
\, Ferrite Core
. /7 (K2004)

Core Carrier
(PVC)

49/64 ——
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» n-a-B-Pareto Coil Optimization

m Encountered Design Trade-Offs * Coil Size vs. Efficiency
* Coil Size vs. Stray Field

* Frequency vs. Stray Field :_ _Z h ];z 1{(3((): k_l-tz
=D == mall Coi
Inductor Quality Factor Q / P
80 100 120 140 160 180 200 220 — 50 kHz
120 —100 kHz
[ . { 150 kHz
100 110 1 — 200 kHz
— 250 kHz
99.5 100} — 300 kHz
q-alz-Pareto Front = \ —— 350 kHz
= 99 - / = 90| \ \ \ J
; 98.5 %lj\ § 80 .\
g 98 U mujlllu ) “\ —
2 g ‘ - o \
S 97.5 i = o- /X\\
g g %N 60—/
/| Thermal Limit 50 / \\\x e 0 th
96.5 J 0|.2 W/lcm2 | / o)==
96 - M— ) 40 = 100 kHz
05 1 1.5 2 2.5 3 3.5 4 45 S th” 770 20 40 60 80 100 fLarge Coil
Power Density a (kW/dm?) f= 2030“_'2 Stray Field (uT)
Small Coil

- Pareto-Optimization Allows to Study Influence of Key Design Parameters
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PN
Example #4 "// » 4

Electrical System ol{ an
Airborne Wind Turbine >

ETHziirich (infineon _



“1C I~ Power Electronic Systems 51/64 ——
I'— Laboratory

> Airborne Wind Turbine (AWT) - Google X

m Power Kite > On-Board Turbine / Generator / Power Electronics
m Power Transmitted to Ground Electrically
m Minimum of Mechanical Support

=2
—9 MAKANI POWER

In operation, the wing flies
in acircular pathat an
altitude of 400 m.
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» AWT Electrical System Structure

m Rated Power 100kwW Airborne Wind Turbine
m Operating Height 800...1000m 37
m Ambient Temp. 40°C %)_@ ~ -
m Power Flow Motor & Generator = |
3 — .
L@ 2
m 3= | Ground
= ' Station
RO Z4ns SEP
{})_@ 3 ~ | Tether | —
3= I I
%}_@ 3 ~ Mains
3=
—> EL System Target Weight 100kg
- Efficiency (incl. Tether) 90% Turbines, Generators, and
—> Turbine /Motor 2000/3000rpm Power Electronics

ETHziirich (infineon _
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» Overall AWT System Performance

1 (%)

EFFICIENCIES AND POWER-TO-WEIGHT RATIOS AT THE 2 DESIGN POINTS

MARKED IN FI1G. 24(A) (CALCULATED FOR NOMINAL OPERATION).

Total system

Generator, VSR, and DAB converter

v = 1.3TkW /kg
n = 90.0%

Generator: v =3.11kW /kg.,  ng = 95.4%

v = 1.00 kW /kg
n="917%

VSR: vsr = 18.3kW kg, 1vse = 98.6%
DAB: Jpap = 4.60kW /kg. npap = 97.1%
Generator: g = 2.14kW /kg,  ng = 96.9%
VSR: Yvse = 18.3kW /kg, nyep = 98.6%
DAB: Ypap = 3.53kW /kg, npap = 97.4%

m Final Step: System Control Consideration

53/64 ——

0.6 0.8 1.0 1.2 1.4
y (kW/kg)
na (%) nvsr (%0) Noas (%0)
98 !r_,__o;\,"i 100 T gg
04 ‘ 98 , 51,_ o6
%0/~ 26 vamksla
86 4 94 L
0O 1 2 3 4 101214161820 2 3 4 5
va (kW/kg) rvsr (KW/kg) ypas (KW/kg)

ETH:zurich
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Impact of Technology Progress &
Design Space Diversity >
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.LiTTLE BOX Google <€IEEE

CHALLENGE

m Design I{ Build the 2kW 1-® Solar Inverter with the Highest Power Density in the World
m Power Density > 3kW/dm3 (50W/in3)
m Efficiency >95%
m Case Temp. <60°C
m EMI FCCPart15B
!
AT, AV,
T <20% 7 <3%  THD,<5% THD,<5%
% 1' ‘
Voc \I'i 100 / \ fo/
——o—{__}+o—
+ + +
— Vi V; ‘ +U .
" T $<+0.7..-0.7 |
200nF== - cos® < +0.7...-0.
. < L1,<50mA f,=60Hz ‘

—> Push the Forefront of New Technologies in R&D of High Power Density Inverters
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. Selected Converter Topology

|
|
|
l'__L _______________________________________
—O—|:I—<:=,_-_l_- _______ = % 1(1) 1 1§
fo | | maEr.spEs EREs HARS, | L L
1 JE]‘E —l
+ I: '_ v L jz
T =L Tl i
b7 =TT
W[ | |-EEER RaREERER RARE T T
T 4 ‘ )
R 4)

—> ZVS of All Bridge Legs @ Turn-On/Turn-0ff in Whole Operating Range (4D-TCM-Interleaving)
—> Heatsinks Connected to DC Bus / Shield to Prevent Cap. Coupling to Grounded Enclosure
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. Little-Box 1.0 Prototype

m Performance

- 8.2 kW/dm?
- 96,3% Efficiency @ 2kW
T.=58°C @ 2kW

m Design Details

600V IFX Normally-Off GaN GIT
Antiparallel SiC Schottky Diodes
Multi-Airgap Ind. w. Multi-Layer Foil Wdg
Triangular Curr. Mode ZVS Operation
CeraLink Power Pulsation Buffer

—> Analysis of Potential Performance Improvement for “Ideal Switches”
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. Little-Box 1.0 Prototype

m Performance

- 8.2 kW/dm?
- 96,3% Efficiency @ 2kW
T.=58°C @ 2kW

m Design Details

600V IFX Normally-Off GaN GIT
Antiparallel SiC Schottky Diodes
Multi-Airgap Ind. w. Multi-Layer Foil Wdg
Triangular Curr. Mode ZVS Operation
CeraLink Power Pulsation Buffer

—> Analysis of Potential Performance Improvement for “Ideal Switches”
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. Little Box 1.0 @ Ideal Switches (TCM)

m Multi-Objective Optimization of Little-Box 1.0 (X6S Power Pulsation Buffer)
m Step-by-Step Idealization of the Power Transistors
m Ideal Switches: k=0 (Zero Cond. Losses); ks=0 (Zero Sw. Losses)

100 T T
(k 0k~ 0) -
(k, O/k =0) f
9 -
[ (k, O/k 1)\ <z <= Zero Qutput
i \_ g Cap. and Zero Gate
. S ol (k 1/k ) . e Drive Losses
*k~0.k=1) (05 1)  (k=1k=1) ~ ! b
~ ~ ~ P
T R e e e
| i Real Switches 2 97 i
: : & :
(0,05) ! (05,05) 1(1,05) I i
A & & |
d i & 96 !
| i !
(k.=0,k=0)! (05,0) (k-1 k-0) - T U R
~ L~ P ! |
- k(‘ 95 | 1 1 1 1
e . ! h 4 6 8 10 12 14 16 18
Ideal Switches Power Density p [kW/dm?]

—> Analysis of Improvement of Efficiency @ Given Power Density & Maximum Power Density
—> The Ideal Switch is NOT Enough (')
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. Little Box 1.0 @ Ideal Switches (PWM)

98

|
5 10 15 2
Power Density p [kW/dm?]

Ltficiency i [%]

98

97

5 10
Power Density p [kW/dm*]

15 20

Efficiency 5 [%)]

Efficiency n [%]

S0uH

6
Power Density p [kW/dm®]

500kHz 900kHz |

pp V4 Fop

Py
]

EIRSC SIS AP

o
=]

%]

“e Celoge Sh .”1. .‘.'l"ﬁ ¢

AT x".ﬁ:‘:"“"

Power Density p [kW/dm®]

m L& f; are Independent Degrees of Freedom
m Large Design Space Diversity (Mutual Compensation of HF and LF Loss Contributions)

ETH:zurich

Inductance [puH|

Switching Frequency [kHz|

4\

0]

oh~ SO

59/64 ——

= 6kW/dm3
99.35%

50uH
500kHz or 900kHz
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Conclusions

Future Power Electronics Development
Future Virtual Protot;yping
“Stairway to Heaven”
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» Future Development

m Megatrends - Renewable Energy / Energy Saving / E-Mobility / “SMART XXX"
m Power Electronics will Massively Spread in Applications

Technology Push

* WBG Semiconductors
+ Digital Control
« Adv. Design & Packaging

+ Standardized
Performance I _——— + 3-D Integrated
| AL Reli
| LN » Reliable o
| R leeemmm - + Cost Optimized
|/_/.___-4 ———————— * Plug & Play

Environmentally Friendly

Market Pull

* Smart Grids
* Green / Smart Buildings
* HEV & E-Mobility

» Time

2010 2025

- More Application Specific Solutions
—> Mature Technology - Cost Optimization @ Given Performance Level
—> Design / Optimize / Verify (Allin Simulation) - Faster / Cheaper / Better
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» Future “Virtual Prototyping”

m Offers Incredible Design Insight - Quantifies Trade-Offs / Technology Sensitivities (!)

m Extends Theory of Components - “Theory of Systems”
m Reduces Time-to-Market - Cuts Design Time from Weeks to Hours
2015

Hardware 80% —
Fotobping gy, | E—

2025

—> Main Research Challenges in Modeling (EMI, Reliability, Reduced Order Models etc.)
—> Main Practical Challenge is the Implementation in Industry & Academia ;-)
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» Extrapolation of Technology S-Curve

m “Stairway to Heaven” /
' “Passives” K
Adv. Packagmg /
n-p-o- DeS1gn of Converters & “Systems” /
Interdisciplinarity
> Super-Junc; B(:crtg l /P (‘)A\che(l;‘ gﬂ;?flgm

Modeling & Simulation

» Power MOSFETs & IGBTs

Performance Replacement
t (Disruptive) » Microelectronics
5 Jnoes Circuit Topologies

g Modulation Concepts

Control Concepts

o Established
<— Mature

SCRs / Diodes

Solid-State Devices
~ Existing \\ //_

Technology ~
» Effort/ Time m * 2025
2015
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Future
Paradigm CHALLENGES S
Shiﬂ' : AHEAD
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» Power Electronics 2.0

m Design Considering Converters as “Integrated Circuits” (PEBBs)
m Extend Analysis to Converter Clusters / Power Supply Chains / etc.

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

o) > (It)p(t)dt

Power Conversion > Energy Management / Distribution
Converter Analysis > System Analysis (incl. Interactions Conv. / Conv. or Load or Mains)
Converter Stability > System Stability (Autonom. Cntrl of Distributed Converters)

9

9

Cap. Filtering
Costs / Efficiency
etc.

ETHziirich (infineon _

Energy Storage & Demand Side Management
Life Cycle Costs / Mission Efficiency / Supply Chain Efficiency




=IC I Power Electronic Systems 64/64 —_—
I'— Laboratory

» New Power Electronics Systems

Performance Figures/Trends

\
Supply Chain
& PP v : State-of-the-Art
Mission Manufacturing &
Recycling Effort
Energy Loss Y ,g 1 Floorspace
m Complete Set of i Requirement
New Performance Indices Total Cost of Fazlure Rate
— Power Density [kW/m?] 0wner Shlp

— Environm. Impact [kWs/kW]

— TCO [$/kw] Future
— Mission Efficiency [%]
— Failure Rate [h-1]

/\\\
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m End
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Thank You !
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