AN Seimecon ETHzurich

Resource Efficient Circular Economy Compatible
Power Electronics

Jonas Huberluc Imperiali, Johann W. Kolar

Advanced Mechatronic Systems Group
ETH Zurich, Switzerland

October 8, 2025 VIDE Antriebssysteme




AN Seimecon ETHzurich

Agenda

y Global Context and Challenges

y" Power Electronics 4.0: Do More with Less
Yy Power Electronics 5.0: Zero Waste

y Conclusion & Outlook

N

e

Acknowledgments

Schweizerische Eidgenossenschaft
Cantediation e m
H H Confederazione Svizzera
Prof. Dr. Uwe Drofenik, TU Wien E[FE Contederasian v

. . Else und Friedrich Hugel Fonds
Franz MUSI', Fronius Swiss Federal Office of Energy SFOE 9

VDE 2



AN Seimecon ETHzurich

The Challenge: Energy Additions

y Technological / economic advances linked to exponential increase of fossil fuel consumption R
yOYUqRUe Yet WbEYW lddrdadinglsharé driugReY éhesdl density fuslsi Y YT W3 W9 Y ¢ O Ws WS RO WC

Global direct primary energy consumption Per capita CO, emissions, 2022 Our Worg
Energy consumption is measured in terawatt-hours®, in terms of direct primary energy®. This means that fossil Carbon dioxide (CO.) emissions from fossil fuels and industry. Land-use change is not included.
fuels include the energy lost due to inefficiencies in energy production.
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y 2024 % of global CQemissions / % global populatiory China 32%/18% USA 13%/4% India 8%/18%
Yy Poorest countries contributed least to historic CQemissions / climate change BUT are most vulnerable to impacts
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The Challenge: Global Warming

y" Combustion of fossil fuelst Increasing atmospheric CQconcentration / +50% since industrial revolution
Y] 1 ¢l ecGWRUHAI Dect YWY n Wal Y&YHn&Ed0 RAWqUIG Gl ¢qel WWAH! WWH WEeN LW

2‘(:) Change in Global Surface TemperatuiﬁCC MAP OF TEMPERATURE CHANGES (1961-2019) O

The speed of climate change is not the same around the globe. For example, when compared
to oceans, continents warm approximately twice as fast.

1.5
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y" Different warming rates for different regions Land is warming faster than oceans (+0°&)
y Due to climate system feedback loopsArctic oceanshows highest warming A4°C since 1960 (!)
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The Opportunity

(2009) 16 T\AYr—— @ i «— 27 TWyr(2050)

Note: Graphical
representation assumes
spheres, not circles

Primary consumption:
16 TWyrA 27 TWyr
Final consumption:
11TWyrA 15TWyr

Renewable energy resources per year

Solar
23,000 Tw-yr

per year ‘

® Tides

Fossil energy resources - total reserve left on earth

Petroleum
240 Tw-yr
total

Source: R. Perez et al., IEA SHC Program Solar Update (2009)

Uranium

90-300 Tw-yr
total
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y" Outlook of global cumulative install. until 2050
In 2050 deployment af/0 G\W/yr (P\vand
200 GW/yr (onshore winjcl. replacements

Source: IRENA, Future of Wind / Future of Solar PV (2019)
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y Challenges

Energy storage (sheterm, seasonal)
Longdistance electricity transmission
Sector coupling / Powdo-X



= =T Advanced Mechatronic E'"ZUfICh

nalil Systems Group

Multi-Carrier Energy Society

y CO,-free electricity / electrification y Viable pathway for reducing emission& costs (long term)
Yy E-Fuels & P2Xfor long-haul transport / aviation / etc. &Short-term / seasonal storage

0, N.Direct solar .
CxHyOz 12 fuels SClence .
S. Demand for aviation and _H0 NHj S.J. Davis et al.
Long-distance Ry o leng-distance shipping CHO, N, (20 18)
road :r;nsport R. D“iT::;:i: - P . 1 0. Ammonia 2
materials | s \5 C,H,0, \\\ N ‘ plant
q - P. Electrolysis

Q. Demand for C.H,0,

highly-reliable

M. Synthetic
gas/liquids

H;

//’\1

Cco,
L. Biomass '\

Residential,

commercial Short-distance
il Short-distance med/heavy >
Other light road transp,  foad transp. .
industry e ke o
14%
G. Nuclear
l = W)
Electricity
26%
Combined = 1. Direct Air
heat e Capture .-
2o 0, - - & - Hydropawer/ F.C d
& elesc.tkncnty 27 /0 Of DIﬁICU |t tO . e A alre.:z::gr:sae
Eliminate Emissions o NN > N
Global fossil fuel & f
industry emissions, 2014 < = C. Natural gas/
(33.9 Gt CO,) = biomass/syngas Other centralized
w/ capture ; energy storage

(e.g., thermal, batteries)

y Integrated netzero multi-carrier energy systeny E-Energy | Heat & Cold | etc. | Storage | {Z&S
Yy Missing multi-discipl. research on crosssector converters / Technologies Geogr diversity / Economics etc.
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New Power Electronics Application Areas

y Hard-to-Abate SectorsTN 6 1D Wbe Y1+ 136 ¢ UWIY n Wa 6 ZhMDigRLAICEehissicBY He 0! Gt Iwa Ll
y Steel, cement, chemicals, longhaul transportation, etc. / High projected demand increase

T A searone ETHzirich
g::;:r;rr Economy Compatible Power
l Electronics and New Application Areas
8% Steel +36% A 0
6% Cement +49%
a— Steel 4% Trucking +140%
2021
Other —— GHG - 24% — Cement 3% Aviation +317%
Emiss. -— Trucking Shin:
., 9 ippin +959
~— Auviation 2% geng 95%
\ . .
S Shipping 1% Ammonia +37% we
Ammonla + + + + l + + +
8% 6% 4% 2% +100% +200% +300% o
GHG Emission Share Demand Increase
(2021) (2021 — 2050)

https://u.ethz.ch/NiKp2

y Highly interdisciplinary BUT fascinating opportunities for future power electronics applications (!)
y High-eff./high-dyn. chemistryy Plasmatechn., microwave reactors, pulsed power, cryogenics, etc.
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Constraint: Energy Return on Energy Invested (EROI)

y Energy supply must providsufficient energy surplusafter accounting for own energy requirements
Yy Energy invested for production / transformation / transportation EnergyCost of Energy

Y 1 ] AlD A =1 A | € np—ury S ey T v p
ovi o XTAQBOAET AA  © 0O CE'HAT "HI Fot <p — )
%l AQANOBDDOADAEKDA O U oYUy
Energy Used to Procure Energy
100 £ —_— =
@ EROI=5:1=5 @ EROI=54=1.25 Large Fossil Fuels
E| E, 80 - Hydro (1995...2011)
E ¥ |
Energy E, Energy 5
Provisioning Provisioning @ Net Energy
i
% 40 F Biofuels
p
1.25
20 F Minimum EROI for
Complex Societies
0 1 1 1 1 |
50 40 30 20 10 1
EROI

YBAl 1 ¢ 0RT H WY n yHIghét BROIENahld medicalldare/education/technology innovation/art, etc.
Yy N6 1IJWm 1 q WEiGbidates thelm@ininfemBEnAsgLfLLLL | rEgBired\fod taintain. complex industrial society
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Yy Minerals/metals-intensive clean energy transition will potentially face supply deficits
Yy Meeting the 2030 EV battery deman&0 New lithium / 60 nickel / 17 cobalt mines

Major copper discoveries are becoming less common and getting deeper...
(Selected major deposits, >3Mt contained copper)
. kg of commodity . Total cre mined Total material moved
o]
_________________ |- — ————— Escondida
=< = — Spence
Figure 1: Market balances for energy transition metals under BNEF’s Economic Transition Scenario and Net Antamina ~
3 X . (200) ~
ero Scenario — expected supply surplus and supply deficits N
——— Escondida N
Metal Scenario 2024-2030 2031-2040 2041-2050 R
7 N I Symple bam X
st Nro I S g @O e
NZS c Carrapateena
puminm Nzs I 5 (oo :
@ .
et —— H Caterpillar 797F 350 tons payload / 3 MW '
Copper & A
£ S
Lithium ETS o  (800) A
nzs T I z \
es  IEEETT I D 2 \
e T I R g
NZS 8 (1,000) '
: s D .5 0 00
Nickel
nzs [T R I R
ers I B R R (1,200)
Cobalt NZS -
. ETS Resolution —
langanese
hzs (1,400)
Source: BloombergNEF. Note: Year is the first year in which a given metal is expected to enter a supply deficit. Only 1900 1920 1940 1960 1980 2000 2020 2040
primary supply is considered in this table. All supply is mined nameplate capacity, apart from that for aluminum,
graphite, and steel. Discovery year

Source: MinEx Consulting; BHP analysis.

Yy Major Copper discoveries become rarer and progressively deeper / Declining ore body grades
Yy Higher energy effort for extraction/grinding per unit metal / Higher production costs
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Critical Minerals

y Production of selectedminerals critical for the clean energy transition

Fossil fuels

Minerals

Qil

Natural gas

Nickel

Cobalt

Rare earths

Lithium

0%

Extraction

20%

Australia

40%

60%

80%

100%

Minerals

Fossil fuels |

Qil refining

LNG export

Copper

Nickel

Cobalt

Lithium

Rare earths

0%

Source: IEA / The Role of Critical Minerals in Clean Energy Transitions (2021)

Processing

20%

40% 60%

80%

100%

y Extraction & processingnore geographically concentrated than for oil & gas (!)

m Qatar
= Indonesia
mDRC
m Philippines
m China
mUs
Saudi Arabia
m Russia
mlran
Australia
Chile
m Japan
Myanmar
m Peru
Finland
Belgium
m Argentina
Malaysia
Estonia
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Power Electronics 4.0

m?2YW~Y! WWs Rad Wx 13t + w
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TIME-TO-MARKET
(Custom Designs) POWER DENSITY

Power Density A Red. of resources
Efficiency A Red. of energy use
Robustness A Increased lifetime

\ SWITCHING
COST + = FREQUENCY
250%
s/
B/ R
Power Sources N POWER SOURCES
Manufaturers Association . POWER LOSS RELIABILITY (MTBF) MANUFACTURERS ASSOC.

Yy New set of KPIs mandatory to meet future environmental protection objectives
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Copper Use in EVs

Yy Cu used for traction motors, energy storage, power electronics, HV & LV, etc.
y ICE (2023)y 29.5 kg |BEVRobotaxiin 2034y 73 kg (7.8 kg motor & power electronics)

Copper in power electronics by powertrain (grams)

823 \;‘:rrent trend 786 Converter
= OBC
u Inverter

500 385 363
295 278

SiIGBT SiC MOSFET SiIGBT SiC MOSFET Si IGBT SiC MOSFET Si IGBT SiC MOSFET
BEV PHEV FCEV HEV

1000

Source: IDTechEx

y Transition Si IGBT#, SiC MOSFETg Z=PB OME W? JHI D¢t YWY nwW9e WRUqUUt Rq! WRULWaqGE I
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&Il d Solid-State Transformers foiMVac-LVdcConvers.

y Threephaseac-dc 1.2 MW fullymodular solid-state transformers (SSTyith HFisol. stages
y Comparative evaluation vs. conventional realization50 Hz transformer (LFT) & LV aic converter

Copper Price 132 kV MVac LVdc
~104 ! A
£10 Pl E: - 800-1000 V
2 g3 o
=) o
8 ‘ﬁ.' Swnchgear
£10°} 3. i and Protection
2 pw ¢ A
g """' - : 3 Carbon
, ': B . Copper Footprint
10 .
1850 1900 1950 2000 2050 E LFT &
Year - 1250 AC/DC - 25

LFT &
AC/DC

LV Power Electron.
Learning Curve

1000 120 _
. A\ neLTa 800-1000 V =
‘-‘,. - =y
10 \ : _ 750} 152
O [ eeas~ 1900 . . aaen B0
s 2 1990 oy e L 2 Z
- *oly « /. 8 500 02
] 'E‘ i 5] o
£ e, rE ' z gm
g 2013 t.‘ 250 F 15 ©
: it

-1 A
10 HA/ 0
10 100 107
Cumulative PV Shipment in GW

Copper CO,eq

Yy Lower raw material effort/ Lower impact of increasing raw material costg¢ Lower carbon footprint

EYel #lalWx OWf 6 GUI ReGRAWAOW ¢ UnAW towW Uzl ¢ DAWAIOWT ¢ | AndmateAdlisssQeiof $Olistaty ttaosforfeis aid ldfied@ticys HIJ1 AWRI YO Gel ¢ qR2IWe Ued ! t Rt L
VDE transformerbasedMVacLVdcinterfaces for higiG Y 5 131 LWE é LR IEFER RPN FPowet Riéttibn. Conf. Expo. (ARER)a, GA, USA, Mar. 2025, pp. 18G25. 4
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Power Electronics 5.0
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The

HYDiO I%’DRO y E P
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LiJ y

COMBUSTION #4

In the Room

T COMBUSTION
Q)
—EEE.

HVAC
TRANSMISSION

'% HVDC
= TRANSMISSION
= ‘

l=ni HVAC
TRANSMISSION
ECC

T):vmn 5 &HEV

T f:E f:l:
=] &= =]

AC nanoGRID

AC DISTRIBUTION AC DISTRIBUTION
' \ ' ™\
] nECC }—
PV WIND PV | WIND
" . | wousenoLD . . |  HOUSEHOLD
E? oE4 LOADS D%l D?_ LOADS
-w ] I .
-
CONSUMER CONSUMER
ELECTRONICS ELECTRONICS
LOADS LOADS

Y P K

| moocrp e

Source: DBoroyevici{2010)

- - N
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M M ividia]led t&newable generation in 2050
M M Niristalleddbattery storage

y 4 x power electronic conversiorbtw. generation & load
Yy N MMk M MMnEtalieditonverter power
""" y 20 yearsof useful life

Source: www.evaste-
recyclers.co.in

WP &k MMM KW \ofedwasté detlyear (1)

Y NMK MMMEK Mdfipdtertdaivalues LU
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Growth of Global EWaste

y" Growing global ewaste streams /< 20% recycling! N Gopper .
— 7 v - - . ) ~ . ~ . ) 0 . Considered critical minerals
YN=MK MMMK MMM Wewdstetinld@5a LN G Y Hc A'“m'“g’:balt
Z4~54510 960 % Antimony
!, 9481 ‘ Silver N
) " i T Bismuth
‘ PP LW~ qllblr HWPk PMMLW#F W o5 " 644 | % Germanium
Data source: The global =F 579 ’ "
80 e-waste monitor 2020 7| =8 ‘ 17 13 \
T T T = | ‘ o 104
| e - \
: - octiof
: pro°
= 60+ — i
é .
2 S0r Europe ’ .« -t "
© o . v . .
?I 40 Asia - 5
L .
5 30 Americas 1
0 .
[s) Africa
© 20 Oceania 2019 | |
10 0 5 10 15 20 25 ‘ _ _
E_Waste: TOta| (Mt), Pel' Caplta (kg) “‘ Estimated value of raw materials at
0 | s JJ DILLIUN EURUY
2015 2020 2025 2030 Source: Library of Parliament, Canada, 2019
Year

Y E-waste represents anbe | H ¢ U with §éatleohbmic potential

ETH:zurich

Global, 2019
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The Paradigm Shift

y Linear Economy y" Circular Economy
Taker makeTt dispose Perpetual flow of resources
Losses L
Primary Raw. Matj 05S€s
Raw Material 2 »| Raw Material ‘j
Sourcing Waste Sourcing
\ ™~ Secondary ~
Raw. Mat.
End-of-Life

Production

W

Production ol Decian e

\ Rema?]'ulflacture LL(;SSGS
& Refurbish

Management

Use Phase R it
Collection e‘fe Distribution
\ Repair
e ﬁ Losses
Use Phase
Losses
Littering(_

Resources returned into the product cycle at end of life
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New Holistic Design Procedure

Multi-Objective Optimization with Environmental Impacts as New Performance Indicators

VDE

ETH:zurich
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LCA: Life Cycle Assessment

Yy Quantification / benchmarkingof eco-design& circular economy approaches —

Commission

Soni pndiSoone 2 Life Cycle Inventory ”"i;"e‘::,,’,:‘,',’:“

""""""""""" Impact categories

IHPUtQﬁb % *l
2o HRE

Functional unit
of the product

|
1
1
1
1
1
1
1
1
(e.g. 1 kg of | i
product needed to : TE"SW‘ Life cycle
1
1
1 e
1
1
1
1
1

Production

meet the
intended function)

End of Life

Ce
H B Areas of protection
System boundary =

--------------------- ® 8

Human Ecosystem Natural

health quality resources
. J

4 Interpretation

@ LCIT Life Cycle Inventory @ LCIAT Life Cycle Impact Assessment
Compilation & quantification of Assignment of LCI results to
inputs and outputs for a product (environmental) impact categories /
throughout its life cycle Aggregation involves weighting

factors & value choices

EYel #HUalW~tOW?2¢ G RecURAW OW[ W11 ¢l ¢awe UT W[ oW lbrhadisghiptd @ 2RO FUM 1M0aqe GIWR § N 4&l Ri0aig Wig6 ¥R WBWIUqe d WnYYqGl RUqwe 0T W
V DE Publications Office of the European Union, Luxemburg, JRC12990hiR2data.europa.eu/doi/10.2760/11564 20
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A Posteriori LCA of 3L & 7L PV Inverters (1)

y" Two concepts/ similar specsy N = HOP LWt i

3-Level AILSiC FTypePV Inverter*
99.4%, 2.4 kwW/dm

S S— ";3LTT
p - - o
1200V ,
| i1, L sic—
g L —
g 2 Il N W
@ = ==/ gahv [ —— T
i . Sic CCISPR 11
o - i lass A
T ——re

7-Level AlFSi HANPCPV Invertery
99.35%, 3.4 kW/dih

| TLHANPC

po————
g 5 - - a
& — - b
~ — - o C
lto'). J=== —
© = CISPR 11
Class A

no

e

y" Differences in environmental impact?

Source: J. A. Anderson, D. Marciano, J. Hubiee®y G.Busattad ¢ UT LWs HOUBIGOBI4esfticient tArdéphade Bitype

AWZ PMB TZMLWE Ly? Dnfldn peirf. B A A= 1DNIROILIO

Efficiency / %

99.0 L

ETH:zurich

ctit w uw

99.1

vV 650V

* 720 V}7LHANPC [11]

DC Cap. DM Ind. Switching Stage Air
Filter Cap. ICM Ind. PCB & Comp. | 2.4
kW/dm®
39
____________________________ W/in®
T34 56
kW/dm® Wrin®
1 2 3 4 5 6
Volume (dm?)
9.5 1 —_—
i 3LTT 99.4%
i 50V
99.4 | 99. 35°/i |
i 7LHANPC [6] w-O--" ]
993 | 650V . b p (ST
> | 7LHANPC [6] -~ /;7,3 P
_ 20V X Calc. (meas. add.
992 ? = /‘\im\* /‘r:n] l(\\.\&\‘)
3 V ’
. ; 0720V ]
. 0 650 v}3LTT ]

3 4 5 6 7 8 9 10

Power / kW

inverter with D&ide commonrt YT JWn RG qlll AwlWE G IHq! Y U Wi oo Bag/al2. 128210WP ¢ A W0 Y IOWN=Z A WGKWINZY=ZNAW=M=04a1
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A Posteriori LCA of 3L & 7L PV Inverters (2)

y" Two concepts/ similar specsy NZ FOP Wt 1 AW PMB T = MLUé Ly? Sinsilad eirf. B AL IQNIRGDIO G ¢+ + W LU

* *

350 3LTT 7LHANPC
300~ mmmmT o T _pcB
—_ ’ — Inductors
g 2507 ~ICs
) —PCB
S 200} e
— Transistors
2 -+ Inductors
5 190 S Y — T
% 100} (') + Transistors oy
2.4 kW/dn$, 11.8 kg 50 | 1 capaciors — Capacitors 3.4 KW/dn#, 4.6 kg
- — Aux. Cap. —Aux. Cap.
Min.  Typ. Max. Min. Typ. Max.

GWP:Global Warming Potential

Yy Generic comp. models kcoinventdatabase & lit.A Widely varying embodied carbon footprint (GWP) res. (1)
y Data availability / quality as key challenge!

VDE 22
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Carbon Footprint is Not Enough!

y Life cycleimpact assessment (CIA) phase of LCA Environmental profile w. wide range of perf. indicators

L Damage Endpoint area
Midpoint impact category pathways of protection

Yy Example:ReCiPe2016
Three areas of protection / endpoint categories

Human Health
Damage to Human Health (DHH)
in DisabilityAdjusted Loss of Life Years (DALY)

Ecosystem Quality
Damage to ecosystem quality (DESQ)
in Timelntegrated Species Loss GIJHER It Y ! |

Resource Scarcity
Damage to resource availability (DRA)
in surplus cost / dollars ($)

| Particulate matter Increase in
I Trop. ozone formation (hum) rgspiratory
. disease
| lonizing radiation | :
ncrease in
| Stratos. ozone depletion various types of
cancer

’ Human toxicity (cancer)

Increase in other

| Human toxicity (non-cancer) diseases/causes

| Global warming

Damage to
human
health

Increase in
[ Water use malnutrition
Freshwater ecotoxicity Damage to
Freshwater eutrophication freshwater
species
| Trop. ozone formation (eco)
Damage to
| Terrestrial ecotoxicity terrestrial
Terrestrial acidification Sheies

Damage to
marine species

Land use/transformation

Damage to
ecosystems

| Marine ecotoxicity

- - Increased
| Marine eutrophication / R GEXD
Mi I
| ineral resources ) Oiligasicoal
| Fossil resources |— """ energy cost

Damage to
3 resource
/| availability

SourceHuijbregtst al.,ReCiPe016 v1.1 Report

y Value choices (ndividualist / hierarchist/ egalitarian) affect time horizon, included effects, etc.
y Alternative frameworks likeEU Environmental Footprint (EF 3.&xist

ETH:zurich
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A Posteriori LCA of 3L & 7L PV Inverters (3)

y" Two concepts/ similar specsy NZ FOP Wt i AW P M T = MLWé W? Snsilad peirf. £ A A IQNISOMIO G ¢+ + LW W
y Life Cycle Impact Assessment (LCIA) iReCiPeframework:
Damage to ecosystems (DESQ) | Damage to human health (DHH) | Damage to resource availability (DRA)

DHH 08 DESQ DHH 08 DESQ
Damage to Ecosystems . GWP 5 .
(100% = 8.7-10°° species-year) 100% (100% = 187 kg COeq) gl .
) B S1C (10 em?) Nggor
7LHANPC
_// Copper (1keg) AN \
DRA GWP DRA GWP
Damage to - Volume Generlc Comp MOd Magnetics (1 kg) Semiconductors (10 cm?)
Human Health (100% =
(100% = 0.19 DALY) 5.2 dm?) DHH ! DESQ DHH DHH ! DESQ

Damage to CECR
I el. Losses -
Resource Availability (100% = 0.9%) Film (1 kg)
(100% = 16.4 $) DRA PCB(1kg) N o0 ora Electrolytic (1 ke) awp . -—

PCB (1 kg) Capacitors (1 kg) Heatsink (10 kg)
Normalized scales due &roinventicensing restrictions.

y" Environmental footprintY n WHY U2 131 qJ1 Wet We NN INeqlWyYynwWHYAGGYURWUqt k WU 2

VDE 24



=™ 1T, Advanced Mechatronic

nalil Systems Group

VDE

A PrioriConsideration of Environmental Impacts in the Design Process?

\ 4
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Multi-Objective Optimization of Converter Designs

y" Pareto front:Boundary of the feasible performance space

y" Design space diversityVery different designspace coord. map to very similar performanespace coord.

Design Space
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System Models Component Models

y Typ. performance indicey Efficiency. [%] | Powerdensity  [kW/dm 3] | Cost density ™ [kKW/$]
y" Consideration of specific operating pointer mission profile (power lossA energy loss / lifecycle cost)
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A PrioriLCA Example: 6060v/650-V GaN/SIC LV Motor Drives

Yy 45% of all electric energy used in motedriven applications source: iea, 2011 o
Yy Significant share ofvariable-load centrifugal systems (pumps, fans, compressof)< 50% with VSD}s vegxay. 2005 -
NEMA Power Index (PHuant. energy savingsr.t. fixed-frequency motor | Std. mission profile & default motor

")
Po N (100%, 100%; w, = 25%)
600 V GaN .} or, o7 650 V SiC < 100 . 90
N N ol N or 1 S [ © NEMA PI Load Points] dk
iLa Lf a ia ;E) 80 i -
) ' o = (79%, 62%; Wy = 25%) o
> ILb b S 60 3 'O
2| = DelENENTL. PO A
= ILC- | I ~C L[ g 40 - (60%, 36%:; w2=253)‘____.-- T & @
- E ) 0/ . — 750, 2
s Gt ll 2501 S agp g
Vol Wl (Ve 250Hz = | |
no T :J_ -|_ ¢ Qaé O ---------------- 1 1 1 1
0 20 40 60 80 100

Specs: 2.5 kW inverter I$ motor Relative Speed / Voltage (%)

Input dc volt. 400 V
Motor volt. MB = MM LU
Motor el. freq. MB = PH¥

Yy LV VSD inverter w. WBG artit-bus-referenced LC output filter w. DM & CM attenuatigismooth mot. volt.)
YV~RQRNDEcqRYUWYNnWI 20l qlWRt t 2 1JtStHedardrmoiots|ia)farvhbhic shatidd IdssdsRU N WHa | | 1J
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Multi-Objective Optimization Procedure

System Specifications

Nominal inverter pow P Sa5kW i 1 1 1
Rl e poer e y" DoFs Sw. freq.| Ind. cur ripple| Var. chip ared Var. inductor designs
Mot Itag: Vo =200V (-1, ) - H H
D e A L y Nominal eff., & weighted eff., ,(NEMA PI load profile)
Converter Level DOF
Sw, frequen_cy [, = [25kHz. ..., 400 kHz] ) ; )
Pk current ripple An = [20%, ., 300%] Nommal N Operatmg range Welghted W
100 8 100
Opfimization Proceduce | T T T T T - T _?
99
2| Switching frequeney =50k (Example) E og —_ 6 % | 9
§a§ Cutoff frequency i =£, /10 < } l_:' v, i 4 _{J}. | < GaN
Z £ mductor val. =3R4 H (AL~ 50%) +— Z 97 b < Bl = K] z
Z | Capacitance val. =26 0F = /a3 ) = Ay <. ey T = \| .
.= 10.6 uF (AV, = 1%) =
o= 100 uF 96 \1
I Sweep semi. designs 95
£/ Material SiC, GaN . 0 3 6 9 12 15
2| Junction temp. I =[80°C. ... 120°C] (a.i) s 3
2| Parallel devices N, =[025,...6] p (KW/dm™) £ (KW/dm™)
_; Heatsink Aluminum (p, = 2710 kg/m*, k, = 60%)
; SR B .
v
] I Sweep ind. designs _ = -
2 . 25100 175 250 325 400 70 80 90 100 25100 175 250 325 400
T £ Magneti TDK N87 E cores (p,,, = 4440 kg/m?) ) )
3 E e o Magnetics K;Z{;qm)Ecures UJW—I;BOO keg/m?) fsw (]\HZ) Ui (%) J“s.w (kHZ)
E E | Winding Round enamelled / litz (g~ 8940 kg/m”)
£ -\ 100 8 100
E' 2 I Sweep cap. designs | - _\_ _?
=
“ -‘E{Film Cap. Vo =k kO =k, ¥, 6 |
Z| Electrolytic Cap. Vo=k tkCy =k .V ) g ) ) .
5\ — | £ <, F\: < SiC
- L. 2
o | PcB 6% 70 um £ - 9 = =
E Area 35 x 35 mm?/ switch (1/2 for GaN) 2 g, |
Weight density = 4 kg/m?(50% Cu) P 0.
o0
) | —_——
£ [ DSP controller STM32F303K8 + PCB (5 x 6 cm?) 0 - * ! )
:% Measurements 1 x voltage, 3 x current . 15 - 0 100 200 300 . 0 3 6 9 12 15
Z| Gatedrive 1 x per switch (a.ii) p (kW/dm3) (b.ii) fM (Hz) (c.ii) p (kW;’de]
Performance Metries -
Nominal i int | 7w Nom. effici % 1 H 1 H H H
Weighted mision rafle lowes £ W] Weighted efciensy 1. %] GaN/SiC losses via scaling exemplary devices / Calorimetric meas. sw. loss.
Boxed volume 1 [m] Power density p [kW/dm’*]
Global warming potential GHP [kg COeq]
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Comparison of 606V/650-V GaN/SIC LV Motor Drives

y" Global warming potential (GWP) Carbonfootprint in kg CQeq as new performancespace dimension
y Weight. eff, , andweight. rel. loss! , A Weight. avg. losses vs. weight. avg. output power (NEMA PI load profile)
y High volume designs (lowower density ) tend to have high GWP

99 r 35 4r 15
30 = gaCN
N i s
. 98t 25 ~ 3 10
g S g £
: 20 2, =
= ! a = | =
97 GoN 15 % 2 5 =
SiC 0 -
U
96 : : - 5 1 - - - : : - 0
0 5 10 15 5 10 15 20 25 30 35
p (kW/dm?) GWP (kg CO,eq)

() Embodied Carbon Footprint

y Verysimilar performance of GaNbased & SiCbased designd Limited accuracy of generalized comp. mod.
ybEUC Gt 6 Y g LDRtEbMhedep dhravdilable data & technological developments
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Multi-Objective Optimization Including the Use Phase

y Life-cycle carbon footprintstrongly depends orelectricity mix andmission profile / usage intensity

Example:

AC-DC Converter Building Block (2L SiC, LC Filter)
10kW

400Vac

800V dc

Scenario: 8 hours per day at full load

112 g COeq / kWh
‘.‘?\0""_— " Swiss Electricity
150 | 6%\“ gq'_},-"’ Consumption Mix

11 g CO,eq/ kWh
Future Hyp. Renew. Prod.

21 g CO,eq/ kWh
Swiss Renewable Electricity
B Production Mix

0 2 4 6 8 10
Time (years)

y Consider use phase for best lifeycle performance / Analogy tdotal cost of ownership (TCOperspective
VDE
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