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Gartner Hype Cycle (1)

m Graphical Representation of Technology Perception / Acceptance / Maturity

Peak of Inflated Expectations

Plateau of Productivity

Slope of Enlightenment

Trough of Disillusionment

Technology Trigger Chasm

Innovators Early Adaptors Early Majority Late Majority Laggards

o Peak of Inflated Expectations —> Early Publicity / Success Stories
e Trough of Disillusionment - Implementations Fail to Deliver
e Slope of Enlightenment —> Benefits Start to Crystallize ezt power stectronics society SIPEC
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Gartner Hype Cycle (2)

m Graphical Representation of Technology Perception / Acceptance / Maturity

Distributed Transactional Databases
DataOps

Augmented Data Qualty Data Management, 2022
Private Cloud dbPaaS
(— Ledger DBMS

Intercloud Data Management

Active Metadata Management
Cloud Data Ecosystems
Data Hub Strategy

Data Discovery and Management

|
|
Lakehouse |
|

Data Marketplaces and Exchanges

Data Fabric | { Multimodel DBMS

Wide-Column DBMS
iPaas for Data Integration [ O
InDBMS Analytics _l;/ \ Data Preparation Tools

Data Integration Tools

Edge Data Management

Information Stewardship
Applications

EXPECTATIONS

Data Observability
Data Mesh SQL Interfaces to Ob|ecl Stores

Event Stream Processing

Master Data Time Series DBMS

Augmented FinOps Management “ Data Classification ‘

D&A Application Data Manag C ‘

Platforms Augmented Da!a Data Lakes

CataDIo?mg and MMS Graph DBMS
" deion ng«:eTenng Augmented Data Management Gartner
B ugmente ransactions | As of June 2022
Innovation Peak of Inflated Trough of Slope of Plateau of
Trigger Expectations Disillusionment Enlightenment Productivity
TIME

Plateau willbereached: O <2yrs. © 2-5yrs. @ 5-10yrs. A >10yrs. & Obsolete before plateau

o Peak of Inflated Expectations —> Early Publicity / Success Stories
e Trough of Disillusionment - Implementations Fail to Deliver
e Slope of Enlightenment - Benefits Start to Crystallize Lete power Electronics Socety SPEC
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Outline

» Introduction

» SST Motivation / Concepts
» Full-Scale Demonstrator Systems
» Performance Evaluation

» Outlook

I@l
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Introduction

Classical Transformer
——  SST Motivation in Traction & Smart Grids ——
SST Topologies

.. h IEEE Power Electronics Society SPEC
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Classical Transformer — History

— 1830 Henry/Faraday —> Property of Induction
— 1878  Ganz Company (Hungary) —> Toroidal Transformer (AC Incandescent Syst.)
— 1880 Ferranti —> Early Transformer
— 1882  Gaulard & Gibbs —> Linear Shape XFMR (1884, 2kV, 40km)
— 1884  Blathy/Zipernowski/Deri —> Toroidal XFMR (Inverse Type)
Europe
USA
W. STANLEY, Jr.
Patented Sept. 21, 1886, No. 349,611, INDUCTION COIL.
— 1885  Stanley & (Westinghouse) —> Easy Manufact. XFMR (15t Full AC Distr. Syst.)

e . IEEE Power Electronics Society SP_EC
ETH:zurich CecTmonoTHERN PO D\' ]
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Classical Transformer — Basics

m Characteristics

Voltage Transf. Ratio Fixed

e Current Transf. Ratio Fixed

e Active Power Transf. Fixed (P,=P,)
* React. Power Transf. Fixed (Q,=Q,)
* Frequency Ratio Fixed (f;=f,)

Source: www.faceofmalawi.com

m Weaknesses

Voltage Drop Under Load

Not Directly Controllable

Losses at No Load

Large Weight/Volume @ Low Frequency

Advantages

Inexpensive

Highly Robust / Reliable

Highly Efficient

Passive Short Circuit Current Limitation

IEEE Power Electronics Society SPEC
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SST Motivation

Next Generation
Traction Vehicles

. . IEEE Power Electronics Society SPEC
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Classical Locomotives

— Catenary Voltage
— Frequency
— Power Level

Source: www.abb.com

m Transformer

15kV or 25kV
162/;Hz or 50Hz
1...10MW typ.

Efficiency
Current Density
Power Density

an
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------------------------------------------- fo}

1 kV 3ph

90...95% (Due to Restr. Vol., 99% typ. for Distr. Transf.)
6A/mm? (2A/mm? typ. Distribution Transformer)
2...4 kg/kVA

IEEE Power Electronics Society SPEC
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Classical Transformer — Scaling Law

e Magnetic Core A, =+ AUl 1
Cross Section ore - Nar B_. [N,
o WindingWindow A, = 21, N,
kWers
e Construction Volume
Ay Ay =2 L «r
ore” “Wdg T -
kWersBmaxf
.. Rated Power NP™ND

P, ..

ky .... Window Utilization Factor
.. Flux Density Amplitude
Jims- -+ Winding Current Density
f... Frequency

m Low Frequency —> Large Weight / Volume
m Trade-off - Volumevs. Efficiency

.. h IEEE Power Electronics Society SPEC
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Next Generation Locomotives (1)

m Trends — Distributed Propulsion System —> Volume Reduction (Decreases Efficiency)
— Energy Efficient Rail Vehicles — Loss Reduction Requires Higher Volume)
— Red. of Mech. Stress on Track - Mass Reduction

AC Catenary (15kV, 16%Hz or 25kV, 50Hz) AC Catenary (15kV, 16%Hz or 25kV, 50Hz)

LFT

AR

Do T
— JkLA e

Conventional AC-DC conversion with a line AC-DC conversion with medium frequency
Jrequency transformer (LFT). transformer (MFT).

e Replace LF Transformer with MF Transformer & Power Electronics Interface - “Solid-State Transformer”
o Medium-Frequency Allows Reduction of Volume & Losses

.. h 1IEEE Power Electronics Society SPEC
ETH:zurich o
ELECTRONICS CONFERENCE
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Next Generation Locomotives (2)

m Loss Distribution of Conventional & Next Generation Locomotives

DC
_< M
AC D P

J

| —{ac
Il

1}

HE

i DC

A
OY I N IR N—5) 3
AC/DC —-

ﬁ 2P
AC AC 1; DC L T AcC/DC

.‘ii'. t *( ?g Transformer —— MF

AC DeC T AC —— Transformer

A; . —— AC/AC

SST

e Medium Frequency Provides Degree of Freedom = Reduction of Volume & Losses (!)
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Future Smart
EE Distribution
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{Na Modal,) . )
" M. YON DOLIV0-DOBROWOLSKY.
ELEOTRICAL INDUGTION APPARATUS OR TRANSFORMER.

Classical Transformer — History | L

5
7
P

UNITED STATES. PATENT OFFICE,

MICHAEL VON DOLIVO-DOBROWOLSKY, OF BERLIN, GERMANY, ASSIGNOR TO
THE ALLGEMEINE ELEKTRICITATS-GESELLSCHAFT, OF SAME PLACE.

ELECTRICAL INDUCTION APPARATUS OR TRANSFORMER.

-
T e dor

SPECIFICATION forming part of Letters Patent No. 422,746, dated March'4, 1890,
Application filed Jamuary 8, 1890, Serial No. 336,200, (No model) . Tt misrese , 7
- &Iézéuﬁ% j’“’* it P
i £ Sty

1889 — Dobrovolski - 3-Phase Transformer
1891 — 15t Complete AC System (Generator - XFRM - Transmission — XFRM - Motor & Lamps, 40Hz, 25kV, 200kW, 175km)
IEEE Power Electronics Society SPEC

SOUTHERN POWER
ELECTRONICS CONFERENCE
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Classical Transformer

— Magnetic Core Material  Silicon Steel / Nanocrystalline / Amorphous

— Winding Material Copper or Aluminium

— Insulation/Cooling Mineral Oil or Dry-Type

— Operating Frequency 50/60Hz (EL. Grid, Traction)

— Operating Voltage 10kV or 20 kV (6...35kV)
400V

1 MVA - 12kV/400V @ 2600kg T— (T (v TR |
0.5% / 1% Losses @ No / Rated Load ; = i —
Not Directly Controllable A -
Sensitivity to Harmonics & DC Offsets

.. h IEEE Power Electronics Society SPEC
m h SOUTHERN POWER
Zu r!C ELECTRONICS CONFERENCE
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Future Ren. Electric Energy Delivery & Management (FREEDM) Syst.

- Huang et al. (2008)
N

N4

e SST as Enabling Technology for the “Energy Internet” ‘!:yae =L

Full Control of the Power Flow IFM = Intellig. Fault
Integr. of DER (Distr. Energy Res.) Management
Integr. of DES (Distr. E-Storage) + Intellig. Loads

Protects Power Syst. From Load Disturbances 12 kV AC Bus
Protects Load from Power Syst. Disturbances IFM t IFM
Enables Distrib. Intellig. through COMM \
Ensure Stability & Opt. Operation
etc. COMM 1

etc.
SST
400V DC Bus —T—T— | 120V AC Bus

@

<

<

Storage D

AC Load
AC Load

e Bidirectional Flow of Power & Information / High Bandw. Comm. - Distrib. / Local Autonomous Control

.. h IEEE Power Electronics Society SPEC
m h SOUTHERN POWER
Zu r!C ELECTRONICS CONFERENCE
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Trade-0ff — Controllability vs. Efficiency

h
. -] - Y LF Isolation
fl"—l:: ______ o N Purely Passive (a
S war——ul ) A L Series Voltage Comp. (b
———————————— 2 Series AC Chopper (c
e o] h _ MF Isolation
", e iy [ R R 16 w, ~ u,* Active Input & Output Stage (d)
L =22 - f= 1
— =
b) P
S 1
— - o
o, :; ------ T Ac R u,*
= R = [ IIP; ) ofrrrersaeer s
N L ﬁ
____________ o ac/ac—- | T Acﬁ:
TZ’/AC —_ —— Transformer
Uy ol '.”.' L Uy & Uuy* LF Transformer | ——
5 AC I ac| LR 4~ AC/AC
L Q) ) b) ¢) d)

e Lower Efficiency of SST Compared to “Grid-Type” Passive Transformer
e Medium Freq. > Higher Transf. Efficiency only Partly Compensates Converter Stage Losses

ELECTRONICS CONFERENCE

an
12 /54 Nt

IEEE Power Electronics Society SPEC

SOUTHERN POWER @



S1C I Power Electronic Systems %
I'— Laboratory 1 |

—— Derivation of MV > LV ——
SST Topologies

. . IEEE Power Electronics Society SPEC
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Classification of SST Topologies (1)

m Number of Levels m Degree of Power m Degree of Phase-
Series/Parallel Cells Conversion Partitioning Modularity
" BEE " — 4o - . o
| 4c /. ke | A€ — . —
Iiil — i S |/ AC AC L,
|/ AC Ac L 0
I L o~ ac /- -l
—] I L . H o— | | —— Lo
[ ]“_ . 2 RE Ry jiii /7 L i/ AC L
I = [l
I: “ o—1 DC T AC Ac L = AC —— i— AC —
I, T o o
[ ] ¥ =
1: ]ii —— 4c j" [ ae /TP /T /AT | ) 1|/ A0 ]
Uy 5 i
" I i —
— L /T ) {0
) R e e L /s | A ] Ac
ii ! ! :-_-V S|/ ac
! : : |- _—_ A
L e 1 AC .L‘ pe /1L L]A¢ L‘“ bc /T
i — ] I : — == a0 /T
B o/ DC T AC DC T Ac L, T i L L .
wy ]EE[ = o Ac L,
o— AC = =

® 3-Dimensional Topology Selection Space

.. h IEEE Power Electronics Society SPEC
SOUTHERN POWER
Zu r!C ELECTRONICS CONFERENCE
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Classification of SST Topologies (2)

Er R AR
Degree of Power = [T ©
Conversion Partitioning RERS

. @ Re W §oce o

-
e
[+
% o.
2%
s
@
3 L
> %
e o]
@
Q 9.

Degree of

Phase-Modularity
Number of Levels

Series/Parallel Cells

m Very (!) Large Number of Possible Topologies

— Partitioning of Power Conversion — Matrix & DC-Link Topologies
— Splitting of 3ph. System into Individual Phases - Phase Modularit

\
— Splitting of Medium Operating Voltage into Lower Partial Voltages —> Multi-Level/Cell Approaches

e . 1EEE Power Electronics Society SPEC
ETH:zurich

SOUTHERN POWER
ELECTRONICS CONFERENCE
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Full-Scale Industrial SSTs for
Future Traction Applications

—  1-® AC-DC Conversion
DC/DC Conversion

. . IEEE Power Electronics Society SP_EC
ETH h cccrmonr oo\
ZUric -




Power Electronic Systems
|-I E 5 Laboratory 3 15 /54 l%l

1.2 MVA 1-® AC/DC Power Electronic Transformer

Catenery PETT

- DUjiC et aL (2011) Pantograph 15kV 16 2/3 Hz Power Electronics Traction Transformer :[&aa;dj —————— :
- HV PEBB's LV PEBB's | B5KV200AIGET |
- Heinemann 2002) | |Line side crut AR, wew Reswn VS Motor side - |
- Steiner/Stemmler (1997 ALY IGBTs = o e i R
- Schibli/Rufer 1996 Lasttonds P
'll—‘E 1h disg .: el 5"1-.5' = U-r‘;‘} — :
MCB I .
e o S
.':\rf; M _l_
_ EE - i AUX sumﬁ 77777777777 1
] 15kVA. 3x400V @ 50HZ
g L Dasevee
P = 1.2MVA, 1.8MVA pk
9 Cells (Modular) =
54 x (6.5kV, 400A IGBTs o
18 x (6.5kV, 200A IGBTs N
18 x (3.3kV, 800A IGBTs
9 x MF Transf. (150kVA, 1.8kHz)
1 x Input Choke |11
ADD
fall)l)

. . IEEE Power Electronics Society SPEC
ETHzurich e o
ELECTRONICS CONFERENCE
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DCX — “DC Transformer”

fs= Resonant Frequency = “Unity Gain” (U,/U,=N,/N,)
Fixed Voltage Transfer Ratio Independent of

Power Flow Level & Direction Self-Adjusting

No Controllability / No Need for Control

ZVS/ZCS of All Devices

Diodes = IGBTs
for Bidirectional
Power Flow

||+
I

B :HF-_‘ r + iy

U RSN

Transferred Power )

Isolation Stage
Operating Frequency

NS

/

T

[\ 42

//)) \e

1.2 -
LOF
= (==}
L1 0.8
gg: 0.6
E
” 04
=
=02
=
0.0
0

N

o

N

0 U

Relative Frequency

15} 1.0

10
1

an
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1.2 MVA 1-® AC/DC Power Electronic Transformer

m Cascaded H-Bridges — 9 Cells
m Resonant LLC “DC-Transformer” DC/DC Converter Stages

v

1250 1

L1250 Feeeeienns

an
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[A]

-+ 100

vl

3000 -

2000 [y

1000 -+ -

m Same Overall Volume as a Conventional System

m Future Development Targets Half Volume 0

ETH:zUurich

Time [ms]

1 . i
0.2 0.4 0.6 0.8 1.0

— -100

[A]

- 200

=200

A IR
FAIPD

IEEE Power Electronics Society

SOUTHERN POWER

ELECTRONICS CONFERENCE
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1-® AC/DC SST — Modular Multi-Level Converter Approach

m Highly Modular / Scalable
m Single Transformer w/ Full Isolation Voltage Rating
m Redundancy of Lifetime-Critical Power Semiconductors
m High Semiconductor & Cell Voltage Control Effort SIEMENS
- Marquardt/Glinka (2003)
Catenary
MV LBAC,
25 [l
O 0 7 | T ; ' ] 51 ] VmlLe
. -50
2 L | [A] 300 A A A
il 200
1 t00 4>~
. _108 \ ] liin
o) opconydet \ 1\
t ‘288 V  iMerrupdon v v
i [kV] 2.1 N AN A\
v 2.0
we L) O E \/\ /\/\/WWVV
b Rail }g |

0 20m 40m 60m 80m 100m [s]

m AC/AC Front-End Features Independent Generation of u;and u,, et power tlectronics society  SIPEC

ETH:zurich e Eve D
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DC Traction
Applications

.. h IEEE Power Electronics Society SPEC
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Future DC-Railway DC/DC-SST Application (1)

m Increase in Regional & Freight Traffic > Higher Power Demands
m 9kV DC-Bus Extension of Current 1.5kV | 3 kV SNCF DC System (1000 mm?)

Transformer

Diode rectifier

Feed-wire

(1.5 kV|or
)¢

Overhead lines

Tracks

m DC/DC SSTs Instead of New AC/DC Substations - Lower Realization Effort | Higher Eff.
m Potential 9kV DC-Interface to Renewable Energy / Energy Storage / HVDC Lines etc.

. . IEEE Power Electronics Society SPEC
ETH:zurich el
ELECTRONICS CONFERENCE  \ml
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Future DC-Railway DC/DC-SST Application (2)

m Increase in Regional & Freight Traffic > Higher Power Demands
m 9kV DC-Bus Extension of Current 1.5kV | 3 kV SNCF DC System (1000 mm?)

Feed-wire 9 kV ¢

\[7,—,——-1/]; Overhead lines 9 kVpc (MVDC)
DC i Overhead lines L DC
1.5 kVDC AC @
Tracks 0 00 00
Tracks

il 1

9 kVpc ((MVDC)

9 kV Isolated DC-DC Isolated DC-DC

DC converter Pantograph converter
Feed-wire o—"—r = _rv‘v‘vT =

N J: _ L) = _

1 |~ 1.5 kVpe Overhead lines L | 1.5 kVpc
Vinmvoc/ NT__ =H4 %" Vinmvoc/ NT —L. “(i o~
V,; R T‘Ioul T Tvnu[ T T
in MVDC . ° Viamvoc
Submodule Submodule

(] L]
| | <
1

-

t ; ] L 3 || Three-phase VSC
|
i

1

. | ‘ |
Submodule — Submodule —

| N || N -
Tracks o ..
Modular ISOP association Modular ISOP association
Tracks

m Future Elimination of 1.5kV Overhead Lines > Onboard9kV/1.5kV DC/DC Conversion
e IEEE Power Electronics Society SPEC
ETH:zurich eLecron He B @
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Future DC-Railway DC/DC-SST Application (3)

m 3.3kV/ 750A SiC MOSFETs | 400kVA 1:1 Water-Cooled Nanocryst. Core Oil-Tank MFT | f,,= 15kHz
m 2-Stage ISOP Demonstrator System — 600kW | 3.6kV/1.8kV DC/DC Conversion | p= 0.6 kW/dm3

* n =99% peak

H K V, [@@?}V/d]ﬁv]] I,.,i[100 A | div] I,.,|[100 A { div]

AT /A ‘[\ A

V. VARV V/AY

weload
Vit
"’1 [1350 to
aph
: 1800] \

20 ps/diy <3 i,"(;j"i"}’;‘ i %
m DCX-Type ISOP Converter Stages
m Natural Voltage & Current Sharing Experimentally Confirmed
m Interleaving — 4x 15kHz = 60kHz Output Voltage Ripple
. ) IEEE Power Electronics Society SP_EC
ETHzurich cemones e L)
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Smart Grid SSTs Applications
3-® AC-AC Conversion

to Base
Power

. Smart Switches/
Electricity Routers

@ Customer Nodes

DER Generation
(Fuel Cells, etc.)
to Base
Power

Power

EPI2I | i s

IEEE Power Electronics Society SPEC
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m ETH Zurich MEGA-Link Project

m Input Series Output Parallel CHBs — ISOP Topology

S, =1MVA
Uy =10KV
U, =400V

(=]

d

e Si-IGBT-Based Realization
e 2-Level Inverter on LV Output Side
e DC-Transformer DC/DC Conversion Stages

an
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i i ﬁ/LF . /converter cell
R TGEIE T IR REIE ] T TRl R
I A R el s iy e 2 el s ey
R EIE R [T EIE ] [Tl R
I A Ee R a e T iy e s el s e
EK%+KH/IIE¢‘ Eﬁ#+ﬁ§||’§ﬁ%ffﬁ+ﬁ§ll’§ﬁi‘
MYV phase stack N Conveﬁer\+ Dicig o
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Medium Voltage SiC Power MOSFETs / IGBTs

m SiC MOSFETs
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 » =
m  SFET4/5 w/o Substr ,"
1H + I1GBT34RC ———o—" =
- E| = SsicJFET IFX = LS oo ==
o = » GaN HEMT published - £ 3 L ]
£ [ - | "‘ -t N
— £ f » T
G ’ Py L~ /
p— f -
< 0.1 E > — =
E L=/ 3
Amount of semiconductor < - ; / ]
2 o c " - i -
" 4VB material needed to o’ I 7 L/ ]
on = 3 isolate10,000V B -
0.01 E =
su,Ec < s :
GaN SiC . y
R* - 1 Ra A Diamond i .
on,SiC ~ on, Si - [:] EEZ‘ F Hiner
’ 300 ™ — — 1E-3 e
silicon gallium nitride silicon carbide diamond 1 U 1 OOOD
1000um 100um 90um 20um

Vs(V)

m High Voltage Unipolar (!) Devices > Excellent Sw. Performance / High Power Density
IEEE Power Electronics Society SPEC

SOUTHERN POWER @

ELECTRONICS CONFERENCE

ETH:zUurich
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SiC-Enabled Solid-State Power Substation (1)

m 10kV SiC-Enabled 1MVA @ f,,= 20kHz
m MV A-Connection (13.8kV,, , 4 Modules in Series)
m LV Y-Connection (265V, All Modules in Parallel)

N N, N

e Fully Phase-Modular ISOP Topology
e Indirect Matrix Converter Modules — f, =f,
e 97% Efficiency @ Full Load | 1/3" Weight | 50% Volume Reduction (Comp. to 60Hz)

.. h IEEE Power Electronics Society SPEC
m h SOUTHERN POWER
Zu r!C ELECTRONICS CONFERENCE
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SiC-Enabled Solid-State Power Substation (2)

m 10kV SiC-Enabled 1MVA @ f,,= 20kHz
m MV A-Connection (13.8kV,, , 4 Modules in Series)
m LV Y-Connection (265V, All Modules in Parallel)

I
| L
k J £ R WJ ] ,\. 7 ) ]
I I I

e Fully Phase-Modular ISOP Topology
e Indirect Matrix Converter Modules — f, =f,

e 97% Efficiency @ Full Load | 1/3" Wellght | 50% Volume Reduction (Comp. to 60 Hz)

e . IEEE Power Electronics Society SP_EC
ETH:zurich CecTmonoTHERN PO D\' ]
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2-Level Mobile Utility Support 3-® AC/AC SST

m Mobile Utility Support Equipment (MUSE-SST) Placed in Mobile Container
m MV and LV DC-Links Facilitate Integration of Renewables / Energy Storage
m 100kW | 4.16kV — 7.2kV,. — 800V, — 480V

DC Port 1: 7.2 kV

LA

4Ea - HS

-

1L

%ﬁ ok Jk o3 zjgiﬂE;}J

wes e i RERH] [RF R
C;E&

MYV Active Front End Converter

LV
Jq? o 9F e o

Dual Active Bridge

Active Front End Converter: LV ?

m 10kV Gen-3 Extra High Voltage (XHV) & 1.2kV SiC MOSFET Half-Bridge Modules
m Thermosyphon Air Cooling | MV Power Block — 0.2kW/dm3 | 0.6kW/kg | n = 95.5% @ f,, = 10kHz / 3.5kV,. / 35kW

IEEE Power Electronics Society SPEC

ETH:zUurich
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SST Development Cycles

- A
(@]
i 2. Wave (Grid)
g Appl. in Datacenters
o Ultra-Fast Charging
= 3. Wave PV .
— Advanced SST : Traction
Concepts . 4. Wave
2. Wave (HV-5iC) 7( SST Applications
Modular SST Concepts and “‘ & Products
Prototypes for Traction
(Si IGBTs, LV-SiC)
1. Wave
MF Transformer Concepts ",
] LY
;?L;;ﬁg?sr; 1. Wave (Grid) .
SST Concepts for Smart Grid
/ — 4
>
1970 2000 2015 2030

m Development Cycles Reaching Over Decades — Matched to “Product” Life Cycle

. . IEEE Power Electronics Society SPEC
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Ultra-Fast Multi-Port
EV Charging Stations

—  3-@® AC-DC Conversion ———

. . IEEE Power Electronics Society SPEC
ETHzurich e o
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3-® 13.2kV / 400kW SST-Based EV Charger

m Industrial SST Prototype (US DOE Project 2018 - 2021)
m 3x9=27AC/DC— DC/DC Cells > 438 Switches
m Forced-Air Cooling

A AELTA

Source: Ch. Zhu, 2021

MVAC 3

13.2kV

Filter & Protection

DNPC AC/DC 1.6 kVDClink LLC resonant DC/DC

} ] } d | / | ]
L | y | vy
B } | b | y | vy
. — ! 1 | v | vy
w2 T 771 7 1]
o T L | ; 7 2Tz
= | y [ 'y
4 J J | y | vy
MV-Side = ; L
3.Leveinpc  |AC/|DC AC/|DC
. 1.6 kV DC bus DC DCH DC DCH
Isolation 1.2 kV SiC [ = |- I
LV-Side
2-Level
1.7 kV SiC
Grounded
Housing

e 15 kW Cells (= 0.5 kW/dm?3) / All-SiC Realization | 100+ kHz MFT (= 8.5 kW/dm3 w/o Bushing!)
IEEE Power Electronics Society SPEC

SOUTHERN POWER
ELECTRONICS CONFERENCE

ETH:zUurich
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3-® 13.2kV / 400kW SST-Based EV Charger

m Industrial SST Prototype (US DOE Project 2018 - 2021)
m 3x9=27AC/DC— DC/DC Cells > 438 Switches
m Forced-Air Cooling

MVAC 3
13.2kV

Filter & Protection

.'_l.
(1 [

4

I T 7T T T 1T T T
4

T I T T T T T I'tT T'T T T T

AC
DC

DC

DC

Py

AC/|DC 1

+

AC
DC

MV-Side / [

DC |/ DC
[

3-Level NPC  LV-Side

1.6 kV DC bus 2-Level

1.2 kV SiC

1.7 kV SiC

15 kW
/.

100%
98%
96%
94%
92%
90%

88%

° LVDC 86%
51050V

84%

0%

e 3000 kgs Weight | 3100 x 1300 x 2100 mm Outer Dimensions

e Power Density > 0.05kW/dm? (System) | = 0.5 kW/dm3 (Cells) | = 8.5 kW/dm3 (MFT)

20%

Input

29 /54_|%|

Phase Stacks Control

(I

40%

60%

T A
TR A

Il

[0

I Im

«—=—a Y n=98%

80% 400 kW 120%

IEEE Power Electronics Society SPEC
SOUTHERN POWER D‘ '_Ij
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3-® 6.6kV / 350kW SST-Based Multi-Port EV Charger

m 3x7 =21 Cells | 5kHz 1.7kV Si-IGBT AC/DC Stage | 50kHz 1.7kV SiC 1050V/400V DC/DC Converter
m Matrix Switch Output for 21x 17kW - 1x 350kW Charging Port Config. & Cascaded Cell Balancing
m Forced Air Cooling

Source:

High-voltage 350-kW Matrix HITACHI
input circuit bi-directional SST switch

p— ~ 2000 x 1000 x 2000 mm
||: EV port
High-voltage 350-kw Matrix A
input circuit bi-directional SST switch A~
P - P 1] '
S P EEE |
I m e 50-kW
sl E}u@ @. 5 > charging,
<| | 0 ' 10-kW V2G
a| 2| a o
e
Central E E‘ E]' 3
controller
2 2]= -
Z ][ ——
5 | E}. @. E}. charging

21 cell converters

e Power Density > 0.09kW/dm? (System) | =0.18 kW/dm3 (SST/Cells incl. Isol.)
® -40% Footprint / -70% Weight vs. LFT-Based Solution / 83% Lower Transf. Volume

IEEE Power Electronics Society

L SPEC
ETH:zurich L crmao T HEAN oW D\'_ﬂ
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3-® 6.6kV / 350kW SST-Based Multi-Port EV Charger

m 3x7 =21 Cells | 5kHz 1.7kV Si-IGBT AC/DC Stage | 50kHz 1.7kV SiC 1050V/400V DC/DC Converter

m Matrix Switch Output for 21x 17kW - 1x 350kW Charging Port Config. & Cascaded Cell Balancing
m Forced Air Cooling

Source:

: | N HITACHI

b
e Power Density > 0.09kW/dm? (System) | =0.18 kW/dm3 (SST/Cells incl. Isol.)
® -40% Footprint / -70% Weight vs. LFT-Based Solution / =80% Lower Transf. Volume

e . IEEE Power Electronics Society SP_EC
ETH:zurich CecTmonoTHERN PO D\' ]
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Laboratory

Modularization Penalty

m Highly (!) Simplified Consideration

— Power P Processed in Sphere with Radius R,
— Modularization Assuming const. P/V [W/1n3]
— Const. Isolation / Overhead Distance d;,

4 [ R, 3
V(N) =5 N1/3+dlso N

dw=Ro."" d,=05R, .~

Normalized Total Volume
(U'8)

2-D Visualization with d,. = 0.2 &,

0 5 10 15 20 25 30
Number of Modules, N

e High Number of Modules - Massive Reduction of Overall Power Density
e Add. Overhead - Input & Output Filters | Protection Equipment | Mech. Assembly | Cabinets etc.

IEEE Power Electronics Society SPEC
| |

ETHzurich
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Isolation Coordination

m Decisive Voltage Class (DVC) of MV Side Circuitry — DVC-D (> 1 kV AC or > 1.5 kV DC)
m “Safe Isolation” Towards Circuits w/ Other DVC / RI Required for Direct Contact
m BI Towards Touchable Grounded Parts Sufficient / BI or FI Between Circuits w/ same DVC

FI Functional Isol.

13.2 kV Grid
RI MV — 100 kV BIL (Lightning Imp.) BI Basic Isol.
220 mm Clearance / Creepage Aux/Ctrl RI Reinforced Isol.
A RI A RI
OVC : OVC |Mmv  RI R0%
IV I LT MY, e
MV Gride * oLV DC
A A AC © DC A A
BI A A FI
MV : BI Bl v
oVvC Overvoltage Categories = ; MV ; LV

OVC IV Direct Grid Connection 1

OVC Il Surge Protection = Metal Enclosure
EII' SN ity
Norma Svizzera

e Simplified Example Onl eN IEC 624772
p. p y . N . Safety requirements for power electronic converter systems and equipment - Part 2:
[ Appl‘lcable Standards Must be CO“SlderEd in Fu u Deta'll! Power electronic converters from 1 000 V AC or 1 500 V DC up to 36 kV AC or 54 kV DC

.. h IEEE Power Electronics Society SPEC
ETH:zurich o
ELECTRONICS CONFERENCE



Power Electronic Systems an
|-I E 5 Laboratory 34 /54 ]

', ! 2EINETS @ System-Level Perspective

112 110 114

v

m 2-Stage Transformer Approach Y_IAC s ,- _
m 1stStage Isolation for Nominal Voltage (PD Tests) \L 1 /Ac :I [::: :- IF-',I_ I:\]c’/ 931|_ Test
m 2" Stage Isolation for BIL SRy / No es

BI i for MV E ics to Housi i A I
] Requirement for MV Electronics to Housing Remains AC:I ’

N ACAC :I L
pdn | 8
Grounded | ACAC :I L

Housing iy

P=P

Al DL 1 Re/Brv test

| [AC 214 210

| C :II_. ._.../-/-/-4'31;02
Rz

I:AC l -
m More Compact Realiz. of 15t Stage MFTs, e.g., w/o Bushings [ = :I '

ass _ L4 L_J |: e !

| 100 x | 200 |
I 1

e Design DOF / Separate Optimization

e Especially Interesting for Lower Voltage / Power = Reduced Modularization Penalty 102201

. . IEEE Power Electronics Society SPEC
ETHzurich e o
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Datacenter Power Supply

High-Power
—— 3-QAC-DCSST ———
Systems

D" 6l v 5
[, .

IEEE Power Electronics Society SPEC
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Hyper-Scale Datacenters

m MV (kV) - Power-Supplies-on-Chip (0.9V) Power Conversion Server-Farms
m Short Innovation Cycles up to 450 MW
m Modularity / Scalability 99.9999%/<30s/a

$1.0 Mio./Outage

Since 2006
Running Costs >
Initial Costs

Higher Availability
Higher Efficiency
Higher Power Density
Lower Costs

Fwhe

. . IEEE Power Electronics Society SPEC
SOUTHERN POWER
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Comparison of AC and DC Power Distribution

13.2 kV MVAC AC
m State-of-the-Art | 7 e [AC ] 400VIDC A yg v
400V AC | — @ a0v e /D DC
frr = ))2/0;7—)8)% Nprc = 99 %
= ‘ ns=97.1%
13. 2 kV —{PC A48V,
DC
3 i [AC [
m 690V AC / = =600V DA A8 Y.
| ,, 690V x| | /Dej— X
77]_1:]" )) 2 /0 ],’, — )) ( % ;71)1:(‘ — 99 % H DC d 48 V
: ns=97.8%
13.2kV PEC / -hD-‘C. ------ |— DC A 43 v
2 - DC
m + 400V DC Al Lrjf | [
N =99.2 % DC( £400 V1 | PP A a8 v,
Mrc=99%  5=997% an
= n=982"%
(= ns=97.9%

an
36 /54 il

e ny Similar to 690V
AC Distribution

e C(entralized PFC Rectifier Stage / DC Distribution — Minor Efficiency Gain (!) / Adv. for Integr. of RES & FCs

IEEE Power Electronics Society SPEC
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Dry-Type LFT Technology & SiC PFC Rectifier

m 400kVA EcoDEy ™ High-Efficiency Transformer
m Vacuum Cast Coils —> No Fire Hazard

m Amorphous Metal Core - Low No-Load Losses
m High Overvoltage / Overload Capability

1200V SiC MOSFETs
3 3 AC o
MVACO-/-@”@—/—-‘ L 1vpC
DC i

1'000 kVA reference  100,0%
case

99 5%

Efficiency

I o -
T o 990% 7 ~ 009
Eooon/ y Nac/pc = 99%
- s:aondr:rd 98.5% ’ / — = 9
/ —————————— n - 98025 /0

dry-type
98,0%

97.5%

0% 20% 40% 60% 80% Load 100%

—1m —

e Utilizing Proven LV SiC MOSFETs in AC/DC Stage > N,¢/pc = 99+ % Efficiency
e Full Functionality — Reactive Power Gen. | Bidir. Power Flow | Scalability to Higher MVAC-Levels
e No DC Fault Current Limit (!)

. ) IEEE Power Electronics Society SP_EC
ETH h ccermoneresmrene (L)
ZUuric -
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3-® 12-Pulse / Multi-Pulse Rectifier

No Explicit PFC Stage (!) > Passive Realization of PFC with Phase-Shifting Transformer / No Inductors
Low Complexity | High Robustness | Long Lifetime
18-Pulse, 24-Pulse For High Power Levels

4 kW/dm?3 Rectifier Stage / Air Cooling

YK n=99.7%

Grid Voltage (V)

sEMIKRON
Sovabon+senos

3 ¥
MVAC o+® || == Lvpe

i w

4

o

Grid Current (A)

e Unidirectional
e No Active Output Voltage Control (Tap-Changer)
e Remaining Current Distortion / Reactive Power Consumption
o IEEE Power Electronics Society SP_EC
mzu r[Ch SOUTHERN POWER Q‘ _Ij

ELECTRONICS CONFERENCE
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Comparative Evaluation — Efficiency

m £ 400V DC Power Distribution — Fuel Cell Back-Up Power / PV Integration etc.

— Central PFC Rectifier on
LV-Side

— No Switch-Mode PFC /
Partial-Power Active Filter

— Central PFC on MV-Side

Future Solid-State
Transformer Based
MV Interface

an
39 /54 il

iRack
—{DC
13.2kV PFC DC F SRR
| = AG i ok [ >
I — 997 9 DC +400 V"/s(' DC 48V
Mier = ; 0 Nprc — 9() % Na = 99.7 '}0 DC
= n=982% :
(= I— ns=97.9 %
v i
12-Pulse Rect. + Act. Filter ‘
13.2kV 3 ; oe P A sy,
= ACTL L 3 o | e
pCl T |1 400 v | UDC A gy
'y =99.7 % —
T $ : o DC
1N = Nrrr Mapear = 98.5 %
13.2kV SST DC FDC LAS
| _, [ | [ACIMET [AC 2 e [ DC
| waion [ A @ e +400 V¢ | UDC A 4g v
— — 0% 0/ e =99.7 %
n=nssr =98 % DC

e 12-Pulse + Active Filter - Highest Efficiency & Robustness @ Reduced Functionality

IEEE Power Electronics Society
SOUTHERN POWER
ELECTRONICS CONFERENCE
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Comparative Evaluation — Efficiency & Power Density

m Industrial AC/DCSST —-> NO Efficiency / Volume Advantage Compared to LFT + SiC AC/DC Conv.
m Efficiency of Industrial Prototypes n = 98%

m Full System Power Density p= 0.05 ... 0.2 kW/dm?

@H %]

N
1200 V SiC AFE 3 3[ac A
MVAC o+®®+ J =  vDC
3 3 AC DC
MVAC°+®||®+-— 4 II LVDC T
98.5 — —————
+Si
| mpew T Supescar gy
Efficiency (%) e LFT-based [Rathoiuni2019% ]
[ ; < 6.6 kV 7400V
LFT + SiC PF 10KV SiC
Prototypes f\i(Full System) (Cells Only)O -
- Ind. SS ototype ~
(Zhu01 O] typ Cells Only

s = ‘11392 /1050y, LFT + Si PV Inverter

: =l EEIENIZE] 1.2 kv sic /SMA PV MV Power Station
AELTA = 3000 kW
1500 V.DC /°6.6...33 kV AC
Turn-key Solution incl. MV Switchgear etc.
97.5 —e——— —— el eSS
1072 107! 10° 10!
Power Density p (kW/dm?)

m Dry-Type LFT-Based Systems —> Voltage Scalability & Robustness
m 12-Pulse Rect. & Act. Filter = Low Complexity @ Reduced Functionality
e . IEEE Power Electronics Society SPEC
ETH:zirich
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LV Low-Power SMPS Efficiency / Power Density 1981 — 2021

m 1981 —
m 2021 —

8

Power Density in kW/I

Source: SIEMENS

Large Volume Line-Frequ. Isolation/Voltage Step-Down | Diode Rectifier | Low Eff. Linear Stabilization
PFC Rectifier Front-End | High-Frequ. Isolated DC/DC Converter

Power Density Mainly Determined by
Size of Passives and Heatsinks

2021 3kW 48V
*=1oo kHz

2021 7,4kW OBC
2020 5 kw 48V

biized
ood

v«#.f]:]::

2014 3kw 48 V

o ©
2020 22kW OBC f=50 kHz

1992 10 kW 5V DC/DC 2018 3kW 48V

ot Faovg At f= 200 kl-iz 2003 18 kW 48 V 2004 2,8 kW 48 V B ~
Tt | 2007 1,5 kW 12V
e 8L L ¢ ¢
| | Pm 2004 SkW Solar
| — ! 1981 - 2004 1,5 kW 12 V 1992 FE1800
0 . f=48 kHz » b Source: A AELTA
70 75 80 85 90 95 100

Peak Efficiency in % 2007 0,75kW 12V

m Power Density AND Eff. Improvement | Line-Frequ. = High-Frequ. Conv. & Linear - Sw.-Mode Regulation

ETH:zUurich
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o ___ |8
m 2x1GW/=320kV HVDC Link btw. France & Spain o TN -
T EE: ggg-@.
Source: SIEMENS

64,5 km

+320 kV DC 1 Power modules
' (IGBT)

2 Converter reactors

2 Power modules
cooling system

4 Control and protection
room

5 Auxiliary power supplies

6 Starpoint reactors and
insertion reactor

7 Power transformers

m Isolation Clearances (!) Largely Determine Space Requirement | Low LFT Volume Contribution (!)

. . IEEE Power Electronics Society SPEC
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HVDC Converter Station (2)

m 2x1GW /=320 kV HVDC Link btw. France & Spain

N =

Source: SIEMENS

m Isolation Clearances (!) Largely Determine Space Requirement | Low LFT Volume Contribution (!)

. . IEEE Power Electronics Society SPEC
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Status Quo — Traction & Grid AC/DC SSTs

m Traction > Clear Improvements in Efficiency / Power Density > 10 Years Ago

m Grid

Traction 1-® AC/DC SSTs

98 T T T
Q ABB (2012)
g 96 (0] 1
15 Alstom (2003)
S 941 @ 1
L .
8 Conventional
G 927 » l
<

90 1 1 1

0.1 0.2 0.3 0.4 0.5

(') Gravimetric Power Density (kW/kg)

AC-DC Efficiency (%)

o
44 54 el

—> Recently Built 15t Full Industrial Demonstrators w/o Efficiency / Power Density Advantage
3-® Grid AC/DC SSTs

m Full-Scale Industry Demonstrators Complying with All Relevant Regulations & Standards

ETH:zUurich

100
9T Delta (2021) Est. -
Modular SST LFT + SiC N
(Stacks Only) u i \
98 | \ I
~ /
\ J
SMA ~=
3 MVALFT + Si
97
ABB (2012)
96 F 1.2 MW Traction @
95
Alstom (2003)
1.5 MW Traction
94 [ " 1 1 .| " PR T T 1
1072 107" 10° 10
Power Density (kW/dm3)

IEEE Power Electronics Society SPEC
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Grid AC/DC SST Challenges (1)

m Massive Reduction of Power Density from Cell to Full System - Modularization Penalty

diso

Power Module - System

104 I I ! ! e e e

2 g
S 10 OO
2 [ B N=2
] : i
% Intuition - Spheres of Equal
o _ Power Density w/ Const.
102 L Isolation Overhead Layer = 9 W%

Semicond. Pack. Cell System N=10

m Future 10+kV SiC Devices > Lower Number of Cells for Given Medium-Voltage Level

"1 . IEEE Power Electronics Society SPEC
mzur[Ch SOUTHERN POWER

ELECTRONICS CONFERENCE v
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Grid AC/DC SST Challenges (2)

m PFC Functionality on MV-Side - Modularization Penalty & Add. Protection
m Target Efficiency of 98% - 2% Loss Budget for 4 Conversion Stages vs. 2 Stages for LFT-Based Concept

| -~ LV Isolation Cabinet Weight vs. Volume
Switch-| | pill ' [Ac 300
MVAC {— gear & | @- /[ woc /
Prot. | : :
| = %
99.0%: 99.0% =2 200 o~
ssT 99.5% 99.5% 99.5%: 99.5% £ éyo/c
S T T T Avitied : & b
switch-| © i[2] [ac 7] [pc MET | [ac /] = 100 e
MVAC gear & s = (O)— =—o LVDC
Prot. 3 DC AC DC |:

0
0 0.5 1 1.5 2

Enclosed Volume [m? ]

MV Isolation

m Modularization Penalty — Larger Cabinets / Heavier Weight etc.
m MV-Side Power Electronics Overhead — Protection, Connectors, Access for Maintenance etc. SpEC

ETH:zurich e Eve D
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10kV SiC Power-Cell w/ Integrated Output Inductor

250kW Half-Bridge Power-Cell (HB-PEEB)
10kV/240A SiC MOSFET Modules (4200kW/dm3) | 6kV DC-Link

n=99.3% @ f,,= 10kHz for D= 0.5 Power Circulation
p =12 kW/dm

£2CPES
== s

Center for e Electronics

DC-link capacitors Power switches Power Cell )

Power
Bus-bar Schsor . Inductor manag;ement ALTERA Max10 W
/9¢ — / Current transformer-based FPGA
power supply primary side = :
\I lati Sensor
nsulation N ps
Sensor - J 4
C

driver || driver

Wireless power y Y

.- ) :
transfer auxiliary| geesy | gers / <
power supply PS PS ‘ Current bus

- System

% controller Current transformer-based
' V

Fiber optic cables power supply secondary side

qate ] Gate PEBB controller i B

~ Rogowski
coils

>

Wolfspeed.

. GEN 3 XHV-6 10 kV 240 A
urrent-boostersand SiC MOSFET Module

active Miller clamp

?“

m Multi-Layer PCB DC-Bus | Gate Driver for 100V/ns Sw. Speed | PCB Rogowski Coil Sw. Curr. Sensing / Protection
m Local Controller & Voltage/Current Sensors | Wireless Aux. Supply | Curr. Loop GD supply | Temp. Sensing etc.

ELECTRONICS CONFERENCE

. ) IEEE Power Electronics Society SP_EC
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AC-DC Efficiency (%)

ETH:zUurich

96

94

Next.-Gen. SSTs — Improvement Potential

m 10kV SiC and/or MMC Topology Might Facilitate to Overcome the Power Density Barrier

m AC/DC Efficiencies >98% Remain Difficult to Attain

m Future Research Focus on NEW Aspects

SST DC-Side Fault Protection & Ride-Through
Grid-Side Overvoltage Protection

$$$ Learning Curve

Etc.

Traction 1-® AC/DC SSTs

98 T T T
ABB (2012)
B o i
Alstom (2003)
L . _
Conventional
0.1 0.2 0.3 0.4

(!) Gravimetric Power Density (kW/kg)

0.5

AC-DC Efficiency (%)

100

99

98

97

96

95

94

1072

an
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|
| 3-O Grid AC/DC SSTs
1

Power Density Barrier

Delta (2021) Est. |

Modular SST LFT + SiC
(Stacks Only) | | P
|
SMA !
3 MVALFT + Si

ABB (2012)
1.2 MW Traction A

Alstom (2003)
1.5 MW Traction

/& o
ETHZ (2019)
25 KW / 10-KV SIC

CPES
Extrapol.

107" 10°
Power Density (kW/dm?3)

m Full-Scale Demonstrators Complying with All Relevant Regulations Mandatory for Realistic Assessment

ELECTRONICS CONFERENCE
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Laboratory
Grid AC/DC SST Challenges (3)
m SST Fault Behavior & Stresses (Line-to-Line, Line-to-Gnd, Short Circuits, etc.)
m Fault Handling Schemes / Fault Ride-Through / Grid Code Compliance
MYV Protection SST (D 9 LV Protection
e SST Protection Scheme O@ Ll_/.__E_/,._E_-Lmn_ TAC .l_ TRY = S o
r@ Internal Fault @ et L2 - R L 12
@ Lightning Surge = = = "E‘m'AC DC i skt — == @
@ Switching Transient 3 @ 13 'ﬁm' — CJ L3 z® At
(@) MV Short Circuit ) = =" L AT ey k3 =
@ LV Short Circuit Disconn. Breaker Pre-Charge {,/Dc chy AC PEN
(©) Non-Ideal Load Fuse  Res. v e
| 44t IS L
Surge Arrester MYV Earthing LV Earthing Surge Arrester
MV Bridge
{\ MV Filter
e Overvoltage Protection (Lightning Strike) JEANSSe's's o W
High Arrester Clamping Voltage .
AC Inductor > 8% for Current Limitation
Sufficient DC-Link Capacitance
Sufficient Semicond. Blocking Capability Surge
Grounding - Lower Stress if Unearthed Arrester Vo= 114KV
m Protection Scheme Needs to Consider: Selectivity / Sensitivity / Speed / Safety / Reliability
. . IEEE Power Electronics Society SPEC
mzu r[Ch SOUTHERN POWER
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Outlook — SST Technology Learning Curve

m Learning Rate - Cost Reduction for Each Doubling of the Cumulative Production / Accumulated Experience

m Used for Prediction of Future Costs of a Technology (e.g. PV or Wind “Grid Parity

1,000

100

10

) = Long Term Strategies

Wind
LCOE
(2020 $/MWh)

LR=16%*
(1982-2006)

LR=15%*
(Full Period)
LR=40%*
(2010-2020)

LR=-10%
(2006-2010)

0.1

10 1,000
Cumulative GW —

e Typ. Empirical Learning Rates of 15...25% —> Dramatic Cost Reduction Over Longer Timespan

e 15 k$ Budget for 1MVA SST MV Power Electronics & MFT = 10 k$/1MVA Power Converter

Laboratory
! LFT !
1 MVA costs <15k$ 1
Switch-| | I
s |t @)——
Prot. |1 I
CSSTo :
' I
Switeh-] ' [Add | [AC /] MET |
MVAC gear & F—| SST H —(0-
Prot. | 1 | Prot. AC X
I :
ETHzurich

> 10 $/kW (1)

IEEE Power Electronics Society SPEC
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Future Combat Ships

m MV Cellular DC Power Distribution — 6kV DC/DC SST for Size & Weight Reduction

Source: General Dynamics

$& LEONARDO DRS

26 inches

Each module fits
through a standard
ship hatch

66
inches

m “Energy Magazine” as Extension of Electric Power System / Individual Load Power Conditioning
m Bidirectional Power Flow for Advanced Weapon Load Demand
m Extreme Energy and Power Density Requirements
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Research Vectors

System Studies (TCO, LCA, ...)

High-Power EV Charging & Datacenters
MVDC Grids (Collector Grids, Traction
Special Applications (Naval, Aircraft, ...

Alternative Concepts

Local MFAC Distribution

Optimization of LFT-Based Solutions /
Hybrid Multi-Pulse Rect.

Business Model Development
Clarification of SST Learning Curve
Demonstration of SST USPs
Modularity / Economy of Scale
Standardization

ETH:zUurich
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More Compact Realization

Modularity / Hatchability /Transportability

SiC Medium-Voltage PEBBs

Separation of Safety Protection & Funct. Isol.

1:1 Demonstrators for Full Assessment
Voltage - 10+ kV

Power - 1+ MW

Std. Compliance (BIL, Prot.) - 50+ kV

Protection & Robustness

MV AC & DC Protection / Fault Curr. Lim. Schemes
Grid-Code Compliance (e.g. IEEE 1547)
Modularity / Redundancy / Mean-Time-to-Repair
Design for 20+ Years Lifetime

Materials
Insulation Materials
Mixed-Frequ. Insulation Stress Testing

Circular Economy & Sustainability
New/Future KPIs: Longevity / Repair /
Re-Use / Recycle

... Focus on Topology | Modulation |
Control | Efficiency | Power Density
is Far Too Limited (!)
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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

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
nature

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

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 & ﬁéﬁ
MATERIALS
RECOVERY .
' - Rethink
DESIGN + - Reuse
2 - Upcycle
COLLECTION CIRCULAR ’% [@ . g
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w@ 3 ! - Recycle Koeijer et al.
DISTRIBUTION - Reduce 2017
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m Decoupling of Economic Growth & Use of Resources (!)
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Source: P. Aylward
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