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Future Gigawatt-Scale Datacenters

m «Explosion» of Al — Hyperscale Datacenters Providing Massive Scalable Cloud Services
m Gigawatt Power Levels — =7...12% of US Electricity in 2028 / 35...65GW (=4% in 2023)

Al is expected to drive more power demand from datacenters

Datacenter status

@® Operating
@ Planned

Estimated utility
power demand (MW)

600
300
10

Sources: S&P Global Market Intelligence; 451 Research; S&P Global Commodity Insights

m Plans for 2.5 ... 6 ... 11 Gigawatt Campuses Co-Located w/ Nuclear Power Plants (!)
m Collaboration w/ Utilities — Datacenters as Responsive Loads for Balancing Solar & Wind Power
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Future 3-® Medium-Voltage AC/800V DC Power Supply

m Near Term — 3-® 400V, or 480V, or 600V, Supply & AC/DC Power Racks / Side Cars incl. Battery Buffer Units
m Mid Term — Medium-Voltage AC Distribution & AC/DC Solid-State Transformers (SSTs) Replacing Power Racks

Power Rack IT Racks e
MVac LET S %
| O 3 A 2 | epmsy
| 400 V DC|  +400 V =
480V : 800V % 448V Power per Rack (kW)
1000+ 5...10MW Solid-State poeeeeeeaes
Transformer @ 35kV,,
( ! ) IT Racks
48V
MVac SST , % 500
3 : AC /] [DCA: 2 iy ;
| #  eotton [ /.1 — By, )] T T
| M Vac i DCJ 7 DCJ: +400 V :
Y C 800V % 48V 100 p====memceccaaaad
2025 2030

m IT Rack Power Levels Expected to Reach 1MW by 2030 / +400V,. or 800V, or 750V, Replacing 54V, In-Rack Bus
m Medium-Voltage AC Supplied SSTs Feature Lower Busbar Cross Sections & Lower Distribution Losses
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! Remarkl SST Development Cycles

m Traction — Higher Efficiency / Low Volume & Mass

m Smart Grid — Grid Controllability / Renewables & Storage Integration / Ancillary Services

m EV Charging — High Power Density / Integrated Buffer Storage / Renewables Integration

m Datacenters — Direct MVAC-LVDC Interface / Elimination of Conversion Stages / High Efficiency

: o

Innovation

1. Wave
MF Transformer-Based
Concepts (Thyristors)

2. Wave

Datacenters, Ultra-Fast EV Charging,

Renewable Energy & Storage, etc.

3. Wave

Advanced SST Traction
Concepts " 4. Wave

(HV Si0) o ssT Applications &

2. Wave
Modular SST Concepts
(ST IGBTS, LV SiC)

% Products

for Traction Vehicles . 1. Wave
SST Concepts for Smart Grids
/ V s
>
1970 2000 2015 2030

m Development Cycles Spanning Decades — Governed by Product Life Cycles
m Replacement / Expansion of Legacy Systems — Complex Multi-Objective Decisions
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54V, 800V, Rack-Level Power Distribution

m Quadratic(!) Dependency of Losses on Voltage Level
m Higher Voltage Allows Massive Reduction of Conductor Cross Section / No Bulky Busbars / Low Raw Material Effort

1
=T s =2. (_)
YRR rlrlrlllllrlrlrerr , 2U U2
e 48V DC
SES ===y P e !
x10 compute trays %‘% E | | | | | | | | | [ [ ‘ R
T ——
CEpET= o 800V DC
S i
3 , — ' U Rpc X
X8 compute trays :
m= el [Unc;
= L —
s = RL = /
x18 compute Power sidecar XT2 compute blades K-A
trays per rack ack per IT rack C
. wa‘z“pm . ! Conductor Cross Sections 4,
PES= PeakLrrent Supplie for Same Losses

(Iﬁineon

m Next-Generation AI Workloads — 54V, In-Rack Distribution Replaced by 800V, & Separation of Power & Compute
m Traditional 54V, System Would Require Over 200 kg of Copper to Power a 1MW Rack
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State-of-the-Art

LFT-Based Utility-Scale PV Inverter
SST-Based High-Power EV Charging

ETH:zUrich 2PCEC 2026
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LFT-Based 3-® MV AC/800V DC Power Supply

m SOTA Turnkey Power Station for Utility-Scale PV Power Plants in 20 ft Container (6.1 m x 2.6 m x 2.4 m)
m 3 MVA Low-Voltage Si IGBT Inverter | 50Hz Transformer (LFT) | MV Switchgear | etc. — 0.08 MW/m?

— AC
s DC

PV MODULES

i

#H]

max. 1500

STRING-MONITOR

Vv

max. 1500 V

MV POWER STATION

===

SUNNY CENTRAL

r=——==——--

MEDIUM-VOLTAGE
TRANSFORMER

6.6 ... 35kV

MEDIUM-VOLTAGE

SWITCHGEAR UTILITY GRID

-l

1200 V Si IGBT Technology | Oil-Filled LFT

m 98.5% CEC Inverter Efficiency / 99% Transformer Efficiency (EcoDesign, 0Oil-Filled)
m 97.5% Overall Efficiency / Improvements for Si IGBTs > SiC MOSFETs & Dry Type LFT > 98+%
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LFT-Based vs. SST-Based 3- MV AC/800V DC Supply

m Conventional Realization w/ 50Hz Transformer (LFT) & Low-Voltage AC/DC Converter
m Fully-Modular Solid-State-Transformers (SST) w/ HF-Isolation Stages in ISOP Arrangement

13.2kV MVac LVdc
3 A o
E: 800-1000 V
F o
Smlclu.en
~ and Protection

Core” ™ Wdg kW J B f L3

rms max

™ N

m LFTs — Excessive 100+ Weeks Delivery Time of 50/60Hz Transformers
m MFTs — Lower Raw Material Effort / Lower Raw Material Costs / Lower €0, Footprint
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400kW 3-O 13.2kV,./800V,. SST — Gen #1 1/2

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

Switchgear
& Protection

VAT D
A

MVAC PR aik 15 kW _— —
DC AC : ] ' = b J=
DCT "FC v )% L =
AC C e = AC T | A
[ B4 [ 4l | AELTA
C C T -{AC /| f — 1m —
[ADC DAC]”[ADC_. 100%
AC DC 5 @ 1AC, /T | | o8 |t m—neg o o = 98¢
C pcl T ch”i el ; R00...1000 V - //‘ * n %o
AC BC /i w-ACT| i 4 /
e T Ac]”i DCH 94%
AC,7T 1 OC /a1 TAC 1|1 ‘
[ pel - AC]”[ bcld : 92%
AC BC a1 ACT| i 0
MV-Side c e Ac]”l: DCl; : o
3-Level NPC AC DC ]”[Ac ih | 88%
1.6kV DC bus N [ACDC = CAC = CDCj 86%
1.2 kV SiC / = AC]”E < 84%

|18 0% 20% 40% 60% 80% 400 kW 120%

m 3000 kg Weight | 3100 x 1300 x 2100 mm Outer Dimensions
m Power Density > 0.05 kW/dm? (System) | = 0.5 kW/dm? (Cells) | = 8.5 kW/dm? (MFT)
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400kW 3-® 13.2kV,./800V,. SST — Gen #1 2/2

m Industrial SST Prototype (US DOE Project 2018 - 2021)
m 3x9=27AC/DC— DC/DC Cells -> 438 Switches &\ NELTA
| FOI‘CQd-AiI‘ COOling Source: Ch. Zhu, 2021

. 1.6 kV
Switchgear DC Link

& Protection /1.2 kV SiC
! ; & J | J L7kV SiC\
- bl T [ ” ] FG 300---1000‘/3;2 _"_-‘ | == 800..1000 V
AC DC T+ -|AC /T '_ 12:16
[ pel 1| ch”E DCH J? Jﬁ 1 Jg % J%
AC DC A+ <1AC /T «—o
DC AC]”[ DC4 J J J
[AC DC 5 @ 1AC, /T | - -
C pcl - AC:'”( beld 800...1000 V NPC AC-DC LLC DC-DC
AC DC_ a1 1AC /1
c pcl T Ac]”i pCld
AC /17 (DC /g i |AC AT Isolation
bl - AC]”[ pcld Case
EAC DC ~[AC 7| AN
MV-Side [ pc| T AC]”E pcl{ :
3-Level NPC AC PCA 1A
1.6 k\ D.C bus /N [ACDC Dégc.]”[.ACDC:. ~ N
P2 RVSIE s-i/ncl T ch”i el Housing

m 15 kW Cells (= 0.5 kW/dm?) / All-SiC Realization | 100+ kHz MFT (= 8.5 kW/dm? w/o Bushing !)
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Power Density (kW/dm?®)
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Penalty of Full Modularization

m Massive Reduction of Power Density from Cell to Full System - «Modularization Penalty»
m Accumulation of Isolation Distances AND Transformer Scaling (!)

P

f‘3~L.f

Power Module - System — £\ nELTa Gen. #1

-
o
i

550

—_
o
%]

100 F

102 L
Semicond. Pack. Cell Stacks System

Intuition — Spheres of Equal
Power Density w/ Const.
Isolation Overhead Layer

m Future 10+kV SiC Devices > Lower Number of Cells for Given Medium-Voltage Level
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Penalty of 3x 1-® AC/DC Conversion Power Pulsation

m Symmetric 3-® Sinusoidal AC Mains = ggg """"
m Symmetric 3-® Sinusoidal Input Currents @ T
m Ohmic Mains Behavior 3 R Vi
> -300
= -600
=< W
7 20k~
£ 0
g -20
~ -40
B
: Z
] Veu 2
R,
=D p

20
t - time (ms)

m 2x Mains-Frequency Input Power Pulsation in Individual Phase Units — DC-Link Buffer Capacitors
m Constant Overall 3-® Instantaneous Power

ETH:zUrich 2PCEC 2026
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| Remark Two-Stage Monolithic 3-¢ AC/DC SST

m  Non-Modular Approach / Standard Converter Topology / Low Complexity / Single-MFT
m 15kV SiCIGBTs / 1200V SiC MOSFETs — Operation @ 13.8kV AC Mains - 800V DC

22kV

A ]

9 .
<3

<
3

y

]!
L

ol

£

<
3

1

h

<3
<3

x

13.8kV

Ll

<3434 43
(EIOIEE

I
0

ZQECTON
o ad 5,

m No Redundancy (') — Would Require Series Connection of Power Semiconductors (!)

m Not Scalable to Higher Grid Voltages

i
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Two-Stage AC/DC SST Power Density/Efficiency Barrier

m State-of-the-Art SST Performance Comparable to LFT-Based Solution (!)
m Power Densities of Typ. =0.15 MW/m? | Efficiencies of 98...98.5%

3-® Grid AC/DC SSTs

100
A ner1aG2 \ \
1.2 MW
AhELTll G1 E. TN \\ H 1 IV'VVJ’I'I"I3
99% [ 04MW  oaw \ \ »* .
\m Ll \4 \ - Next Generation
— 5 \> ' Single-Stage SST
& 98| HITACHI— % / \o \
< 0.35 MW b= \% \
2 Ry suNGROW\ 8 \ State-of-the-Art
< 6 MW \o \
S o7t == \2 \
utJ (LFT+Si) \E \
x 3 MW \< \
8 g6} ABB(2012) A \3 \ | 1unit
1.2 MW Traction \% \
\53 \
95 \'o \
\2 \ 1 * 1MW/m?
ALSTOM (2003) \c’g \ — unit
94 . . IHI”|1.5MV.Vra‘ctioln . . o 2
0.01 0.1 1 10
Power Density (MW/m?)

m Next-Generation SSTs — Power Density x5...10 @ -30% Losses
m Full-Scale Demonstrators Complying with All Relevant Regulations Mandatory for Realistic Assessment

ETH:zUrich 2PCEC 2026
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Classification of SST Topologies

Two-Stage / Quasi-Single-Stage / Single-Stage
Fully—Modular/Partly—ModuI%r / Monolithic

ETH:zUrich 2PCEC 2026
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Next-Generation Ultra-Compact 3-® AC/DC SST Concepts

m Two-Stage AC/DC-DC/DC > Quasi-Single-Stage OR Single-Stage AC/DC Conversion
m Fully-Modular Topology > Partly-Modular OR Monolithic Structure / Transformer Scaling Advantage

m SiIGBTs

—> SiC MOSFETs

3-® AC/DC SST Topologies

Two-Stage

Quasi-Single-Stage

Single-Stage

Fully-Modular Partly-Modular Monolithic Fully-Modular Partly-Modular Monolithic
’_Iﬁ | |
I I | I |
IFE mBR m-IAF | [ m-Vienna-Rect. m-UF Dir. AC/DC Matrix-MMC Y-MMC

m 99% AC/DC Power Conversion Efficiency / 30% Loss Reduction Comp. to SOTA
m IMW/m? Power Density / Factor 5...10 Increase in Compactness Comp. to SOTA

Modularity Categories

- 3-O Phase-Modularity
- Phase-String Modularity

Z2PEC 2026
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3-® AC/DC Power Conversion Partitioning 1/2

m Degree of AC/DC m Degree of m Number of Levels
Power Conversion Phase Modularity Series/Parallel Cells
Partitioning

° Ac /[T m— , /— — _ L
o—1| AC DC |, .,
1
" ac /. Ac /T
. - - — L L
o / AC _I'_-'I =’ DC [, B i
M— Yo Ac /T o~ ac /- [l ]ii
— /W Sy ==t —
e 1/ac pc L o/ AC | o) U |/ DC | C i
> ac DC j"{ ac /I A - [l “Zii ]li_ |
— | [T} —
/2 /1 L/ e | =/ o) L ININE
_______ C :
* AC L nc /1 [lac /T ; == 1. /- ]ii[ i
—~ /€ ][ - m— - C
o]/ DC 1 /ac pc |, %—EJ_L_-_—' pC | wl 7 ]ii[

m 3-Dimensional Topology Selection Space (!)
ETH:zurich Z2PEC 2026
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3-® AC/DC Power Conversion Partitioning 2/2

m Partitioning of AC/DC Power Conversion - DC-Link & Matrix-Type Topologies
m Splitting of 3-® Systems into Individual Phases > Phase Modularity (Electric &/or Magnetic)
m Splitting of Operating Voltage / Current - Multi-Level/Cell ISOP Approaches

Degree of Power

Conversion Part1t1omng B - ) { F AT i T
g :‘AC IDC ]"i
e (R
I =L
””””” LTI
EAEvA |

Degree of

Phase Modularity
Number of Levels

Series/Parallel Cells

m Extremely (') Large Number of Possible Topologies

ETH:zUrich 2PCEC 2026



Single-Stage SST Topologies
Matrix-Type SST Concepts
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Single-Stage Fully-Modular 3-® AC/DC SST Topology

m AC-Switch-Based Dual-Active-Bridge-Type or Resonant AC/DC Converter Sub-Modules
m Half-Bridge Primary Minimizes Number of MV-Side Switches / Full-Bridge Secondary Provides Higher Controllability

e P

MVAC

Single-Stage Isolated AC-DC

m 2x Grid Frequency Power Fluctuation / Peak Phase Power of 2/3 (!) Total 3-® Power / Rel. High Comp. Stresses
m 120° «Interleaving» of Phases Results in Constant Overall Power Flow — No D(-Side Storage Required (!)

ETH:zUrich 2PCEC 2026
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1

;LB Single-Stage vs. Two-Stage 3-® AC/DC SST
m Functional Separation vs. Functional Integration of AC Power Factor Correction and DC/DC Conversion
m DC-Link Energy Buffer vs. Direct Processing of 2x Mains-Frequency Pulsating Power

Switchgear Switchgear
& Protection & Protection

S l: : oL m————
j"[ DC 13.2kV ACj"[ DC
MVac Hac —1-{bC {AC T MVac AC ~{AC 7|
pcl 1| AC]"[ beld AC]"[ DCly
[AC —1-{bC ]"EAC H [AC j"EAC H
bl 1| Ac fotel) AC DCH
[ —1-{5C 516 1AC 1|1 ——g—i
pel | AC]"[ Dl 800V AC]"[ feld 800V
[ —1{bc ]"EAC A 1000 V b j"iAC h 1000 V
e} T | /ac DC AC DCH
[AC —1-{bC ]"EAC H [AC : " ~[AC 7|1
pcl T ac fotel) AC] [ Dl i
[AC —1-{BC AC T [AC : -[AC 71
bel 1] AC]"[ foreld ch"[ peld
[ —1-OC g W 1AC, 1| o oo {8
pel T AC]"[ el AC]"[ Dl
Nf[AC —1{BC 75 @gTAC,T Nf b -
,/DC AC]"[ DCld ‘ AC]"[ neld

m Implementation of Single-Stage AC/DC Power Conversion Limited by Availability of AC-Switches

17 /50 _ Nl
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Single-Stage Modularized 3-O Bridge Rectifier SST

m Voltages Across Blocking Diodes Used as Unipolar Supply of DC/DC Stages
m DC/DC Stage Operating Intervals Defined by the Mains Line-to-Line Voltages / Relatively Low Utilization

P

A

Jo
374

o

Loy g [ N

' )} ' n DCH 0
P70 P70 T2 =hetl] L ONTCTTH
2 Dl Dl C /bc Vas 1o -
a v 150 - - T T : - -
_(_a i —— 100 F . 4
+—o 8 DC 50 |
| AN : A W
B out b i, De B 50 | d
c - — Y 8 S ll/uut -100 | - -
- - C Ve . Vis - |—o -150 L L L s | L
DC 4 HDC — —DC —e 7 I, 1 2-? A‘(\ r T T
E | “'T_T_ —_— Pas + Pbs + Pes
§ 0.75 |
: DCH : DCH : DC DC.A [DC s sl _ Pas
| i - Phbs
a2 [P e > J e /e 2 0By / e
bcl bcl DC l‘““l—' s |
- 0.5 s ‘ : . : : -
) Vg 0 5 0 15 20 25 30 35 40
N Time (ms)

m Antiparallel Switches for Extension to Bidirectional Power Transfer
m Defined Voltage Sharing of Series Connected Diodes BUT Voltage Rating Defined by Line-to-Line Voltage

ETH:zUrich 2PCEC 2026
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Single-Stage MMLC-Based Matrix-Type 3-® AC/DC SST

m AC-Switches Replaced w/ Full-Bridge Cells Utilizing Unipolar Power Semiconductors / Voltage Scalability
m Modularity / Redundancy Limited to Power Semiconductors / Critical Components

\ oy FBC
\
- -~
> 7 | { { =X
NG FBC FBC FBC =
= I L L S )

FBC| [FBC| |FBC

FBC| [FBC| |FBC

FBC| [FBC| |FBC

m Dual-Active-Bridge-Type Operation / No «Transformer Modularization Penalty» (!)
m Output-Side Current Splitting to Parallel Branches — Matrix Transformer Concepts

ETH:zUrich 2PCEC 2026
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Single-Stage MMLC-Based Matrix-Type 3-® AC/DC SST

m Matrix-Type SST — Single-Transformer / Modularity & Redundancy Limited to Lifetime-Critical Components

m Application of Multi-Winding Single-Core Transformer Concepts / Splitting of High Output Currents

FBC

FBC

FBC

FBC

FBC

FBC

FBC

FBC

FBC

FBC

FBC

FBC

m Modular-Multilevel-Converter-(MMLC)-Type Full-Bridge-Cells as Temporary Substitute of AC-Switches

FBC

FBC

FBC

FBC

FBC

FBC

FBC

FBC| .

1L

FBC

FBC

I e
|

g s

S
|

g s

g R

=F JoF |

LVdc

m Realization Effort / Protection / Handling of SST-Internal Failures & Redundancy / etc. Still to be Clarified
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Single-Stage MMLC-Based Matrix-Type 3-® AC/DC SST

m Matrix-Type SST — Single-Transformer / Modularity & Redundancy Limited to Lifetime-Critical Components

m Application of High Blocking Voltage (Monolithic) Bidirectional SiC MOSFET-Type or IGBT-Type Switches

FBC

FBC

FBC

FBC

FBC

FBC

FBC

FBC

FBC

FBC

FBC

FBC

m Modular-Multilevel-Converter-(MMLC)-Type Full-Bridge-Cells as Temporary Substitute of AC-Switches

m Realization Effort / Protection / Handling of SST-Internal Failures & Redundancy / etc. Still to be Clarified

Z2PEC 2026
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Direct & Indirect Matrix-Type 3-® AC/DC SST 1/2

m Indirect Approach Features Higher Control Flexibility & Higher Transformer Utilization
m Overhead / Underground Coupling of High-Power Front-End to Multiple £10...20kV,./£800V,. DCX-Stages

FBC| |FBC| [FBC HBC| |HBC| [HBC HBC| [HBC
FBC| |FBC| [FBC HBC| |HBC| [HBC HBC| |HBC
MVDC

FBC FBC FBC FBC HBC| [HBC| [HBC HBC| |HBC
' h ‘ ' ' : HBC
FBC| |FBC| [FBC S 1y HBC| |[HBC| |HBC HBC| [HBC 0
T S
T 1 1 =y [ 1 )y 1 ] i

m Comparative Evaluation of Power Semiconductor Stresses / Protection / Reliability etc. Still to Be Clarified
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Direct & Indirect Matrix-Type 3-® AC/DC SST 2/2

m Indirect Approach Features Higher Control Flexibility & Higher Transformer Utilization
m Overhead / Underground Coupling of High-Power Front-End to Multiple £10...20kV,./£800V,. DCX-Stages

FBC

FBC

FBC

FBC

FBC

FBC

FBC

FBC

FBC

HBC

HBC

HBC

HBC

HBC

HBC

MVDC

HBC

FBC

FBC

FBC

HBC

HBC

HBC

HBC

HBC

7]

[]

[

]
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L

m Comparative Evaluation of Power Semiconductor Stresses / Protection / Reliability etc. Still to Be Clarified
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Hybrid Quasi-Single-Stage
Partly-Modular SST Concep S\
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12-Pulse / Multi-Pulse 3-® Diode 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? Rectifier Stage / Air Cooling

e * nN=99.7%

Grid Voltage (V)

sEMIKRON
nnovaton+ senioe

3 .
MVAC o+® || =& Lvpe

m Unidirectional
m No Active Output Voltage Control (Tap-Changer)
m Remaining Current Distortion / Reactive Power Consumption

i u
)
Grid Current (A)
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“Panama” Datacenter Power Supply

m 10kV, Medium-Voltage Input Stage Directly Supplying a 240V, Bus (Alibaba, or 336V,
m 36-Pulse Diode (!) Rectifier Topology / Low S.C. Current per Load Output / Scalable Beyond 2.5 MW
m 98.5% Efficiency & Ultra-High Reliability / 50% Smaller Installation Footprint / 20% Lower Investment $3$

BUS

36 pules . Alibaba Group
Phase Shift Transformer ellrc A MELTA 5ik a TR P
— o S

IT Load 1

I3
30kw*4

N=——=
Pt
II _ J— 30kw*4
[ -10°
Il — 30kWa
=
N
I

-20°
O——E=
I

10°
Il @)E/: 3okwra
| , o

m Input Stage Topology Analogous to SIEMENS ROBICON MV Variable-Frequency Drives (2.4-13.8kVAC, 50/60Hz)
m SuperX Al Technology Ltd — “Panama”-800VDC End-to-End Solution (Employs Phase-Shift Transformers)

IT Load 2

IT Load 3

10kVac

LR S

IT Load 4

Battery 1

Battery 2

Battery 3

25 /50 _I%l
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Hybrid Quasi-Single-Stage 3-P AC/DC SSTs

m 12-Pulse Line Interphase Transformer Rectifier OR 6-Pulse Diode Rectifier & AC-Connected MMLC-Type Active Filter
m Alternative Central Diode Rectifier & Local £10...20kV,. / £800V, DC/DC-SSTs

—
-
|

[T]

[T]

T bm O
1
o], oefs | || -
vUITI
I,
° B I DC
— |

1l
|
=]
|
~

T DCH ‘
LDc_ ZH- 7N LD(: -
1,4Dc|_| T EZDCI—l
Ln
N N

m Uncontrolled DC Voltage Level w/ 12-Pulse or 6-Pulse Ripple
m Overall Realization Effort / Protection / Handling of SST-Internal Failures & Redundancy / etc. Still to be Clarified
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3-® Diode-Bridge & Active-Filter Front-End

m Operation @ 10kV,

ine-to_line

m Characteristic Waveforms

AC-Mains & 1MW

(kV)

L Vo
L Uh
Ve
Upn /
L Vas W 4
—
L i 1]
- 1]) -
i
; im ]
L _— ia‘;
Pon | |
- pas -
= phﬁ E
1M A~M 5
i V ]
0 5 10 15 20 25 30 35 40
Time (ms)

m Possible Limitation of AF Operation to Phases w/ Max. & Min. Voltage / 2-out-of-3 Filter Branches (!)
m Saving of AF Sw. Losses But Higher AF String Voltages

an
27 /50 _ il
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Modularized 3-® VIENNA-Rectifier-Type SST

m Active Filter Star-Point Connected to DC Output Voltage Midpoint
m Modularized VIENNA Rectifier Topology (mVR)

m Active Balancing of Upper & Lower DC/DC SST String Voltages
m Full-Bridge-Cell-(FBC)-String Voltages Defined by Half Mains Line-to-Line Voltage Amplitude
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3-O® VIENNA-Rectifier-Type AC/DC SST

m Operation @ 10kV,

ine-to_line

m Characteristic Waveforms

AC-Mains & 1MW

m 3/3 Act. Filter Operation / All 3 Filter Branches Active / Avg.i,=0/1i
m Low Sw. Loss 2/3 Operation Utilizes Midpoint Connection to Allow 7,
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3-O Diode-Bridge & Integrated Active Filter SST

m AC-Connected Active Filter (AF) w/ Full-Bridge Cells Shifted to Diode-Bridge DC Output / Half-Bridge Cells AF (!)
m Phase Selector Switches / Injection of Current into Phase of Not Conducting Diode Branch

-

_Uﬂ
[ |
= =
o @
@]
T |
l
b
-

m Lower Complexity Compared to AC-Side Active Filter / mVR
m Mains Frequency Commutation of Current Injector Switches / Blocking Voltage Balancing Requirement
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3-O Diode-Bridge & Integrated Active Filter SST

m Operation @ 10kV, AC-Mains & 1MW

C ine-to_line
m Characteristic Waveforms 15 -
10 + v Umy |\
— 5 Uh — - Uy
Z 0 / \ Y Upf
N\ / / AN ) vpn Utn
5t X \/ i
-10 s !
150
100 P——
R 50 + X ip ipt
iﬁ/ 0 te 24 7
50 u i])l’l
pa—
-100 +
-150
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1 —
0.75 | ip" .
— f
= 05¢ P
E 0.25 b Ptn i
0 KOO AT AT
-0.25 + 4
-0.5
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Time (ms)

m Max. Voltage of V¥3/2 Grid Line-to-Line Voltage Amplitude Across Upper and Lower Filter String
m Low Voltage Values v,; & v, @ High Values of Currents 7,.& 7;, — Low Power Rating of Filter String
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Unfolder-Front-End 3-® AC/DC SST

m Combination of Integrated Active Filter & DC/DC Converter Functionality
m Difference of Upper & Lower DC/DC Conv. String Currents Injected into Phase with Blocking Diode Branch

-
0 3

_uﬁ
| =
o}
@]
|
|
T
=

m Lower Complexity Compared to Integrated Active Filter Diode-Bridge Rectifier
m Large Voltage & Power Fluctuations of the DC/DC Converters Strings / Rel. Low DC/DC Stage Utilization
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Unfolder-Front-End 3-® AC/DC SST

m Operation @ 10kV;,..., 1ine AC-Mains & 1MW

m Characteristic Waveforms 15 —
10 + Va Upm Y
. 5 Up Umn | ]
N
% 0 / \ Ve - vmy
N/ / \ Upn /
51 X \/ ]
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m Voltages v,, & v; df of DC//DC Conv. Strings Varying Btw 0...\3/2 Line-to-Line Voltage Amplitude
b

m Power Processe Y

DC//DC Conv. Strings Fluctuates Btw 0..

P

nominal
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Reverse-Blocking IG(Ts
Si-MOSFET & Cascaded SiC JFETs
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Reverse-Blocking-IGCT Injection Switches

m IGCT — Thyristor w/ Integrated Low-Inductance Gate Drive Enabling Fast Turn-0ff and High-Power Switching
m RBIGCTs — Full Forward & Full Reverse Blocking Capability / Typ. Used in Curr. Source Converters & DC SSCBs

100.00%

1 :
!

a

99.90%

b p— -———
99.80%

|
!

C

o-‘—LVdc:—fL

i
—

Efficiency [%]

--h
-
- -
-
~———
~——
Il
———a
-
-

99.70%

MVac * A A LDC __|
RB-IGCT

99.60% RB-IGCT a 2L
- I S IGBT+diode * f f i
IGCT o
A 99.50% | N

0 1000 2000 3000 4000 5000
Current [A]

m Specific Device Designs for Very Low On-State Losses — 0.9V@1kA for 2.5kV Blocking Voltage / High Turn-Off Currents
m Field Failure Rate (FIT) of GCT & Gate Unit Below 100 FIT — Future SiC ETO Devices up to 22kV
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SiC Super-Cascode Injection Switches

m Cascode Configuration — LV Si-MOSFET & Normally-ON SiC JFET / Linear ON-Resistance Scaling (!) / Low $$$
m Supercascode — Series JFETs Enable High Blocking Voltage / Passive Dynamic & Static Voltage Balancing

Balancing

Network o b
:---‘T:--: :------i = -4 TR Cs
' L C; PRt
B T —I_ —gm =t Rs
: B ! & o .
\ H * : ™ o ¥ - C
i = IR ! Synchronous 2 p-
E 2 ii i Switching . —l D:%& ng IIL]: _E:_l' R,
) o ] g = I
[} |: ) L : I
i ¥ ? i oL iCE"E Ee
' N :;_ _____ ; DX _ = 2 R
E Ij < E _I.[ —I‘ gRi I{ I ERds(orlJi 1
: | JFET . L |rfr_: @
T ] S =ik
; l_ 1 Cns_l
OEJH_} ?\/I H—}M M v
' H ] & - 3 ¢
R S S Q 3 S

MOSFET

m Different Balancing Network Topologies — RC Snubbers & Avalanche Diodes / Challenging Design Due to Parasitics
m Integration in Power Module Enables Controlled Parasitics / Consistent Switching Characteristics
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Redundancy in Multi-Cell Converter Systems 1/3

m Failure Rate A(t) is a Function of Time - , Bathtub Curve”
m Useful Life Dominated by Random Failures (e.g. Cosmic Rays) > A(t) = const.
m [A] =1FIT (1 Failure in 10° h)

m Typ. Value for IGBTs: 100 FIT

Source: H.-G. Eckel
Univ. Rostock

Early Random Failures End-of-Life B 1700,:/ — e
— ) Failures = const. Failures FIT e e
i ’ P rd
II-:I . ) . /
3 Useful Life 1000 . /
& Alt : S =7/ 125°C
" ( ) : 1000 m . I’ . // 1000 mAMSL
E | 7y
: 7
| Y
25°C r: 125°C
i i 0m AMSL i 0 m AMSL
L ; : . 10 - —"—F—"T1 — T
Time 1000 1050 1100 1150 _2d_
v

m Sources for Empirical Component Failure Rate Data — MIL-HDBK-217F, IEC Standard 62380, etc.
ETH:urich 2PCEC 2026
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Redundancy in Multi-Cell Converter Systems 2/3

m Reliability Function — Probability of R(¢)
System being Operational after Time t

R(t) = e_fot’l(x)dﬂ: et

A(t) = const.

m Mean Time Between Failures

\ Reliability Function

MTBF = | R(¢)dt = | e dt = —
0 0 ﬂ«

m Series Structure
. —E HE ..o HE
ﬂ“S: Z ﬂ“i Independent Cells
i=1 with Equal Failure Rate 0 —
time
2PCC 2026
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Redundancy in Multi-Cell Converter Systems 3/3

m k-out-of-n Redundancy LSS
Redundancy of Cells in Phase Stack 08l
E
1
System is Operational as E, < 0.61
Long as at Least k-out-of-n - <04l
Subsystems are Working : :
E 0.2}
k-out-of-n

0

m Effect of q Redundant Cells on 1.0
Rs(t) and/or MTBF (Area below Ry(t) )
L 0.8
] ‘_u%’ 0.6
Il
— — o
N Elements . . 0.2
Independent Cells I_ J 0
with Equal Failure Rate N 0 20 40 60 20 100
N

m Redundancy Significantly Improves System-Level Reliability (!)
ETH:zurich 2PCEC 2026
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m Redundant Cells — Additionally Installed But Unused Power Processing Capability (Standby)

m Example: Phase Stacks with Same Total DC Voltage & Different Number of Cells

Similar Redundancy Effort (!)

6+1Cells 11+2Cells oo

Normalized MTBF;

0 10 20 30 40 50
Additionally Installed Power [%]

m Similar Added Power Capability - Similar Normalized MTBFs

ETH
Source: J. Huber, 2017

m Simplified Consideration / Beware Overheads and Reliability Bottlenecks — Control System etc. (!)

ETH:zurich
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m Very Effective Reliability Improvement by Means of Cell-Level Redundancy — Too Good to Be True?

No Redundancy
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x 06r | part only
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Source: Grinberg, 2013
T

0
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Nr=3
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part only 1

2
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8

10 12 14 16 18 20
tin years

Control Hardware Becomes
Limiting Factor (!)

m Redundancy Effectiveness Limited by Other (Non-Redundant) Parts of the Converter System (!)

m Control / Auxiliary Supplies / Communication Systems / Bypass Devices / etc.

ETH:zurich
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Short-Term Datacenter SST Priorities

m Major Innovation Step #1 — 54V, —> 800V, / Higher Efficiency @ High Power
m Major Innovation Step #2 — Elimination of AC/DC-Stage of UPS / Higher Efficiency
m SSTvs. LFT-Based-Solution — Functionally Largely Equivalent / Availability? / 99% SST Efficiency?

1. System Availability _ Redundancy / Modularity* / Maintainability
2. Time-to-Power - Factory-Tested Blocks / Modularity

3. Efficiency ] OPEX (Life Cycle Costs)

4. CAPEX e Economy of Scale / Modularity

5. Power Density / Footprint G Future White Space Installation

6. Voltage Scalability a 10kV / 13.8kV / 34.5kV Grids

7. Standardization a Voltage / Power / Protection (!)

8. Supply Chain Robustness G Multi-Source Components

9. Multi-Functional Use Grid Services etc.

10. Sustainability Gé Design for Circularity

m * Large # of Modules / High Redundancy - Same Availability as for Low # of Modules @ Same Cost
m Complex Multi-Objective Decision Processes / Main Criteria Currently NOT Considered in Academic Research (!)

ETH:zUrich 2PCEC 2026
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Potential Cost Benefits of SSTs over LFT-Based Solutions

m Calculation of Price Trends (Nominal USD) Based on International Energy Agency (IEA) Data
m LV AC/DC Converter — Based on Grid-Scale PV | -11% p.a. | =60 USD/kW
m LFT—+3.5% p.a. $$$ of Metals Since 1920 | 10 USD/kAV
m SST Power Electronics $$% — 1.5x LV AC/DC Converter 1000
m MFT $3$ — Constant @ 15 USD/kVA .
AN
Ne ST
100,000 N\ \\
= - N
£ ~ o
£ 10000 g 100 \\ -
g \\\ +7% p.a.
2 ISR _-=71 Metal $$$
) LFT & AC/DC N s from 2020
= 1,000 Converter Stage < +3.5% p.a.
g e Metal $$$
s ~ from 2020
100 . ‘ 10
1920 1940 1960 1980 2000 2020 2040 2000 2005 2010 2015 2020 2025 2030 2035 2040

m LFT & Multi-Pulse Rectifier — Availability & Cost-Optimized Near-Term Solution
m MVAC-800 VDC SST — Integration / Density / Functionality-Optimized Longer-Term Solution
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Next-Generation 3-® AC/DC SST Research Scope 2/3

m Fully-Modular Single-Stage — High Modularity | Requires AC-Switches | Design for 3x P,=2/3P,,.@100Hz & 3x P,,=1/3P,,,
m Partly-Modular Quasi-Single-Stage — Unfolder-Type Front-End | Design for 2x P,,=P, @150Hz & 2x P,,,=1/2P, ,
m Single-Stage Matrix-Type — Redundancy Limited to Sw. Stages | High Transformer Utilization | Limited Modularity

Jop i

S

"|'¥7Z %

b [ 1A Lvpe

WAL LI WA Bl Ep
%[ I ]% % JE?‘ JEF ] EFS

LVDC

Jo e

1 ! NST

m Comparative Evaluation incl. mB6AF — Diode-Bridge Rectifier Front-End & Active Filter Common to Several SST Units
m Overall Realization Effort / Protection / Handling of SST-Internal Failures & Redundancy / etc. Must be Clarified
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Power Density / Modularity Trade-Off

m Transformer Scaling Law — Favors Single-Transformer Over Multiple Transformers
m Processing of Pulsating Power @ 100Hz or 150Hz vs. Constant Power Flow
m Modularization Penalty — Accumulation of Isolation Distances

Single-MFT
Monolithic SST

*

Power Density

Single-MFT

Modular-Multilevel

Matrix-Type Front-
B End ssT

LVDC

Single-Stage N
Fully-Modular | e

3 3
e s
LVDC LFT & LOW‘VO[tage g

C
AC-DC Converter MAC o o ok 4 ¢+ Quasi-Single-Stage
}q B B e = i Partly-Modular
EF EI? EPE 7l mB6AF, mUFR, etc.

e

Two-Stage

Fully-Modular K »

Degree of Modularity

m “Zero-Order” Engineering Estimate Shown Above — Requires Rigorous Validation Through Future Research (!)
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Next-Generation 3-® AC/DC SST Research Scope 3/3

m Monolithic Bi-Directional SiC IGBT w/ Double-Sided Lithography Process on Free-Standing n— Wafers
m MOS-Cells on Both Sides of Lightly Doped Drift Region / Cond. & Sw. Loss Infl. of Back-Side Gate Volt. Bias
m Challenging Packaging & Cooling

)
he

IGBT
0.8 BV=7.2kV@ ],
Blocking a =1mA/em? PiN Diode

p-body p-body Vo ltage BV=11kV @ J, .=

*j 1 mA/cm?

©
o

o
~

Jieak (MAfcm?)

0.2 -

Vg (kv)

m 15kV BD-IGBT | Measured Blocking Capability of 7.2 kV - Epi Layer Defects etc.
m Shared Drift Region = “True” Monolithic Bidirectional Switch (TM-BDS)
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R LELENY DCvs. 3-® AC Power Distribution

m DC Voltage - Max. Utilization of Isolation Voltage > Lower Losses & Less Conductor Material (!)

P
P i
L
A ™
-1
B .3 Uiy .
PV,AC 2 UDC UDC:UAC:\/E Uac UAC ... RMS Phase VOltage

m Central MVAC Rectification & Local High-Power Density/Efficiency MVDC/LVDC SSTs
2IPCEC 2026
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Future MVDC vs. 3-® MVAC Power Distribution

m DC Voltage - Max. Utilization of Isolation Voltage > Lower Losses & Less Conductor Material (!)
m Central MVAC Rectification & Local High-Power Density High-Efficiency Low-Complexity MVDC/LVDC SSTs

48V
MVac SST

/ | Pro-

35kV T -8

I IT Racks
48V
MVac ( * ) SST

pro- | |AC 2 |DCA 2 S 7148 V
tection | | DC DC DC

35kV W ‘7e

m Analysis of SST Current-Limiting Capabilities / DC Solid-State Circuit Breaker Concepts
m MVDC Grid Stability Analysis incl. Local Power/Energy Buffer Concepts
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Next-Generation 3-® AC/DC SST Research Scope 1/3

m Category #1 — Novel SST Concepts (Degree of Modularization & Hybridization)
m Category #2 - Distribution Architecture (Degree of Decentralization & Voltage Level & Protection) / £10kVDC, 500Hz AC?

P
LT'
Modularization DCATT
/et
Research / LSez-
Solution Space 2oLl
R M s
<3 o DEATIT°
T 4]
E_\\ H Vinn I_DC |
/ o \ D
Hybridization Decentralization AL

m Keep All Converter Strings Active All Time
m Aim for High Utilization / Avoid Processing of 2x f,... Power and/or Fluctuating Voltage
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Research Vectors

More Compact Realization
Modularity / Hatchability /Transportability
SiC Medium-Voltage PEBBs
Separation of Safety Protection & Funct. Isol.

System Studies (TCO, LCA, ...) 1:1 Demonstrators for Full Assessment

High-Power EV Charging & Datacenters Voltage > 10+ kV
MVDC Grids (Collector Grids, Traction) Power > 1+ MW
Special Applications (Naval, Aircraft, ...) Std. Compliance (BIL, Prot.) > 50+ kV

Alternative Concepts
Local MFAC Distribution

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

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

Business Model Development
Clarification of SST Learning Curve
Demonstration of SST USPs

Modularity / Economy of Scale
Standardization

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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Overbuilding & Overspending (?)

m Extreme Variations in Projections of US Datacenter Consumption in 2030 (!)
m 200 TWh...1000 TWh - 5... 25% of US Electricity Consumption

Terawatt-hours (TWh)

lllllllll

'. BCG
1000 4
800
S
600 o ,® McKinsey
sap o
x‘. " - leffries

i A P EPRI higher

400 e ® Goldman Sachs
-~ .—" _-::/ £ur®
..... ‘ =" .-® BNEF
-t PP ol ® EPRI high
L ) P
Pl “_,.nﬂ"' EPRI moderate
200 P e e - £ ErRi low
I |1 S
________________ 2==2%—_g EPRI historical
RS = = e
0
2014 2016 2018 2020 2022 2024 2026 2028 2030

m Technology Leaps — Hardware/Software/Cooling/Optical Computing Promise Massive Efficiency Gains
m “Rather Risk Misspending x 100 Billion USD Than Be Late to Superintelligence” (M. Zuckerberg)

ETH:zUrich 2PCEC 2026



ETH:zurich

Thank you!

Y
T "|
e
J L

D4 V74 8

Further Reading — https://ams.ee.ethz.ch/publications.html
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