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3 Introduction

SOTA TweStage FulyModular SSTs
guaSASln IeSta e Partly/FullyModular SSTs
ingleStage Partly/FuIIWIoduIar SSTs

3 Conclusions
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Future 30 MetiumValtage,AGE00V D RoweiuSeipply

00V, cor 480V,cor 600V, Supply & ADIC Power Racks / Side Cars incl. Battery Buffer Units

Y Near Terrh 3-u 4
tage AC Distribution & AIQC SolidState Transformers (SSTs) Replacing Power Racks

Yy Mid Term? Mediumv/?)ﬁ

Power Rack IT Racks
MVAC 48V
]3.2| kV LFT . -
400 V [AC A 400V | meA4s v
| & ) 3 WYocl  soov +
P . 48 V.
= et = 99.2% ng1y = 99% eec = 99%

I__ n:=97.2% Power per Rack (kW)
A

IT Racks 1000+ 5110 Mw@sau;| i geeseesenses
MVAC 48 V Transformer @ 35k¥ :
13.2kV 18 | . ’
| — [ e L[AC[PCA] 2400V +'48V
| ﬁ 3 tection DC DC 800V ! .P.C 500 E
T oy = 99.8% Nsst = 98 % 250 R :
1y = 97.8% 100 or-ormrnrenee
2025 2030

IT Rack Power Levels Expected to Reach 1MW by 20@I0V,,or 800V, or N750V,Replacing 54,In-Rack Bus
MediumVoltage AC Supplied SSTs Feafyre99,8% & Lower Busbar Cross Sectioti,vs.98,9% of 400\ System

: .M
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State-of-the-Art

LFTBased UtilityScale PV Inverter

SS1Based HiglPower EV Charging



— =T Advanced Mechatronic %
M1 1 systems Group 2/ 23 _ Il

LRIBased33w MYATE00 V,-PowersSppply

y SOTA Turnkey Power Station for Uillitale PV Power Plants in 20 ft Container (6.1 m x 2.6 m x 2.4 m)
y" 3 MVALowVoltage Si IGBT Inverter | 50Hz Transformer (LAMY [Switchgear | eté¢. 0.08 MW/m

MV POWER STATION

max. 1500V 6.6 kK 35

MA |
STNNGS_MON‘TOR I SUNNY CENTRAL MEDIUM-VOLTAGE MEDIUM-VOLTAGE

PV MODULES | TRANSFORMER SWITCHGEAR

1200 V Si IGBT Technology-Fliéd LFT

UTILITY GRID

Yy 98.5% CERverter Efficiency /99% Transformer EfficiendgdoDesigrOilFilled)
Yy 97.5% Overall Efficiency / Improvements foASEIC and Dry Type LET98+%

ETHziirich £ HERLE
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SSTBased33n MYVATE00V DO RowenSipply

y* Conventional Realization w/ 50Hz Transformer (LFT) &Motage AC/DC Converter
Yy FullyModular SolieState- Transformers (SST) w/ Hi§olation Stages in ISOP Arrangement

13.2kV MVac LVdc
5 o
\ Switchgear
~ and Protection
BAEALLIGAN) 2Rl
i W AT/
icip ALl Ang ud]
: ! Tigand (1%
i (g A
1B | F 8001000V
[ L
DC| \ l"l ‘-\' "::
10 Ly i
2 i "'.’7_ Al —_ 2 Pt 4
z ."L;.ﬂ "[a | ACoreAde _Tk J 0 ~L
i llL W* rms™ max

>

y LFTs! Excessive 100+ Weeks Delivery Time of 50/60Hz Transformers
Y MFT$ Lower Raw Material EffdrLower Raw Material Cos& Lower CJrootprint

3/ 23_I%l
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400kW B0 13.2KV, J/B00V,.SST- Gen#l 11/2

Yy Industrial SST Prototype (US DOE Project 20081)

Y. 3x9=27AC/DC DCIDC Cell$, 438 Switches A NELTA
Yy ForcedAir Cooling Source: Ch. Zhu, 2021

] | J 1.7 kV SiC

AT ° s ,J% J = ’
be j”leCDC:T? 800...1000\/'{1(;_2 ﬁ }_*”*_ == 800...1000 V

=
._|
=
N
@)

C C /¢ S1AC T\ 12:16 .
[ADCTDAC]|[ pcly JoF & 1 ] J:% J% l
C C /T T1AC /T o
[ADcTDAC]|[ADc_. J J .J
AC DC A+ “1AC AT
o AC][ B 800...1000 V NeCACbe LLC BC-DC
AC DC A —AC 1|
[ pcl 1= AC]”[ prell o
AMAZP TN Isolation
c pcl 1= AC]”[ beld C “
AC DC /T +AC /T
MV-Side gL AC]H[ bk :
3-Level NPC AC DC ]HEAC iR
1.6 kV DC bus N I:ACDC T 2 CAc Acncj 4 ) B
1.2 kV SiC / e ch”i 7 Hcr)%uS?nge

o

y' 15 kW Cellsq0.5 kw/dn?) / All-SiC Realization | 100+ kHz METS8.5 kW/dn? w/o Bushing!)

ETH:zlrich @ﬂ%
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400kWBl» 13.2kV,J/800V,-SSTE- Gen#l 22/2

Yy Industrial SST Prototype (US DOE Project 20081)

84%

0% 20% 40% 60% g0% 400 kW 120%

y 3x9-= 2_7AC/D_G DCIDC Cellgy, 438 Switches Input Phase Stacks Control
Yy ForcedAir Cooling —
- IRE LIRL |
i === =
Spemer S| |8 |8
MVAC — . 15 KW R
DT B2 IR e =1l1= = = =
L pcl - AC]"[ DC_F? v ‘% % % % %
AC DCTm @ -AC @
[ pcl - AC]H[ DCH AELTA
AC DC - AC 7 | 1m |
[ pel 1 AC]H[ Dl 100%
AC DC - AC 7 » PR TS U _ 0
i po} T ch”E Dl 800...1000 V o8 ~ T * C{ 98%
AC BC, i @A 96% v
c el T- AC]”[ bcld 049%
O mul % T B
[ pcl - AC]”[ bcld 92%
AC BC_ - 1AC /T %
MV-Side [ pel - AC]H[ DC o
3-Level NPC AC DC ][AC i 88%
1.6 kV DC bus el 1-|/ac DCH4 86%
L ;

N[
1.2kV SiC / AC
DC

o

DC A “1AC /T
ACj”E DCl4

y" 3000 kg Weigh{ 3100 x 1300 x 2100 mm Outer Dimensions
y' Power Densitgy 0.05kW/dn (System)| C0.5 kW/dn3 (Cells) | C8.5 kw/dn¥ (MF)

ETHziirich £ et
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Evaluation-of

SOTA Fu8calesSSTs.vs.

L FTBased: Solutions

Efficiency
Power Density
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Fully-Modular Tw«Stage-SST- Power Density / Efficiency Barrier

y State-of-the-Art SST Performance Comparable teBas&d Solution (1)
Yy Power

Densiti®%s of CO0.1 MW/ m 3-0 GridAQDC SSTs
i C i i 100
YEfficiencies of 98y é}'ﬁﬂez‘ :
AneraG1 X ) 1 MW/m’
99%f  04MW 2E|\71.\5VN\ ‘\ y*
e ‘
3 HITACHI—-—'—”“_. ' , \\@‘ \
E B Hasmw % / \$ \
%) W SUNGROW 3 \
z sMW % \
S 97¢ = \Y \
= (LFT+Si) \B \
- 3Mw \\?%. \\
s Anp =
@ 961 2w ol &\ \
\S \
95 \3 \
\§ \
A el 18 \
94 R e
0.01 0.1 E 10
Power Density (MW/m?)
NextGeneration SSTs Power Density x10 @0% Losses

Yy FullScale Demonstrators Complying with All Relevant Regulations Mandatory for Realistic Assessment
ETH:urich

2025 | Houston, TX, USA
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Penalty-of FulllModularization

Yy Massive Reduction of Power Density from Cell to Full Systéviodularization Penalty»
y" Accumulation ofsolationDistances AND Transformer Scaling (!)

diso

Power Moduld, System! 4\ newTa Gen. #1 |

= | |

< ;

0 100 .

% ] Intuition * Spheres of Equal
o , Power Density w/ Const.

102 L Isolation Overhead Layer

Semicond. Pack. Cell Stacks System N=10

y" Future 10+kV SIiC DeviéesLower Number of Cells for Given Mediahtage Level
ETH ziirich ah
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NextGeneration UltraCompact/Efficient
3- AC/IDC SST-Concepts

Classification
Selected Topologies

sssssssssssssssssssss



—™1T. Advanced Mechatronic

a
M1 1 systems Group 8/ 23 _ Nl

NextGeneraliors SSbiCencepts

Yy TweStage AC/DOCIDC A QuasiSingleStage OR Singitage AGDC Conversion
Yy FullyModular Topology A PartlyModular OR Monolithic Structudréransformer Scaling Advantage
y IGBTs A SiC MOSFETs

3-u ACDC SST Topologies

TweStage QuasiSingleStage SingleStage
I
I I | I |
FullyModular| | PartlyModular| | Monolithic FullyModular| | PartlyModular| | Monolithic
I I I
I | I | I I
Unfoldei& |AC|/DC| | IFE m1AF m-ViennaRect ACDC MatrixMMC Y-MMC

Yy 99% ACDC Power Conversion Efficieh®9% Loss Reduction Comp. to SOTA
y IMW/n¥ PowerDensity Factor 5ul10 I ncrease in Compactness

ETHiirich ¢ ekt
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3-0 PhaseMaotularssinglStage/AADCSSTofapalogy

Yy AGSwitchBasedualActiveBridgeType or Resonant AGZ Converter StModules
Yy Half-Bridge Primary Minimizes Number of8Mde Switches / FuBridge Provides Higher Control Flexibility

e ()

MVAC

1l
1
9t

| P p(1)
AC IIi = DC [ R () py(0)
=T o-l . %P T\ ,’l \ ,/

Single-Stage [solated AC-DC

Yy 2x Grid Frequency Power Fluctuation-of $ystem / RelHigh Component Current Stresses
y 120° «Interleaving»of the Phases Results@onst. Instantaneous Overall Power FloNo Storage Required (1)

ETH:irich ﬁﬁfﬂl‘!&
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Modutatized-0> Bridge Rectifie & PAC) DCLGonvErsion

Yy Voltages Across Blocking Diodes Used as Unipolar SuppliDs BGiges
y  DCIDC Stagéperating Interval®efined by the Mairlaneto-LineVoltages / Rel. Low Utilization

15 . . . . . ‘ .
NN
10 | Uy Vsn |
— 5 F Up 'Uas/
P z Ve
5k 4
DC
!v _10 1 1 1 1 1 1 1
-/ DCl, /et 150

ch m W n 100 | 1

a
- 1/ Deld DCH 50 | i |

< 0f—-———— - e
—-+—0 -50 F ias Z
B Fou J, -100 | — — — ipas | |

—0 -150 L L ! !

C 1.25 . : : : ‘ .

L S 2 L S5c 7 1 RN ala —
& 'bs
DCl4 E DC4 _ 007; - p:: DS es ||
'DCJ 'DCJ— Eoﬁsz Pos |
DC DC " T Pes

* 025 + 1

_0'5 1 Il 1 1 1 1 1
N 0 5 10 15 20 25 30 35 40

Time (ms)

Yy Antiparallel Switches for Extension to Bidirectional Power Transfer
Yy Defined Voltage Sharing of Series Connected Diodes BUT Voltage Rating Defindd-binkiNeltage

ETH:irich ﬁﬁfﬂl‘!&



—™1T. Advanced Mechatronic
nlid Systems Group

3-0 Diodie Bridge &,ActiveFilter FrontEntl 11/2

Yy SixPul se Shaped ©° DCMKBCComveriet Strivgd HighaCgneerter Utilization
y" ACGConnected Active Filter (AF) Ensures Sinusoidal Mains Current Consumption

FBC
J J
. e .
J J
I Vo Isolated DC-DC Converter
o : —o
L ok th Jt;
-

|| -
lf ki e e

Yy Lower Complexity Comp. to Thre€A@hected ADIC Converter Strings
Yy High Reliability / Load Power Supply Not Directly Dependent on AF Operation

ETH:zlrich

dn
11/ 23 _ il
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3-0> Diodie Bridge & AttiveFilter FrontEntl 2/2

y Operation @ 10kV..., ine AGMains & 1MW
y" Characteristic Wavetorms

y* Possible Limitation of AF Operation to Phases w/ Max. & Min. Vdltagaut-of-3 Filter Branches (!)

oP

Lo

G —+ 7,0

N

(kV)

(A)

(MW)

15
10

-10
150
100

50

-50
-100

-150
1.25
1

0.75
0.5 |

0.25
0
-0.25
-0.5

LM
Ui

Upn

Vas

in

ipn

las .

DPpn
Das | |

Ps
Des

MM

4

\

0 5 10 15 20 25

Time (ms)

y' Saving of AF Sw. Losses But Higher AF String Voltages

ETH:zlrich

30 35

40
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3-0 Diodle Bridge froamEnt & ntegrate d\ Aot e Filter /1/2

Yy ACConnected Active Filter (AF) w/ FBHidge Cells Shifted to Dio@idge DC Output / HaBridge Cells AF (!)
Yy Phase Selector Switches / Injection of Current into Phase of Not Conducting Diode Branch

T |
[ = ]
ey

Yy Lower Complexity Compared teSkie Active Filter
Yy Mains Frequency Commutation of Current Injector Switches / Blocking Voltage Balancing Requirement

ETH:irich ﬁﬁfﬂl‘!&
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3-0 Diodle Bridge froamEnt & ntegnate d\ Aot/ e Filter /2/2

y Operation @ 10kV.., ine AGMains & 1MW

y' Characteristic Waveforms 15
10 + Vs

5 v — — — -y
0 / \ c Upf
N/ / N Upn Vfn
W
-5 E \/ 4
710 I 1 1 1 1 1 1
150

100 +

. ) I . P L . \:

% i £ "|'| “|'||1 50 + N ib i':pf ]

ipr 0 :;c iy 7

- Ve CD Py=0 50 pn -

(kV)
[

(A)

-100 +
-150
1.25 ‘ T T T T
pn 1 -
0.75
0.5 F
0.25 + g
0 KA AR A A AA DT AT AAT
-0.25 .
-0.5

Cy
o
s

|

|

=
(MW)

o N

0 5 10 15 20 25 30 35 40
Time (ms)

Yy Max. Vol tage -to-tfineydtage AnplitudedAcrbss dpper and Lower Filter String
Y Low Voltage Values; & y, @ High Values of Currents& /4, * Low Power Rating of Filter String

ETH:zlrich
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dn
15/ 23 __ Il

y" Difference of Upper & Lower DT} Conv. String Curremitgected into Phase with Blocking Diode Branch

y" Combination of Active Filter & IBZ Converter Functionality

i B IT] ars
L &

DC
Vo /Dbl & Vom| —ZDC}-
—DC T ‘Viia —DC 7+
17 R | 2]
R K A ulisiin g [
—DC |1 Ty & T vE —DC o
—1Z D E‘%ﬁl'_u_ 7Dl
Vi V,
n

y" Lower Complexity Compared to Integrated Active Filter IBodge Rectifier
y Large Voltage & Power Fluctuations of the DC/DC Con&iriegs / Rel. Low DIDIC Stage Utilization

ETH:zlrich
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3-0 UnfolderFromntEnt AAUDCSSD/2/2

y Operation @ 10kV..:, ine AGMains & 1MW
y' Characteristic Waveforms 15

16/ 23 — I@l

10

5
0 / N\

(kV)
>

Vpn

5L X
-10

150

100

50 F

(A)
(=]

Y
\
N
}

50 F
-100 -

-150

1.25

(MW)

-0.25 +
-0.5

DPpm + Ppn
Ppm
Pun

L VAVAVAY/ =

V

Vv

0 5 10 15 20

Time (ms)

30

35

40

Yy Voltagesy,, & i, of DADC Conv. Strings Varying Bt 1 @ 3 / 2-to-Line Watage Amplitude

y Power Processbgl DGDC Conv. Strings Fluctuates B, i

ETH:zlrich

p o
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3-0 VIENNRectifierTyperAMCSST1/1/2

Yy Voltage Selector Switches ets3Unfolder FronEnd Replaced by Fa@tidge Cells
Yy ActiveBalancing of Upper & Lower Half Voltages ofiCConverter String

N

|
o
=

o TE Eslp

Yy Modularized VIENNA Rectifier TopologyR
y String Voltages Def . b y-to-Lihe/V8ltage Amsptitied&Nb A@Stvitclee8 / 2 Mai ns L

ETH:irich @ﬂ%

ston, TX, USA
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3-0 VIENN/RectifierTyperAMCSST2/2/2

y Operation @ 10kY..., ine AGMains & 1MW
y" Characteristic Wavetorms

°P

G Fm—hﬁp}ﬂ

J1'1'II1

@®-+r>0

oN

Yy 3/3 Act. Filter Operationh All 3 Filter Branches Active / Aviy,

15

10 +

(kV)

-10
150
100

50

-50
-100

-150
1.25

0.75

0.5

(MW)

-0.25 -

-0.5

0.25

Va Vpm | T
Up Umn fi
Ve Vmy
Upn Vam )
L I
T T T T
. A Ta Tmn -..:
r i im
ic tam 7
- Tpm 4
p——
1 1 1 1
T
pm + Pmn Pam ]
le e e N Y P pm Pbm b=l
Pmn Pem ]

—O/|

Yy Low Sw. Loss 2/3 Operatigtilizes Midpoint Connection to Allgy/ Decouple|pm andi,,

18/ 23 _ I%l

7 . A
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Partly-Modular'MML: Sing&tage
3- AQDC SST.Concepts

Direct Modular MuKi_evel Matrix Converter
Indirect Modular MultLevel Matrix Converter

ETH:zlrich @ﬂ%
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Yy ACGSwitches Replaced FullBridge Cells Utilizing Unipolar Power Semiconductors / Voltage Scalability
y" Modularity / Redundancy Limited to Power Semiconductors / Critical Components

@
a % %% RREN: B i
b Itu |||F —
iy i o D '

I
I

Yy DualActiveBridge Type Operation / NeTransformeModularization Penalty» (!)
y" OutputSide Current Splitting to Parallel BranchedMatrix Transformer Concepts

ETH:zlrich
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3-0 Direct& Indirect MMLELBased'AMMCSST 1/1/2

Yy Indirect Approach Features Higher Control Flexibility & Higher Transformer Utilization
Yy Overhead / Underground Coupling of Hrgiwer FrorEnd to Multipletl 0 p 2 Q/k+800\,-DCXStages

L 1 L [ T 1 1 |
FBC| |FBC| |FBC HBC| |HBC| [HBC HBC| [HBC
FBC| |FBC| |FBC HBC| |HBC| |HBC HBC

MVDC
FBC| |FBC| [FBC HBC| |[HBC| |HBC HBC
: : : FBC . ; ) ,
FBC| |FBC| |FBC iy HBC| [HBC| [HBC HBC
[ I I 1R | I I I
Jeg

y Comparative Evaluation of Power Semiconductor Stresses / Protection / Reliability etc. Still to Be Clarified

ETHiirich ¢ ekt
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3-0 Direct& Indirect MMLELBased'AMMCSST »/2/2

Yy Indirect Approach Features Higher Control Flexibility & Higher Transformer Utilization
Yy Overhead / Underground Coupling of Hrgiwer FrorEnd to Multipletl 0 p 2 Q/k+800\,-DCXStages

FBC

FBC

FBC

FBC

FBC

FBC

HBC

HBC

HBC

HBC

HBC

HBC

FBC

FBC

FBC

FBC

FBC

FBC

HBC

HBC

ETH:zlrich

I
L

HBC

HBC

MVDC

7]

[ ]

]

[

dn
21/ 23 _ Tl

——

ToP
|cHOCE

HBC

H

ssssssssssssssssssssss



—™1T. Advanced Mechatronic
nlid Systems Group

ETH:zlrich




—™1T. Advanced Mechatronic g
M1 1 systems Group 22/ 23 __ Tl

Next-Genesaliorns SSbpbopologies:Relevantdosimgustry

Yy mVRType SST * High DEDC Stage Utilization & ISOP Impedance Matching / Output Current Splitting
Yy MatrixType SST SingleTransformer / Modularity & Redundancy Limited to Critical Components

| 1 1 PL I I SR
HBC| |HBC| |HBC i ?DC . FBC| |FBC| |FBC
i i H . DC_| i H i
HBC| |HBC| [HBC L i FBC| |FBC| |FBC
DC

[P —— Y
o=
g

FBC FBC FBC

. [
pcl W HE}&C H]?C HE!§C Lise -
' ) ' ‘ DC i i :
. HBC| [HBC| [HBC j L, 6P FBC| |FBC| |FBC
c;!a!ﬂ‘- T I T N CRQ!!;‘E [ I I

Yy Analysis of MVDC Grid Interfaces incl. CentrRluls Diode Rectifier Stage w/ Active Filter & Power Feedback
Yy Overall Realization Effort / Protection / Handling of S&€rnal Failures & Redundancy / etc. Still to be Clarified

ETHiirich ¢ ekt
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ResearchyAtestors

Yy Redundancy / MTTR of Partially Modular Concepts
Yy CBr tindg e&-inPOrof Modul es

Optimal Module Power Level
ModularVienna Rectifier vs. Matrikype MML SSTs

SiC AGwitch / RBIGCTs / ASupercascode
50+kV Switches

Liquid / Immersion Cooling & Isolation Coordination
Transient Thermal Models / Overload Capacity

Protection @ SSHevel & Systethevel
Ancillary Grid Servicé#ilizing BackUp Power

SolidState Transformer

Stateof-the-Art

1.
Clarification of Theoretical Power Density Limit - unit

+1 0 p 2 QRe¥tral Supply &00\,-Output DG&STs

SRS S Sl

ETHziirich £ HERLE
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MAY THE
POWER
BE WITH

YOU

There is No Al Without Power (1)
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! 10l 4 Monolithically lintegrated RDirectional SiCIGBT

Yy PlanarGate BiDirect. IGBTFabricated wDoubleSidedLithogr. Process on Fr&tanding n Wafers
y" MOSCells on Both Sides of Lightly Doped Drift Region / Cond. & Sw. Loss Infl.-8idzaGate Volt. Bias
y" Challenging Packaging & Cooling

. GATE 1 .

=
-

BV=25kVat
J=1mA/cm?

Jc (mA/fem?)

P
b ~ - L3 ] <

Egyinen (mJ/em?)

o 5 8 8 8 8 8 3 8 8

BV=14kVat

FSIGBT J=1mAfcm?
=,

o & b &

...
S

-10

Ve (V) Ve (V)

y" Simul. Performance oflbkV BEIGBT| Blocking Characteristitmax. 7.2 kV Meas,) Epi Layer Defects etc.
Yy Shared Drift RegioA °© Tr u e » NBamirectiobnal BviatchdTNBDS)

ETHziirich £ et
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The End.,’
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