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Global Data Center Electricity Demand

m Datacenters Consume=200TWh/a | = 1% of Global Electricity Demand
m Energy Costs Dominate Overall Life-Cycle Costs
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e Decoupling of Computing Workload & Energy Use
e [Efficiency Improvements on All Levels — Computing Equipment | HVAC | ... | Power Conversion System
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AC Power Distribution

m State-of-the-Art Distribution — 400V AC

13.2 KV MVAC Gray Space White Space
3 AC 400 V(DC A
’ | il 48V
400V /230 V L/ DC DC|:

Rack-Level PSU

I Nna=99.4 % 7?Prc:9§°0 Ny = 97 1 9%
— : x =9/

Nrr = 98.7 %

(Standard Oil-Filled Distr. Transf.)

m Increased Distribution Voltage — 690VAC

13.2kV
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et = 98.7 %
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48V
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nNs=97.0

® ny > Distribution Efficiency for 1MW Using Delta EcoTech BL 200A Busbar
® ns—> Overall Efficiency — MVAC Down to Rack-Level DC/DC Conversion

eee 97.5 % (99% 3L-PFC Rectifier)
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Integration of Renewables — DC Power Distribution

m 690VAC

Additional DC/AC
Conversion Stage

m =400V DC

e DC Distribution Leverages DC Outputof PV / Batteries / Fuel-Cells
e Remark — Utility-Scale Renewable Energy System Requires Higher Voltage DC Collector Grid
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DC Power Distribution

m 400VAC-> + 400V DC (800V DC)
m Utilizing Same Busbars as for AC Distribution (Delta EcoTech BL @ 60°C)

98 . . . — 2400
S AC I I I I ﬂ Situation: 1 MW over 50 m e
= abcnG L
S 985 h T 1800
Q DC u ﬁ u \\ ‘¢¢ d 6
5 . e PR 400 V AC >
2 g9 PGN o sovacl é
= RS ~ 7
5 ‘ S ————— 690 V AC >
= o L ~-_ 800 V DC 9
= *\\ < 1/4 CuMass ~~ == - e
2 9957 U™ s Baseline”/N\ T 7= 600 ©
7 P =l == 1/4 Losses
s TTTe—— T = - =" =

100 1 L L L 1 0

600 800 1000 1250 1600 2000 2500

Distribution Busbar Current Rating (A)

® -75% Distribution Losses OR -75% Copper Mass
e DC Distribution Challenges — Protection | DC Breakers etc.
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Comparison of AC and DC Power Distribution

m State-of-the-Art
400V AC

m 690V AC

m =400V DC

m £400V DC

Future Solid-State
Transformer Based
MV Interface

13.2 kV MVAC Gray Space White Space
3 400V
, AC AC DC Ausv
400V /230V DC DC
na=99.4 % Neec = 99 % _
T ‘ - ns =97.1 %
ey = 98.7 % ;
13.2kV DC 4 48V
3 AC  [acC | (148 v
f i - i600V[ T "
690V / 400V
Nore = 985 %| [P 4 [48 V.

na=99.8 %

Heer = 98.7 %

o DC
132 kv AFE < 48V
AC 2 DC. [ DC
T ;
DC =400V DC A us v
fare = 98.5 % Ha=99.9 % o

nerr = 98.7 %

\C 2
| — || »o- [|AC DC , DC
I ﬁ tection DC DC 400 V

Ha=99.9 %

— n=98.1%

e s Similar to
AC Distribution

e s Improvement
for nesr>97.2%
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Operating Voltage

HV t

MV 1

LFT

g

Medium-Voltage AC - Low-Voltage DC
Solid-State Transformers
SST \
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3-® 13.2kV / 400kW SST-Based EV Charger

m Most Advanced Industrial SST Prototype (US DOE Project 2018 - 2021)

m 3x9=27AC/DC— DC/DC Cells > 438 Switches

m Forced-Air Cooling

DNPC AC/DC 1.6 kV DC link

Jd

— I

Voo

d

8

o

800V-
1kV AC

& o v

e 15kW Cells (= 0.5 kW/dm?) / All-SiC Realization | 100+ kHz MFT (= 8.5 kW/dm? w/o Bushing!)

Isolation
Case

: : d
MVHF TX

LLC resonant DC/DC

1000V

1 DC

lflJ\EEEﬂ
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132kV Filter & Protection
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1.2 kV SiC [ : [
LV-Side o S
2-Level ) 1050
1.7kV SiC
Grounded
Housing
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3-® 13.2kV / 400kW SST-Based EV Charger

m Most Advanced Industrial SST Prototype Input  PhaseStacks  Control
m 3x9=27AC/DC— DC/DC Cells > 438 Switches =
m 15 kW/Cell /All-SiC Realization .

m Forced-Air Cooling

uAe 3 15 kw | |
130 kVo+ Filter & Protection {’ !
/ .

.
>
|:i £ l
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AT T §
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7T [ Z W1 T 71T Z 11 2\ nELTA
7 1T 7+ Z 1 [ Z 1  im —
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7 1T 7+ ZTZy a) 08% em e E RS w—2—a N=98 %
| Z N S 1 Z N | 96% N 4
71t 7T 7 1 72T 71 o J
[ 7 [ Z W1 T Z 1T Z 1 .
AC /|DC 7t AC /|DC #1|H AC /|DC 1|+ 90%
MV-Side / [ DC I/),C*_ [ DC/ DCH I DCy/DC 88%
3-Level NPC  LV-Side 0 LVDC 86%
1.6kV D_C bus 2-Level. | 51050V 94%
1.2kV SiC 1.7kV SiC

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

e 3000kgs Weight | 3100x 1300x 2100 mm Outer Dimensions
® Power Density > 0.05kW/dm? (System) | = 0.5 kW/dm?3 (Cells) | = 8.5 kW/dm> (MFT)
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Normalized Total Volume
()}

p—

Modularization Penalty

m Highly (!) Simplified Consideration

— Power P Processed in Sphere with Radius R,
— Modularization Assuming const. P/V [W/in3]
— Const. Isolation / Overhead Distance d;,

3

4 (R
V(N) = g”(NT(}s + diso) ‘N

dw=Ro " dy=05R, .~

S~
T

(98]
T

]
T

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

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

e High Numberof Modules - Massive Reduction of Overall Power Density
e Additional Overhead > Input & Output Filters | Protection Equipment | Mech. Assembly | Cabinets etc.
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3-® 15kV / 3.2 MVA SST-Based EV Charger

Fu ”y Modular TOpOlOgy U.S. Patent  Mar.31,2020  Sheetd of 14 US 10,608,545 B2
25% Redundancy @
Zero Inrush Current o AR K

125 kVImpulse Basic Insulation Level w/o Arresters e e
Simple Fuse & Disconn. Switch as MV-Grid Interface ik
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“Synchronous Common Coupling”
e Efficiency Not Specified
e Insulation Type Not Specified (in Case of 0il = Maintenance/ EnvironmentalIssues / Fire Hazard)
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3-® Modular-Multi-Level-Based SST

m Modularity Limited to Power Semiconductors | Single MF-Transformer

— Example of 13.2 kV Grid
22 Full-Bridge Cells / MMC-Arm
528 x 1200V Switches (MV-Side)

=800V

m Example of Adv. Integration Technology

— 4 MMC-Arms
— 9 Half-Bridge Cells (1kV, 600A) Ro—mm—] —
Hot Pluggable Cells 132KV S o - | LvBC

?
é

e Benefits of Modularity > Redundancy | Availability | Economy of Scale
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m MV Grid > Surges, Overvoltages, Short-Circuit Faults, etc.

Very fast front  Fast front Slow front
Arcing transient  Lightning surge  Switching transient
D (=3-100ns  4-01-20ps &= 20-1000 ps
tr=1-3ms t;=100-300 ps  £;=1-20 ms
0KV e t0ky 1O ®
:—@ —H———
E 10KV i@ ® Internal Fault
S -+ |7 TT (@) Lightning Surge 5
g o . = / Temporary Permanent
= 0 9 (@ Switching Transient 2 Earth fault Load condition
g (@ MV Short Circuit = \ |
E - S X \
E 3 o @ LV Short Circuit \
400 v Z 400V 400V (6) Nonideal Load \
A L } . t
\ARAR “'"H'i@**““' 10ps 100 s ms  10ms 100ms 1s
i =
2.6 x Inductor Volume
protection  Lgsst [mH] protection protection protection
requirements 29 5 requirements requirements requirements

m Exampleof 1 MVA @ 10 kV

fo= 1kHz
9 Cells - 12 Cells

;- [A]

Si IGBTs 1700V,/100A > 1700V/200A
IEEE519Ls; > SCR=7%

considered /
1 00/

/

not considered

~IQ /

75\93

considered

N

Z

'15.3
20.4

Vmax

[kV]

not considered

Csst [1F]

2.2 x Chip Area \

/ Vesst [%]
9

12

Heell

e Protection Requirements - Significant Impact on MV-Side Power Electronics Dimensioning
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Industrial SSTs Performance

m Efficiency of Industrial Prototypes n=97.5... 98%
m Full System Power Density p= 0.05... 0.5 kW/dm?

1m
—
98.5 - ——
B Prototype -
O cale /yEpst o e o : Uil NCState ~~_
—_ . st St BT L gl 350kW N —
= s E R 12.47kV /850 V "
= 4 ~ 10 kV SiC
N [ hE SA v \
= 1 A 11& 1 (M ETHZ 1
> ' \ gony) 75 kW I
2 98 v & O 66KV /400 V7
2 Delta SST Prototype A S - 10kV SiC /l‘
g 400 k . : ’
= 13.2 kV'41050 V 3;~§~ v et
[=a) B 12KV SIC L e i —— T
(full system) S Resilient Power
3000kW @ RESILIENT
"Hullsystem). = POWER
97.5 H HE | H
1072 10°
Power Density p (kW/dm?)

University Research
Converter Cells w/o

Protection, Cabinet, etc.

e Modularity - Redundancy/ Reparability / Availability / Economy of Scale vs. Complexity
e HV SiC - Reduction of # of Modules (N<5) | Protection & Robustness as Remaining Challenges

15 of 28



Low-Frequency Transformer &
Si or SiC Low-Voltage AC/DC-Converter

e DD

AC
DC

O
e
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3-® MV Power Station for Photovoltaics

m State-of-the-Art 3 MVA Turn-Key Solution

m 20 ft Container — PV Inverter | LFT | MV Switchgear
m 6.1mx2.6mx 2.4m > = 0.08 kW/dm?

— 6.6 ... 35 kV Medium Voltage AC
— 1500V Low-Voltage DC (PV)
— 1200V Si IGBTs

MY FOWER STATIOMN ; -

2.6 m

[’ FAECHLIRAOLTAGE RAECAURANOLTAGE
o TRANSFCIRIMER SWITCHGEAR UTLTY GRID
S Rl

@ &

)
€

e Inverter CEC Efficiency =98.5%
e Transformer Efficiency = 99% (EcoDesign, Oil-Filled
e Overall Efficiency=97.5% => Improvements for SiC Inverter & Dry-Type Transformer > 98+ %
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Efficiency n (%)

Low-Frequ. Transf. & SiC Low-Voltage AC/DC Converter

m Thought Experiment — AC/DC Stage Using Same Total Chip Area as Delta SST
m Conservative Assumption of N, = 98.7% w/o Filters = Overall n = 98.4%

1200V SiC MOSFETs

AC

DC T

3 3
MVAC @‘|®}
N\

v
98.5 — g
B Prototype * LFT + SiC AC/DC Conv.
e Rl (cduction,
~
~
.’ A RELTA \\
\: :
98 I ‘S EER
!‘)O%ta SST Prototype @ RESI LIENT
13 2kl\(/\§‘1‘81.050 v . Rqsnllent Power
i (ful] system)\ : %(5)101?Vk/“1[ KV
\x glll] system)
| SMASMVA~______-
97.5 — -@- EE— e i
—2 —1 0 |
10 % 10 10 10

Power Density p (kW/dm?)

Wolfspeed
1200V / 1.33mQ / 765 A
Half-Bridge Module

m Identical Functionality as SST

Bidirectional Power Flow
Sinusoidal Mains Current
Reactive Power Control
— Active Filtering

m High Efficiency / Power Density
m High Robustness / Low Complexity
|
|

Full Scalability (Voltage & Power)
Compatible with MV-Side Infrastructure

e Still to be Analyzed — Parallel Interleaving of AC/DC Stages | Size & Losses of Add. Filters
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State-of-the-Art Dry-Type LFT Technology

400kVA EcoDry™ High-Efficiency Transformer
Vacuum Cast Coils No Fire Hazard
Amorphous Metal Core > Low No-Load Losses
High Overvoltage / Overload Capability
1.4mx 0.75m x 1.5m Outer Dimensions

1'000 kVA reference  100,0%
case

99,5% -

§ —
o [ —— O ———

EcoDryUira Ve ~
— EwD: eeeeee 7 7 v nAC/DC~99%
98,5% / 7 —

= = Standard T Y e e e e e e = = 98.25%
98,0%
97.,5% '—1 :

dry-type
0% 20% 40% 60% 80% Load 100%

Efficiency

1200V SiC MOSFETs

: o [ AP
MVAC @“@} LVDC I
DC T by

e Utilizing SiC MOSFETs in AC/DC Stage = Nac/oc =99+ % Efficiency
e Higher Efficiency / Power Density / Robustness Compared to SST (!)
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& 1400V DC vs. 690V AC Distribution

m 400V DC

132 kV 1200V SiC MOSFETs \ y 48V
AC 2 DC . [ DC
/ x___

I
DC +400V ; DC 48V
_ o ,
Nag/oc>99 % 14~ 9& 2
nZ > 98010/0
m 690VAC
. 3-Level SiC
B 2 { PFC Rectifier DC ﬂ
: 25 = [I(AC 48 V
/ *— +600V A 48V,
690V /400V ; DC I:
=999 DC 7148 V.
Neec=99% //Dc
- nd = 998 % :
ns=98% I

® Reduced/ No Advantages of DC Distribution
e Adv. of DC for Integration of Renewables & Backup-Power (Diesel > Fuel-Cells)
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P L.Main

Partial Switch-Mode
Power Processing
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3-® 12-Pulse / Multi-Pulse Rectifier

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

x led

Grid Voltage (V)

-

Grid Current (A)

L 0 20 (s) 40xle-3
e Unidirectional

e No Active Output Voltage Control (Tap-Changer)
e Remaining Current Distortion / Reactive Power Consumption
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3-® 12-Pulse Rectifier & Active Filter

m Hybridization / Partial Switch-Mode Power Processing
m Active Filter (AF) Module with 15...25% Rating -> Sinusoidal Grid Current / React. Power Comp.
m Partial Power Processing = Reduces Impacton Overall Eff. — n = 98% with Standard Si Active Filter

T
p 01 ‘\}grld.a’
100 AN 4
Puc 2 [T T A Vo
[ :'rgnd.a', [
S 0
Z

AF

3 31AC I
MVAC 0+® ®+ = LVDC
DC .-
! AR O N s st "“"'”ﬁ“’”:li'{l
ol -
IaFa TAFD AFc
O _1000 L L 1 1 L L

. 0 0.05 0.1 0.15 0.2 0.25 0.3 0.35
() Time (s)

L

Y

i
;lwnl

No DC-Side Inductors Required (!)

Remaining Passive 12-Pulse Operationin Case of Active Filter Failure
Efficiency Improvements with Dry-Type High-Eff. LFT & SiC Active Filter
Connection of AF to Output DC-Bus - Reverse Power Flow Capability
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Comparative Evaluation

m Industrial AC/DC SST

- No Volume / Efficiency / Functionality Adv. Over LFT + SiC AC/DC Conv.

m 690VAC& Dry-Type Transf. > Competitive with + 400V DC Distribution
m 12-Pulse Rect. & Act. Filter > Low Complexity / High Robustness @ Reduced Functionality

1200V SiC MOSFETSs

LVDC

gkl
-

MVACO—/3—®H®—3—-—A(;C II LVDC @71 £ '

98.5 - e Wk
: : LFT +SiCAC/DC Conv. - cesS
Efficiency (%) M Prototype * e NC Stat . prod
O Cale. / Est. y 7 reduction 350 k\?]e P
im i 12P + AF ; 10 kV SiC P
— : :—‘—-‘-‘erl);D co P a ETHZ
g NN “~J 75 kW
i o SSo ! 6.6 kV /400 V
| | |= | Delta SST Prototype SO 10 kV SiC
L 400 W +AF VY Y RESILIENT
12P + AF N
13.2 kW%/ 1050V N\ POWER
Full @ comp. Y
AELT. - L2kVS L Y3000 kw
(full system)™« - SI15kV/1kV
: ~ s (full system)
SMA 3|\|/|VA
97.5 — ]
10~ 10 10

Power Density (kKW/dm?d)

Add. Considerations on Integr. of Renewables / Fuel-Cell Back-Up Power / Grid Services etc.
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Ecological Aspects

m LV Distribution Busbars Dominate the Installed Copper Mass
m 40 vs. 10 Years Lifetime of LFTs vs. SSTs
m Recyclability Advantage of LFTs

3000

)
[y [N
o n
o O
S O

Copper Mass (kg

o

o
o O
oS O

wn
<
<

i - #4000 V DC
25 50 75 100
LV Cable Length (m)

Industr. Machinery &

Building
. Equipment

Construction

Consumer
Products

Transpor-
tation
Equipment

Electric &
Electronic Prod.

e Global CopperUsage Largely Dominated by Other Application Sectors
e Life-Cycle Assessments — Cradle-to-Grave | Cradle-to-Cradle — Still Missing
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Module Price
[Inflation adjusted €,,,/Wp]

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 “Grid Parity”) = Long Term Strategies

25% Learning Rate for PV Modules

100 -

|
|

10

2000

2010

MVAC

MVAC

0.1 T
0.001

0.01 0.1

© Fraunhofer ISE

1

10

100

Cumulative Production [GWp]

2020
|

1000 10000

1 LFT 1
I 1 MVA costs <15 kUSD 1
Switch- ) I AC
sear & [ @ - L LVDC
prot. | I | DC
VSST o b
- I | M
Switch- Add. | [AC /| MET " [AcC ]
gear & H SST — ( ) —I F—o LVDC
Prot. || | Prot. AC 1 L DCJ:

+
+ + 4
+
SST

N
G
AR
G

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

e (an SSTs / SST Modules Ever Become Cheaperthan LFT-Based Solutions ? | Procurementvs. Life-Cycle $$$ ?
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