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Electric Vehicle Outlook 2019

m Bloomberg NEF — By 2040 — 57% of All Passenger Vehicle Sales
30% of Global Passenger Vehicle Fleet

Global long-term passenger vehicle sales by drivetrain

Million vehicles

Electric Cars Will Win on Price 100
Falling battery prices undercut gasoline cars by mid-2020s
$45K
80
40
35 TS N ICE
30 Electric Car Costs: 60
o5 . - s Battery W PHEV
20 L | 1 ‘ = Powertrain 40 ™ BEV
15 wa Vehicle
10 === Gasoline Car 20
; il
0 0 y*‘?"“;-‘?-';-‘rlv.‘r.‘flﬁll‘ T T N i IrraT™rT T
2016 2018 2020 2022 2024 2026 2028 2030 2015 2020 2025 2030 2035 2040

Source: BloombergNEF

e Falling Battery Costs —> Price Parity of EVs and ICE-V by Mid-2020s > Tipping Point for EV Industry
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EV Range Anxiety

m More than 70% of Buyers Want 200+ Miles EV

Chevrolet Bolt
EV (2018)

Hyundai
Kona (2019)

Tesla Model 3
Long Range

Tesla
Model S 100D

335

0 50 100 150 200 250 300 350 400

e Long Distance Travel — BEV vs. ICE-V >

ETH:zurich
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Denver, CO

8 hr & 23 min
(15min refueling)

10 hr & 48 min
(160 min refueling)

9 hr & 32min
(84 min refueling)

9 hr & 16 min
(68 min refueling)

8 hr & 46 min
(38 min refueling)

8 hr & 31 min
(23 min refueling)

Salt Lake City, UT
‘ 525miles ’
g pa—
75 mi 0 mi
p 275 mi N\ 250mi
4 hr 16 min 3 hr 52 min
10min setup
5 min fuel
23 kwh 23 kwh 23 kwh 23 kwh
BEV-200 mile 180 mi DCFC 90 mi . NS 90 mi DCF( 90 mi 75 mi
50 KW-DCFC 2 hr 47 min 50 kW 1 hr 50 kW 1hr 50 kW 1 hr 1 hr
X 24 min X 24 min X 24 min ~ 15 min
40 min 40 min 40 min 40 min
52.5 kwh 52.5 kwh
BEV-300 mile 180 mi Tesla 175 mi Tesla 170 mi
120 kW-Tesla 2 hr 47 min 120kW 2 hr 43 min 120kW 2 hr 38 min
42 min 42 min
75 kwh
BEV-300 mile 275 mi Tesla 250 mi
120 kW-Tesla 4 hr 12 min 120kW 3 hr 38 min
68 min
19.9 kwh 19.9 kwh
BEV-200 mile 180 mi 175 mi 170 mi
400 kW-XFC 2hr 47 min 2 hr 43 min 2 hr 38 min
19 min 19 min
71.3 kwh
BEV-300 mile 275 mi XF( 250 mi
400 KW-XFC 41r 16 min 100kW 3 hr 52 min
23 min

Only 8 min Difference for 300-Mile Battery & XFC
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EV Charging Anxiety Chargepont

stations
o (projected
| | 200"' M’les EV 9 50+kWh ac Home 500 growth)
Charging (7.2 kW)
(=]
dc Fast (50 kW) 72 s
=]
L
Tesla Supercharger 27 o
(135 kW)
dc Ultrafast 10
(350 kW)
0 100 200 300 400 500 600
(min)
Public
chargers
System worldwide Kilowatts Availability
Combined 22,000 50-350 United States,
Charging European Union,
System (CCS)* Australia, Korea
ChinaGB/T 330,000 PR China, India
Tesla 13,000 135 Global
Supercharger
CHAdeMo 513
SN Supercharger CHAdeMO 25,300 50-100 Global
SIPA/Center on . -
g::;t::léiﬁr-g;zahcy; * North American and European versions are not compatible. §_
wn
I
2019 2025
e 350kW Extreme Fast Charging (XFC) - Only 10 min Charging Time o
argePoin

[FLFE
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State-of-the-Art Fast Charging

m Standards — CHAdeMO (global), CCS1 (US), CCS2 (EU), GB/T (China), TESLA (global)

TABLE Technical specifications of commercially available dc fast chargers

Manufacturer Tesla EVTEC

and Model ABB Terra 53 Tritium Veefil-RT Supercharger espresso&charge ABB Terra HP

Rated power 50 kW 50 kW 135 kW 150 kW 350 kW

Supported standards CCS Type 1 CCS Types 1 and 2 Supercharger SAE Combo 1 SAE Combo 1
CHAdeMO 1.0 CHAdeMO 1.0 CHAdeMO 1.0 CHAdeMO 1.2

Input voltage 480 Vac 380-480 Vac 200-480 Vac 400 Vac £ 10% 400 Vac £ 10%

600-900 Vdc

Output dc voltage 200-500 V 200-500 V 50-410 V 170-500 V 150-920 V
50-500 V 50-500 V

Output dc current 120 A 125 A 330 A 300 A 375A

Peak efficiency 94% >92% 92% 93% 95%

(charger only)

Volume 758 L 495 L 1,047 L 1,681 L 1,894 L

Weight 880 Ib 364 b 1,320 Ib 880 Ib 2,954 Ib
(400 kg) (165 kg) (600 kg) (400 kg) (1,340 kg)

e Up to 350 kW of Charging Power & Up to 920V DC Voltage

ETH:zurich [ELPE
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DC Fast Charging

m State-of-the-Art DC XFC — 400V 3-® AC | PFC Rectifier / Isol. DC/DC-Converter
m Isol. DC/DC Converter — Simplifies Parallel Connection & Safety Concept

A B C
( Isolated dc/dc Stage h
Input 5 Rectifier Fre : Output __I_
Filter || (ac/dc) ClCUtES! | PRt () Fiter | "
‘ (de/de) :
HF
_________________________________ Transformer 7

410 120 100

400 110 90
S E 100 80 ~
30y = 90 70 &

o
@)
380% E 38 - Charging Power gg 8
> —— Battery SOC
370 2 2 60 Y 40 §
360 & 2 50 0 B
—— Battery Current o 8 40 20 @
50 I 350 o
Battery Voltage 30 10
0 340 20 0
0 5 10 15 20 25_30 35_ 40 45 50 55 60 65 0 5 10 15 20 25 30 35 40 45 50 55 60 65
Time (min) Time (min)

e TESLA Model S85 — Charging Profile (CC/CV) / SOC / Charging Power

ETH:zurich FLPE
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DC Fast Charging Station

m TESLA Supercharger Station in Mountain View, California

Incoming Distribution Panelboard
MV Grid () [ N
— tos 1o e o tos l
I < 400-A
= Breaker
§ ) % o, <C oy << o < < oy << o <
= - ) o ) o ) o ) o ) (= ) o
- ¢/ O [ L= [ T@=] o [ =] [ T 400-A
o~ ~N ~N ~N ~N ~N !
- Switch
(@] /I.O ‘fl-O ‘fLO /LO /Lo ‘»‘LD 4
R A E N J
Main Breaker
and Metering | . @ g b © 100-kW | 100-kW
S S S S S S Inverter  Inverter
2 e 2 2 e e
5 5 S S S 5 400-kWh Battery
g g g g g g
2 = 2 2 e = . 200-kwW
0 9] 9] 2 0 2 Stationary Storage

[ 1 1+ &+ * ° 1 ‘[ | °|
1A' (1B 2A 2B 3A 3B 4A 4B 5A 5B 6A 6B

® 400kWh / 200kW Battery Buffer

ETH:zurich FLPE
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Charging Station Battery Buffer

m Large Variation of Power Demand (High Peak Load Tariff etc.) = Energy Buffer
m $3%-Model-Based Opt. Sizing incl. Ancillary Grid Services / Overnight Re-Chg / etc.

2000 I

The power range of energy storage system charge and discharge
— Instantancous load power —— Average loadjpower

1500
Power limiting

value Sp

1000 [

500

i,

“\

Charging power/kW

Rechargeable
power range of
500 | energy storage

Discharge of
energy storage

| | |

~1000

12 16 20 24
Time/hour

e Avg. Power < Rated Power & Peak Power > Avg. Power Grid-Tie (!)

ETH:zurich
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TESLA Charging Station Layout

INSIDEE= Vs

NOTES

CONDUITS SHALL BE BURIED BELOW FROST LINE AND IN COMPLIANGE
WITH LOCAL AND NATIONAL CODE REQUIREMENTS.

OME ADDITIONAL CONDUIT SHALL BE INSTALLED IN PARALLEL OF
PROPOSED POWER CONDUITS FOR FUTURE EXPANSION.

3. REFER TOD SHEET E-2 FOR CONDUCTOR REQUIREMENTS WITHIN CONDUITS.

-

“User Interface”

PROPOSED PROPOSED POWER PROPOSED TESLA PROPOSED PROPOSED

TRANSFORMER DISTRIBUTION SUPERCHARGER TESLA CHARGING TESLA CHARGING

(PER UTILITY) CENTER WITHIN (TYF) STATION STATION
SERVICE GEAR TYP) (TYP)

I

-

j «—— =45m —

&DOTIIE DUCT SEAL COMPOUND

PC 8130 (CAT NO. LHD1) (TYP. ALL
CONDUITS FOR SUPERCHARGERS
AND CHARGE STATIONS)

-

|5) PROPOSED 4™ PROPOSED 27
UNDERGROUND POWER SPARE
CONDUITS (TYF) UNDERGROUND

CONDUIT. SEE
NOTE 2 (TYP)

PROPOSED 27
UNDERGROUND
POWER

CONDUITS {TYP}):

® Supercharger = 12 On-Board Charger Modules in Parallel > 12x10kW = 120kW

ETH:zurich FLFE
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800V vs. 400V Battery Comparison (1)

m 400V — e.g. 100 Cells in Series, 4 Parallel > 300 ... 420V
m 800V — e.g. 200 Cells in Series, 2 Parallel -> 600... 840V

loharge = 350 A arge = 300 A
>
ccs | . cell = 87.5 A ccs I, con = 150 A |
o— Umax =415V | 100s 4p o— o 830  soceze
l |
|

Maximum 350 A

T T Al

T T T T v T T

Maximum 350 A

400 Cell Battery: 100s 4p 400 Cell Battery: 200s 2p

Current Limited by CCS-Connector 70% Increase Current Limited by Cell Design: 150 A/Cell
- Maximum 350 A Charge Current ~ of Charge Power > Maximum 300 A Charge Current

= Charge Power P, .= 145.25 kW _ = Charge Power P4, = 249 kW

e Higher Battery Current > Lower Charging Time BUT Faster Aging
® 2x1I,,/Cell > 4x Loss/Cell (1mQ/Cell, 3kW - 9kW Thermal Batt. Loss)

ETH:zurich [ELPE
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800V vs. 400V Battery Comparison (2)

m 10-15kq Lower Cable Weight @ 200kW
m 0.5 dm’ Lower Connector Volume
m Lower IGBT $3$ etc.

DC Charging block configuration

- FOT 400VDC_in . —,.;‘,"”:?,_'_ . e Boost
Home charging -For800Voc in' | g gum @ LG
- ey Life's Good
@ Y e Yl Vehicle inside
Reinforced
Charging station 800V rated Charging . Cable shielding
plug & socket r
— Isolated ""I
- AC in — e DC/DC S -
£ . - F=
DCin e -
e i r—
y . - DC Charging block -
Cable cooling /" /'5’/ 800V Battery
for fast charging : .
Reinfereed On Board Charging block L
Cable shielding _]_.\
Y-cap

e 800V Standards Not Yet Complete, Necessary Design Modifications, etc.
e Higher # of Series Cells > Higher Complexity & $$$ of Batt. Management System

ETH:zurich FLPE
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DC Charging Connectors

m Practical Limit Due to Safety Effort, etc.
m “Low Voltage” Def. as < 1000V AC / < 1500V DC in Standards

450 dc Charging Connector Standardization

1,000 V
400 1,000 V 1,000 V 400 A CHAdeMO
350 A 350 A 2.0
350
300 a p
E 250 1,000 V
P 200 A ' 750V
g 200 250 A
[e] g
o 600 V &
150 200 A 450V
100 450y 200A
125 A
50

European Union United States China Japan
CCS (Type 2) CCS (Type 1) GBT CHAdeMO

M Actual Value M In Application

e Typ. Infrastructure Delivers 500V DC (600V IGBTs) & 50kW
e Charging Time Defined by U +I -> Current Limited by Connector System

ETH:zurich
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Charging Station Concepts

« AC-Coupled
* DC-Coupled

ETH:zurich FLPE
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Charging Station Concepts

m AC-Coupled

m DC-Coupled

ETH:zurich

Lower # of Conversion Stages

Lower Complexity / $3% / Losses
DC-Voltage Symmetric to Ground & High-R Gndg
Active Front-End or 12-Pulse Rectifier Stage

Energy
PV m Storage I|I|I

MV l dc{dc I dc.:dc
Grid F/Iv’ll-\i dc/ac dc/ac
gl —1— ——
I ac/dc I ac/dc
i |
dc/de dc/dc

MV
Grid MV/LV

}%MEHM

Energy
PV” Storage. ||I l

dc/de

! do/de

_1_
dc/dc dc/dc

T@T@

12/42
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AC/DC Solid-State Transformer (SST)

m Medium-Frequency Isolation

m Low Volume / High Efficiency va Storege |||‘|
. i
Mv Grid H|S=STTR l delde I de/de |
% ac/dc g"g dc/de 1 I ‘ 1 l
| de/de I de/de
> 50kW Demonstrator System  @)FREEBH 1200 I MOSFET Moduie
oo / ) 1200 V SiC
L D _]5} Diode Bsridge
iR = r—é
VS BT e A [FFT
c §|§ == 200-500 V
| [k | 7 5
2.4kV J',:} o =) —
(R T M L !
e Unidirectional 1-® AC/DC SST Charger \ —

ETH:zurich FLFE
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SST-Based vs. LFT-Based XFC (1)

m Exaggerated Expectations in Literature -

Existing Transformer and Charger System SST-Based MVFC
Efficiency: 93% B Power Losses Halved - 97.6%
Volume: 4,300 L BN 30x Volume Reduction WS> 140

Total Cost*: US$75,000 N Total Cost Halved - US$35,000

EV Charger

Service Transformer
Speed

\

e US DOE $7m 400kW / 4.8kV or 13.8kV AC-Input SST-Based XFC
e Project Targets 96.5% G2V Efficiency, Weight: 1/4, Footprint: 1/2
e Partners General Motors, Delta Electronics, DTE Energy, others

Same Charging l

* Includes Installation

ETH:ziirich lﬂ"E |
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SST-Based vs. LFT-Based XFC (2)

m State-of-the-Art TESLA XFC Station vs. SST-Based Solution

LV Switchgear
and Metering  Tesla Superchargers
Service 675 kW (5 x 135 kW)

Transformer

675-kW Tesla Superhar on _
Three-Phase SST dc dc/dc Converters

MV (2,700 kW) Busbar 3 x (6 x 150 kW)
MV Switchgea_r c - ' — ) A '
Metering

2,700-kW SST-Based MVFC Station

o 675kW @ 92% G2V Eff. (estimated) -> 2700kW @ 97% / Factor 4 @ Same Footprint !

ETH:zlirich FLFE ‘
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1-@ AC/DC SST Topologies (1)

m PFC Rectifier Stage & Fixed Voltage Transfer Ratio Res. DC-Transformer
m Fully / Partially Modular ISOP Structure (Impedance Matching)

e Modularity

(Do

16/42

Lﬁééﬁ

M
L

—> Redundancy
e Multi-Winding Transformer —> Risk of Oscillations Between the Modules

“\_{

[FLFE
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1-@ AC/DC SST Topologies (2)

m Matrix-Type AC/DC Conversion
m Fully Modular ISOP & MMLC Structure

[ |29

a4 Lo
%—g 'lail'G ?%r } E } E ;
33 o ! :
— - S

] F ﬁ

e MMLC Topology - Modularity Limited to Critical System Part / Higher Semiconductors Effort

g

ETH:zurich FLFE
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1-@ AC/DC SST Topologies (3)

m Example of Primary-Modular & Secondary-Integrated ISOP Structure

T o
= T
£
CEN I |
I
343

i
L

[Eorcan

e Different Partitioning of MV Input & AC/DC Conversion - Very Large # of Possible Conv. Topologies

ETH:zurich FLFE
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- Dujic et al. (2011)

- Heinemann 2002
- Steiner/Stemmler (1997
- Schibli/Rufer 1996

P = 1.2MVA, 1.8MVA pk
9 Cells (Modular)

54 x (6.5kV, 400A IGBTs
18 x (6.5kV, 200A IGBTs
18 x (3.3kV, 800A IGBTs

9 x MF Transf. (150kVA, 1.8kHz)

1 x Input Choke

ETH:zurich
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Example of 1-® AC/DC SST for Traction (1)

Pantograph

Lirse:

: | Earlh disd]

MCB

a l——/._
Earth discgn

Imaauun auy|

SJUEINDU
ndu

Calenery PETIT
15kV 16 2/3 Hz Power Electronics Traction Transformer

HV PEBB's LV PEBB's
AFE FR Resonant MRC

Regonant

Eh Converter)

Resonant Converter)

Rescnant Converter

. . Short .
Line side R - sty wenn  NOtOr side
S

1500V DC+ [ Ude_pas M
-

" LEVEL9 [

ide_pos M

= Udc ro LS r“'

Tanoy pe- /e nea

Controlied
by MICAS

; AUX supply
i 15kVA. 3x400V @ 50HZ |

SKVA 36V dc

A\ 1D ED
P

ELPE
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Example of 1-® AC/DC SST for Traction (2)

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

Efficiency

(%]

98

96

94

92

¢ T) 1 U / ..... ............. == e= (Qperating with 9 levels |

= QOperating with 8 levels

1 1 1 1
0 200 400 600 800 1000
Output Power [kW]

m Same Overall Volume as Conventional System
m Future Development Targets Half Volume

ETH:zurich FLPE
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3-® AC/DC SST
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3-® AC/DC SST Topologies (1)

m Fully Modular Approach
s MEGA-Link @ ETH Zurich % % + % f‘}ﬁj‘

e
-

e
1

1

e 166kW / 20kHz Si-IGBT DC/DC Converter Module (+1kV - 400V DC-Transformer) / 98% Eff.

ETH:zurich FLFE
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3-® AC/DC SST Topologies (2)

m  Matrix-Type MMLC Approach

== |
E%Sj = o

o] jet] l1e]
Gl [l e

e Modularity Limited to Critical System Part / Higher Semiconductors Effort

ETH:zurich FLFE
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3-® AC/DC SST Topologies (2)

m Non-Modular Approach
m 15kV SiCIGBTs Allow Operation @ 13.8kV Mains @ Reea

R i
=

43

N
L

<
<
U AEE R

e No Redundancy (!)
e Redundancy Requires Series-Connection of Power Semiconductors (!)

N
W

ETH:zurich FLPE
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3-® AC/DC SST Topologies (3)
m Minimum MV-Side

i
Complexity Matrix-Type S
Approach A |
~ A ~/5

2,

A A2

JK}

Y Y

A A A

£k

A A A

26,

e 3-@ Extension (N. Mohan) of Basic 1-® AC/AC Concept (McMurray, 1968)

ETH:zurich FLFE
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SST Protection
Sububud
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Potential Faults of MV/LV Distribution-Type SSTs

m Extreme Overvoltage Stresses on the MV Side for Conv. Distr. Grids
m SST more Appropriate for Local Industrial MV Grids

r@ Internal Fault

@ Lightning Surge
@ Switching Transient
(@ MV Short Circuit
(® LV Short Circuit
@ Non-Ideal Load

e (onv. MV Grid Time-Voltage Characteristic

<D

Very fast front  Fast front Slow front % 10 k &
Arcing transient  Lightning surge  Switching transient ::% Okv @
f,=3-100 ns ;=0.1-20 ps 1, =20-1000 ps
f=1-3 ms 1;=100-300 ps_ f;=1-20 ms g e
=
— / e
& | ©
=" d
o Temporary Permanent K]
El Earth fault Load condition =
2 3 X '\ I
. 2 =
s 400 VT = 400V
1.0

‘ 2242022

10 ps 100 ps 1 ms 10ms 100 ms Is @. ;

ETH:zurich
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Protection of LF-XFRM vs. SST Protection

m Missing Analysis of SST Faults (Line-to-Line, Line-to-Gnd, S.C., etc.) and Protection Schemes

MYV Protection SST LV Protection
Ll — /,._E_mm_ “cHDC el bbbt — Ll
1/ DC C|
L2 |E| o
c—" "~ 2 IN® DC. 1 AT T —— ] /'_L_Z
H/ DC C|
.L3_/ — /,._E_n’m.-AC DC, J T N —— | /,_L.S
. Disconn. Breaker Pre-Charge H/Dc cLy AC
e Proposed SST Protection Fuse  Res. o
Scheme with Minimum # of ag ‘[JRO Breaker @aﬁDismnn.
Protection Devices LI I L Fuse popaL
Surge Arrester MV Earthing LV Earthing Surge Arrester
MV Bridge

MV Fi lter

e Overvoltage Protection (Lightning Strike)

High Arrester Clamping Voltage
Filter Inductor > 8% for Current Limiting

Min. DC Link Capacitance
Sufficient Semicond. Blocking Capability
Grounding - Lower Stress if Unearthed

* % Ok ¥ *

Surge
Arrester Vyeo = 114 kV

m Protection Scheme Needs to Consider: Selectivity / Sensitivity / Speed /Safety /Reliability

ETH:zurich FLPE
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'>?\ e W .. Datacenters
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The Cloud / Hyper-Scale Datacenters

m  Global Electricity Demand & Digital Universe (Voice/Video/Internet) Consumption
A ... Greenpeace Estimates for ICT

7,000

T Locat
5,000 - 3 > ’
2
7] o Things &
g = Machines
- = = Tablets °
- \ N
= g Q phones, 3
E - E TVs
3,000 - é o Wireless 6&“}\%
w g Cellular
8 3
5
£

1985 2015 2035 <« Increasing Power per Location

® “The Cloud is Powered By Coal” (40% Share of Electricity Generation)
e 100x Energy Used for i-Phone Charging is Used for Data Processing (1.6GB/Month Avg.)

ETH:zurich
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Hyper-Scale Datacenters

m MV (kV) - Power-Supplies-on-Chip (0.9V) Power Conversion
m Short Innovation Cycles
m Modularity / Scalability

1. Higher Availability

2. Higher Efficiency

3. Higher Power Density
4. Lower Costs

ETH:zurich
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Server-Farms

up to 450 MW
99.9999%/<30s/a
$1.0 Mio./Outage

Since 2006
Running Costs >
Initial Costs
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State-of-the-Art Datacenters

m Conventional 480V, Distribution / Energy Use

Source: (mte\' 2007

Room Cooling
50 W-150W UPS 4 W

® Per 100W Compute Load -> +200...300W typ. for Infrastructure & Cooling
e Eliminate Conversion Stages, Use High Distribution Voltage (Low $$$ > Select UDC of PFC Rectifiers)

ETH:zurich FLFE
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AC vs. 400V DC System

m Conventional 480V, Distribution

Source: ('\nt \) 2007

400V

POU Rack

o +5...7% Efficiency & -33% Floor Space & -36% Lifetime $$% & 0.9999996 Availability

ETH:zurich FLPE
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1-® Medium-Voltage Grid Interface

m Facility-Level 400 V. Distribution
Source: Q\'B 2007

400V

POU Rack

400V
DC

Rack

e MV-Grid (kV)-> Chip (0.9V) in 2 Steps > typ. 3% Efficiency Gain, Smaller Footprint, etc.

ETH:zurich FLPE
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Research @ ETH Zurich

=
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€= 25kW SwisS-Transformer @ ETH Zurich

m Bidirectional 1-® 3.8 kV,,. AC = 400V DC Power Conversion
m Based on 10kV SiC MOSFETs
m Full Soft-Switching

% 3.3kW/dm3

10kV SiC H-Bridge

..gkaSiC _]3 10kv Sig} 1.2k\/5i(\:_]3
i L L, 3 ) 5 = L e i J
b .
Cfﬁ ' 1 — 7KV DC ir — 1400V DC
Rd Cb—J__ i
9:1
&

|||+

L

u g
-—

N~ 7
LCLFiler |t 128 = 5 o x &
e O
iTCM Network 10kV Half-Bridge MF Transf, 1.2kV H-Bridge
Y% 3.8kW/dm3
» 35...75kHz iTCM Input Stage » 48kHz DC-Transformer Output Stage

ETH:zurich FLFE
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3.8kV - 7kV ZVS AC/DC Converter

m Full-Bridge iTCM - integrated Triang. Current Mode Operation Enables ZVS

— ZVS Requires Change of Sw. Current Direction in Each Sw. Period

— Open-Loop Variation of Sw. Frequency for Const. ZVS Current (35...75kHz)
— Separate Optim. of ZVS and Input Inductor Possible

— No Large Ripple Input Current

% 3.3kW/dm3

10kV SiC H-Bridge
ST

) Jé 10kV Sichj

- .
:me ' Cf_L ILH.".« Iy . |
RlJ T
e e N =

SN
iTCM Network

o+
I
~1
-~
<
.
o}

‘ Insulation
transformer

» Full-Load Measurement (25kW @ 3.8kVrms AC, 7kV DC) - ZVS Over Full AC Cycle (!)
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7kV = 400V DC/DC Converter (1)

m MV-Side Half-Bridge
— 48kHz Sw. Frequency, ZVS

— Cooling of Power Semicond. by Floating Heatsinks (Not Shown)
— Creepage Distances Ensured by PCB Slots

% 3.8kW/dm3

o—y O
C 10kV SiC 1.2kV SiC
1] +
L 5 “_; ]' * MV Transformer — §, k& Sl .
i;, bJI— o !C, ELJJ'_ N oJl— ics o~
. I ]
] z 3 Gl+ |z AN Fiber
:%{ | : = ACH T |8 optics
als . i‘ 6 N B 10kV SiC
- Shak Sple & Syl & module
o @ o I Insulation
HB HB, ~ capacitor Overcurrent / transformer
1 2 ’\4 protection ‘ 60
» B ___coooclime
Driver stage \_r‘e_eg%{e— g
Current Power supply ©
transformer Silicone tube "
» Half-Bridge for Cutting Voltage in Half / Lower Switch Count
ETH:urich FLFE
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7kV = 400V DC/DC Converter (2)

m MF-Transformer Measurement

— Fully Tested @ 25kW / 7 kV
— Calorimetric Loss Measurement
— 99.64% Efficiency

MV terminations

LV terminations !
Winding \ N \
package £
" ‘\\

|

DS \

A !

AV

\

\

PR

Grounding bar

Losses [W]

» Transformer Prototype / Loss Distribution / Efficiency

ETH:zurich
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35/42
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99.64 %
120 199.6
'?Tr
90 1994 £
=
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Winding 2
60F 499.2 E
Core
30+ 499.0
Cooling
0 98.8
0 10 15 20 25 30
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Overall Performance

m Full Soft-Switching
m 98.1% Overall Efficiency @ 25kW
m 1.8 kW/dm?3 (30W/in3)

Efficiency [%)]
O
e |

99.1%

99.0%

98.1%

Total Efficiency

5 10 15 20 25
Power [kW]

P Red. of Losses & Volume by Factor of >2 Comp. to Alternative Approaches (!)
» Significantly Simpler Compared to Multi-Module SST Approach

ETH:zurich
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=TTl 1-D 2.4k, AC > 54V DC F2 Fui Electri

Published @ IEEE APEC 2017

N=5 Cells @ MV-Side / Cost Optimum

PFC Rectifier > 1.2kV Si IGBTs & SiC Diodes
DC/DC Conv. - 600V SJ & 100V MOSFETs

Converter Cell 1
PEC p | DC/DC converter Towt, 1 Lout PFC DC/DC CONVErter  cceommemeommemememeemeeee Tt

T T T —— 1%

35 flor |
5

- —|—>|—!;>
J/ ~
o%u\l/

M
X

<
N
U

out, 2|

Converter Cell 2

Converter Cell N

/. out, N

............................

l

Voe, v
YT A BIEN

Multi-cell converter.

e

Rectifier 2

» Power Density of 0.4kW/dm? (6.6W/in3)
» 96% Overall Efficiency @ 25kW
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=TTl 1-D 2.4k, AC > 54V DC F2 Fui Electri

m Published @ IEEE APEC 2017
m N=5 Cells @ MV-Side / Cost Optimum
m PFC Rectifier > 1.2kV Si IGBTs & SiC Diodes
m DC/DC Conv. > 600V SJ & 100V MOSFETs
100¢
Converter Cell 1 99 PIC E”’E——E——E f—s—8—8—-+*t1
I DC/DC A [out,I ]01 98 F
— e = 97 f DC/DC converter

Vom

l
oeu\lf =

Total efficiency

=

o O
£on

Converter Cell 2

)ij’
P N
N
%
==
I
B
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i
[
E fﬁmenc;\; [%]
o
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é

Converter Cell N

O
o

/ out, N

l

f__ Voe, v
I A BIIE

Multi-cell converter.

X

O
<

<

10 20 30 40 50 60 70 8 90 100
Load0 [%0]
Efficiency of the prototype

» Power Density of 0.4kW/dm? (6.6W/in3)
» 96% Overall Efficiency @ 25kW
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10kV

10kV _ c; it
10KV SiC Super-Switch

10kV
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40kV SiC Super-Switch @ ETH Zurich (1)

m 4 x 10kV Cascaded SiC MOSFETs
m Quasi-X-Level (Staggered) Switching

O
—— S
F
------------------------- ==+
DC+ S DC+ :}
L oo s L Lo L
Fi ] -
== J'ﬁ’} 3\ ______ l_:_l _____ 1 DJ"‘ — U =" =" t——=o°
4
DC— a DC— 1. 1. .':@
10 kV, 18 A, 550 mQ o
SiC MOSFETs @ 2 e ) 1 d
2 MOSFE%v ®) E@
dies 4 ~ : 1+
" Fp
[}

® 40kV Blocking Capability -> Up to 28kV DC-Link Voltage / Operation @ 1-P 15kV
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40kV SiC Super-Switch @ ETH Zurich (2)

m 300kVA Intelligent Power Module — Two-Level Bridge-Leg Appearance

+24Vy9
= T
| Power supply for ! Waveform
i logic & gate driver |
[ . . 1 +15
' Switching signals —— ! 410 [ |
| |
Ve I | S # Q2L H
5L I Digital comm. : )
I~ I . I _
= ! Fault signal — = -5 2-Levell
‘E - | || = |k |TTTTTTTTTTTTTTTTTTmTT _10 l l
3 -14
&l P =L = Temperature sensor 0 10 20 30 40 50
E —0 + f(MS)
i
% - ° Vo Switching Transition
gl v, +15 [ 1
] _dc i
2 z2== Lo — +10 93 kV/HS :'
; ” 23 kV/ J\ Y
® 5 i
< BN /e
/\ = -5 H
Isolated cooling -10 — L2 Tevel
interface —14 d
et e | \
OVJ, 10 11 12 13 14 15

7 (us)
e Integrated Gate Drive / Voltage Balancing / Protection / etc.
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40kV SiC Super-Switch @ ETH Zurich (3)

m Based on 2-Chip 10kV SiC Power MOSFET Packages
m Top- & Bottom-Side Isol. Cooling Surfaces
m Single Isol. Drive Signal o
HV mid-point
terminal  Cy, HV dc

/ >terminals

Control board

250x150x80mm?3

s Fiber optics

A
\/ X\ Isolated gate
10 kV SiC MOSFETs

b Yy
driver with X
overcurrent protection
(lower HB arm) z

e Integrated Gate Drive / Voltage Balancing / Protection / etc.

10 kV SiC MOSFETs
(upper HB arm)

ETH:zurich
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Conclusion
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Future SST Applications in XFC & Datacenters

m SST Isolated MV-AC/DC Conversion @ High Efficiency / Compactness
m XFC / Datacenters — No Competition Against Existing Infrastructure
m Ancillary Services & Connection to Future MV-DC Grid

L

\

| =
-E 2. Wave (Grid)
g Appl. in Datacenters
= 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 s,
for Traction 1. Wave (Gﬁd) LN
(Thyristors) SST Concepts for Smart Grid
_— L ’
o
1970 2000 2015 2030

m Realization $3% & DC-Protection Remain as Challenges (!)
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Thank You !

The ,, Detroit Electric”

20mph, 80miles/Charge
Anderson Electric Car Company
1907 - 1939

[FLFE




