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ElectticWVehiele @Qutleoak 2019

y Bloomberg NEF By2040! 57% of All Passenger Vehicle Sales
30% of Global Passenger Vehicle Fleet

Electric Cars Will Win on Price
Falling battery prices undercut gasoline cars by mid-2020s
$45K
40
35
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25
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\
W Battery
| = Powertrain
wa Vehicle
=== Gasoline Car

2016 2018 2020 2022 2024 2026 2028 2030

Electric Car Costs:

Global long-term passenger vehicle sales by drivetrain

Million vehicles

100
80
ICE
60
B PHEV
20
0 l“-‘r-‘T-‘T-zl‘l'.T.T-‘r.'I'IWIITIr Y
2015 2020 2025 2030 2035 2040

Source: BloombergNEF

0 Falling Battery Cost#, Price Parity oEVs and IC¥ by Mie2020s A Tipping Point for EMdustry
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ENFRamgerAnxiety

y  More than70%of Buyers Warit00+ Miles EV

Chevrolet Bolt
EV (2018)

Hyundai
Kona (2019)

Tesla Model 3
Long Range

Tes
Model S 100D 335

0 50 100 150 200 250 300 350 400
(mi)
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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 Denver, CO
‘ 525miles ’
75 mi .
ICEV 2 Smnv 250m|.
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 90 mi DCF( 90 mi 75 mi
50 KW-DCFC 2 hr 47 min SO kW 1hr SOkW 1hr 1hr
X 24 min X 24 min X 24 min T 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 XF( 170 mi
400 kKW-XFC 2 hr 47 min 2 hr 43 min 100 kW 2 hr 38 min
19 min 19 min
71.3 kwh
BEV-300 mile 275 mi XF( 250 mi
400 kW-XFC 4hr 16 min 100kW 3 hr 52 min
23 min

0 Long Distance Travél BEV vs. ICEA Only 8 min Differender 300-Mile Battery & XFC

ETH:zurich
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(projected

y 200+ Miles Em 50+kWh ac Home rowth)
. 500 9
Charging (7.2 kW)
8
dc Fast (50 kW) 72 s
a
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 sl
SN Supercharger CHAdeMO 25,300 50-100 Global
SIPA/Center on . -
g::;t::LEhﬁrE;;ahcy; * North American and European versions are not compatible. §_
wn
I
2019 2025
0 350kWExtreme Fast Charging (XFE) Only 10 min Charging Time Souce.
argePoint

ELPE

ETH:zurich
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State-of-thhe-Art Fast(Gharging

y' Standards?

4/42

CHAdeM@lobal), CCS1 (USE;,CS2 (EUEBB/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%

600-9200 Vdc

Output dc voltage 200-500V 200-500 V 50410V 170-500V 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 Ib 1,320 Ib 880 Ib 2,954 Ib
(400 kg) (165 kg) (600 kg) (400 kg) (1,340 kg)

0 Up to 350 kVéf Charging Powet Up t0920V D®oltage

ELPE
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DCrrast/charging

y  State-of-the-Art DC XFE 400V 30 AC PFC Rectifiérisol. DCDCConverter

y Isol. DC/DC Convertert

A B

C

Input

Filter

Rectifier
(ac/dc)

PFC
Circuit
(de/de)

SimplifiesParallel Connectio& Safety Concept

p=

Battery Current (A)

—— Battery Current
—— Battery Voltage

410
400

w
©
o

Battery Voltage (V)

380
370
360
350
340

0 5 10 15 20 25 30 35 40 45 50 55 60 65

Time (min)

(dcfac) g

Isolated dc/dc Stage

QOutput __I_
el Filter J

HF
Transformer

~

120
110

= 100

Charging Power (K

90
80
70
60
50
40
30

5/42

100
90
80
70

- Charging Power

—— Battery SOC

60
50

40

Battery SOC (%)

30
20
10

20 0
0 5 10 15 20 25 30 35 40 45 50 55 60 65

Time (min)

0 TESLA Model S85 Charging Profile (CC/CV) / SOC / Charging Power
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DCrEastfchargingsStation

y TESLA Supercharger StaiimMountain View, California

Incoming Distribution Panelboard
MV Grid( [ B (@
— tos 1o e 4 Tos l
I < 400-A
= Breaker
§ ) % o, <C oy << oy << < oy << o <
= - ) o ) o ) o ) o ) o ) o
- ¢/ O© [ T} [ T~} o ¢/ O [ T 400-A
o~ ~N ~N ~N ~N ~N !
- Switch
(@] /Ln ‘fl-O ‘fl-O /LO ‘fLo ‘!LD 4
R pN = A e /
Main Breaker
and Metering - ™ ™ ¥ e © 100-kW | 100-kW
S S S S S S Inverter  |Inverter
2 e 2 2 e e
3] 5 3] S S S 400-kWh Battery
<1 g < <1 2 <1  o00-kW
=] =] 3 =1 =] =] 200-kW
0 » (%] » n (]

Stationary Storage

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

0 400kWh / 200kWBattery Buffer

ETH:zurich FLPE
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ChargingsStatios BatteryBlffer

Large Variation of Power Demafittigh Pealdl.oad Tarifletc.) A Energy Buffer
y $$$&ModelBasedOpt. Sizingncl. Ancillary Gricdservices / Overnight Rehg/ etc.

Charging power/kW

2000

1500

1000 [

500

500

~1000

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

Power limiting
value Sp

I

1
N
N
I

Rechargeable
power range of
- energy storage

Discharge of
energy storage

| | |

12 16 24

Time/hour

0 Avg. Power < Rated PoelPeak Powex Avg. Power Grdlie (1)

ETH:zurich
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TESLAGhanging:Stationdayout

INSIDE
NOTES
1. CONDUITS SHALL BE BURIED BELOW FROST LINE AND IN COMPLIANCE
WITH LOCAL AND NATIONAL CODE REQUIREMENTS.
2. OME ADDITIONAL CONDUIT SHALL BE INSTALLED IN PARALLEL OF
PROPOSED POWER GONDUITS FOR FUTURE EXPANSION.
3. REFER TO SHEET E-2 FOR CONDUCTOR REQUIREMENTS WITHIN CONDUITS.
PROPOSED PROPOSED POWER PROPOSED TESLA PROPOSED
TRANSFORMER DISTRIBUTION SUPERCHARGER TESLA CHARGING
(PER UTILITY) CENTER WITHIN (TYF) STATION
SERVICE GEAR TYP)

I

.y

|5) PROPOSED 4™ PROPOSED 27 PROPOSED 27

UNDERGROUND POWER SPARE UNDERGROUND

CONDUITS (TYF) UNDERGROUND POWER
CONDUIT. SEE CONDUITS (TYP})

NOTE 2 (TYP)

°Us er |l nt er f a

PROPOSED
TESLA CHARGING
STATION

(TYP]

&DOTIIE DUCT SEAL COMPOUND

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

AND CHARGE STATIONS)

0 Superchargee= 12 OrBoard Chargeaviodules ifParallelA 12x10kW = 120kW

ETH:zurich
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Laboratory

800V ws4A00Y Battery Compatison (1)

Maximum 350 A

Maximum 350 A
| | | | 1

T T T T v T T

y 400V! e.g.100 Cellsin Series, 4 Parallgl 300 p 420V
y  800V1! e.g.200Cellsin Series, 2 Paralll 6 00 p 840V

’charge =350 A !charge =300 A

[ g
T T T T
ccs | Imax, cell = 87.5 A ccs max, ceil = 150 A |
O | Up =415V | 100s 4p - Uy = 830V | 200s2p
|

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

Higher Battery Curreny LowerCharging TiméUT Faster Aging
2x1pJCell A 4x Loss/Cel(1mq/Cell, 3kWA 9kW Thermal Batt. Lo$s

O« O¢

ETH:zurich [ELPE
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800V s 4A00Y Battery Compatison (2)

y 1015:;3 Lower Cable Wei@t 200kW
0.5dm Lower Connector Volume
Y Lower IGBT $$$ etc.
DC Charging block configuration

-For400Vpc in: | wetem= 4 | Boost

- For 800Vpe ! [ /o @ LG

Life's Good

Home charging

'/ . ]
@ Y < S—l Vehicle inside
Reinforced

800V rated Charging . Cable shielding

Charging station

plug & socket f
EE— Isolated /
- e
j DC in . , = =
, S ———= DC Charging block -
Cable cooling /::’ 800V Battery

forfastharaing Reinferecd On Board Charging block L
Cable shielding —]’.\

Y-cap

0 800V Standards Not Yet Compl&tecessary Design Modifications, etc.
0 Higher # of Series Cells Higher Complexity® $$$ of Batt. Management System

ETH:zurich [ELPE
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DC(Ghargingp@onnectors

Yy Practical LimitDue toSafetyEffort, etc.
y°Low Vol t &@000V ACxel500V DECsin Standards

dc Charging Connector Standardization

450 1,000 V
400 1,000 V 1,000 V 400 A CHAdeMO
350 A 350 A 2.0
350
300 a
E 250 1,000 V :
= '200 A 750 V
% 200 250 A :
c 600 V *
150 200 A 450 V
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

O« Ox¢

Typ. Infrastructure Delivers§00V DC (600V IGBE&spOkW
Charging Ti meA Darént Linetethy ®opnectot)Sysieml|

ETH:zurich
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ChargingsStationConcepts———

A Ac-Couple
A DC-Coupien

ETH:zurich FLPE
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ChargingsStationdzoneepts
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Energy
PV Storage III

y ACCoupled qﬂ ||

MV l dc{dc. I dc.:dc

GTd F/Iv’ll-\i dc/ac dc/ac

—E
I ac/dc I ac/dc
dc/dc dc/dc
y" DCCoupled
E
Pvﬂ Sovese
_|_
G”d MVILV dc/dc dc/dc
gnggac/dc
' ’ dc/dc dc/dc
O Lower # of Conversion Stages
0 Lower Complexity / $$$ / Losses
0 DGVoltage Symmetric to Ground & Higendg
0 Active FronEnd orl2-PulseRectifier Stage
ETH:zurich FLFE
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ACIDC Sokstate Fransformefs(SST)

Yy MediumFrequency Isolation

. .. E
Y Low Volume / High Efficiency PV# Storage ||||l
— e
My o SST l de/de I de/de

; HF TR ‘

i ac/dc g"gdcldc —1 | —1 L

‘ I‘ de/dc de/de
A 50kW Demonstrator System ‘FREE@— 1200V SiC MOSFET Module

| o / 1200 V SiC

Diode Bridge

Bl

soovs, CAIE I P! {f%
(- .§|§. “wem- 200-500 V
VANIVAN .
\ b N -I:[} 2‘5 ZF—%
2.4 kV <\,> J’-:} - = =
It

= 97.6% c O
A0 G e,

\—{zs
[

0 Unidirectional 10 AC/DC SST Charger \ ;—

ETH:zurich FLFE
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SSiBased/vsl lIFHased/XFQC (1)

y  Exaggerated Expectations in Literatu#e

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

\

0 USDOES’m  400kW / 4.8kV or 13.8kACInput SSiBased XFC
0 ProjectTargets 96.30 G2\Efficiency, Weight: 1/4, Footprint: 1/2
0 Partners GeneraMotors, Delta ElectronicBTE Energgthers

Same Charging ‘

* Includes Installation

ETH:zurich > EEE ‘
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SSiBased/vs. lIFHasedXFC (2)

y State-of-the-Art TESLXFC Statiorvs. SSBased Solution

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

Service
Transformer

675-kW Tesla Superchargef Station

Three-Phase SST dc dc/dc Converters
MV (2,700 kw) Bushar 3 x (6 x 150 kW)

Switchgear i ¥ ' ¢ ¥

MV
Metering

2,700-kW SST-Based MVFC Station

0 675kW @ 92%52V Eff. (estimated)y 2700kW @ 97% Factor 4 @Same Footprint !

ETH:zurich , lﬂ"E L
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1-0 ACIDG SSTsbopolegies (1)

Yy PFC Rectifier Stage Fixed Voltage Transfer Ratio Reé€Transformer
Yy Fully / Partially ModulaiSOP Structur@mpedance Matching)

@'Gj}?—i wi | @“G?LGI

3 <3 : a3 ] 5 |

0 Modularity A Redundancy -
0 Multi-Winding Transformef, Risk of Oscillations Between the Modules

ETH:zurich FLPE
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1-0 ACIDG SST bopolegies (2)
—C)om

53l 5%
Cr—mm EA:L"}EJ]}_"}
LR — =
;

Yy MatrixType AC/DC Conversion
Yy Fully Modular ISOR MMLC Structure

3
> —=

i
] u. ﬁ

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

—

TT

g

ETH:zurich FLFE
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1-0 ACIDG SSTbopolegies (3)

Yy Example of Primaipodular & Secondatytegrated ISOP Structure

IN
L

SaL
LeEe

0 Different Partitioningof MMInput & AC/DC Conversi@nVerylLarge # of Possible CoMapologies

ETH:zurich FLFE
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Example of 41> AC/DC SST:for:Traction (1)

. — CElENETY PETIT

= DU IC et al . 201 1 15kV 16 2/3 Hz Power Electronics Traction Transformer |Legend: I
Pantograph |ed |
HV PEBB's LV PEBB's | BS5KV200AIGET |
I I
i Short LRC i i

- Heinemann (2002) ine side con ANE Resonant MRC : :
a OO U Line Ll ne s lde I%'g_:_ll; |Am::;rm: E;:%:;:" Tank - |If;t::§$;:m:l Motor Sl d e : messurements :

- Steiner/Stemmlen(1997) [ e
- SchiblfRufer ~ (1996) ... L wvoe K

'l ||—':Eanh disg L " Dc;mm.lé
g bt U
" I~
kL e | LT
B i 15kVA. 3x400V @ 50HZ |
T I e et | e WK SAGBVee
P = 1.2MVAL.8MVA pk -
9 Cells (Modular) >
54 x(6.5kV, 400A IGBTS) s
18 x(6.5kV, 200A IGBTS) o
18 x(3.3kV, 800A IGBTS)
9 x MF Transf. (150kVA,8kHz)
1 x Input Choke e A 1D D
PAIDID

ETH:zurich FLFE
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| ! Remark | Example of 4

y' Cascaded-Bridges 9 Cells
Yy Resonant LLC DC/DC Converter Stages

Yy Same Overall Volume @snventionabystem
Yy Future Development Targétalf Volume

ETH:zurich

AC/DC SST-forTraction (2)

(%]

98

96

94

92

90

Efficiency

1 i

w== = (Qperating with 9 levels |

= QOperating with 8 levels

1 1

0 200 400

600 800 1000

Output Power [kW]

ELPE
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3-i0 ACIDGST ——
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3-ib ACIDG SST/bopolegies (1)

Yy Fully Modular Approach
Yy MEGAink @ETH Zurich % % % f‘}?

e
-

e
1

4

O 166kW / 20kHZSHIGBTDC/D&onverteModule NLkVA 400V DO ransformer) 98% Eff.

ETH:zurich FLFE
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3-00 ACIDC SSTibopotegies (2)
Yy MatrixType MMLC Approach
| o

R
E%;fj ; ; Fia

o] jet] l1e]
Gl [l e

0 Modularity Limited to Critical System Part / Higher Semiconductors Effort

ETH:zurich [ELPE
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3-ib ACIDG SST/bopolegies (2)

Yy NonModularApproach
Yy 15kVSICGBT®llow Operation @ 13.8kV Mains @ Reea

mEaes =2

43
i ! .
= =
1355

41 adal:
LT 343

N
L

N
W

I

No Redundancy (!)
Redundancy Requires Sefisnectiof Power Semiconductors (!)

O« Ox¢

ETH:zurich FLFE
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3-10 ACIDG SSTbopolegies (3)
Yy MinimumM\{Side

ComplexitMatrixType }|‘l—/3
Approach /R B
| N ~/5 |

2,

A A2

JK}

Y Y

A A A

£k

A A A

26,

0 3-0 Extension (N. Mohan) &asic 10 AC/A@oncept (McMurray, 1968)

ETH:zurich FLPE
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SSTPRretection ———
il
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Potential Faults:of MV/LV: Distributidlype:SSTs

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

r@ Internal Fault

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

(@]

Conv. MV Grid TifWeltage Characteristic

<D

Ver_y fast frqnt F?st fr_ont Slo_w fl_'ont ' 50 kV 10 kV & @ @
Arcing transient  Lightning surge  Switching transient :::::D—@ "
f,=3-100 ns ;=0.1-20 ps 1, =20-1000 ps
f=1-3 ms 11=100-300 us_ f;=1-20 ms 5 @
/ / / £ 10kV =
5 .
>10.0 / L‘é Y TT
<
Z v ElolS]i
% - Temporary Permanent .§
F Earth fault Load condition E
s 39 N \ Z R XX
400V = 1400V 400V
12 a
1.0
! ***J’* **v**i@*"w"*
10 ps 100 ps 1 ms 10ms 100 ms Is @. ; =

ETH:zurich
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Protection-of LIXFRM «vs:SST Protection

Yy Missing Analysis of SST Faults (toreine, Lineto-Gnd S.C., etc.) and ProtectioBchemes

MYV Protection SST LV Protection
Ll — /,._E_mm_ “cHDC el bbbt — Ll
-/ DC C|
Lz/ = /"ﬁ"m'AC DC. 1 AT T —— ] /'_L_Z
H/ DC C|
.L3_/ — /,._E_n’m.-AC DC, J T N —— | /,_L.S
o . Disconn. Breaker PreChargel /Dc cLy AC
0 Proposed SST Protection Fuse  Res. =
SChem_e with I\/_Ilnlmum # of ag ‘[JRO Breaker @aﬁDismnn.
Protection Devices LI I - Fuse P
Surge Arrester MV Earthing LV Earthing Surge Arrester
MV Bridge

MV Fi lter

Overvoltage Protection (Lightning Strike)

O«

* High Arrester Clamping Voltage

* Filter Inductor > 8% for Current Limiting

* Min. DC Link Capacitance

* Sufficient SemicondBlocking Capability Surge

* Grounding, Lower Stress if Unearthed Arrester Voo = 114 KV

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

ETH:zurich FLPE
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TheCloud /' HypScaleDatacenters

Yy Global Electricity Demané& Digital Universe (Voice/Video/Internet) Consumption
z 1 GreenpeackEstimates foiCT

7,000

. T otal Locations
& Devices
5,000 - 3 > ’
2
7] o Things &
g = Machines
- = = Tablets °
- ) N
= g g phones, &
E - 3_! TVs
3,000 — g .2 Wireless M‘D
w g Cellular
3 7
5
£
1,000 —
0 ' 0

1985 2015 2035 <« Increasing Power per Location

0°The CIl oud i s(40PoGhaee ofEldctriBity GeGeyatidn)»
0 100x Energy Used fePhone Charging Used for Data Processing (1.6GB/Month Avg.)
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HyperScaleDatacenters

y MV (kV)A PowetSupplieson-Chip (0.9V)Power Conversion
y" Short Innovation Cycles
y" Modularity / Scalability

Higher Availability
Higher Efficiency
Higher Power Density
Lower Costs

W

ETH:zurich

ServefFarms
up to450 MW
99.9999%/<30s/a
$1.0 Mio./Outage

Since2006
RunningCosts>

Initial Costs
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State-of-the-Art Datacenters

y  Conventionad80\,Distribution / Energy Use

Source: 2007

0 Perl00W Compute Loa&j + 2 0 0 p 3 0 OfdMnftastrpcture& Cooling
0 Eliminate Conversion Stages, Use High Distribution Voltageb®®®y Select UDC of PFC Rectifiers)

ETH:zurich FLFE



