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TheB\/Market

Driving towards a greener future
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The EV Market

Battery Powered Electric Transportation - on the rise... All forms of transportation becoming more electric!

z Electiic feny boats (Source: www.siemens.com) z Electriic planes (Source: www.pipistrel.si ) z EVs(Source: www.greenliving 4live.com) 2z Train (Source: www.railjournal.com )
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Numbers of EV Worldwide

@ Slow charger @ Fast charger
(Level 1 &2) (DCFC)
United States  France UK Norway Netherlands
6,000,000 92,000 50,000 30,000 12,000 80,000
W Rest of world 2,200 4,500 7700 6700 2,600
§ M Netherlands : :
© 5,000,000| M South Korea
ﬁ I Sweden
Fg 4,000,000 M ltaly
2 " Norway d % ,._ __________________________________________________
$ 3,000,000 B France 9
o M United Kingdom = ’
§ 2,000,000 W United States i
0] B Germany
1,000,000 W China
201 2012 2013 2074 2015 2016 2017 2018 2019 2020 2021 Germany China Korea
40,000 680,000 90,000
. Annual Electric salesshare globally by market . 2011-2021, (Source: SE88 HHERES .
https://theicct.org/publication/global  -ev-update-2021-jun22/ ., Publicly accessible EV chargers 2021, (Source:
https://interactive.twilio.com/ev -charging-statistics
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The EV Market

Model charging

.

1)

z AConly

Numbers

» Chargingtime: 7-17 hrs
Supplyine: 120/230 V, 1-phaseAC
Amps: 12-16A
» Chargepower. upto 3.7 kW
» Rangeadded: 5 -8 km/hour

v

v

Sep 102024 I‘x-‘

Mode2 charging

z AConly

Numbers

>

v

v

v

Chargingtime: 0.4 -7 hrs
Supplyine: 208- 240V, 1-phase AC
Amps: 12-80A

Chargepower. 3.7 - 22kW
Rangeadded: 16 - 32 km/hour

Mode3/4 charging

z ACorDC

Numbers
» Chargingtime: 0.1-0.4 hrs
» Supplyline: 208- 480V, 3-phaseAC
» Amps: max400A
» Chargepower. 22 - 150(350) kW

» Rangeadded: 80%charge in (10)-20-30
minutes
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The EV Market

IEC 62196 - Plugs, socket-outlets, vehicle connectors and vehicle inlets i Conductive charging of electric vehicles

Standard | CHAdeMO GB/T CCS Type 1 CCS Type 2 Tesla | Chaoli ChaoJi
Compliant IEEE 2030.1.1 SAE J1772 No related CHAdeMO and GB/T
Standards IC 629163 | [EC 629163 | pe gagieg | IEC 629163 | "N o™ | (BC and CCS not yet but is ongoing) | O—' VWADA
@ LT — o0 @
Connector Inlet O@Q 9;9 NS TS
(0O (©O) &L, \
Maximum Voltage (V) 1000 750 600 900 410 1500 1250
Maximum Current (A) 400 250 400 400 330 600 3000
Maximum Power (kW) 400 185 200 350 135 900 3750
Maximum Market Power (kW) 150 125 150 350 120 N.A. N.A.
Communication Protocol CAN PLC CAN CAN PLC+ISO/IEC
V2X Function Yes No Unknown Yes Yes
Start year 2009 2013 | 2014 | 2013 2012 2020 2023 (Planned)

pels UNIVERSITY
8
Sep 102024 'ﬁl _ OF TWENTE.



The EV Market

EV Standards & Technologies

Sep 102024

TABLE IV: Technical specifications of some of the best-selling EVs.

Batterv Specifications Driving range Maximum

Manufacturer Model Chemistry  Capacity  Energy density  Weight per charge charging power
{kWh) (KWh'L) (kg) (Miles) kW)
Volkswagen e-golf NCM-333 35.8 103 349 186 40
Nissan leaf 62 151 410 186 30
NCM-523
Peugeot e-208 50 140 356 225 100
Audi e-tomn 95 136 700 274
BMW 1313s 42.2 152 278 246 50
Hyundai Kona electric 67.5 149 258 484 15
Jaguar i-pace NCM-622 90 149 603 202
Kia e-soul 64 148 457 280 77
Mercedes EQC B3 130 632 239 110
Porsche Taycan 03.4 148 630 280 270
Skoda Citigo E v 36.8 148 248 160 40
Sy ; 2
Chevrolet Bolt EV NCM.T12 E:E. 158 410 250 50
Renault Z0E 34.66 168 326 230 30
Tesla I11 NCA 102.4 162 630 315

High-end EV Charging Power is Increasing

Y

UNIVERSITY
OF TWENTE.

ABB Terra HP
Max. charging power
350kwW

"

EVBox Ultroniq

Max. charging power
350kW

Project Ultra-E:
2 x 350kw CCS chargers
in Leiderdrop



The EV Market

EV Standards & Technologies

High-end EV Charging Voltage is Increasing

Year of Battery voltage
launch Manufacturer Model (latest model)
2018 Audi e-tron ( 396 V )
2020 FIAT new 500e 364V
2019 EQC 405V
2021 Mercedes-Benz EQA 420V
2022 EQB 420V
2013 Leaf S 350V
Nissan Leaf SV .
2010 Leaf SL. 360V
5012 Model S 400V
Tesla Model X 350V
2017 Model 3 360V
2010 e-up! 374V
214 Volkswagen e-Golf 323V
2019 ID.3 \_408V _J/
2019 Aston Martin Rapide E 800V
2021 Hyundai IONIQ 5 800V
2021 KIA EV6 697V
2019 Porsche Taycan 300V J
2023 Lucid Motors Lucid Air 900V

Sep 102024

400 VBattery

800 VBattery

900+ V Battery

s A Wide Battery Voltage Range Complicates Public

Chargers Design & Charging Performance
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ABB Terra HP
Max. charging power
350kW

"

EVBox Ultroniq

Max. charging power
350kW

Project Ultra-E:
2 x 350kw CCS chargers
in Leiderdrop
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Empowering the vehicles efficiently
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Power Electronics for EV Charging

o/~ N\o

% Q| | e
Chz':;ging O ; / O Charging

—
Wireless
Charging

Typically,On-BoardChargers: l Ofi-BoardChargers:

KeyPower Electronicé\sidethe EV KeyPower Electronic®Usidethe EV

Contact(or Wire)lessChargers:
KeyPower Electronici\- & OUF
sidethe EV

pels UNIVERSITY
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Refuel in the comfort of your home
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Singlephase Chargers

74— I

AC-DC Battery

_ _ DuosidalLevel 1 chargingcordset
Onboard charging mechanism (16 A, SAE J1772 to 62198)

: ; Greenmotionwall charger
Typical wallbox charging setup (7.4 kW singlephase)

pels UNIVERSITY
14
Sep 102024 ﬁl OF TWENTE.



Singlephase Chargers

Recommended Reading

On-Board Chargers: General Knowledge, Challenges, Trends, and Technologies:

/, __________ ? ________ =
h
|’ On-board :
. PE/Chassis I Charger |
AN | Inverter|LV aux AC aux N ov 1T av f [
' r (TN a =
== i - G [Battery) Batery - G
J &y P [ E=lF Voo =) |
: : | Drive —
L= AL — W | IT < |
Battery pack \ i 1
Battery Protectlon [ ‘\} ___________________ E:' ]
{d WAQPSNI I SGPFfX a/ KFENBAY3I LY FNF adNUHzOG dzNB | AykdhalighNekldé DIf y2 (0 $ 3 NI¢ (NBBRERGABGARYICharde for Electric
9f SO0 N2 Y 2 oPrdededingstobtheHEEE 0 + SKA Of SIEEETramsOn dpehicular Tech.

PQIS UNIVERSITY
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Singlephase Chargers

Research in singlphase chargers, why?

=>  R&D Focus
»A Pesign Qptimizatienradedfis,
(Efficiency, Reliability, Size, Cost,.
How to charge the larger batteries faster? A New devices and circuits
More charging poweibmore current and voltage A SoftSwitching Techniques

How to fit more energy (larger batteries) into the same car? Il
| AIKSN) LI26SNI RSyaaine 2F t9 TIh O

How to deliver more power without losing efficiency?
New devices and topologiegh t 9 NB a S| NDK

Challenges & Trends (The Influence of Semiconductor Technology on Power Density)
o~ __
o 2020 2024 >2025
(Inflneon o2kWL 4 KWIL >6 kWIL
Double power = Ultra dense "

denSity design Ultimate Goal

UNIVERSITY
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Singlephase Chargers

‘ Front -end: AC/DC Conversion for OBC, FC or Wireless Solutions

SinglePhaseChargersActivePowerBuffer (APB) PassiveBuffer

Motivation: Increasing power density and reliabilityliminating the bulky passive buffer

AC

Circuit providing circulating path for pulsated current
SCAPRE019

150 mm '

E Largecurrentwill flow at 2x the grid frequency, requiring bulky passive buffer
E Passivebuffer maybecomelimiting factor for target high power density/lifetime

E Some a&tive power decoupling circuits have been proposed in literature >
Takes up large volume!

pels UNIVERSITY
Sep 102024 ‘x_‘ OF TWENTE. 17




Singlephase Chargers

Front -end: AC/DC Conversion for OBC, FC or Wireless Solutions

SinglePhaseChargersActive PowerBuffer (APB)

In Literature: Types of Active Power Buffer Circuits

- fk{[f\x’k il
v W

Lo Vi T ;
VC,aux,_m_ax Jt
-
Zr » VC,aux b n
! ! VCk _== Ck Jﬁ:]&
: (e 0
’ = \ SCAPR019
E Partial Active Power Pulsation Buffer E Full Active Power Pulsation Buffer
Large Voltage Fluctuation Foil or Ceramic Capacitor
h?whl#ralux fl.gw ‘C:on\éeﬂef Lc:ls?esl- U Buck- or Boost-Type DC/DC Interface Converter
1gh values ot L, L,,, Required tor Low U, Buck-Type allows Utilizing 600V Technology

Full-Bridge Aux. Converter Allows Lower U 5,4 'Lower Overall Volume Compared to Electrolytic Capacitor

S.Qin, Y. Lei, C. Barth, W. Liu, R.C.N.Ril@R I3 dzNR |1 A= &! NOKA G SO0 dzNB ¢ y Rp YBWRNRAA aZF bld t & t | LI yA2€F 2dzz |
high energy density buffer for power pulsation decoupling in-grigf G SNF I OS R | LILI pul@ationksrRogthirgDn single stage grid connected AE Y2 Rdzf S& ¢ Ay
in Proc. COMPEL, 2021

pels UNIVERSITY
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Singlephase Chargers

Front -end: AC/DC Conversion for OBC, FC or Wireless Solutions

Single Phase Chargers: ActirewerBuffers(APB)
Further ReadingPushing Power Density Limits

EMI filter
Diode bridge
7 0 La S1and S:

SSB . .
full bridges Buffer Capacitor - C,
B 200 x 2.2uF/450V/X68 MLCC

Unfolder
/active
rectifier

inductors FCML

module 2

FCML
module 1 FPB

FCML inductors Controller

Buffer —e
capacitors —
!

Buffer Capacitor - C,

108 x 2uF/500V CeraLink 2% 105 uH

Shielded HF Inductor - L,

Fullpower processingbucktype Partiatpower processin e usin
Hrpower p ingbuicktyp P P gyp g Modified Boost PFC Frofind

- i i i converteractivebuffer approach auxiliaryseriesconnectedconverter
6-level Flying Capacitor Multilevel PFC stage pp Y Topology to Reduce L, C Size

employingGaNdevicesand SeriesStackeduffer
D. Neumayr, G. C. Knabben, E. Varescon, D. Huan Li, Sinan Li, Weidong Xiao,
Pilawat 2 R3IdzNE { A & !-LgvellGgNi SNI S| GSR ¢ 2N AAY W 2@ Y2TFNE d/ 2YLI NI GAQDS&! 9 @IStedzt {TX 2 CNR y i
Bidirectional Converter With afictive Energy of a Full and PartialPower Processing Constant D&ink Voltage,
BufferF 2 NJ [ S@Sft LL 9f SOGNRO +£SKAOf S / rttieBPawerBéfefor Ultracompact Reduced Buffer Capacitancand

IEEE Energy Conversion Congress and Singlet K aS 5/ k! / [/ 2y@SNISNI {eaidsSYaxmsi { ¢kEBETRAsscHoNS

Exposition, 2020 IEEE Journal of Emerging and Selected Topics on Power Electronics, 2023
in Power Electronics, 2021

Z. Liao, D. Chou, K. Fernandez, Y. Syu, R.

UNIVERSITY 19
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Singlephase Chargers

Front -end: AC/DC Conversion for OBC, FC or Wireless Solutions Dr. Junzhong

Xu
SinglePhaseChargersActive PowerBuffer (APB)

In Literature:DPWM inActive Power Buffer for Improved Efficiency

Source inzhongXy, Thiago BSoeirq FeiGao,HoujunTangandPavolBauerMinimum SwitchingLosse®iscontinuou$® WM StrategyForBidirectional SingphaseAGDCConverter
With Active PowerDecouplingCircuit EEEHTansaction®n Power Electronic2021.

—

c
+ 4 L
Uac L. H \ H T
4 @ AC AC i h ll,\:]; b . [,-‘h
- T * H ‘¢
i

p
Auxiliary power .
.,Sn_r;JE? S?J*EJ} SJQ Moot gl / vr OSC’”"‘“{[
H !ﬂ. H H
: al i i y

Power analyzer /
e
o S

Control board

~ PI controller

PR controller

b2 bl Main Contributionsof this work:
E NewMinimum switchinglossmodulation (Thelowestfrom anyknow APB)

E Furtherimprove the power efficiencyby 0.8%(96.8%>97.6%)

E HeatsinklessDesignand increased power density

UNIVERSITY
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Singlephase Chargers

Front -end: AC/DC Conversion for OBC, FC or Wireless Solutions

SinglePhase Chargerg&eroVoltageSwitching(ZVSY TriangularCurrentMode (TCM)Opeation
In Literature:Using small sourcaside inductance to achieve ZVS with a high ripple current

VDs, 12

VU
iac Vin TYVY °°
<

_ 2 - 0 .

. £ I

i L 3 .
—— @) A

¥ Y i[)‘Tv

>/

2 = il T/ 12 > Wi /] Y S
I — Time (S) \ Qoss Tl + Qoss T2
Tl 1 M1 [,
on

7 E SynchronousRectificationmpLessConductionLosses T o L L1 [ I

E NegativeCurrentfbGuaranteeZVSTurnOn, but variable frequency

E zVvSimits EMI,and switchinglossescausedby diode charge recovery

Rels UNIVERSITY
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Singlephase Chargers

SinglePhase Chargerg&eroVoltageSwitching(ZVSY TriangularCurrentMode (TCM)Opeation

Further ReadingMinimizing Frequencyariation, Analytical Loss Calculation

40

it

——j-z-,_n1/7'1mmi .,:H

T

P R I ]
I | 1 T TW
i’

Current (A)
Current (A)

Current [A]

=

I ——

FoNPaVaura I
% 40 —. _. “g B T I . T 1 %
=B e ? w f"” |
% 5 ] II[) 15 20 = 0 Tm‘,/'-i Ta:-/Q 31;1_/4 7. = [P =0%—P,=50% —P,=100%]|
et 0 T./1 T2 3T /1 T,
In Integrated TCM, the switching frequency is Bounded TCM approach narrows Sinusoidal TCM modulation approach
adapted in such a way that a constant teoff fundamental switching frequency maintains ZVS and is implemented with
current bydis achieved within the restricted spectrum very low frequency variation bands
Daniel Rothmund, Dominik Bortis, Jonas Huber, Davide Michael Haider, Jon Azurza Anderson, Neha Nain,
AL RSySel = w2 KI yBased Bidirectbhial NJ & mn | + Graysen Zulauf, Johann W. Kolar, Dehong Xu, And
Soft-Switching Singlé®hase AC/DC Convert&oncept DSNI} t R 5 S2ov8 8CM Maziatohof
for MediumVoltage Soli G 6§S ¢ N} yaFT2N¥YSNEES Lolreet Kf@S !/ K5/ IEEEOfeAS NI SNE € 2
International Symposium on Power Electronics for Journal of Power Electroni@)20

Distributed Generation Systems, 2017

g | m Simulation - --=- Analytical
= 6 : . ;

g ph.svx:' Pl sw 'E’ ) e~y
b N :' “.\_," %

L 1

é 4 : \
n g Ps‘w ‘|
Q 1 ‘ L
= : X -
=10} 2 (] 1|
g I \
'_C: o S L - M‘
8 .. gy ; “
.E 0 L !
p] 0 Tac / 4 T&LC / 2 3T&C / 4 Tac

Analytical loss modelling with residual ZVS
losses are more accurate in TEM
modulated converters

Michael Haider, Jon Azurza Anderson, Neha Na
Grayson Zulauf, Johann W. Kolar, Dehong Xu, A
DS NI f R Andfiicél Edlculdtion of the
Residual ZVS LosseSTCMOperated Singik¥’hase
t C/ wS GIEEE @perNIaunal of Power
Electronics2021
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Three Phase Fast Chargers
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Three Phase Fast Chargers

Typical fast charging setup

LVAC (PCC) MVAC
DC fast charger (DCFC) \ o~

‘oﬁo\ 1=\

DCFast Chargers

Sep 102024 I‘x-‘

Heliox Mobile
(40 kW, CCS2)

ABBTerra53CJG
(50kW, CCSX Chademo

UNIVERSITY
OF TWENTE.

PorscheDCFC
(350kw, CC$
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Three-phase Fast Chargers

Recommended Reading

Off-Board Chargers: General Knowledge, Challenges, Trends, and Technologies:

LV Switchgear Three-Phase SST dc  dc/dc Converters
and Metering  Tesla Superchargers MV (2,700 kw) Busbar 3 x (6 x 150 kW)
675 kW (5 x 135 kW) MV Switchgear * ¥ v ¢ \ i ¥

Metering

Service
Transformer

Inverter |LV aux AC aux

H J_,\
eater s

' ‘‘‘‘ g ) [M] (T Sy ?
T , \HEsE)
= \ N 5] é

BMS
Battery pack

-

675-kW Tesla Supercharger Station
2,700-kW SST-Based MVFC Station

SrdjanSrdicandSrdjan] dz] A OF G ¢ 26+ NR 9EGNBYS CFald / KFNEAY3I /K€t Sy3Sad Hwiks SONBLI NIyl AtisA S& KRWNEAY 3 Ly FNI &GN
directly connectingtoamediu@2 f G 3S f Ay S¢é L9999 9f SOGNRTFAOFIGA2Y al ALTAYST @4 8®diNR Y2 oPdededingsobtheHEER 0 =

pels UNIVERSITY
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Three-phase Fast Chargers

Research in thregohase fast chargers, why|?

R&D Focus

Where is all the power coming from? - _
A Smaller, safer, reliable, cheaper, better

Optimize gridd dzLJLJ2 NI . 9{ { Th NBRdzO0S LIS+ 1 L |

Is this fast charging safe?
MF isolatiofhsafe and compact

Thermal management of all the PE?
Lower losses, easier thermal management

Compatibility with different EVs?

Adaptive topologie§h a dzf G A Fdzy OQOu A2yl f OKLF NASNJ

GKS O 3INRARK
9alL

22yQh4 Fff GKAA

t 9 L2t dzi
Advanced modulation methody [ 2

g ¢15 | YyR

pels UNIVERSITY
Sep 102024 E‘ OF TWENTE. 26



Three-phase Fast Chargers

Sep 102024

BES$?)

L
Transfomer(?) N
o \e>
5" o
¥ WP
Duties of AC/DC Duties of DC/DC

A To ensure grid compliance
A To ensure high power factor

A Grid support (advanced)

b

A To control charging current
A To ensure high efficiency for

wide output voltage range

EV Battery

UNIVERSITY
OF TWENTE.
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Three-phase Fast Chargers

Topologies for EV Chargers

S
¥

Vienna Conventional

Rt*a:-lili(-rﬂS ZJS ﬂS 2-level VSR J:\]J%J ]

—*0 L5 T T

—rron e Or —rm T 1

A o T JEFJ” Jap
$ 53 il
A viedium cost, Low THD (3-level A High cost, Medium THD (2-level) 2 S\rllairectional power flow 2 é?(/llisrectional power flow
A Unidirectional power flow A Bidirecti R < . .
g + Bidrrectional power flow A Narrow band voltage gain control A Wide band voltage gain control

A High controllability

pels UNIVERSITY
Sep 102024 ‘x_‘ OF TWENTE. 28
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Three Phase Fast Chargers

Back-end: DC/DC Conversion for OBC and FCS Solutions Dingsihao

Lyu
Fast EV Chargers: Reconfigurable Charger for Wide Battery Voltage Range

Motivation: Maintaining excellent efficiency while charging onboard batteries of different voltage ranges 3
SourceDingsihad.yy ThiagoBatistaSoeirg andPavolBauerd 5 S ZaidEnylementationof a Reconfigurabl®haseShiftFullBridgeConverterfor Wide VoltageRangeEVCharginghpplicatdy” &

IEEHransaction®n TransportatiorElectrification 2022. DC/DC . .
converters in the literature from 2011 -2021
400V battery 800V+ battery
Year of Battery voltage [33] = ' ' \ 7
launch | Manufacturer Model (latest model) [3%] E— 1 . )
2018 Audi e-tron 396 V s o 1 The phase -shift
2020 FIAT new 500e 364V [29] |- — : full -bridge (PSFB)
2019 EQC 405V il [— 1 ¢ dth
2021 | Mercedes-Benz | EQA 420V > e | e — ] converter and the
2022 EQB 420V () 161 S — ) resonant converter
2013 Leaf S 350V = gi% __ d
2010 Nissan Leaf SV 360V © [23] —— are the most used
Leaf SL - D [ e 0 DC/DC converters
Tesla Model X 350V o Hg{ - I =
| I .
2017 Model 3 360V =) i [ — i
2010 e-up! 374V < [16] S =
214 Volkswagen e-Golf 323V [:i] B E— :
2019 ID.3 _ {13{ B __ resonant |
2019 Aston Martin Rapide E 800V [12] — -
2021 Hyundai IONIQ 5 800V [ [R— ]
2021 KIA EV6 697V 800 V Battery 0 m——— PSFB DA -
2019 Porsche Taycan 800V [§] L N
{6{ - — others |
this work|~ e —|
0 200 400 600 800 1000

output voltage range [V]

pels UNIVERSITY
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Three Phase Fast Chargers

‘ Back-end: DC/DC Conversion for OBC and FCS Solutions

Fast EV Chargers: Reconfigurable Charger for Wide Battery Voltage Range

Motivation: Maintaining excellent efficiency while charging onboard batteries of different voltage ranges .
SourceDingsihad.yy ThiagoBatistaSoeirg andPavolBauerd 5 S aaﬁdBr;ﬁlementatlonofaReconflgurabl@haseSh|ftFuILBr|dgeConverterforWldeVoItageRangeEVChargmg\ppllcatoy a .

IEEHransaction®n TransportatiorElectrification 2022.

The circuit schematic of the conventional PSFB DC/DC converter
Vi

FEC I0

E SﬂJrA = SﬂJ?E o JSDJS oy v

Is

V. RCD | V
+ 1 cpL ou
Vin== Vie ;Hg =
T Cout

r-]COI’]V 1

S SR Foa0 -

Simple structure

ZeroVoltage Switching (ZVS)
Simple phaseshift control

High efficiency at high duty cycle
Poor efficiency at low duty cycle

M- T T T T

Sep 102024 I‘-x‘

losses [W]

B PMosFET,cond M PyosreT, sw

EE Pp sy B Prep

Dingsihao

Lyu

300 400 500 600 700 800 900 1000
Vout [V]

[ PD, cond

poor efficiency for
charging 400V EVs

High efficiency for
charging 800V EVs

UNIVERSITY
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Three Phase Fast Chargers

‘ Back-end: DC/DC Conversion for OBC and FCS Solutions E}i/zgsihao

Fast EV Chargers: Reconfigurable Charger for Wide Battery Voltage Range

In Literature:ReconfigurablePSFB with reduced conduction losses and versatile snubber circuits
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The circuit schematic and prototype picture of the reconfigurable r -PSFB converter
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Three Phase Fast Chargers
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Fast EV Chargers: Reconfigurable Charger for Wide Battery Voltage Range
Further ReadingReconfiguration for V2G Operation
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