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The EV 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!

ƶ Electric hoverboards(Source: www.razor.com ) ƶ Electric scooters (Source: www.pinterest.ch ) ƶ Electric bicycles (Source: www.stromerbike.com )

ƶ Electric trucks (Source: www.daimler.com )
ƶ Electric buses (Source: www.abb.com ) ƶ Electric motorbikes (Source: www.supersoco.eu)

ƶ Electric ferry boats (Source: www.siemens.com) ƶ Electric planes (Source: www.p ip is t re l .s i ) ƶ EVs(Source: www.greenliving 4l ive.com )

ƶ Hyperloop (Source: www.ocregister.com / )

ƶ Train (Source: www.railjournal.com )

ƶ eVTOL(Source: eveairmobility.com )

http://www.razor.com/
http://www.pinterest.ch/
http://www.stromerbike.com/
http://www.daimler.com/
http://www.abb.com/
http://www.supersoco.eu/
http://www.siemens.com/
http://www.pipistrel.si/
http://www.greenliving4live.com/
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The EV Market

Numbers of EV Worldwide

ƶ Publicly accessible EV chargers. 2021, (Source:

https://interactive.twilio.com/ev -charging-statistics

ƶ Annual Electric salesshareglobally by market . 2011-2021, (Source:
https://theicct.org/publication/global -ev-update-2021-jun22/

https://interactive.twilio.com/ev-charging-statistics
https://theicct.org/publication/global-ev-update-2021-jun22/
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The EV Market

Mode1 charging

ƶ AConly

Numbers

Chargingtime: 7 -17hrs

Supplyline: 120/230 V,1-phaseAC

Amps:12- 16A

Chargepower: up to 3.7 kW

Rangeadded: 5 - 8 km/hour

Mode2 charging

ƶ AConly

Numbers

Charging time: 0.4 - 7 hrs

Supplyline: 208- 240V,1-phaseAC

Amps:12-80A

Chargepower: 3.7 -22kW

Rangeadded: 16- 32km/hour

Mode3/4 charging

ƶ ACor DC

Numbers

Chargingtime: 0.1 - 0.4 hrs

Supplyline: 208- 480V,3-phaseAC

Amps: max400A

Chargepower: 22-150(350)kW

Rangeadded: 80%chargein (10)-20-30 

minutes

EV Standards & Technologies
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The EV Market

Source: Netherlands Enterprise Agency, The Electric vehicle charging ïDefinitions and explanations, version January 2019, 2019

EV Standards & Technologies

1250
3000
3750
N.A.

Yes
2023 (Planned)

ChaoJi

PLC+ISO/IEC

OSHA/ADA

IEC 62196 - Plugs, socket-outlets, vehicle connectors and vehicle inlets ï Conductive charging of electric vehicles
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The EV Market

High-end EV Charging Power is Increasing

Project Ultra-E:

2 x 350kW CCS chargers 

in Leiderdrop

ABB Terra HP

Max. charging power 

350kW

EVBox Ultroniq

Max. charging power 

350kW

EV Standards & Technologies
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The EV Market

Project Ultra-E:

2 x 350kW CCS chargers 

in Leiderdrop

ABB Terra HP

Max. charging power 

350kW

EVBox Ultroniq

Max. charging power 

350kW

EV Standards & Technologies

High-end EV Charging Voltage is Increasing

4
0

0
 V

B
a
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e
ry

800 VBattery

2023 Lucid Motors Lucid Air 900 V 900+ V Battery

Å Wide Battery Voltage Range Complicates Public 
Chargers Design & Charging Performance
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Power Electronics for EV Charging 
Empowering the vehicles efficiently
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Power Electronics for EV Charging

Typical Solutions

AC
Charging

Typically, On-BoardChargers:

KeyPower Electronics INsidethe EV

DC

Fast
Charging

Off-BoardChargers:

KeyPower Electronics OUTsidethe EV

Wireless
Charging

Contact(or Wire-)less Chargers:

KeyPower Electronics IN- & OUT-
side the EV
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Single-Phase Chargers
Refuel in the comfort of your home
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Single-phase Chargers

Onboard charging mechanism

Typical wallbox charging setup

Greenmotion wall charger
(7.4 kW single-phase)

Duosida Level 1 charging cordset
(16 A, SAE J1772 to 62196-2)
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Single-phase Chargers
Recommended Reading

A. Khaligh, et.al, άDƭƻōŀƭ ¢ǊŜƴŘǎ ƛƴ IƛƎƘ-Power On-Board Chargers for Electric 
±ŜƘƛŎƭŜǎέΣ нлмфΣ IEEE Trans. On Vehicular Tech. 

{Φ wƛǾŜǊŀΣ ŜǘΦŀƭΣ ά/ƘŀǊƎƛƴƎ LƴŦǊŀǎǘǊǳŎǘǳǊŜ ŀƴŘ DǊƛŘ LƴǘŜƎǊŀǘƛƻƴ ŦƻǊ 
9ƭŜŎǘǊƻƳƻōƛƭƛǘȅέΣ нлноΣ Proceedings of the IEEE

On-Board Chargers: General Knowledge, Challenges, Trends, and Technologies:
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Single-phase Chargers
Research in single-phase chargers, why?

How to fit more energy (larger batteries) into the same car?
IƛƎƘŜǊ ǇƻǿŜǊ ŘŜƴǎƛǘȅ ƻŦ t9 Ҧ ƳƻǊŜ ǊƻƻƳ ŦƻǊ ƻǘƘŜǊ ǎǘǳŦŦ 

How to charge the larger batteries faster?
More charging power Ҧ more current and voltage 

How to deliver more power without losing efficiency?
New devices and topologies Ҧ t9 ǊŜǎŜŀǊŎƘ

Å Design Optimization tradeoffs
 (Efficiency, Reliability, Size, Cost,..)
Å New devices and circuits
Å Soft-Switching Techniques

Challenges & Trends (The Influence of Semiconductor Technology on Power Density)

R&D Focus
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Single-phase Chargers

PassiveBuffer

É Largecurrent will  flow at 2x the grid frequency, requiring bulky passive buffer
É Passivebuffer may become limiting factor for target high power density/lifetime
É Some activepower decoupling circuits have been proposed in literature

Takes up large volume!

1Ph GridLoad

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

Single-PhaseChargers: ActivePowerBuffer(APB)

Motivation: Increasing power density and reliability; eliminating the bulky passive buffer

Source:ETHZ/PES@SCAPE2019

Circuit providing circulating path for pulsated current
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Single-phase Chargers

Single-Phase Chargers: Active Power Buffer (APB)

In Literature: Types of Active Power Buffer Circuits

É Partial Active Power Pulsation Buffer É Full Active Power Pulsation Buffer

!Φ /Φ YȅǊƛǘǎƛǎΣ bΦ tΦ tŀǇŀƴƛƪƻƭŀƻǳΣ ŀƴŘ 9Φ /Φ ¢ŀǘŀƪƛǎΣ ά! ƴƻǾŜƭ ǇŀǊŀƭƭŜƭ ŀŎǘƛǾŜ ŦƛƭǘŜǊ ŦƻǊ ŎǳǊǊŜƴǘ 
pulsation smoothing on single stage grid connected AC-t± ƳƻŘǳƭŜǎΣέ ƛƴ tǊƻŎΦ 9/t9Σ нллтΦ

S. Qin, Y. Lei, C. Barth,  W. Liu, R. C. N. Pilawa-tƻŘƎǳǊǎƪƛΣ ά!ǊŎƘƛǘŜŎǘǳǊŜ ŀƴŘ ŎƻƴǘǊƻƭ ƻŦ ŀ 
high energy density buffer for power pulsation decoupling in grid-ƛƴǘŜǊŦŀŎŜŘ ŀǇǇƭƛŎŀǘƛƻƴǎέΣ 
in Proc. COMPEL, 2021

Source:ETHZ/PES@SCAPE2019

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

Single Phase Chargers: Active Power Buffers (APB)

Further Reading: Pushing Power Density Limits

D. Neumayr, G. C. Knabben, E. Varescon, D. 
.ƻǊǘƛǎΣ WΦ ²Φ YƻƭŀǊΣ ά/ƻƳǇŀǊŀǘƛǾŜ 9Ǿŀƭǳŀǘƛƻƴ 

of a Full- and Partial-Power Processing 
Active Power Buffer for Ultracompact 

Single-tƘŀǎŜ 5/κ!/ /ƻƴǾŜǊǘŜǊ {ȅǎǘŜƳǎέΣ 
IEEE Journal of Emerging and Selected Topics 

in Power Electronics, 2021 

Huan Li, Sinan Li, Weidong Xiao, 
ά! bŜǿ tC/ CǊƻƴǘ 9ƴŘ ²ƛǘƘ 
Constant DC-Link Voltage, 

Reduced Buffer Capacitance, and 
{ƻŦǘ {ǿƛǘŎƘƛƴƎ ά, IEEE Transactions 

on Power Electronics, 2023

Z. Liao, D. Chou, K. Fernandez, Y. Syu,  R. 
Pilawa-tƻŘƎǳǊǎƪƛ ά!ƴ LƴǘŜǊƭŜŀǾŜŘ с-Level GaN 
Bidirectional Converter With an Active Energy 
Buffer ŦƻǊ [ŜǾŜƭ LL 9ƭŜŎǘǊƛŎ ±ŜƘƛŎƭŜ /ƘŀǊƎƛƴƎέΣ 

IEEE Energy Conversion Congress and 
Exposition, 2020 

6-level Flying Capacitor Multilevel PFC stage 
employing GaN devices and Series-Stacked Buffer

Full-power processing buck-type 
converter active buffer approach

Partial-power processing type using 
auxiliary series-connected converter Modified Boost PFC Front-End 

Topology to Reduce L, C Size

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

Main Contributionsof this work:
É NewMinimum switchinglossmodulation (Thelowest from anyknow APB)
É Further improve the power efficiencyby 0.8%(96.8%->97.6%)
É Heatsink-lessDesign and increased power density

Single-Phase Chargers: Active Power Buffer (APB)

Source: JunzhongXu, Thiago B.Soeiro, FeiGao,HoujunTang,andPavolBauer,άMinimum Switching Losses Discontinuous PWM Strategy For Bidirectional Single-phase AC-DC Converter 
With Active Power Decoupling CircuitΣέIEEETransactionson Power Electronics,2021.

In Literature: DPWM in Active Power Buffer for Improved Efficiency

Dr. Junzhong 
Xu

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

É SynchronousRectificationҦLessConductionLosses

É NegativeCurrentҦGuaranteeZVSTurn-On, but variable frequency

É ZVS limits EMI, andswitchinglossescausedby diode charge recovery

In Literature: Using small source-side inductance to achieve ZVS with a high ripple current 

Single-Phase Chargers: ZeroVoltageSwitching (ZVS)ςTriangularCurrentMode (TCM)Operation

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

Further Reading: Minimizing Frequency Variation, Analytical Loss Calculation

In Integrated TCM, the switching frequency is 
adapted in such a way that a constant turn-off 

current IZVS is achieved

Michael Haider, Jon Azurza Anderson, Neha Nain, 
Grayson Zulauf, Johann W. Kolar, Dehong Xu, And 
DŜǊŀƭŘ 5Ŝōƻȅ άbƻǾŜƭ ZVS S-TCM Modulation of 

Three-tƘŀǎŜ !/κ5/ /ƻƴǾŜǊǘŜǊǎέΣ IEEE Open 
Journal of Power Electronics, 2020

Michael Haider, Jon Azurza Anderson, Neha Nain, 
Grayson Zulauf, Johann W. Kolar, Dehong Xu, And 
DŜǊŀƭŘ 5ŜōƻȅΣ έAnalytical Calculation of the 

Residual ZVS Losses of TCM-Operated Single-Phase 
tC/ wŜŎǘƛŦƛŜǊǎέΣ έΣ IEEE Open Journal of Power 

Electronics, 2021

Bounded TCM approach narrows 
fundamental switching frequency 

within the restricted spectrum

Sinusoidal TCM modulation approach 
maintains ZVS and is implemented with 

very low frequency variation bands

Daniel Rothmund, Dominik Bortis, Jonas Huber, Davide 
.ƛŀŘŜƴŜȅȊΣ WƻƘŀƴƴ ²Φ YƻƭŀǊ άмлƪ± {ƛ/-Based Bidirectional 
Soft-Switching Single-Phase AC/DC Converter Concept 
for Medium-Voltage Solid-{ǘŀǘŜ ¢ǊŀƴǎŦƻǊƳŜǊǎέΣ L999 уǘƘ 

International Symposium on Power Electronics for 
Distributed Generation Systems,  2017

Analytical loss modelling with residual ZVS 
losses are more accurate in TCM-

modulated converters

Single-Phase Chargers: ZeroVoltageSwitching (ZVS)ςTriangularCurrentMode (TCM)Operation

Front -end: AC/DC Conversion for OBC, FC or Wireless Solutions
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Three Phase Fast Chargers
tƻǿŜǊ ǳǇ ŀƴŘ ƎŜǘ ƎƻƛƴƎ Χ
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Three Phase Fast Chargers

DC Fast Chargers

Typical fast charging setup

Heliox Mobile 

(40 kW, CCS2)

ABB Terra 53CJG 

(50kW, CCS & Chademo)
Porsche DCFC 
 (350kW, CCS)
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Three-phase Fast Chargers
Recommended Reading

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

Srdjan Srdic and Srdjan [ǳƪƛŎΣ ά¢ƻǿŀǊŘ 9ȄǘǊŜƳŜ Cŀǎǘ /ƘŀǊƎƛƴƎ /ƘŀƭƭŜƴƎŜǎ ŀƴŘ ƻǇǇƻǊǘǳƴƛǘƛŜǎ ƛƴ 
directly connecting to a medium-ǾƻƭǘŀƎŜ ƭƛƴŜέ L999 9ƭŜŎǘǊƛŦƛŎŀǘƛƻƴ aŀƎŀȊƛƴŜΣ нлмф

{Φ wƛǾŜǊŀΣ ŜǘΦŀƭΣ ά/ƘŀǊƎƛƴƎ LƴŦǊŀǎǘǊǳŎǘǳǊŜ ŀƴŘ DǊƛŘ LƴǘŜƎǊŀǘƛƻƴ ŦƻǊ 
9ƭŜŎǘǊƻƳƻōƛƭƛǘȅέΣ нлноΣ Proceedings of the IEEE
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Research in three-phase fast chargers, why?

Where is all the power coming from?
Optimize grid-ǎǳǇǇƻǊǘ .9{{Ҧ ǊŜŘǳŎŜ ǇŜŀƪ ǇƻǿŜǊ ŘŜƳŀƴŘ

Is this fast charging safe?
MF isolationҦ safe and compact

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

Compatibility with different EVs?
Adaptive topologiesҦ aǳƭǘƛŦǳƴŎǘƛƻƴŀƭ ŎƘŀǊƎŜǊ

²ƻƴΩǘ ŀƭƭ ǘƘƛǎ t9 ǇƻƭƭǳǘŜ ǘƘŜ ŀŎ ƎǊƛŘΚ
Advanced modulation methodsҦ [ƻǿ ¢I5 ŀƴŘ 9aL

Three-phase Fast Chargers

Å Smaller, safer, reliable, cheaper, better
R&D Focus
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Topologies for EV Chargers

FASTCharges

Duties of AC/DC

Á To ensure grid compliance

Á To ensure high power factor

Á Grid support (advanced)

Duties of DC/DC

Á To control charging current

Á To ensure high efficiency for 

wide output voltage range

Three-phase Fast Chargers

E
V

 B
a
tt
e

ry

BESS (?)

Transfomer (?)
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Á ZVS

Á Unidirectional power flow

Á Narrow band voltage gain control

Á ZVS

Á Bidirectional power flow

Á Wide band voltage gain control

Three-phase Fast Chargers

Topologies for EV Chargers

E
V

 B
a
tt
e

ry

Á Medium cost, Low THD (3-level)

Á Unidirectional power flow
Á High cost, Medium THD (2-level)

Á Bidirectional power flow

Á High controllability
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Fast EV Chargers: Reconfigurable Charger for Wide Battery Voltage Range

Motivation: Maintaining excellent efficiency while charging onboard batteries of different voltage ranges 

Three Phase Fast Chargers
Back-end: DC/DC Conversion for OBC and FCS Solutions

DC/DC converters in the literature from 2011 -2021

The phase -shift 
full -bridge (PSFB) 
converter and the 
resonant converter 
are the most used 
DC/DC converters

Source: DingsihaoLyu, ThiagoBatistaSoeiro, andPavolBauer,ά5ŜǎƛƎƴandImplementationof a ReconfigurablePhase-ShiftFull-BridgeConverterfor Wide VoltageRangeEVChargingApplicatioƴǎΣέ
IEEE Transactionson TransportationElectrification,2022.

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

Motivation: Maintaining excellent efficiency while charging onboard batteries of different voltage ranges 

Three Phase Fast Chargers
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The circuit schematic of the conventional PSFB DC/DC converter

É Simple structure
É Zero-Voltage-Switching (ZVS)
É Simple phase-shift control
É High efficiency at high duty cycle
É Poor efficiency at low duty cycle

High efficiency for 
charging 800V EVs

poor efficiency for 
charging 400V EVs

Dingsihao 
Lyu

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

Source: DingsihaoLyu, ThiagoBatistaSoeiro, andPavolBauer,ά5ŜǎƛƎƴandImplementationof a ReconfigurablePhase-ShiftFull-BridgeConverterfor Wide VoltageRangeEVChargingApplicatioƴǎΣέ
IEEE Transactionson TransportationElectrification,2022.
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In Literature: Re-configurable PSFB with reduced conduction losses and versatile snubber circuits 

Three Phase Fast Chargers

Fast EV Chargers: Reconfigurable Charger for Wide Battery Voltage Range
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r-PSFB converter

ÅModified PSFB converter with 
reconfigurable circuitry 
structure improves greatly the 
efficiency performance in 
wide voltage range

ÅEasy to control

The circuit schematic and prototype picture of the reconfigurable r -PSFB converter

Dingsihao 
Lyu

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

Source: DingsihaoLyu, ThiagoBatistaSoeiro, andPavolBauer,ά5ŜǎƛƎƴandImplementationof a ReconfigurablePhase-ShiftFull-BridgeConverterfor Wide VoltageRangeEVChargingApplicatioƴǎΣέ
IEEE Transactionson TransportationElectrification,2022.
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In Literature: Re-configurable PSFB with reduced conduction losses and versatile snubber circuits 

Three Phase Fast Chargers

Fast EV Chargers: Reconfigurable Charger for Wide Battery Voltage Range

r-PSFB converter

ÅModified PSFB converter with 
reconfigurable circuitry 
structure improves greatly the 
efficiency performance in 
wide voltage range

ÅEasy to control
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Charge 800V EVs

Charge 400V EVs

Dingsihao 
Lyu

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

Source: DingsihaoLyu, ThiagoBatistaSoeiro, andPavolBauer,ά5ŜǎƛƎƴandImplementationof a ReconfigurablePhase-ShiftFull-BridgeConverterfor Wide VoltageRangeEVChargingApplicatioƴǎΣέ
IEEE Transactionson TransportationElectrification,2022.
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Further Reading: Reconfiguration for V2G Operation

Three Phase Fast Chargers

Fast EV Chargers: Reconfigurable Charger for Wide Battery Voltage Range

Adaptive Dual-Active Bridge
Reconfigurable as an LLC Resonant Doubler or 

Half-bridge LLC Converter

{ŀǊŀƴ /ƘŀǳǊŀǎƛȅŀΣ .ƘƛƳ {ƛƴƎƘΣ ά!ƴ Adaptive EV 
Charger Based Reconfigurable Bidirectional Isolated 

DC-DC Converter with Wide Voltage Range of 
hǇŜǊŀǘƛƻƴέ L999 ¢ǊŀƴǎǇƻǊǘŀǘƛƻƴ 9ƭŜŎǘǊƛŦƛŎŀǘƛƻƴ 

Conference and Expo, 2022

Active Tap Changer for Dual-Active Bridge
A four-quadrant switch can be used to change the effective 

secondary winding turns

{ŀȅŀƴŘŜǾ DƘƻǎƘΣ .ƘƛƳ {ƛƴƎƘΣ ά! Reconfigurable 
Dual Active Bridge Converter

with Wide ZVS Range for Charging of Electric 
±ŜƘƛŎƭŜǎέΣ L999 LƴǘŜǊƴŀǘƛƻƴŀƭ /ƻƴŦŜǊŜƴŎŜ ƻƴ tƻǿŜǊ 

Electronics, Drives and Energy Systems, 2020

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


