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Electric Vehicles (EVs)

EVs can be regarded as the means of ‘future transport’

v" Reduce pollution

v' Enable efficient and clean transport
v ldeal for sustainable living
v

An alternative energy storage to offer grid services etc
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Global EV Sales

EV Type 2017 2018

BYD/BAIC 114,870/96,670 215,800/160,790

Tesla 91,360 233,760
BMW 70,790 86,940
Nissan 43,550 81,140
Mitsubishi 21,920 37,570
General Motors 50,980 49,660
VW 57,750 53,720

Total 1,279,430 2,242,720

R*EJ‘E'KTXKI‘S (1) https:/iwww.zsw-bw.de/en/media-center/data-service.html#c6700
R oo Wi o i Mlasras (2) https://insideevs.com/hyundai-ionig-electric-sales-catches-up-with-ionig-hybrid
W Wew zeaLanop Prepared by U. K. Madawala for DL Program, IEEE PELS, 2020







Challenges

* Charging rate (power level)

— EV, grid, charging systems, standards etc

— Latest chargers offering < 30 minute charging

« Distance per charge (range anxiety!)

— EV and battery capacity

— New Chevrolet Bolt, Kia Niro, Hyundai Kona Electric & Tesla Model S
offer nearly 250-370 miles on a single charge

— More stations for easy access to charging

e R‘ﬂ%’i{?}'\mg *http://newsroom.nissan-europe.com/uk/en-ghb/media/pressreleases/145248/nissan-and-enel-launch-groundbreaking-
R Wi W o it Maawras vehicle-to-grid-project-in-the-uk
W NEW ZEALAND Prepared by U. K. Madawala for DL Program, IEEE PELS, 2020




Challenges

« Battery (size, weight, cost, life, disposal)

— Lithium-ion batteries with high energy density (100-265 Wh/kQ),
but are still significantly heavy, bulky & expensive

« Weight : Nissan Leaf’s (24-kwh) 200 kg, Tesla Model-S (85-kWh)
540 kg.

» Cost : approximately $130 -145/kWh (2016) and $100 in 2021 by
GM

— Life span : generally 3-8 years, 100,000 km

A Chinese car battery-maker says it is ready to manufacture a
product capable of powering a vehicle for 1.2 million miles (~2
million km) across the course of a 16-year lifespan

*https://en.wikipedia.org/wiki/Electric_vehicle_battery, https://www.bbc.com/news/technology-52966178
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Means of Charging

> Wireless ?

Robust, safe & convenient
Huge infrastructure change
Standards (SAE J2954 ?)
Cannot be used everywhere
Development stage

v Relatively simple

v’ Less infrastructure change
v’ Standards (SAE J1772)

v
v
v
v
v

v In use at present
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Wired Charging Standards (AC & DC)

Charger Application

SAE (J1772_201710)

AC Level 1 Standard mains outlet 120V ac, 12 A

[y On-board Residential (SMO) 120 V ac, 20 A
AC Level 2 i Residential and Electric vehicle supply )

Single phase Sl commercial equipment (EVSE) AU BT, S B0
DC Level 1 Off-board Commercial EVSE 50-1000 Vdc, 80 A cont.
DC Level 2 Off-board Commercial EVSE 50-1000 Vdc, 400 A cont.

IEC (BS EN 61851-1 ED3 draft, BS EN 61851-23 ED2 draft)

Mode 1
Single-phase On-board Residential <250 Vac, <16 A
Three-phase <480 Vac,<16 A

Mode 2

Single-phase On-board ReS|dent|aI_and SMO <250 Vac, <32 A
Three-phase commercial <480 Vac, <32 A
Mode 3 :
Theciphase Off-board Commercial EVSE
vode & Off-board Commercial EVSE

DC rapid

THE UNIVERSITY OF
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Wired Charging Systems

Sources : http://www.greencarreports.com/news/1099635 _portland-airport-adds-42-electric-car-chargers-at-120-volts-heres-why, http://www.chademo.com/wp/ ;_http://www.tesla.com
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Wireless EV Charging

Based on:

» Inductive Power Transfer (IPT) technology
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Wireless EV Charging
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Challen J€S (Wireless EV Charging)

Charging

— stationary, or both stationary & dynamic (~ 25 kW !)

Uni- or bi-directional power flow at high frequency operation
Controlling power converters

— High order resonant (SS/SP/PP etc) circuits with active & passive control
Magnetic pad (coupler) design, interoperability & alignment

— circular, solenoidal, DD, DDQ and bi-polar

Communication between VA & GA

— Tariff, synchronization, demand side management, etc.

Compliance with standards (ICNIRP) related to

— Safety, EMFs, FoD & LoD, radiated and conducted emissions, etc

Physical construction, cost, robustness etc

57273 THE UNIVERSITY OF
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Standards (Wireless EV Charging)

« Being implemented by SAE : TIR J2954(LDEVs), J2954/2 (HDEVs)

— Safety, performance, interoperability, communication, control, FoD &
LoD, radiated and conducted emissions, etc.

 Nominal frequency of operation is set as 85 kHz (79 kHz to
90.00 kHz)

« Minimum target efficiency is 85% (80% off set) for WPT1-3

Classification: |\ oy WPT2 WPT3 WPT4
Light duty EVs
Maxr';':]rg VAL 37kvA 7.7 KVA 11 KVA 22 KVA

) R‘ﬂ‘é’ﬁ‘iﬂm‘s http://www.standardsuniversity.org/e-magazine/june-2016/sae-publishes-tir-j2954-wireless-power-transfer-evphev/
Bl JF e woangs o Tmsk Mataures
& Prepared by U. K. Madawala for DL Program, IEEE PELS, 2020
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Charging Pads (Wireless EV Charging)

e Sizes depend on

— Power class & interoperability X-axis ;
Displacement
« Shapes include
— circular, solenoidal, DD, DDQ & kmmw T
bi-polar deSignS | IZ|)|splacement

* GA (primary) Location
— above ground surface

Active Load/
Battery pack

Rectifier ||

. _ - LY e
— flush  mounted with ground  ?* N—cupcol ™ U G
Vertical
surface - imarv Coi | Primary [ L | Power
Distance ey €l + ; |_|Converter T Recth‘ierz\9

— below ground surface
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Charging Pads (Wireless EV Charging)

* Vertical distance (Z class)

— Z1:100 - 150 mm
— Z2:140 - 210 mm
— Z3:170-250 mm
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V2G to V2X Concept

Are EVs used only for commuting ?

Legend :
Vehicle-to-Grid (V2G)
Vehicle-to-Vehicle (V2V)
Home-to-Vehicle (H2V)

THE UNIVERSITY OF

=y AUCKLAND

Te Whare Winanga o Timaki Makaurau
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Charging a Fleet of EVs

b




V2G Compatible EVs

» Main requirement is the ‘bi-directional’ charger with
communication

V2G

Grid

Bi-directional
Charger

Prepared by U. K. Madawala for DL Program, IEEE PELS, 2020






A typical Bi-directional WPT System
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Control of Bi-directional WPT Systems

P = M 82 Ve Vs SIN(0) sin % sin(ﬁj
o,L L, 7 2 2

« An 8" order resonant (tuned) system

« Controlled with phase-modulation

* Proper control and synchronization are vital

Prepared by U. K. Madawala for DL Program, IEEE PELS, 2020



First Prototype 2009
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First Prototype 2009
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RPad (Call) Misalighment

R




Pad Misalignment
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Impact of Pad Misalignment

Mutual Inductance(H)

« Self & mutual inductances vary due to pad misalignments in 3-D

— Detunes the system increasing losses and reducing power delivery

— May adopt special and large pads, but at an increased cost!
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ot WPT Systems
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A Hybrid BD-WPT System

for pad misalignment

Parallel tuned

Ipi,l pi.1 IPLl — — Ist,l CSi’l Isi,l
1 I | | e |
B B L pt.L Lpt,ll % | I é I I—St il CSt,l JiN
I 1 | 11
Vln V ) > I IMlS >< M24| I < V ) VOUt
pi ' Ipt,2 ] I § I s %4 I g. I ISt,2 T s |
by G e o g o3
. | ” _ Jd 3 * 4 L J I |
i1 ”
g PrimaryDD Pad Pick-up DD Pad )

Series tuned

v LCL and CL topologies are connected in series,

v' Series inductors of the LCL networks are integrated into the
polarized DD type or bi-polar type magnetic couplers

v' Offers good tolerance to pad misalignments

THE UNIVERSITY OF
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A Parallel Hybrid BD-WPT System

for pad misalignment

p 8 Vin Sln(ﬁ”p) + Vour sin(@s) ( M4 n 1 )
hybrid — > :
= - wr Lpig - Lsin Mz
Output Power vs Displacements for calculation Results
8000
\ -=+- Input power LC tuned
2000 ‘\.\ --6-- Output power LC tuned 5
Y --+== |nput power LCL tuned V4
6000 ‘\_\ \\ --6-- Qutput power LCL tuned /,"
\\\\_‘b\ /:F
s 5000 ; \\\ / R
= \\ \ ,{- ,0,/ \\
= X 4 ’ \
o 4000 AN \\\ '1' e \
= o ™ A g \
8 \\\\\1’_\\ ,,, ,,/ \\\
3000 N, | %
- S ‘[[, ¢’Gy
\‘::s ¢”:‘0‘”
2000 1 S S e
I e I
1000 P adih s SN
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- I I T B N,
O M
0 50 ' 100 150 ! 200 250 300

Distance between Pads (mm)
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A 3.3 kW Hybrid BD-WPT System

A Misalignment Tolerant Wireless EV -/
Charging System T
Power Electronics Group (Jul. 2018) O kand

New Zealand

Old Topologies

0.1994. [N " 0.2046 1

00

' 5 X-axis(mm) ; I 3 = )(--)m(mm)I ) T
89 . 47 2 % Power: New Topology Power: Old Topologies 92 . 2 %
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Active Control o BD-WPT Systems

(Optimal Efficiency unaer Large Pad Misalignments)




Control of Multiple Variables

» Four control freedoms

* Primary voltage: vp(a) « Secondary voltage: vg (B)
V, = ism ( jVDC b Vs = &Sin [éjvoc,s
/4 2 ’ 4 2

VDC,p \ 1 VDC,S
sl 7 s 3|
Sl u \aps ' °
« Operating frequency f * Relative phase angle 6p¢

THE UNIVERSITY OF
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Modelling BD-WPT Systems

Vinduced =JM lp

VDC,S

SAS} | \K > Ve

-

Co

. M -
I lp Y ¥ Is Cs V
Re Lpg E N Rs : Ao Z'—eq,s - I_S - RLeq,S (08)+ ijeq,S (95) 0, J

(@) Equivalent load impedance

?g Rs Z:)VS V.s =V £ O \gps X

(3727 THE UNIVERSITY OF
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(b) Equivalent voltage source
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A BD-WPT System

based on a matrix converter
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A BD-WPT System

based on a matrix converter

lin Matrix Converter IPT Pick-up Converter

L~ [
T L | J J
| | Ss1 Ss3
: : Sps N\ Spl I. I.
[ [ I — E/
Vi Si t | |
inSIN (CUL : . ==: y A ; . . | TV,;,ut :
pa t “
AC Mains | | ' : T S ] Cst_l_ e —
| | Vb
! ! Sp4 kspz
[ [
| : I\ I @ I San Ss2 JI-% Ss4 JI-%
] ]

Low Pass Filter D I D
Matrix Converter S IPT Pick-u
I pXb p
Controller |_ —— —— Controller

 Direct 50/60 Hz to 85 kHz AC-AC conversion

— Does not require a large filter inductor or DC-link capacitors

— Reduced number of conversion stages

— Complex control strategies required to ensure reliable operation
THE UNIVERSITY OF
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A BD-WPT System

based on a matrix converter

: 8 M : : :
Voria | i (f) = V. sin| 2 [sin| %2 |sing
grid,dom 2 L L out 2 2
T a)r pt —si
t
0 THD = 48%
100+ : :
7 | | S 80
" ; ; S
= 60
g
| | .;g’ 20 A
_Tc__
1 A 0° y
lgria, dom 0 500 1000 1500 2000 2500
Frequency (Hz)
5 - —t » Attenuation of grid current harmonics is
2 essential

» PWM based modulation techniques cannot be
directly employed
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A BD-WPT System

based on a matrix converter

; o ; (02
Igrid,dom (t) = Igrid ,domsm ?

\
—+

where
Ar
- M : .
Igrid dom — 82 Vout Sm(ﬁjsmg
| a)I'Lpt Lsi 2
i o) !
grid,dom A
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Forward & Reverse Power Flow

grid (exp) (

0 10 20 30 40

Time (ms) Time (ms)
(a) (b)
igrid for maximum power in forward direction at ¢; = 7 and # = —m/2 (a) theoretical and (b) experimental
400 : _ _ 15 : : : 15
> NG =
g 0§
3 15 2
> 5 | NS _ _ _ —10™
-400 ‘ ‘ ‘ =15 -400 ‘ ‘ ‘ -15
0 10 20 30 40 0 10 20 30 40
Time (ms) Time (ms)
(a) (b)

igrid fOr maximum power in reverse direction at ¢; = 7 and # = 7 /2 (a) theoretical and (b) experimental.
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THD, Power Factor and Efficiency

[i_r:réd(THﬂ;'l] (%)

[\

T T T

- ® - Forward Power
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Versatile
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VW-VGH-PI

/ PLv QL’ Lh \

g > |

: o Non-linear :

' Q.S household|

I L» Lh Ioad |

| |

| |

: ‘ VWWHt—PIl : VGH Unit VGH Unit
| l | |

: MC t P,>00r<0,

I | | I Vehicle-Grid-Home
' EV /' (VGH) Units
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5 Modes of Operation

PL’ QL’ SLh I:)L’ QL’ SLh I:>L’ QL’ SLh

P P
‘L Household é Household Household
load load load

’QL’ Sth PV\ ’QL, Sih PG\ , PL, QL Sin

{VW-VG H-PI ] [VW-VG H- PJ [VW-VG H-P I]
APF mode G2VH V2HG
I:)L! QL’ SLh PL! QL! SLh

P
mm) | Household Household
load load
,PVs QL1 S|_h , PL’ QL! SLh

[VW-VGH-PI] [VW-VGH-Pﬂ
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Adaptive DC link Voltage Control

with soft switching

P|_1 QL! SLh
—
I Nonlinear
[E ©| Household
RN ©?] Loads

\
l
I
Power & Quality | :
Control Converter | |
(PQCC) ! Su S |
I Ry |
! e || ¥DC = !
‘oY= Vool _xoliee_ L/

P L e e e e B By Bl e i B B e e e e R e e -~ \

I \

I N SJ s I

: Sar S22 ﬁ?’ :

BD-WPT Module | Vi Coi Lo |

I I

I . . I

I S23 SZ4 I

\\ primaryside /

THE UNIVERSITY OF

B AUCKLAND

Source : L. Wang & U. K. Madawala Prepared by U. K. Madawala for DL Program, 1EEE PELS, 2020

NNN



Results: VG2H to Islanded mode

VG2 e —-—--PI - Islanding mode » mm e -
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Experimental Results

(a) Prototype

G2VH (Py=200W) —>E -~ G2VH (Py=350W)

i AR

G2VH (ic>iy)

Ve (V)

100V/div

iL(A)

20A/div

ic(A)
20A/div

VDC= 120V

Voc(A)
100V/div

I

Time 40ms/div

(b) Dynamic waveforms on grid side
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Vehicle-2-Grid (V2G) systems
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Is this or will this be a reality?




Nissan : LEAF to HOME (V2H)

-
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Nissan & Enel V2G System
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http://newsroom.nissan-europe.com/uk/en-gh/media/pressreleases/145248/nissan-and-enel-launch-groundbreaking-vehicle-
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V2X : Already a Reality at CHAdeMO

CHAdeMO protocol detailing V2X extension is available to Members. Certification of V2H/ V2L chargers is already available in Japan and in Europe.

Consumers Distributors Producers

99 ) ¥ cg-
. L . . . ) f"‘&
By 2025 V2G could provide additional revenues and cost savings of USS2 ﬁ —
billion to global energy suppliers and offer consumers 15% savings on DEmAan CuppLy
household energy bill* ‘L/\v»"\//\v/\ fraqueay) A~ /\\/ \/\]

L emnerel L

ABl Research

- L / P RRBE B

A crucial element for a switch to renewables, V2¥ technology enables using EVs as both vehicles and portable batteries. With V2H devices, EVs can
financial benefits to the EV owner:

e Save costs by optimizing the energy usage (2.2, charge from PV and use later).

& lake money by providing services to the Grid. CHAdeMO’s EVs are the only mass-produced cars readily capable of V2K,

[CHAdeMO—based V2X demo projects

Projects using V2X capacities of CHAdeMO protocol have been going on around the world since 2012, Recently, their scale and numbers have been
growing, with more and more initiatives in Europe and the US. These demonstration projects provide valuable findings and data for large scale market
(:eployment of V2H/ V2G5 technology.

J
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Standards & V2G Compatible EVs

> |EC 631101 : standard defining a protocol for the management of
electric vehicles charging/discharging infrastructures, which is

currently under development

» CHAdeMO is currently the only system that complies to standards
(IEC 61851-23, EN50118), relevant to bi-directional energy flow

» Globally, except China, CHAdeMO is the most widely used

charging system offering V2X chargers
» There are three EVs currently have V2G compatibility,

v Nissan Leaf, Nissan e-NV200, Mitsubishi Outlander

Source 1; (https://v2g-clarity.com/blog/the-road-to-iec-63110-and-how-you-can-impact-the-international-standard/)
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Honda V2G System

HONDA WiTricity Wireless Charging

Honda R&D Americas Featured in Honda’s Vehicle-
to-Grid Energy Management
System

Honda V2G will create value for Honda owners and electric

Witricity is now utilities, and will debut at the 2019 Consumer Electronics
= = Show
collaborating with
Unvvers l"ty O-'r Watertown, Mass., U.S.A. — December 12, 2018 —WiTricity,
the industry pioneer in wireless power transfer over
Auckland

distance, has collaborated with Honda for its bi-directional,
wireless Vehicle-to-Grid (V2G) energy management
system. The solution, which will debut at the 2019
Consumer Electronics Show (CES), has the potential to
reduce carbon dioxide emissions, balance the energy grid

and save money for EV owners and electric utilities.
> read full press release

Ef.@ Kﬂ?iﬁ:};ﬁ% http://newsroom.nissan-europe.com/uk/en-gh/media/pressreleases/145248/nissan-and-enel-launch-groundbreaking-vehicle-

to-grid-project-in-the-uk Prepared by U. K. Madawala for DL Program, 1EEE PELS, 2020
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Dynamic EV Charging

Electric
re-charging
lane

https://www.google.co.nz/search?q=wireless+ev+charging&source=Inms&tbm=isch&sa=X&ved=0ahUKEwiP9_nkvcvMAhXGUZQKHd9CArQQ_AUIBygB&biw=1366&bih=644
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A Hybrid BD-WPT system

50/60 Hz
grid
converter

Grid

@ AC/DC
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Source : S. Ruddlle, D. J. Thrimawithana & U. K. Madawala.
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A Hybrid BD-WPT system

for dynamic charging
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« An integrated (in primary or secondary) super-capacitor (SC) bank
« Eliminates the extra converter stage

« Allows for both storage and retrieval of energy in 9 modes of operations

5737 THE UNIVERSITY OF
BJ AUCKLAND o
- Al T Source : S. Ruddell, D. J. Thrimawithana & U. K. Madawala. Prepared by U. K. Madawala for DL Program, IEEE PELS, 2020




Experimental Results

« 3.7 kW nominal rating, LCL tuning, 90 F super capacitor

THE UNIVERSITY OF
B AUCKLAND N
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Experimental Results
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100 m long FABRIC dynamic test track near Versailles, France.
- FABRIC is a €9 million project, mostly funded by the European Commission,
- Dedicated for technological feasibility & economic viability of wireless DEVC
- Tested for providing 50 ms pulses of 20 kW at 85 kHz by QUALCOMM HALO!

Kaist, Bombardier, ORNL, UoA and others are also actively
Involved in R & D

5735 THE UNIVERSITY OF . .
- AUCKLAND Source : https://www.qualcomm.com/
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