P Electronic Syst S
[IET Fower flectronic Systems ETHzurich

Fundamentals and MulDbjective Desigr
of Inductive Power Transfer Systel/é\g%’

RomarBosshard &ohann WKolar

Power Electronic Systems Labora - 201.5
ETH Zurich, Switzerland CCE Asia




S1CIT Power Electronic Systems

I'— Laboratory

ETHzurich

2/185

ACKNOWLEDGEMENT

The authors would like to express

their sincere appreciation to ABB
Switzerland Ltd. for the support of
research ofPT that lead to the AL HD P
results presentad this Tutorial AR EPEP

The authors alsknowledge the
supportof CADFEM (Suiss€)
concerninghe ANSYS software

/‘)& g
Za5g

ICPE 2015
ECCE Asia



=IC I~ Power Electronic Systems 3/185
I'— Laboratory

System Components Power Electronics
Introduction & Design Considerations Concept for 50 kW
68 slides
Fundamentals: Multi-Objective Summary
Isolated DC/D@ IPT Optimization & Conclusions
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Features &imitations
PotentialApplications
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3 Future Electric Vehicle Charging

Yy Electric Vehicles Key Limitations
A Driving Range / Battery Capacity
A Availability of Charging Stations
A Time for Battery Rgharging

y Driversfor Future Development
A Battery Technology

A Infrastructure Development
A Charging Technology

Nissan Leaf,
Www.nissan.com

www.unist.ac.kr Charge Point

www.chargepoint.co Network Worldwww.networkworld.com

ETH:urich
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3 Wireless Electric Vehicle Battery Charging

Srzirerinies

— e

Delphi,www.delphi.com

Charge Point,
www.chargepoint.com

Daimler & BWM,
ww.daimler.com, www.bmw.de

y" Higher Convenience & Usability
A No Plug Required: Quick Charging

at Traffic Lights, Bu,::.....z-“ !

= |l| "iiliiil‘i;.“ ! ‘l |

Yy MoreFrequent Recharging  — ol i b ﬂ
A Longer Battery Lifetime - -k ol 1 40 B
A Smaller Battery Volu&®@/eight R | =0 My :
y
A

Reduced Fleet in Public Transportation ‘
Shorter Time for Depot&earging e

Bombardier PRIMOVE,
http:// primove.bombardier.com.

ETH:urich cre 205
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3 EV Charging Typical AC/DRowerConversion Chain

y Conductive EV Charging High-Frequency Off-Board | On-Board
Transformer :
: i .
[ - =
2 =
High-Voltage
3-Phase 4
Mains Battery
Yy Wireless EV Charging
. - 3-Phase High-Voltage
A 5 3 Mains < 1gBatteryg
. E 5 /
3 ] =
=4 1 -
- ] 5
= ; =
[T} " 3
H =]
.. ;_ ! (ja\‘-u-'a.ﬂir
IPT Transmission  Tcolation

Coils

z Structure of a 33 Isolated2-Stage HighPowerBattery ChargingSystem
with High-Frequency ransformer or IPT Transmiss(oails

LR
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3 Electrical Ratings of Conductive EV Chargers

Yy SAB1772 Definition (USA) Yy IEC62196 Definition (Europe, Int.)

A AC Level:1120 Vv, 16 A A 1.92kW A Mode 11x230V/3x400 V, 16 A A 7.7KW
AC Level:204-240V, 80 A A 19.2kW A Mode 21x230 V/3x400 V, 32 A A 15.4kW

A AC Level:3/a A 020kw A Mode 33x400 V, 32250 A A 1120kw
DC Level:1200-450 V, 80 A A 36 kW A Mode4: 1000V, 400 A (DC) A 240 kW

A DQOLevel 2200450 V, 200 AA 90 kW

A DC Level:200-600 V, 400 AA 240 kW

Oh O e e o Sy 2y 2
0 Yo % % QP <o 50 % S P <p %o Power (kW)

500
\ \ \;};’hv. 3

= 400 = e

£ \ O

g 300 IEC Mode 3

3 \ i e R

(w)]

£ SAEAC Lv. 2 ——]

u T
N ® 0 TN SAE DC Ly, 1—
SAE J1772 Combo Connector SAEACLv. 1 B IEC Md. 1-2 (10) [ TEC Md. 1-2 (30)
for AC or DC (Levei2) % 100 200 300 400 450 500 600

Charging Voltage (V)

o kP
ETH:urich
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3 Regulations & Standards for Inductive EV Charging (1)

Yy SAE J2954 Wireless Charging Standard
(under Development, Nov. 2013)

A Commomperating Frequergy kHz
A Minimum Chargitigficiency 90%

INTERNATIONAL..
A Charging Levels:3.7 kW (WPT1: Private Low Power)

7.7 KW (WPT2: Private/Publ. Parking)
22 kW (WPTS3: Fast Charging)

A InteroperabilityAir Gap, Coil Dimensions,
Tolerance, Communication,
ReceiveBidelnterface

A Safety Features: ForeigrObjecDetection,
Electromagnetitrayfield
A ValidatiorMethodsPerformance, Safety

4

Qualcomm Halo,
www.qualcommhalo.com

Brusawww.brusa.eu

ETH:urich 3
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3 Regulations & Standards for Inductive EV Charging (2)

y" ICNIRP 1998/2010: Guidelines for Limiting Exposure to TVag/ing EM Fields
A Living Tissue affected by Power Dissipation caused by Electromagnetic Fields

A Limitation of Human Body SARpecific Absorption Rate, [Wykg
by Limiting Electric and Magnetic Fields

ADistinction between ©°Gener al Publ i c» and ©°0cc¢

108 l
— ICNIRP 2010
0 — ==z ICNIRP 1998
=2
I 2 10\
£ e occupational exposure
2 @ ‘
5 < public exposure
kel = |
30 ﬁ s N ; % 100uT
£ 2 102 L N '
“ 9 E 10 S | 27T
o \xh : - 1----\\ _______
s = ¥4 | 30.7 T
S N O
10° L | 6.250T St
Christ et al, «Evaluation of Wireless Resonant Pramsfer Systems z 4 6 7
WithHumaB | ect r omagnet IIEEE HanpPowarr e L i mi 1t s, »8 25 10300 400 3000 10 150k 10 10
Electron vol. 55, no. 2, 2013. Frequency (Hz)
z SAR caused by 8 MHL4Il IPT System z ICNIRP 1998/2010 Reference ValuesHdtield
ETH:zurich :
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3 EV Battery Charging: Key Design Challenges

y* Conductive Isolated GBoard
B. Whitaker et al. (APEI

EVBatteryCharger: module I module 2 _ etal. (APK
control board «High-Density, Higtfficiency,

input inductor  With gate  \iy gqre isolation
transformer ~ (transparent) Isolated OvBoard Vehicle Battery

Charger UtilizingiCDe vi ces, »
|IEEE Trans. Power Electron.,
vol. 29, no. 5, 2014.

driver

A Charging Power 6.1 kW
A Efficiency 95%

A PowebDensityp kW/drf
A SpecWeighB.8 kW/kg

driver

module 3
output

inductor

A Engineering Goal:
Design Competitive IPT Systempc-bus

resonant

capacitors inductor output 5
capacitors
y" High Power Density (kW/dinkW/kg)
A High Rati@f Coil DiameterAir Gap
A Heavy Shielding & Core Materials o
windings

p?

y Low MagnetiStrayFieldB, < B,
A Limited by Standards (e.g. ICNIRP)
A Eddy Current Loss in Surrounding Metals

Yy HighMagnetic Coupling shielﬁ,g ~
A PhySicaI EfflCIGﬂby'nlt def. b)k Lexuswww.lexus.com, 2014
A Sensitivity to Coil Misalignment
ETH:zurich (cPE 2015

ECCE Asia
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Realization Examples

e 5*,«
ETH:urich
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3 IPTfor Industry Automation Applications

Yy Industry Automation & CleaRoom Technology
A Automatic Guided & Monorail Transportation Vehicles
A Stationary/Dynamic Charging in Closed Environment

A Key Feature@ireless, MaintenarEeee, Clean & Safe

z Wireless Powered Floor Surface Conveyors z CeilingMounted Monorail Transportation System

Conducti®Wampflerwww.conductix.ch (1.11.2014),
«Product Overview: Inductive Power Transfer

ETH:urich cre 205

ECCE Asia
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3 |P Tfor EV ‘selected Demonstration/Researdttivities

e

A

*Bombardier %Frauﬁﬂqfer &

. PRIMOVE = o
e \\\5\\\!!i :‘ J
,ﬂ R A G
N WiTricity W/ o =

«>"
Qualcomm halo

Wielass Eiecrric Venicla Chvging. 62

WavI \

ek
P

THE UNIVERSITY OF AUCKLAND
NNNNNNNNNN

<
ETHziirich =3
ZUuric ICPE 2015
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3 IPT Public Transportation Systems

KAIST
OnLineEV

Bombardier
PRIMOVE

ConductixWampfler
IPT Charge

Location Genoa (IT) AugsburgBraunschweig Seoul, Daejeon,
HertogenboscliNL) Mannheim (DE) YeosyGumi (KR)
Lommel(BE)
Year 2002- 2012 2010- 2015 2010- 2015
Air Gap Approx. 4 cm Approx. 4 cm Up to 20 cm
Power | Up to 60kW 150-200 kW 3-100 kW
Details ' ACoil Lowered to Ground  ACoil Lowered to Ground AElectrified Track for

at Bus Stations at BusStations
AcCharging Efficiency > 90% AReduced Number of
AICNIRP 1998 Compliant Fleet Vehicles
A50% Red. Battery CapacityAExtended Battery Life
(240A 120 kWh) AlLower Total Cost

In-Motion Charging
AICNIRP 1998 0mpl
A30% Reduced

Battery Weight
AReduced Number of

Fleet Vehicles

ETHzurich

15/185

Wave IPT

SaltLake CityMcAllen
MontereySalinas,
Lancaster (USA)

2014- 2015

Up to 20 cm

50 kW

AWireless Charging at
Bus Stations without
Lowering the Coil
AcCharging Efficiency > 90%
AICNIRP Compliant

AR

S

ICPE 2015
ECCE Asia
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O. Knecht, R. Bosshard, and J. W. Kolar

3 Historic Background: Medical Applications ~ coptimization of Transec

Transfer Coils for High Power Medical
Appl i c aRrac.oNokshop oni n
] ) ) Control and Modeling for Power Electron.
Yy ElectreMechanical Heart Assist Devices (COMPEI3014

A Percutaneous Driveline Major Cause of Lethal Infections
A Transcutaneous Power Supply for Heart Assist Devices = 70 mm
A No Reliable and Medically Certified Solution Exists

transmitter

DN

N receiver
coil

percutaneous
driveline
J. C.Schuder°Powering an artificial

heart: birth of the inductively coupled

1 __ control
unit
radio frequency system]:960, »
~ Artificial Organs/ol. 26, no. 11, pp.
909 915, 2002.

ETH:urich cre 205
ECCE Asia
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3 Inductive Power Transfer: Summary of Key Features

y Easyto-Use and Fast EV Chargimgreased Convenienfar Users
Yy Reduced Number of Fleet Vehidt@sPublic Transportation
y" Galvanic Isolation No Additional Transformer Required

3 Remaining Challenges for Further Industry Adaptation

y Transmission afligh Power @ Highest Possible Efficiency Despite Low Coupling
y" Compliance with Standards Regulating Magnetic Stray Fields
y" Clarification of Technical Feasibility aRthysical Limitations

y" Easyto-FollowOptimizationMethods
for the Practicingengineer

A Coil Size

A Efficiency

A Stray Field

A Thermal Limit

\ J
T

Multi-Objective
Design Problera

ETH:urich

ECCE Asia
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Fundamentals:
Isolated DC/D@& IPT

¥ a

ETH:urich

ECCE Asia
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3 lIsolated DC/DConverter for Conductive EV Charging

o High-Frequency
Yy SoftSwitching DC/BConverter Transformer I
without Qutput Inductor

A Galvanitsolation
A Minimum Number of Components
A Clamped Voltage across Rectifier

y' Constant Switching Frequency of
FullBridge Inverter on Primary
A di/ dt given by Voltage Levels
& Transformer StrayMagn Induct.

Y

. . . L I. D. Jitaru,«A 3 kW Sefbwitching DOC
0 T,/2 T, Co n v eRrdclEEE,ARED. 8692, 2000.

z Schematic Converter Waveforms z RealizationExamplg1l kW ModuleRompower
(i;-i, not to Scal¢ (a8

ETH:zurich -

ECCE Asia
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3 Transition to IPT System (1)

] ) ] High-Frequency
y  Airgapin the Magnetic Path Transformer I
A Reduced Primary & Secondary Induct. ®
A Higher Magnetizing Current Ul
A Reduced Magnetic Coupking e

A Load Dependency of Output Voltage
due to NofDissipative Inner Resist.

[*

500 y Al i
% reale ()

=
£ 400 '
5 Ne—— ! ]
s 300 \ ,/k =0,995
2 N\ R —
- \
é’_ 200 OP{ - \g}l_
S 100 K‘ \/,k =0.99
a r‘-k =0.97 {
. , . . 0 '
0 772 T 0 5 10 15 20 25
DC Output Current I, 4 (A)
z SchematicConverteWWaveforms z ConverteOutputCharacteristics

for OR and OR(i,-i,not to Scalé
AR

92

ETH:zurich
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3 Characterization of the Transformer

y' Transformer Differential Equations o I2 X
., . AQ _ AQ
0 U=z VUZRs Note:NoExplicit Dependency l”z
AO AO onN;, N, (Unknown in Al
¢ 0 — 0 — GeneraCase
6 0z 0 %5 ) N,
Yy Measurement of the Three (!) ParametéysL, andM
1) 3)
i1 o . 12=0 i e o 1250
u,l ull luz
) N, r ) N, T7
0 B(l) v B<l>
] (@) Q T 1 S M on
_ _ o Ideal Transformer
y' General Equivalent Circuit Diagram i, Li-M L-M / i,
. . +0O L —yjf——0 +
6@ © )i e 0
U U)=— U —
A0 kg . I e
0 0 A'_b(Q Q (O U)TAb ' f1-To !
n=1
y' Definitions:  Coupling Factof2 ———, StrayFactorl =1, k2 A Ideat k= 1,0 =0.
P :‘;g},
ETH:zurich
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3 Transformer Equivalent Circuits (1)

Yy Introduction of a General Transformation Ratio

22/185

i
L-M =M, i Lo lo 0 i
+0 . ——0 + +0O < 0+
Uy IM uz 75} ILh H'ugl uz
iy-1, Y
-0 * -0 O —
n=1 n
i L-nM  ml-nM E
A 4 Degrees of Freeddg (L., L, n), but +o—— I — - o+
h
only 3 Transformer Parametigrd,,, M
A Assuma as given and Calculate Remaining U InM nﬂ{ Uz
Parameterds, Ly, L) '
n
y" Simplified Circuit Diagrams for Specific Values of
i i '
i (1R 2 i S i @KL (L
+0- . - o + +0- . o + +0 . : 0 +
+ + o+
Uy kleI n'Uz\ U, U Lll n-uz\ U, U, IJkJL1 n-ugl us
-0 — - -0 — - - — o -
s _1 |4 b M
"KL "L LN,
wa . f:)&’#
ETH:zurich
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3 Transformer Equivale@ircuits (2)

y' Direct Measurement of Transformer Equivalent Circuit Parameters

Yy Measurement 1Secondaride Terminals Shorted

T
Ly n

i
_— :

. p[Y

v —\

1 \'O
Yy Measurement 25econdarpide Terminals Open

. Py
U —\ =
1 \'O

Yy Measuremen: PrimarySide Terminals Open

, Uy
(0] 11

| +—m +

n

]'.1:0 Lo n
+0 .

DR

s
-

@

<)

:
s

<)

s

.
+

i
€ ~
Y

QT Uy Ly n-u,

ETHzurich

23/185
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3 Transformer Equivalent Circuits (3)

. . . o I
y* Transformer Differential Equations *
.. .. .. u
N 2
0 U =+ U —— U —— R —
, . AQ | AQ . . AQ 2
0 U 5 U 5 0p ) 5

A Equivalent Circuit Representation with Induced Voltages
as Voltage Sources:

i L-M o L-M

+o——— Qo+ |

u, IM U

-1, |

n=1

Y Inductive Behavior Partly Hidden in Voltage Sourtggs;, Us g

L
=

6 EODQ EDQ EDQ 64
6 EUQ EODQ 65 EDQ -1y
[ o
A 90 PhaseDifference betweéandd ;; and betweeiando
. i
ETH:zurich

ECCE Asia
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3 Transition to IPT System (2)

High-Frequency

y  Airgapin the Magnetic Path Transformer o4
A Reduced Primary & Secondary Induct. ®
A Higher Magnetizing Current Uld Jt

1,dc

A Reduced Magnetic Coupking

A LoadDependency of Output Voltage o
due to NofDissipative Inner Resist.

—
&
=

Iz,dc
+ 0 ——0 +
AN
Ul,dc t UE,dc
H H n
Jok £ %
» —O 0 —

0 T/2 T
z Effectsof an Air Gap in the Transformer

z Schemati€ConverteWaveforms r _—
for OR and OR(i-i, not to Scald ( B)HH
A&,«"

ETH:zurich
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3 Transition to IPT System (3)

] ) ] High-Frequency
y  Airgapin the Magnetic Path Transformer I
A Reduced Primary & Secondary Induct. ®
A Higher Magnetizing Current Ul
A Reduced Magnetic Coupking e

A LoadDependency of Output Voltage o
due to NofDissipative Inner Resist.

Iz,dc
+ 0 ——0 +
— 500 .
= U g | J* }
:3:‘ 400‘% Ul,dc I_ UE,dc
= 300\ —k=0.995 )
2 \\ —] == : —
4
é‘ 200 0P, b, — _ N
3 100 — \\/,k=0.99_ ,,J'*} J*j n i
a \'I k= ?.97 \\ — -
% 5 10 15 20 25 -° -
DC Qutput Current I 4c (A)
: ConverteOutputCharacteristics z Effectsof an PV\II’ Gap in trje Transformer
I BXH ER iz
PP 5/‘;/
ETH:zurich

ECCE Asia
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3 Resonant Compensation of Stray Inductance (1)

. Uzs | gzs"'v" " Uzs |
H Ugs Uy i Ucs Uy z Ucs U,
e+ — 1 b+ L e T ———

Cs 1—0’ Rac"' Cs 1—0’ Rac"'o Cs ac™
- - ]
AL AL AL
A 0P1-21 Cs,opt
UQ, /;1 u
f Pl (s
0 2
-I,
T 0 ' 7.2 ' . .0 ' 7.2 ' .
Im 0P1-1 . Im OPI 2 .
|, JT_I Pl 11 i II il 1 1
i =: Cap. 5 =
—! P 0 O —! 0o O v-,
—p—i Re —’;a—=0>f Re
p =_900 Zs 11
astqo i
Uis
| e
Y I L n :I " :I
s = TOER — i | O3 —_— n —_—
=1 I (0] l:‘l =|:+:'IF I o I:.I A () | =

ETH:zurich
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3 Resonant Compensation of Stray Inductance (2)

Yy Insert Capacitor in Series to Transformer Stray Inductance

Yy Select Capacitangg; 1 4 7 o+4 to Match Resonance and Inverter Switching Frequency
[} i I
U1,dc:ﬂ§,, = /,,,j‘ - . _.ZJEEH
N\ | oRy |
(0] S - B =t . Ul,dc Uz,dc
; | Fl Fin 1
C.=C =L
= 500 /J s,opt (.Ug’—c
= 400)= j___O_Pﬁf(f /L 1.5%C, o
:SJ _..'.H.‘ ‘”.——E-..______.._____\ ):Opl_a-._,_/_
£ 300 0Py~
S o A= L0.6xCo
g ™~
f} 200 ~Jop, <
S 100 A A\
a Lk =0.99 w/o Comp ) \‘
- | .
0
0 5 10 15 20 25
DC Output Current I, 4 (A)
0 I/2 T z ConverteOQutputCharacteristics
(D.‘ —_— o
ETH ziirich ¥ 5
Zurlc ICPE 2015

ECCE Asia
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3 Resonant Compensation of Stray Inductance (3)

Yy Insert Capacitor in Series to Transformer Straductancel,

Yy Select Capacitangg; 1 4 7 o+4 to Match Resonance and Inverter Switching Frequency
[} i
Ungeltn —_z /f5=48kHz
| . 30 . 1
/ | 1 OR.: \ i (:=Coopt="3
O e N I A o a 25 \\ ~ EOP //I = ele
; ! & kg gl =
‘ B~ - E 20 \ \ : // /
N \ Opl—??'.{
g 15 "4
c 1
AN
o !
E | /\ \ /\o.e‘xcm,t
_ 1.5xCS,0pt\// !
0 ‘ 0 0;1-2 kH Y Tt
s=48kHz
0P,
90 1-3
) . B /i{ 7
0 T./2 T, ) : /
g 0 f—fop, 1
A © 7 v y
Ul,dc e U1:U2 —————— ha ac- _90 é/ﬂg 0P1_1/
| 20 30 40 50 60 70 80
O/E/x Frequency (kHz)

z BodeDiagranfor Different Selections
0 ‘ 772 ' A of the Compensation Capacitar@e

AR

.
ETHzirich =

ECCE Asia
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3 Alternative Compensation Concepts

Yy Limitations of SeriesCompensation
A High Voltages Resonant Elements
in HighPower Designs

A Limited to Stefpown Conversion
A No Control of Output at{Noad

y  Alternative Options:

A Parallel Resonant Converter (LLC)
A Series/Parallel Res. Converter (LCC)
A General Matching Networks

Yy Limitations of ParallelCompensation

A Circulating Reactive Current in
Parallel Elements also at Low Load

A Potentially Needs Additional Inductors

A Complex Design Process (Selection
of Two Capacitor Values feC8mp.)

ETHzurich

z Alternative Compensation Topologies

o T
T8
ICPE 2015
ECCE Asia
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3 Fundamental Frequency Approximation (1)

Yy Nearly Sinusoidal Current Shape Despite Rectangular Voltage Waveforms
A Resonant Circuit ActsBendpas§ilter on Inverter Output VVoltage Spectrum

A

T Ul,dc - rJ'L"IZ,dc
Us,ac W=y, =1
A
o} '
| -
i Uzs/
0 T./2 .
60 e 20dB
< 7 dec
M 40 Rt~ . — 1]
3 .-ZS @ 1.5 xcsyoptk\’ ‘,// [~ 9~ r' R
220 S! -~ 20dB
S ~ dec
0 111 |ec
10* 10° 10°
40
= 30 N 40dB
S 20—, _Us S8 dec
£10 bz s
0 ‘ ‘ r “Isa
104 10° 106
Frequency (Hz)

ETHzurich

| Jn-l }Jn' A
Ul,dc I - —
Iy

+
+ 1 CS
= i

Jak J«3

y' Consider only Switching Frequency Components:
A Fundamentals of, u,, i, i,
A Power Transfer Modeled with Good Accuracy
as
0 Y O AI(®®)
Y O AT(%®)

A Fundamental Frequency Model!

ICPE 2015
ECCE Asia
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R.Steigerwald® A° compar-i son

3 Fundamental Frequency Approximat(@n bridge resonant conv

in IEEE Trans. Power Elegtron.
vol. 3, no. 2, 1988.

Y Replace Rectifier and Loég,. by Power Equivalent Resistarige,

)| JE 3

CS Lo A .
—Tl—||—- * =
Ly

5
o~
=

+

In
]
@
_/
—1
'ED
Il
- r;c::m

- u:m)} ”'Uzl l Uz

MR T EET AR

y" Fundamental Frequency Equivalent Circuit

T A /-fz(l) = %Iz,dc
Ve Y A YR WY sz~ Lo
h ,, A N . . C ;
o o 0 > W e
n
° * b + :
2,dc R
A Uz ) %Uz de a H . Uy = %Ul,dc L ”'“21 Rieq
i u — Z
Uz,4c Loz -~ Tp \ l |2 T G%,_d - n
21.[_ _‘1-2 - L,adc
0
Uz dc L — T Y A Simplified Circuit Analysis & Approximate
- Power Loss Calculations
ETH:zurich :
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3 Resonant Circuit Transfer Characteristics (1)

Yy LoadIndependent Output Voltage due to Series Resonant Compensation
A Except for a (Small) Voltage Drop on Winding Resi®gRces

1
We= —m
* N(1-K)L4C,
, 450 A .
i, Re £ o0 | Rieq =430
+ T GANSSAN
o \
Uiy ]UZ(U > 350 //(A/ \\ \/>RL eq =26 Q
! ! % 300 /, / / \\ ™~
3 =
w 5 250 // / N, ™
-8' f \<"’RLeq=13Q
E N/ <
2 150 i
100
10 20 30 40 50 60 70 80 90 100
. 90
y" Close to Ohmic Input Impedance S 60
due to Large Mutual Inductance 3 30 L
A Necessary Condition for Minimum — 0 T .
Input Curre Max. Efficiency! N 30 f—f—=—¥
p ng y 5 o0 //é/ N ‘;//
® 90— \ 6% 4 46 48 50
10 20 30 40 50 60

Frequency (kHz)

z Voltage Transfer Ratio &t= 0.99 -
e

ETH:zurich
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3 Resonant Circuit Transfer Characteristics (2)

Yy Strong Coupling Dependency of Output Voltage due to Variation of Series Impedance

A Variation of CouplingChangek, which Leads to Series Voltage Drap onTt
_ 1
k=0.95 /ws_qf(l_kZ)Llcs

< 490 ‘\k=/0.97 |
g 400 \/"i 7N k=0.99
S 350 \ y
= a0l LA °
5 250 / AN
- A N
2 200 RN
2 1sol /1N N
S 10— N Rieq=130Q
100 /// \ \ |L’eq|_ ]
10 20 30 40 50 60 70 80 90 100
90
y' Large Variation of Resonant Frequency = 60 P
with Changing Magnetic Coupling S 30 // ,/ ///
A Fixed Frequency Operation Not Possible =z 0 / v
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3 SeriesSeries Compensated IPT System (1)

Yy Add Second Series Capacitor to Ensure Fixed Resonant Fréguency )
for any Value of the Magnetic Coupling B
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3 SeriesSeries Compensated IPT System (2)

Y Resonant Frequen¢y .. . ) is Indepenent of Magnetic Coupling and of Load
A Necessary Condition ktinimum Inpu€urren®y Max. Efficienty
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3 Properties of the SerieSeries Compensation (1)
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3 Properties of the SerieSeries Compensation (2)

y' Operation at Resonant Frequenay

. V3 FE VP F
-

. 1
RL, Wo=

. - B] _ LG,
o 100
= w—
—~ 0 —
NG Z
S H k=0.35"
2 -100 -

80 90 100 110 120 130 140 150 160

g 100 T T

= 0 /

% 1002 Ricq = 200

© 80 90 100 110 120 130 140 150 160
Frequency (kHz)

z Phase Angle of Input Impedance for Varying
Load (top) and Coupling (bot.)

y" Purely Ohmic Input Impedance
For any Load & Coupling

ETH:urich 3

ICPE 2015
ECCE Asia



39/185

S1CIT Power Electronic Systems
I'— Laboratory

3 Properties of the SerieSeries Compensation (3)

y' Operation at Resonant Frequenay
VS F VEOF
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3 Power Losses of the Ser8gries Compensation

y' Operation at Resonant Frequenay
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3 SeriesSeries Comp. for Maximum Efficiency

41/185

y' Currentk Constanindep of=| winr Current Source Characteristic @ Resonance
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11 : : K. van Schuylenbergimd
3 EffICIenCy lelt Of IPT Systems R Puers]nductive Powering:
Basic Theory and Application to
Biomedical Systenist ed.,
SpringeiVerlag, 2009.
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y Efficiency Limit of IPT Systems
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3 FOMe= Quality Factor x Magnetic Coupling

Yy «Highly Resonant Wireless Power Transfer» Yy Intelligent Parking Assistants for EV
A Operation of «Hig@Coils» at SeResonance A Maximizé by Perfect Positioning
A Compensation of La&with HighQ A CamerdssistedPositioning Guide
High Freedoyof-Position A Achieve up to 5 cm Parkéaruracy

A High Frequency Operation (kHz ..)MHz
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Toyota www.toyota.com, (18.11.2014).
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3 Frequency Dependency of Voltage Gain (1)

Yy PoleSplitting: Interaction of Coupled Resonant Circuits Tuned to Same Frequency

y Example of a TwStagel CFilter
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z TransfefFunctionsof a Single
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3 Frequency Dependency of Voltage Gain (2)

Yy Example of SEompensated IPT System

Transm. Receiv.

c c
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IPT Coils
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F

Yy Pole Splitting due to Interaction of
Transmitter & Receiver Resonant Circuit

A Magnetic Coupling Determines the Strength of
Transmitter/Receiver Interaction

A NonrMonotonic Phase Behavior
A May Lead to Halvitching

y* Can be Avoided by Design with Modified
Design Rule for Receiver Reactance:

A LossIncrease Typically below 5%
A Inductive Behavior Ensured for 1
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z Voltage Transfer Functions and Phase of
Input Impedance of an IPT System
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