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Ʒ Future Electric Vehicle Charging

ƴ Electric Vehicles ̧Key Limitations
ÅDriving Range / Battery Capacity
Å Availability of Charging Stations
Å Time for Battery Re-Charging

ƴDrivers for Future Development
Å Battery Technology
Å Infrastructure Development
ÅCharging Technology

Nissan Leaf, 
www.nissan.com

UNIST, 
www.unist.ac.kr

Charge Point, 
www.chargepoint.com Network World, www.networkworld.com
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ƷWireless Electric Vehicle Battery Charging

ƴHigher Convenience & Usability
ÅNo Plug Required: Quick Charging
at Traffic Lights, Bus Stops, µ

ƴMore Frequent Recharging
Å Longer Battery Lifetime
Å Smaller Battery Volume&Weight

ƴReduced Fleet in Public Transportation
Å Shorter Time for Depot Re-Charging

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

Delphi, www.delphi.com

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

Charge Point, 
www.chargepoint.com
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Ʒ EV Charging ̧Typical AC/DC Power Conversion Chain

ƴConductive EV Charging

ƴWireless EV Charging

ƶ Structure of a 3-ɮIsolated2-Stage High-Power BatteryChargingSystem
with High-FrequencyTransformer or IPT Transmission Coils
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Ʒ Electrical Ratings of Conductive EV Chargers

ƴSAE J1772 Definition (USA)
ÅAC Level 1: 120 V, 16 A
ÅAC Level 2: 204-240 V, 80 A
ÅAC Level 3: n/a
ÅDC Level 1: 200-450 V, 80 A
ÅDC Level 2: 200-450 V, 200 A
ÅDC Level 3: 200-600 V, 400 A

Ą 1.92 kW
Ą 19.2 kW
Ą Ó20 kW
Ą 36 kW
Ą 90 kW
Ą 240 kW

ƴIEC 62196 Definition (Europe, Int.)
ÁMode 1: 1x230 V / 3x400 V, 16 A
ÁMode 2: 1x230 V / 3x400 V, 32 A
ÁMode 3: 3x400 V, 32-250 A
ÅMode 4: Ò 1000 V, 400 A (DC)

Ą 7.7 kW
Ą 15.4 kW
Ą ü20 kW
Ą 240 kW

SAE J1772 Combo Connector
for AC or DC (Level 1-2)

Ʒ
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Ʒ Regulations & Standards for Inductive EV Charging (1)
ƴ SAE J2954 Wireless Charging Standard

(under Development, Nov. 2013)
ÅCommon Operating Frequency 85 kHz
ÅMinimum Charging Efficiency> 90%

ÅCharging Levels:     3.7 kW  (WPT1: Private Low Power)
7.7 kW  (WPT2: Private/Publ. Parking)
22 kW  (WPT3: Fast Charging)

Å Interoperability: Air Gap, Coil Dimensions,
Tolerance, Communication,
Receiver-Side Interface

Brusa, www.brusa.eu

Qualcomm Halo,
www.qualcommhalo.com

Å Safety Features: Foreign Object Detection,
Electromagnetic Stray Field

Å Validation Methods:Performance, Safety
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Ʒ Regulations & Standards for Inductive EV Charging (2)

ƴ ICNIRP 1998/2010: Guidelines for Limiting Exposure to Time-Varying EM Fields
Å Living Tissue affected by Power Dissipation caused by Electromagnetic Fields
Å Limitation of Human Body SAR (=Specific Absorption Rate, [W/kg])

by Limiting Electric and Magnetic Fields
ÅDistinction between ºGeneral Public» and ºOccupational Exposure»

Christ et al., «Evaluation of Wireless Resonant Power Transfer Systems 
With Human Electromagnetic Exposure Limits,» IEEE Trans. Power 
Electron., vol. 55, no. 2, 2013.

ƶ ICNIRP 1998/2010 Reference Values for B-Fieldƶ SAR caused by 8 MHz 4-Coil IPT System
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Ʒ EV Battery Charging: Key Design Challenges
ƴConductive Isolated On-Board

EV Battery Charger:
ÅCharging Power 6.1 kW
Å Efficiency > 95%
Å Power Density 5 kW/dm3

Å Spec. Weight 3.8 kW/kg

Ą Engineering Goal:
Design Competitive IPT System

ƴHigh Power Density (kW/dm2, kW/kg)
ÅHigh Ratio of Coil Diameter / Air Gap
ÅHeavy Shielding & Core Materials

ƴ Low Magnetic Stray Field Bs < Blim
Å Limited by Standards (e.g. ICNIRP)
Å Eddy Current Loss in Surrounding Metals

ƴHigh Magnetic Coupling
Å Physical Efficiency Limit def. by k
Å Sensitivity to Coil Misalignment

Lexus, www.lexus.com, 2014

B. Whitaker et al. (APEI),
«High-Density, High-Efficiency,
Isolated On-Board Vehicle Battery
Charger Utilizing SiCDevices,»
IEEE Trans. Power Electron.,
vol. 29, no. 5, 2014.
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Realization Examples



13/185

ICPE 2015

ECCE Asia

Ʒ IPT for Industry Automation Applications

ƴ Industry Automation & Clean-Room Technology
Å Automatic Guided & Monorail Transportation Vehicles
Å Stationary/Dynamic Charging in Closed Environment
Å Key Features: Wireless, Maintenance-Free, Clean & Safe

ƶ Ceiling-Mounted Monorail Transportation Systemƶ Wireless Powered Floor Surface Conveyors
Conductix-Wampfler, www.conductix.ch (1.11.2014),

«Product Overview: Inductive Power Transfer»



14/185

ICPE 2015

ECCE Asia

ƷIPTfor EV: Selected Demonstration/Research Activities
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ƷIPT Public Transportation Systems

Conductix-Wampfler
IPT Charge

Bombardier
PRIMOVE

KAIST
On-LineEV

Wave IPT

Location Genoa (IT)
Hertogenbosch(NL)

Augsburg,Braunschweig, 
Mannheim (DE)
Lommel(BE)

Seoul, Daejeon,
Yeosu, Gumi (KR)

SaltLake City, McAllen
Monterey-Salinas,
Lancaster (USA)

Year 2002 - 2012 2010 - 2015 2010 - 2015 2014 - 2015

Air Gap Approx. 4 cm Approx. 4 cm Up to 20 cm Up to 20 cm

Power Up to 60kW 150-200 kW 3-100 kW 50 kW

Details ÅCoil Lowered to Ground
at Bus Stations
ÅCharging Efficiency > 90%
ÅICNIRP 1998 Compliant
Å50% Red. Battery Capacity
(240Ą120 kWh)

ÅCoil Lowered to Ground
at Bus-Stations
ÅReduced Number of

Fleet Vehicles
ÅExtended Battery Life
ÅLower Total Cost

ÅElectrified Track for
In-Motion Charging
ÅICNIRP 1998 Compl.
Å30% Reduced

Battery Weight
ÅReduced Number of

Fleet Vehicles

ÅWireless Charging at
Bus-Stations without
Lowering the Coil
ÅCharging Efficiency > 90%
ÅICNIRP Compliant
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Ʒ Historic Background: Medical Applications

ƴ Electro-Mechanical Heart Assist Devices
Å Percutaneous Driveline Major Cause of Lethal Infections
Å Transcutaneous Power Supply for Heart Assist Devices
ÅNo Reliable and Medically Certified Solution Exists

O. Knecht, R. Bosshard, and J. W. Kolar,
ºOptimization of Transcutaneous Energy 

Transfer Coils for High Power Medical 
Applications,» in Proc. Workshop on 

Control and Modeling for Power Electron. 

(COMPEL), 2014.

J. C. Schuder,ºPowering an artificial 
heart: birth of the inductively coupled-

radio frequency system in 1960,» 
Artificial Organs, vol. 26, no. 11, pp. 
909̧ 915, 2002.
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Ʒ Inductive Power Transfer: Summary of Key Features

Ʒ Remaining Challenges for Further Industry Adaptation

ƴTransmission of High Power @ Highest Possible Efficiency Despite Low Coupling
ƴCompliance with Standards Regulating Magnetic Stray Fields
ƴClarification of Technical Feasibility and Physical Limitations

ƴEasy-to-Follow Optimization Methods
for the Practicing Engineer

ƴEasy-to-Use and Fast EV Charging: Increased Convenience for Users
ƴReduced Number of Fleet Vehicles for Public Transportation
ƴGalvanic Isolation- No Additional Transformer Required

!

ÅCoil Size
Å Efficiency
Å Stray Field
Å Thermal Limit

Multi-Objective
Design Problem
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Fundamentals:
Isolated DC/DC Ą IPT

Transformer Equivalent
Series Resonant Topologies
Zero-Voltage Switching
Inductive Power Transfer
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Ʒ Isolated DC/DC-Converter for Conductive EV Charging

ƴ Soft-Switching DC/DC-Converter
without Output Inductor
ÅGalvanic Isolation
ÅMinimum Number of Components
ÅClamped Voltage across Rectifier

ƴConstant Switching Frequency of
Full-Bridge Inverter on Primary
Å di/ dt given by Voltage Levels

& Transformer Stray & Magn.  Induct.

ƶ IsolatedDC/DC ConverterTopologywith MF Transformer

I. D. Jitaru,«A 3 kW Soft-Switching DC-DC 
Converter,» Proc. IEEE APEC, pp. 86-92, 2000.

ƶ RealizationExample(1 kW Module, Rompower)ƶ Schematic Converter Waveforms
( i1-i2 not to Scale)
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Ʒ Transition to IPT System (1)

ƴ Airgapin the Magnetic Path
ÅReduced Primary & Secondary Induct.
ÅHigher Magnetizing Current
ÅReduced Magnetic Coupling k
Å Load Dependency of Output Voltage

due to Non-Dissipative Inner Resist.

ƶ ConverterOutput Characteristicsƶ SchematicConverterWaveforms
for OP1 and OP2 ( i1-i2 not to Scale)

vὍȟ
Ὗȟ
ὲψὒὪ

ρ
Ὗȟ
Ὗȟ
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Ʒ Characterization of the Transformer
ƴ Transformer Differential Equations

ƴMeasurement of the Three (!) Parameters L1, L2 andM

ƴGeneral Equivalent Circuit Diagram

ƴDefinitions:
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Note:No Explicit Dependency
on N1, N2 (Unknown in
General Case)

Coupling Factor  Ὧ , Stray Factor  ů= 1 ̧ k2
Ą Ideal: k = 1, ů= 0.



22/185

ICPE 2015

ECCE Asia

Ʒ Transformer Equivalent Circuits (1)
ƴ Introduction of a General Transformation Ratio n

Å 4 Degrees of Freedom (Lů1, Lů2, Lh, n), but
only 3 Transformer Parameters (L1, L2, M)

Å Assume n as given and Calculate Remaining
Parameters (Lů1, Lů2, Lh)

ƴ Simplified Circuit Diagrams for Specific Values of n
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Ʒ Transformer Equivalent Circuits (2)
ƴDirect Measurement of Transformer Equivalent Circuit Parameters

ƴMeasurement 1: Secondary-Side Terminals Shorted

ƴMeasurement 2: Secondary-Side Terminals Open

ƴMeasurement 3: Primary-Side Terminals Open
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Ʒ Transformer Equivalent Circuits (3)

ƴ Transformer Differential Equations

Å Equivalent Circuit Representation with Induced Voltages
as Voltage Sources:

ƴ Inductive Behavior Partly Hidden in Voltage Sources u1,ind, u2,ind

Å 90° Phase-Difference between Ὥand όȟ and between Ὥand όȟ
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Ʒ Transition to IPT System (2)

ƴ Airgapin the Magnetic Path
ÅReduced Primary & Secondary Induct.
ÅHigher Magnetizing Current
ÅReduced Magnetic Coupling k
Å Load Dependency of Output Voltage

due to Non-Dissipative Inner Resist.

ƶ Effectsof an Air Gap in the Transformer
ƶ SchematicConverterWaveforms
for OP1 and OP2 ( i1-i2 not to Scale)

uLů

╛ ▓ ╛ȟ╛ἰ ▓╛ȟ▪ ▓ ╛Ⱦ╛
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ƶ ConverterOutput Characteristics

uLů
uLů

Ʒ Transition to IPT System (3)

ƴ Airgapin the Magnetic Path
ÅReduced Primary & Secondary Induct.
ÅHigher Magnetizing Current
ÅReduced Magnetic Coupling k
Å Load Dependency of Output Voltage

due to Non-Dissipative Inner Resist.

ƶ Effectsof an Air Gap in the Transformer
╛ ▓ ╛ȟ╛ἰ ▓╛ȟ▪ ▓ ╛Ⱦ╛
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Ʒ Resonant Compensation of Stray Inductance (1)

╩Ἳ ἲⱷ╛Ἳ ἲⱷ╒Ἳ
╡╪╬ ἲⱷ╛Ἳ ⱷ╒Ἳ

╩Ἳ: Cap. ╩Ἳ ╩Ἳ: Ind.

╩Ἳ╩Ἳ╩Ἳ

ⱷ ⱷἻ ⱷ ⱷἻ ⱷ ⱷἻ

╒Ἳ ╒ἻȟἷἸἼ ╒Ἳ ╒ἻȟἷἸἼ ╒Ἳ ╒ἻȟἷἸἼ

ĄⱷἻ ╛Ἳ╒Ἳ
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Ʒ Resonant Compensation of Stray Inductance (2)
ƴ Insert Capacitor in Series to Transformer Stray Inductance Lů
ƴ Select Capacitance ╒ἻȟἷἸἼ ȾⱷἻ╛ to Match Resonance and Inverter Switching Frequency

ƶ ConverterOutput Characteristics

╒Ἳ ╒ἻȟἷἸἼ

╒Ἳ ╒ἻȟἷἸἼ

╒Ἳ ╒ἻȟἷἸἼ

OP1-1:

OP1-2:

OP1-3:

ⱷἻ ╣Ἳ

ὤ
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Ʒ Resonant Compensation of Stray Inductance (3)
ƴ Insert Capacitor in Series to Transformer Stray Inductance Lů
ƴ Select Capacitance ╒ἻȟἷἸἼ ȾⱷἻ╛ to Match Resonance and Inverter Switching Frequency

╒Ἳ ╒ἻȟἷἸἼ

╒Ἳ ╒ἻȟἷἸἼ

╒Ἳ ╒ἻȟἷἸἼ

ƶ BodeDiagramfor Different Selections
of the Compensation Capacitance Cs

OP1-1:

OP1-2:

OP1-3:

Ὑ π

ⱷἻ ╣Ἳ

╩Ἳ
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Ʒ Alternative Compensation Concepts

ƴ Limitations of Series-Compensation
ÅHigh Voltages Resonant Elements

in High-Power Designs
Å Limited to Step-Down Conversion
ÅNo Control of Output at No-Load

ƴ Alternative Options:
Å Parallel Resonant    Converter (LLC)
Å Series/Parallel Res. Converter (LCC)
ÅGeneral Matching Networks

ƴ Limitations of Parallel-Compensation
ÅCirculating Reactive Current in

Parallel Elements also at Low Load
Å Potentially Needs Additional Inductors
ÅComplex Design Process (Selection

of Two Capacitor Values for SP-Comp.)

ƶ Alternative Compensation Topologies
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Ʒ Fundamental Frequency Approximation (1)
ƴNearly Sinusoidal Current Shape Despite Rectangular Voltage Waveforms
ÅResonant Circuit Acts as Bandpass-Filter on Inverter Output Voltage Spectrum

ƴConsider only Switching Frequency Components:
Å Fundamentals of u1, u2, i1, i2
Å Power Transfer Modeled with Good Accuracy

as

Ą Fundamental Frequency Model!

ὖ Ὗ Ὅ ÃÏÓ‰

Ὗ Ὅ ÃÏÓ‰
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Ʒ Fundamental Frequency Approximation (2)
ƴReplace Rectifier and Load I2,dc by Power Equivalent Resistance RL,eq

ƴ Fundamental Frequency Equivalent Circuit

Ὑȟ
Ὗ
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Å Simplified Circuit Analysis & Approximate
Power Loss Calculations

R. Steigerwald, ºA comparison of half-
bridge resonant converter topologies,» 

in IEEE Trans. Power Electron.,
vol. 3, no. 2, 1988.
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Ʒ Resonant Circuit Transfer Characteristics (1)
ƴ Load-Independent Output Voltage due to Series Resonant Compensation
Å Except for a (Small) Voltage Drop on Winding Resistances R1,R2

ƴClose to Ohmic Input Impedance
due to Large Mutual Inductance
ÅNecessary Condition for Minimum

Input Current ĄMax. Efficiency!

ƶ Voltage Transfer Ratio at k = 0.99

ὤ π
ⱷ ⱷἻ

ὤ



34/185

ICPE 2015

ECCE Asia

Ʒ Resonant Circuit Transfer Characteristics (2)
ƴ Strong Coupling Dependency of Output Voltage due to Variation of Series Impedance
Å Variation of Coupling k Changes Lůwhich Leads to Series Voltage Drop on ὤ π

ƴ Large Variation of Resonant Frequency
with Changing Magnetic Coupling
Å Fixed Frequency Operation Not Possible

ƴNot Practical if Coupling is Variable
in the Target Application

ƶ Transfer Characteristics and Phase Angle
of Input Impedance for Different Coupling

ὤ π
ⱷ ⱷἻ

ὤ
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Ʒ Series-Series Compensated IPT System (1)
ƴ Add Second Series Capacitor to Ensure Fixed Resonant Frequency (ⱴ╩ἱἶ )

for any Value of the Magnetic Coupling k

ƴResulting Equivalent Circuit @ⱷ
ÅCancel Complete Self-Inductance

Å Voltage Gain is Coupling & Load Dependent
ƶ Transfer Characteristics and Phase Angle
of Input Impedance for Different Coupling

ⱷ
╛╒ ╛╒
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Ʒ Series-Series Compensated IPT System (2)
ƴResonant Frequency(ⱴ╩ἱἶ ) is Indepenent of Magnetic Coupling and of Load
ÅNecessary Condition for Minimum Input Current ĄMax. Efficiency!

ƴResulting Equivalent Circuit @ⱷ
ÅCancel Complete Self-Inductance

Å Voltage Gain is Coupling & Load Dependent

ƶ Transfer Characteristics and Phase Angle
of Input Impedance for Different Loads

ⱷ

▓

ⱷ
╛╒ ╛╒
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Ʒ Properties of the Series-Series Compensation (1)
ƴOperation at Resonant Frequency ⱷἻ

ⱷ

▓

ƶ Output Voltage Û2 is Indepndent
of Load Resistance at ⱷἻ╒

╒

▪
╒▼
╛

╛

ⱷἻ ╒╛ ▓

ⱷἻ ╒╛ ▓

ⱷἻ
ⱷ

▓

◊ ◊
╛

╛

Ą

Ą

ƴ Load-Independent Output Voltage
Å Still Coupling Dependent
Å Inductive Input Impedance
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Ʒ Properties of the Series-Series Compensation (2)
ƴOperation at Resonant Frequency ⱷ

╛╒ ╛╒

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

╩ἱἶ ἲⱷ╜
ἲⱷ╜ẗ╡ἘȟἭἹ ἲⱷ╜

ἲⱷ╜ ╡ἘȟἭἹ ἲⱷ╜

ƴ Purely Ohmic Input Impedance
For any Load & Coupling╩ἱἶ

ⱷ╜

╡ἘȟἭἹ
Ą ▓ ᴼ╩ἱἶ
╡ἘȟἭἹ ᴼ╩ἱἶ Њ

ἩἺἯ╩ἱἶ
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Ʒ Properties of the Series-Series Compensation (3)
ƴOperation at Resonant Frequency ⱷ

╛╒ ╛╒

ƶ Output Voltage Û2 Rises with
Load Resistance for Constant Û1

◊ἰ Ƕ╡ἘȟἭἹ ἲⱷ╜ ƴOutput Current Independent
of Load Resistance RL,eq:Ƕἰ

Ƕ

ἲⱷ╜
╡ἘȟἭἹ ἲⱷ╜

◊ ἲⱷ╜ Ƕ Ƕἰ

ἲⱷ╜Ƕ Ƕ╡ἘȟἭἹ ἲⱷ╜

◊ ◊ ◊ἰ ἲⱷ╜Ƕ

Ƕ ἲ
◊

ⱷ╜
Ą
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Ʒ Power Losses of the Series-Series Compensation
ƴOperation at Resonant Frequency ⱷ

╛╒ ╛╒

╟ἴἷἻἻȟ Ƕ ╡ ╟ἴἷἻἻȟ Ƕ ╡ ╟ Ƕ ╡ἘȟἭἹ

╟ἴἷἻἻ
╟

╟ἴἷἻἻȟ
╟

╟ἴἷἻἻȟ
╟

ⱦ ⱦ ⱦ

ƴ Total Power Losses
ÅCore Loss Neglected

ƴMinimum Relative Losses
ÅMinimize Loss Factor ‗

╡ἘȟἷἸἼ ⱷ╜ ╡ἩἫ ▓ⱷ ╛╛Ą

Ἤ

Ἤ╡ἘȟἭἹ

╟ἴἷἻἻ
╟

ⱦ
Design Condition for Maximum Efficiency!

╡ ╡ ╡ἩἫͽⱷ
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Ʒ Series-Series Comp. for Maximum Efficiency
ƴCurrent ╘Constant Indep. of ╡ἘȟἭἹ: Current Source Characteristic @ Resonance

OP3

OP4

OP5
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Ʒ Efficiency Limit of IPT Systems

ƴCondition for Minimum Total Coil Losses: ╡ἘȟἷἸἼ▓ⱷ ╛╛

ƴ Efficiency Limit of IPT Systems

Ą Figure-of-Merit ▓ ╠╠ ▓╠

K. van Schuylenbergh and
R. Puers, Inductive Powering: 

Basic Theory and Application to 
Biomedical Systems, 1st ed.,

Springer-Verlag, 2009.

ⱢἵἩὀ
▓╠╠

▓╠╠

Ὧ ὒȾὒὒ µ.   Magnetic Coupling 
ὗ ‫ὒȾὙ µ.   Coil Quality Factor

ƶ EfficiencyLimit of IPT Systems
(CoilLossesOnly, CoreNeglected)
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Ʒ FOM= Quality Factor x Magnetic Coupling

ƴ «Highly Resonant Wireless Power Transfer»
ÅOperation of «High-QCoils» at Self-Resonance
ÅCompensation of Low k with High Q:

High Freedom-of-Position
ÅHigh Frequency Operation (kHz ... MHz)

ƴ Intelligent Parking Assistants for EV
ÅMaximize k by Perfect Positioning
ÅCamera-Assisted Positioning Guide
Å Achieve up to 5 cm Parking Accuracy

WiTricity, www.witricity.com (13.11.2014).
Toyota, www.toyota.com, (18.11.2014).
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Ʒ Frequency Dependency of Voltage Gain (1)
ƴ Pole-Splitting: Interaction of Coupled Resonant Circuits Tuned to Same Frequency

ƴ Example of a Two-Stage LC-Filter

Å Both Stages tuned to Same Frequency (100 kHz)
Å Pole-Splitting due to Stage-Interaction
Å Two Resonant Peaks

ƶ Transfer Functionsof a Single-
and a Two-Stage LC-Filter

ⱷ ⱷ
╛╒

ⱷ
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Ʒ Frequency Dependency of Voltage Gain (2)
ƴ Example of SS-Compensated IPT System

ƴ Pole Splitting due to Interaction of
Transmitter & Receiver Resonant Circuit
ÅMagnetic Coupling Determines the Strength of

Transmitter/Receiver Interaction
ÅNon-Monotonic Phase Behavior
ĄMay Lead to Hard-Switching

ƴCan be Avoided by Design with Modified
Design Rule for Receiver Reactance:

Å Loss-Increase Typically below 5%
Å Inductive Behavior Ensured for ‫ ‫

ⱷ ⱷ
╛╒

ⱷ

ƶ Voltage Transfer Functions and Phase of
Input Impedance of an IPT System

╡Ἐ

ⱷ ╛╛
ἻἽἪἷἸἼ

ȢȢ Ϸẗ▓ἵἩὀ


