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INTERNATIONAL ELECTROTECHNICAL COMMISSION

EXPOSURE ASSESSMENT METHODS FOR
WIRELESS POWER TRANSFER SYSTEMS

FOREWORD

1) The International Electrotechnical Commission (IEC) is a worldwide organization for standardization comprising

all national electrotechnical committees (IEC National Committees). The object of IEC is to promote

i patioral-eco-eperaticronaH-guestions—eoreerrrg—standardizationirthre—eleectrealand——eteetrenie—felds. To
bnd and in addition to other activities, IEC publishes International Standards, Technical Spégifications,
Techpical Reports, Publicly Available Specifications (PAS) and Guides (hereafter referred™to"fas “IEC
ation(s)”). Their preparation is entrusted to technical committees; any IEC National Commitiee irterested
in thle subject dealt with may participate in this preparatory work. International, governmental gnd non-
govefnmental organizations liaising with the IEC also participate in this preparation. IEG~Collaborate$ closely
with |the International Organization for Standardization (ISO) in accordance with conditions determpined by

2) The formal decisions or agreements of IEC on technical matters express, as nearlyjas possible, an intefnational
nsus of opinion on the relevant subjects since each technical committee\has representation|from all

3) IEC Publications have the form of recommendations for international usesand are accepted by IEC |National
ittees in that sense. While all reasonable efforts are made to ensure that the technical conter|t of IEC

ations is accurate, IEC cannot be held responsible for the way in which they are used or| for any

4) In ornder to promote international uniformity, IEC National Cemmittees undertake to apply IEC Pullications
trangparently to the maximum extent possible in their natiofal and regional publications. Any diyergence
betwgen any IEC Publication and the corresponding nationahor regional publication shall be clearly indjcated in
the latter.

5) IEC |tself does not provide any attestation of confarmity. Independent certification bodies provide cqnformity
assepsment services and, in some areas, access _to.IEC marks of conformity. IEC is not responsiblg for any
servipes carried out by independent certification bodies.

6) All ugers should ensure that they have the latestedition of this publication.

7) No lipbility shall attach to IEC or its directors, employees, servants or agents including individual experts and
mempers of its technical committees and 'EC National Committees for any personal injury, property dgmage or
othel damage of any nature whatsoéyer, whether direct or indirect, or for costs (including legal f¢es) and
expepses arising out of the puptlication, use of, or reliance upon, this IEC Publication or any ofher IEC
Publications.

8) Attention is drawn to the Normative references cited in this publication. Use of the referenced publicptions is
indispensable for the corréct application of this publication.

9) Attention is drawn to the) possibility that some of the elements of this IEC Publication may be the spibject of
patent rights. IEC shall not be held responsible for identifying any or all such patent rights.

The main task(of)IEC technical committees is to prepare International Standards. Howgver, a
technidal committee may propose the publication of a Technical Report when it has cqllected
data of| adifferent kind from that which is normally published as an International Standard, for
example\'state of the art".

IEC TR 62905, which is a Technical Report, has been prepared by IEC technical committee
106: Methods for the assessment of electric, magnetic and electromagnetic fields associated
with human exposure.

The text of this Technical Report is based on the following documents:

Enquiry draft Report on voting
106/416/DTR 106/424A/RVDTR

Full information on the voting for the approval of this Technical Report can be found in the
report on voting indicated in the above table.

This document has been drafted in accordance with the ISO/IEC Directives, Part 2.
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The committee has decided that the contents of this document will remain unchanged until the
stability date indicated on the IEC website under "http://webstore.iec.ch" in the data related to
the specific document. At this date, the document will be

e reconfirmed,
e withdrawn,
e replaced by a revised edition, or

e amended.

A bilingual version of this publication may be issued at a later date.

IMPORTANT - The 'colour inside' logo on the cover page of this publication indjcates
that it contains colours which are considered to be useful for-the cprrect
undergtanding of its contents. Users should therefore print this document uging a
colour|printer.
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INTRODUCTION

IEC TC 106 has the scope to prepare International Standards on measurement and
calculation methods used to assess human exposure to electric, magnetic and
electromagnetic fields. Wireless power transfer (WPT) systems have been developed and
gradually become popular over the world. WPT basically utilize similar wireless technologies
to provide power to mobile phones, tablet PCs, electric vehicles (EVs) and so on without
cables; but the used frequency range, i.e., tens of kHz to tens of MHz, has not been often
used and paid attention to. Both stimulation-based effects (< 10 MHz, for example) and
heat-based effects (> 100 kHz, for example) should be considered in this frequency range.
ITU-R published a report (ITU-R SM. 2303-1) related to WPT in June 2015 which also
mentions RF exposure assessment methodologies. However, no concrete assessment method
has beln introduced. Only IEC TC 69 has addressed exposure assessment method,.¢f WPT
for EV|in IEC 61980-1:2015. There is no product standard related to WPT other~than that
standafd. Considering that WPT products might be spread in the near future()I[EC TC 106
needs [to be aware of this issue and established a working group to address:- methpds for
assessment of WPT related to human exposures to electric, magnetic and-electromagnetic
fields.

Based jon these backgrounds IEC TC 106 prepared this document consisting of an overyjiew of
WPT, pasic exposure assessment methods for direct and indirect effects by WPT|, case
studieq, and relevant research. Frequency up to 10 MHz is mainly focused on becauge both
stimuldtion and heat effects need to be considered but have:not been addressed so fgr. This
document also mentions enhancement of internal fields by’ medical implant devices.

It is hoped that this document will be useful and helpful to develop International Standgrds for
WPT ekposure assessment.
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EXPOSURE ASSESSMENT METHODS FOR
WIRELESS POWER TRANSFER SYSTEMS

1 Scope

This document describes general exposure assessment methods for wireless power transfer
(WPT) at frequency up to 10 MHz considering thermal and stimulus effects. Exposure
assessment procedures and experimental results are shown as examples such as electric
vehiclels (EVs) and mobile devices.

2 Ngrmative references

There are no normative references in this document.

3 Terms and definitions
For thg purposes of this document, the following terms and définitions apply.

ISO and IEC maintain terminological databases for use)in standardization at the following
addrespes:

e |E( Electropedia: available at http://www.electropedia.org/
e |ISQ Online browsing platform: available at http://www.iso.org/obp

3.1
basic restriction
BR
restriction on exposure to time-varying electric, magnetic and electromagnetic fields|that is
based pn established biological effects

3.2
contadt current
currenf flowing into‘\the body resulting from contact with a conductive object|in an
electromagnetic field

Note 1 t¢ entry:.“This is the localized current flow into the body (usually the hand, for a light brushing contfct).

3.3
current-density
current per unit cross-sectional area flowing inside the human body as a result of exposure to
electromagnetic fields

3.4

device under test

DUT

device that is tested according to the procedures specified in this document

3.5
dielectric constant
real part of the complex relative permittivity of the lossy material
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3.6

direct effect

biological effect resulting from direct interaction of electromagnetic field with biological
structures

3.7

electric field strength

magnitude of a field vector at a point that represents the force (F) on an infinitely small
charge (¢q) divided by the charge

3.8
exposure
situatign that occurs wherever a person is subjected to electric, magnetic or electramgagnetic
fields

3.9
incident field
electrig and magnetic fields incident upon the human body

Note 1 tp entry: This document focuses on the WPT operating close to the _human body at frequengy below
10 MHz.|Electric and magnetic fields need to be separately evaluated in this region.

3.10
induced current
currenf induced inside the body as a result of exposure 40yelectromagnetic fields

3.11
indiregt effect
biologital effect resulting from indirect interaction of electromagnetic field with biglogical
structufe

3.12
magnetic field strength
magnitpde of vector quantity obtajned at a given point by subtracting the magnetizgtion M
from the magnetic flux density/B divided by the magnetic constant x

3.13
peak spatial-average-SAR
maximym average SAR within a local region based on a specific averaging volume ofl mass,
e.g. any 1 g or 10-g:of tissue in the shape of a cube

3.14
phantgm
physical\model similar in appearance to the human anatomy and comprised of materfal with
electrical properties similar to the corresponding tissues

Note 1 to entry: A phantom representing the human head could be a simple spherical model or a more complex
multi-tissue anthropomorphic model.

3.15

reference level

field level derived from the basic restrictions under worst case assumptions (e.g. exposure to
homogeneous field)

3.16

specific absorption rate

SAR

SAR in the tissue-equivalent liquid can be determined by E-field or the rate of temperature
increase, according to:
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2
SAR = Z£
o
SAR = ¢, 97
dr t=0

SAR s the specific absorption rate in W/kg;

is the rms value of the electric field strength in the tissue medium in V/m;

is the electrical conductivity of the tissue medium in S/m;

is the mass density of the tissue medium in kg/m3;

Ch is the specific heat capacity of the tissue medium in J/(kg K);

dr
dr t=0

4 Symbols and abbreviations

4.1 Physical quantities

The internationally accepted Sl units are used througheut'this document.

is the initial time derivative of temperature in the tissue medium ip'K/s.

Symbiol Quantity Unit Dimensiops
C, Specific heat capacity joule per kilogram per kelvin JI(kg K)
E Electric field strength volt per metre V/m
f Frequency hertz Hz
J Current density ampere per square metre A/m?2
P Average (temporal) absorbed power watt w
T Temperature kelvin K
& Permittivity farad per metre F/m
A Wavelength metre m
o Electricteanductivity siemens per metre S/m
NOTE |n this document, temperature is quantified in degrees Celsius, as defined by: 7 (°C) = T (K) — 273,{15.

4.2 Constants

Symbol Physical constant Magnitude
o Intrinsic impedance of free space 120m Q or 377 Q

& Permittivity of free space 8,854 x 1072 F/m
Ko Permeability of free space 471 x 1077 H/m

4.3 Abbreviations

BR
DUT
RF

rms

basic restriction
device under test
radio frequency

root mean square
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RSS
Ccw
SAR
psSAR
WPT
EV

root sum square
continuous wave

specific absorption rate
peak spatial-average SAR
wireless power transfer

electric vehicle

5 Overview of WPT systems

5.1 General

Clausel 5 describes an overview of WPT systems, which include WPT techng
applicdtions and frequency ranges reported by ITU-R [1]1. WPT systems using fre

range

5.2 WPT systems whose frequency range is less than 100 kHz

a) Ma
Ind
co
wit
For

the
tha

ver 10 MHz are described in Annex A.

jnetic induction WPT systems for home appliances

ictive power sources (transmitters) may stand alone or be integrated into the
nter tops or dining tables. These transmitters could combine the WPT to an ap
conventional inductive heating.

logies,
uency

Kitchen
bliance

the home appliance application, the power level is{usually up to several kilowafts, and

load may be motor-driven or heating type (Figure\1). Future products will suppo

inv

Considering the high power usage in the home, frequencies in the order of tens of K
preferred to restrict electromagnetic exposure to human bodies. And high reliable g
sugh as Insulated Gate Bipolar Transistors (IGBTs) are usually used and these ¢
are|working in the 10 kHz to 100 kHz\frequency range.

Theg product applied in the kitchen needs to meet the safety and electromagne
(EMF) requirements and it is, a-key issue that transmitter should be the light and sm
to fit the kitchen in additionte being low cost. The distance between the transmit

the

The
tot

h 2 kW power and some new design proposal for cordless kitchen appliances i
stigated.

receiver is intended to be less than 10 cm.

following picturesishow examples of wireless power kitchen appliances that wi
he market soon-

't more
5 being

Hz are
evices
evices

c field
Il size
er and

| come

Tightly coupled mixer Tightly coupled rice cooker

IEC

Figure 1 — Wireless power kitchen appliances [1]

WPT systems have already integrated into the product lines of semiconductor and LCD
panel; the following pictures show examples (Figure 2).

1 Numbers in square brackets refer to the Bibliography.
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(WPT overhead shutter of (WPT overhead transmission
1.CD product line) of Semiconductor product liney

Concept of wireless hybrid kitchen

Category A
Power consumption: 10 W to 100 W

Category B
Power consumption: 100 W to 2,4 k'

Category C
Induction hob (IH) compatible

»IH saucepan

<

émart phone
(10 W)

Wireless speaker
(20 W to 30 W)

Kettle
(1 kW to 2,4 kW)

Notebook / Portable TV Blender
(30 W to 100 W) (100 W to 1 kW)

(WPT kitchen island of apartment)

Figure 2 — Use cases of the LCD and semiconductor product lines and
kitchen WPT systems [1]

pnetic induction WPT systems for electric vehicles

including plug-in hybrid EV (PHEV) though there are several types of WPT m

WPET for E\. _and PHE\V. caontains both inductive fylnn and mngnnfi(‘ resonanc

pnetic field wireless power transmission (MF-WPT) is one of the focus pdg
ndardization discussion such as IEC PT 61980 and SAE J2954TF regarding W

IEC

ints in
PT for
pthods.

e type.

Electric power can be transmitted from the primary coil to the secondary coil efficiently via
magnetic field by using resonance between the coil and the capacitor.

Expected passenger vehicle applications assume the following aspects:

1)

2)
3)

4)

WPT application: Electric power transmission from electric outlet at a residence
public electric service to EVs and PHEVs.

WPT usage scene: at residential, apartment, public parking, etc.

and/or

Electricity use in vehicles: All electric systems such as charging batteries, computers,

air conditioners, etc.

Examples of WPT usage scene. An example for passenger vehicles is shown in

Figure 3.

WPT method: A WPT system for EV/IPHEV has at least two coils (Figure 3). One is in
the primary device and the other is in the secondary device. The electric power will be

transmitted from primary device to secondary device through magnetic flux/field.
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6) Device location (Coil location):

i) primary device: on ground or/and in ground;

ii) secondary device: lower surface of vehicle.
7) Air gap between primary and secondary coils: less than 30 cm.
8) Transmission power class example: 3 kW, 6 kW, and 20 kW.

9) Safety: primary device can start power transmission only if secondary device is located
in the proper area for WPT. Primary device needs to stop transmission if it is difficult to
maintain safe transmission.

L _t'f e _ Wirelegs communication for control
T [ § <

~E R
ZZ_ T EIA_J

LF

Power

su&
o/

2

-

Acin

N
Capacitor J:.'"‘n Secondary coil ’\

0 Qi )
ﬂ .r- Magnetic field & \
- h g
-.-:,-' — Secondary coil
o . .
“Primary coil \ a4 —— Primary coil
Sl <

) o faa—— Simulationvegult of magnetic field around WPT gystem |

IEC

Figure 3 — Example of aWPT system for EV/IPHEV [1]

In ¢rder to run heavy duty vehicles such as an electrical bus, the infrastructure| of the
system is to embed electric strips‘in roadbeds that magnetically transmit energy to hattery-
powered vehicles above. The"'bus can move along the electrical strips without any
stopping for charging its (power, known as on-line electric vehicle (OLEV) (Figure 4).
Furthermore, the bus can be charged at stopping condition in bus stop or bus garage. The
online bus at an amusement park or at the city is the first system operated in the form of
EV [for heavy duty yehicles in the world.
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IEC
Figure 4 — Example of an online electric'vehicle [1]
Thg design of magnetic field from transmitting cojl to receiving coil is the key ih WPT
system design for maximum power and efficiency.

Firgt, the magnetic field should be in resonance by using resonant transmitting and
receiving coils to have high power and efficiéncy.

Segond, the magnetic field shape should be controlled, by using magnetic material such
as ferrite core, to have minimum magnetic resistance in the path of the magnetic fipld, for
lowgr leakage magnetic field and higher transmission power.

It i called shaped magnetic field“in'resonance (SMFIR) (Figure 5).

C)\\ Cap ac1t01

Core

\o@

Power line (@) (@)

J

y

i
Shaped magnetic field resonance

Magnetic flux B [EEESEIEN Y Gener ated
Amperes law (travels through air) (mdu ction) voltage

IEC
Figure 5 — Technical characteristics of an online electric vehicle [1]

Table 1 summarizes application, technology, and specification of WPT systems at frequency
less than 100 kHz.
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Table 1 - Summary of application, technology and specification
of WPT systems whose frequency range is less than 100 kHz.

Parameter/Category

Magnetic induction
for home appliances

Magnetic resonance

and/or induction for

electric passenger
vehicles

Magnetic induction
for heavy duty vehicles

Application types

Home appliances,
office equipment (incl.
higher power
applications)

EV charging in parking
(Static)

On-line electric vehicle
(OLEV) (EV charging while in
motion including
stopping/parking)

EV charging in parking for
bus

Techndlogy principle

Magnetic induction

Magnetic resonance and/or
induction

Magnetic induction

Frequehcy ranges
under dgonsideration

Japan:

20,05 kHz to 38 kHz,
42 kHz to 58 kHz,
62 kHz to 100 kHz

Global:
84,5 kHz to 85,5 kHz, or
81,38 kHz to 90,00 kHz

81,38 kHz to 90 kHz
(SAE J2954 TIR)

Frequehcy ranges
assigng¢d nationally

Japan:
79 kHz to 90 kHz

Europe:
81,38 kHz to 90,00 kH2

Korea:
19 kHz to 21 kHz,
59 kHz to 61 kHz

Sweden:
19 kHz to 21 kHz

Power fange Japan: Japan: Korea:
Several watts to 3,3 kW and 7,7 kW; Classes L )
1,5 kW are assumadhfor passenger | — Minimum power: 73 kW
vehicle — Maximum power: 80 kW
Worldwide: - Air gap: 20 cm
3,3kW (WPT1),
H7kW (WPT2) and — Time and cost saving
11 kW (WPT3
( ) Sweden:
—  Minimum power: 100 kW
— Maximum power: 200 kW
— Airgap: 3cmto5dm
Power [ransfer 0 to 19.cm 10 cm to 25 cm 20 cm (typical)
distance
Advantpge = Increased power Higher power transmission — Increased power
- efficiency transmission efficighcy
— Flexibility for
placement and — Maximized air gap
distance of
receiving end — Reduced audible ngise
_  Transmitter can — Effective shield dedign
supply power for — Time and cost saving
several receivers
within a wide range
simultaneously.
5.3 WPT systems whose frequency range is from 100 kHz to 10 MHz

a) Magnetic induction WPT systems for portable and mobile devices

The WPT by magnetic inductance is a well-known technology, applied for a very long time
in transformers where primary and secondary coils are inductively coupled, e.g. by the use
of a shared magnetic permeable core (Figure 6). Inductive power transmission through the
air with primary and secondary coils physically separated is also a known technology for
more than a century, also known as Tightly Coupled WPT. A feature of this technology is
that the efficiency of the power transmission drops if the distance through the air is larger
than the coil diameter and if the coils are not aligned within the offset distance. The
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efficiency of the power transmission depends on the coupling factor (k) between the
inductors and their quality (Q). This technology can achieve higher efficiency than
magnetic resonance method. This technology has been commercialized for charging of
smart phones. With a coil array, this technology also offers flexibility in the receiver coil
location of the transmitter.

(Base station Mobile device

Transmitter Receiver N

.IleII:rnl |a—| Cmfnn. | ||‘|J\” i%:\:\:a'rg: ! |ﬁ| | Cormm. |..—| Cbnf-ol If

ackscatter modulation l

b) Ma

The
the
Ma
200
thrdg

[ Fysten

I - 1
I FOWCL CUITVET STUI FOWCT 1'0“6] CONVET S1OI r
| J L - -
" J
Transmitter Receiver
Modulation
""" o~ e
< Load ! i
" . - ! r %
F !
# Power i
!J. Il

IEC

Figure 6 — Example magnetic induction WPT 'system block diagram [1]

Jnetic resonance WPT systems for portablécahd mobile devices

WPT by magnetic resonance is also_,known as loosely coupled WPT (Figure
bretical basis of this magnetic resonance method was first developed in 2
sachusetts Institute of Technologyy,and their theories were validated experimer
7 [2]. The method uses a coil and capacitor as a resonator, transmitting electrio
ugh the electromagnetic resonance between transmitter coil and receiv

(). The
D05 by
tally in
power
er - coil

(mggnetic resonant coupling). By matching the resonance frequency of both coils with high
Q factor, electric power can\be' transmitted over a long distance where magnetic cpupling
betiveen two coils is low. The magnetic resonance WPT can transmit electric power|{over a
range of up to several metres.
Thig technology also offers flexibility in the receiver coil location of the transmissipn coil.
Pralctical technicalhdetails can be found in many technical papers, for example, thosk in [2]
and [3].
Rx resonator Power recerving unit (PRU)
B = Client
Rectifier LC to DT device
|—— ——1 load
t i MCU and
out-band |Mk————————— F=
144444 Re sonant signalling |pjdirectional :
couplmg ¢ ommunication |
VY VIvy @O SMEZ @ I Ghizband | |
i
N |
hatching Power Power |
| | crcuit armp supply :
] t MCUad ooy § i
Tx resonator 5?;;5?;; [ o ==

Power transmittmg unit (PTU)

IEC

Figure 7 — Example magnetic resonance WPT system block diagram [1]

c) Capacitive coupling WPT systems for portable and mobile devices
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The capacitive coupling WPT system has two sets of electrodes, and does not use coils as
magnetic type of WPT systems. Power is transmitted via an induction field generated by
coupling the two sets of electrodes. The capacitive coupling system has some merits as
follows. Figures 8 and 9 show system block diagram and typical structure, respectively.

1) Capacitive coupling system provides horizontal position freedom with an easy-to-use

charging system for end customers.

2) Very thin (less than 0,2 mm) electrode can be used between transmitter and receiver in

the system, and hence suitable for integration into slim mobile devices.

3) No heat generation in the wireless power transmission area. This means the
temperature does not rise in the wireless power transmission area, which protects the

battery from heating even when the unit is placed nearby.

4) [The emission level of the electric field is low because of the structure of itste
system. The electric field is emitted from electrodes for power transmission:

Table [2 summarizes application, technology and specification of WPT_ systems
frequemcy range is from 100 kHz to 10 MHz.

Ac adaptor

DC 1111_»11r1

Overvoltage
protection

7
P\'I'Ixﬂ I'IBI'II Electrode
Controller
-onirolfer Power tran strssion
9 e
PO /j’/ - Receiver module
Inverter | S Up M M I Down Rectifying
(arrp lifier) = transformer ul Q tran sformer circuit
— N( g /
Transnussion module \ /j'/
\ Voltage
regulator
DC output
Electrode
Target device
IEC

Figure 8 ' Capacitive coupling WPT system block diagram [1]

Mobile device

bupling

whose

Battery
GND electrode
e e e Wireless charger
-
Electrodes for : .
power transmissionl Trangmission
module
I ______________ |
Electricfield
GND clectrode
IEC

Figure 9 — Typical structure of the capacitive coupling system [1]
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Table 2 —- WPT systems whose frequency range is from 100 kHz to 10 MHz

IEC TR 62905:2018 © IEC 2018

Parameter/Category

Magnetic
induction
for portable and
mobile devices

Magnetic resonance for
portable and mobile
devices

Capacitive coupling for
portable and mobile

devices

Application types

Mobile devices,
tablets, note-PCs

Mobile devices, tablets,
note-PCs, IT devices

Portable devices, table
note-PCs

ts,

Technology principle

Resonant magnetic
induction

High magnetic resonance

WPT via electric field

Frequency ranges under
consideration

Global:
110 kHz to 205 kHz

Global:
6 765 kHz to 6 795 kHz

Frequehcy ranges Korea: Japan, Korea: Japan:

assigngd nationally 100 kHz to 205 kHz | 6 765 kHz to 6 795 kHz 425 kHz to 524 KHz
Power fange under 5Wto15W Japan: Japan:
considgration Several watts to 100 W Up to 100(W,

Power fransfer distance 0to1cm 0to 30 cm 0 to d~em

Advantpge Global harmonized — Global spectrum High efficiency (70 % tp
spectrum availability possible 85 %)
Higher power — Flexibility for placements | — No heat generation|at the
transmission and distance of electrode
efficiency receiving end o
— Low emission level
— Transmitter¢€an supply . "
power for/8everal — Horizontal position
receivers within a wide freedom
range, simultaneously.
6 Basic assessment methods
6.1 General
Clause| 6 provides basic assessment methods considering both direct (6.2) and indire¢t (6.3)
effects| of electromagnetic fields for WPT systems. The direct effect deals with ipduced
electriq field and/or SAR%and the indirect effect deals with contact current. Interrjational

exposuyre guidelines are described in Annex B. Assessment methods for those quantitjes are

differemt. More detailed™ explanation of the methods and case studies are described in
Annex [C and Annex.D, respectively. Numerical and experimental studies with respect to
exposyre assessmient of WPT are presented in Annex E.

6.2 BasiC assessment methods considering direct effect

6.2.1 L General

Subclause 6.2 provides basic assessment methods considering direct effect of

electromagnetic fields [4-7]. Evaluations are made either against basic restrictions or against
derived reference levels. In the international guidelines, different limits of basic restrictions
and reference levels are defined for thermal and stimulus effects. There are four steps as
described in 6.2.2 to 6.2.5 to assess the WPT exposure and demonstrate compliance with the
basic restrictions and/or reference levels. Any of the four steps suitable for the exposure
situation can be used. The evaluation based on transmit power or current (6.2.2) is the
easiest way to confirm compliance and the compliance against reference levels by evaluating
incident fields (6.2.3) is the next; however those methods are rather more conservative than
the compliance against basic restrictions. The compliance against basic restrictions by
evaluating induced E-field and/or SAR (6.2.5) represents practical exposure without additional
evaluations. There is another method for the compliance directly against basic restrictions by
evaluation of incident fields (6.2.4).
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There is an important issue with respect to medical implants. It was reported that
electromagnetic fields in the body might be enhanced around medical implants when expose
to electromagnetic field emitted by a source. According to [8] electromagnetic fields used for
WPT generate a 1 °C temperature increase in the tissue around medical implants at levels
even when the field is below the exposure limits at frequencies below 10 MHz. The factor
considered in enhancement by medical implant is proposed in Annex F. IEC TC 106 invited
ICNIRP and IEEE/ICES to provide their opinions and IEC TC 106 had conference call with
IEC TC 62, ISO/TC 105, and Association for the advancement of Medical Instrumentation
(AAMI) to discuss the issues. As a result the liaisons with |IEC TC 62/SC 62A, SC 62C,
SC 62D, ISO/TC 150/SC 6, and IEC TC 77 are important for IEC TC 106 to exchange
information [9].

6.2.2 Evaluation based on transmit power or current

The maximum permissible transmit power or current of WPT can be defined as nebto gxceed
basic restrictions. The concept of evaluation procedure is described in detail inr.Clause C.1.

6.2.3 Evaluation of incident fields against reference levels

Both incident electric and magnetic field strengths are measured ,or{Calculated at a [certain
distande including the closest distance and in all directions where'DUT may operafe near
persong. For the uniform field, the measured or calculated values of electric and magnetic
fields are simply compared to the reference level. In the case."of non-uniform field such as
from the WPT systems, the measured or calculated field values may be spatially averaged
over the exposed regions of the body, with the important.proviso that the basic restrictipns for
local §AR and internal electric field are not exceeded/ The spatial averaging may [not be
practical if only a very small portion of a body region is exposed to the DUT. Undgr such
circumstances, maximum peak field needs to be¢considered. Usage of the spatial avqraging

and its| precise method needs to be defined for, each product standard. Either the geak or
spatially averaged field strength is compared to the applicable reference levels to de
compliance.

ermine

The aspessment method is described(n detail in Clause C.2.

6.2.4 Evaluation of incident fields against basic restrictions
6.2.4.1 General

The reference levels of‘electromagnetic field are established based on the maximum ipduced
quantitjes in the human body exposed to the uniform electromagnetic fields. Therefgre, the
evaluated results-considering reference levels may be too conservative for localized eXposure
from ap EMF source such as WPT systems.

6.2.4.2 Coupling factor method

IEC 62311 [10] and IEC 62233 [11] introduce a coupling factor for magnetic field evaluation
so as to consider non-uniformity of the field close to the EMF source. From the definition of
the coupling factor, it is possible to evaluate the value of the coupling factor by numerical
simulation with the ratio of induced quantities and incident magnetic field [12-13].

For a specific condition of frequency, field distribution, distance to human body, etc., a
conservative value of the coupling factor can be derived numerically.

Using the coupling factor value determined for a certain kind of WPT systems, the incident
magnetic field strength can be multiplied by the coupling factor and compared to the reference
levels directly. The assessment method is described in detail in Clause C.3.
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The following criteria need to be considered in order to apply coupling factor.
— Induced quantities such as internal electric field or SAR caused by incident electric field
are negligible compared to those by incident magnetic field.

— The whole-body average SAR is negligible compared to respective limits and contribution
of the localized average SAR or the internal electric field is dominant.

— Evaluation conditions such as frequency, field distribution, distance to human body, etc.,
need to be comparable to those used in derivation of the coupling factor.

6.2.4.3 Generic gradient source model

The generic is a method to mitigate over-estimation by
incident magnetic field assessment in strong field gradients that are common in the widinity of
WPT systems.

The mg¢thod is based on the following quantities of the incident magnetic field:

— frequency;

— B-field amplitude (B,,,) and the local max B-field gradient per meétre (B, , A — By 7+p)/

2A K Bx,y,z) of the field at any point in free space.

Based|on the above parameter [14] provides transformatiefi” matrices to conseryatively
estimate the induced electric field, current density and the Aabsorbed power, allowing|to test
against basic restrictions for all international guidelines.

— ICNIRP 1998:

e |10 g peak spatial-average SAR;

e [current density averaged over 1 cm?2.
— ICNIRP 2010:

e |[E-field in a 2 x 2 x 2 mm3 cube.
— |IEHE C95.1-2005:

e |10 g peak spatial average SAR;

o |E-field along a straight-line of 5 mm.

The asgessment method is described in detail in Clause C.4.

6.2.5 Evaluation\of induced E-field and SAR against basic restrictions

6.2.5.1 Measurement

ande-measured using a small probe ina I|qU|d -filled phantom model of the humgn body,
;e an be
directly compared with basic restrlctlons The evaluatlon and valldatlon procedure is
described in IEC 62209-2:2010, whose frequency range is 30 MHz to 6 GHz [15]. IEC TC 106
is expanding the lower frequency limit to 4 MHz. The assessment method is described in

detail in C.5.1.

6.2.5.2 Calculation

Induced electric field or SAR can be calculated by numerical simulation using anatomical
human model, analytical method and so forth to be compared with basic restrictions. Validity
of the simulation model and methodology need to be validated prior to evaluation. The
assessment method by numerical simulation is only described in detail in C.5.2.
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6.2.6 Assessment procedure

Figure 10 is a flowchart of assessment procedure. There are four steps including (6.2.2) to
(6.2.5) in case of the direct effect exposed to WPT products. The step which is the most
suitable for products and the exposure situation can be used.

START

Power, current
Frequency
Other condition

6.3

Or 6.2.2 Evaluation based on Passed
transmit power or current

Not Passed

Or 6.2.3 Evaluation of incident _Passed
fields against reference levels

Not Passed Comp iant

Or 6.2.4 Evaluation of incident Passed
fields against basic restrictions
NotPassed

Or 6.2.5 Evaluation®@f induced E-field | passed
and SAR against basic restrictions

Not Passed

Not compliant
IEC

Figure 10 — Flowechart of assessment procedure considering the direct effect

Basic asseéssment method considering indirect effect

Subclapse -6:3 provides basic assessment methods considering indirect effpct of
electromagnetic fields. Contact current is the only indirect effect considered in this dogument
and infernational guidelines. Contact current flows into a biological body via a contacting
electrode or other source of current.

Evaluation of contact current can be assessed either by incident electromagnetic fields or
direct measurement.

In regard to compliance by incident electromagnetic fields, the following considerations both
need to be applied.

Incident electric field level to prevent adverse indirect effects of contact current (shocks
and burns) is shown in guidelines [5].

Incident magnetic field level to prevent adverse indirect effects of contact current can be
calculated by current induced in the loop formed with grounded metal and human body
with Formula (1).
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(1)

Contact currents can also be directly measured by a contact current meter with ungrounded or
grounded metal object placed in the vicinity of the WPT systems. Figure 11 shows exposure

situatign

Figure
measu
assess
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oot

AS fnr ||nr|rr\||nr~|ar~| onH arounded -metal obiects
t Hgrouhae grouHaee—Hetaro0b186t5-

Currents by touching to grounded metal

12 is a flowchart of assessment procedure. Details of measurement conditions,
ement setup, etc., for contact current are under investigation within IEC TC 106. The
Iment method is described in detail in Clause C.6.

‘I ! . m Clds

urrents by touching to ungrounded metal

IEC

Figure 11 — Two exposure situations;for ungrounded and grounded metal objects
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Figure 12 — Flowchart of assessment procedures for indirect effects
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Annex A
(informative)

WPT systems whose frequency range is over 10 MHz

WPT system operating at the frequency over 10 MHz is also under development, although the

method for exposure assessment is not discussed in this document.

WPT system operating at the frequency over 10 MHz is classified as a non-coupled WPT
whose energy is radiated from the transmitter and in which there is no effect from change of
parameters of the transmitter/receiver to those of the receiver/transmitter. It is also named as

WPT vja radio frequency. Typical electromagnetically coupled WPT is an inductive~c
WPT, capacitive coupling WPT, and a resonance coupling WPT and its frequeg
generally lower than 10 MHz. Number of transmitters and receivers in the nonscouple
system| are free from circuit parameters of the transmitters and the receivers{-Main th
the WIPT via radio frequency in free space is based on Friis’ transmission formul
radiate[d power of the electromagnetic wave is propagated not only in space but also
dimendional waveguide (called ‘sheet’) and in waveguide (called ‘pipe’). Microwa
millimetre wave are often used for the non-coupled WPT system [16]. But frequency
not important in the classification of coupled and non-coupled WPT. There is a resear
development of the coupled WPT at microwave frequency in<which dielectric resong
2,45 GHz are used as a transmitter and a receiver [17]. Theinoh-coupled WPT is hist
called [a MPT (Microwave Power Transfer/Transmission), @ WPT via radio frequeng
‘beam-type’ WPT whose word is mainly used in ITU (International Telecommunication U

The present development of the WPT via radio freguency beam owes to William Br
1960s |in US using microwave technology devéloped during the World War Il [1
transmjtted the microwave power from a trapsmitter to a receiver (point-to-point) w

pupling
ncy is
d WPT
pory of
a. The
in two-
e and
tself is
ch and
tors at
prically
y, and
nion).

own in
8]. He
ith the

overall| (DC-microwave-DC) efficiency of 54, %"in his laboratory [19]. In the 1960s, the main

stream| of R&D of the WPT via radio frequency was beam-type WPT whose radiated
from thie transmitter was concentrated to\one receiver. In 1980s, Hiroshi Matsumoto’s g
Kyoto WUniversity in Japan advanced.thie MPT toward a Solar Power Satellite (SPS) app
and al$o toward the other commercial application of the MPT to battery-less sensor
mobile|phone, to an electrical vehicle, and in pipe in building [20][21]. After a revolutior
resonapce WPT by MIT in 2006, not only the coupled WPT but also the WPT vi
frequency arises again toproduce various commercial WPT applications. In the twe
centurqy, the R&D of the \WWPT via radio frequency is not only beam-type WPT but also
to mulfi-users with distributed weak electromagnetic wave like RF-ID, WPT in sheet
pipe, apd an energysharvesting from broadcasting waves.

Applicdtions of the WPT via radio frequency beam are classified in the WPT systg
follows|(Table"A.1):

power
foup at
ication
5, to a
of the

radio
ty-first
a WPT
and in

ms as

a) wideg"beam to multi-users at short range;

b) WPT in closed area;

c) narrow beam to single user at short/long range.

In Japan, the two-dimensional (2D) WPT system, which is one of WPT application in

closed

area, has been standardized in ARIB (Association of Radio Industries and Business) as ARIB

STD-T113 [22]. Frequency is 2,498 GHz + 1 MHz and its power is below 30 W.
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Table A.1 — Classification of WPT applications

ID Application a) Wide beam to b) WPT in closed c) Narrow beam to single
multi-users at short area user at short/long range
range
al Wireless powered o
sensor network
a2 Wireless charger of 5
mobile devices
b1 Wireless power transfer o
sheet
b2 Wireless power
provided in a pipe
b3 Wireless power
buildings o
Supported by MPT
c1 WPT to moving/flying o
target
c2 Point-to-point WPT o
c3 Wireless charging for o
electric vehicles
c4 Solar power satellite o
The frgquency bands for the WPT via radio frequengy;> which have already been used|in field
WPT experiments and in R&D of the WPT, are shown in Table A.2. These frequency| bands
are in |[SM band (Industrial, Scientific and Medical'band) in the world. Only 900 MHz band is
in ISM|band in Region 2 which covers the Americas including Greenland, and some| of the
eastern Pacific Islands.
Table A.2 — Charagteristics of beam WPT applications
Type ID Applications Frequency band Condition Distance Rower
. 915 MHz band, Indoor,
at | Yoreless powers | 5,45 GHz bana. Sovera meres o | <jow
a 5,8 GHz band Outdoor
a2 Wire_less charger of 2.45 GHz band Indoor Several metres to | _ ow
mobile.devices dozens of metres
§ ; Several metres
b1 Wiretess power 2,498 GHz + 1 MHz In shielded <dow
transfer sheet sheet (in sheet)
Wireless power 2,45 GHz band, In shielded 1mto 100 m
b b2 ided i ; 5'8 GHz band ; <50wW
provided in a pipe , z ban pipe (in pipe)
Wireless power 1 m to 100
b3 | buildings 2,45 GHz band, In shielded m to m 50 W to
5,8 GHz band pipe underfloor (in pipe) 5 kW
Supported by MPT
WPT to moving flying | 2,45 GHz band, 50 W to
c1 target 5.8 GHz band Outdoor 100 m to 20 km 1 MW
. . 2,45 GHz band, 100 W to
c2 | Point-to-point WPT 58 GHz band Outdoor 1 mto 20 km 1 MW
c
. . 100 kW
c3 W|re|e_ss ch_arglng for | 2,45 GHz band, Parking place 04mtolm to
electric vehicle 5,8 GHz band
500 kW
c4 | Solar power satellite | TBD Space to 36 000 km 1,3 GW
ground
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Annex B
(informative)

International exposure guidelines

B.1 ICNIRP guidelines

ICNIRP (International Commission on Non-lonizing Radiation Protection) guidelines are one
of the most widely accepted protection guidelines for human body exposure to

electromagnetic fields. The guideline was first published in 1998 (ICNIRP1998) [4], and
partiall ; ; ; ferer ervous
system| effect. In the frequency range from 100 kHz to 10 MHz, both guidelines need to be
consid¢red depending on exposure conditions.
In ICNJRP guidelines, basic restriction is defined based on the establishédy"health gffects.
ICNIRR1998 employs induced current density, specific absorption rate and-power derjsity as
the metric for basic restrictions. On the other hand, ICNIRP2010 replaces)the induced furrent
density with an internal electric field (in situ electric field) as a metric<of the basic resfriction.
Table B.1 and Table B.2 show the basic restrictions of ICNIRP1998 and ICNIRP2010.
Table B.1 — Basic restrictions up to 10 GHz of ICNIRP1998
Type of Frequency range Current Whole-body Localized Localized
explosure density for average SAR | SAR for head SAR for
head and and trunk limbs
trunk
(mA/m?) (W/kg) (W/kg) (W/kg)
(rms)
Occupdtional Up to 1 Hz 40 - - -
exposufe
1 Hzto4 Hz 4011 - - -
4 Hz to 1 kHz 10 - - -
1 kHz to 100 kHz 1100 - - -
100 kHz to 10 MHz £1100 0,4 10 20
10 MHz to%t0. GHz 0,4
Genergl public Up tod HZ 8 - - -
exposufe
1Hz2t0 4 Hz 8/f - - -
4.Hz to 1 kHz 2 - - -
1 kHz to 100 kHz #1500 - - N
100 kHz to 10 MHz 11500 0,08 2 4
ot tot0-Giz 0708 2 %

f is the frequency in Hz.

Current density is averaged over a cross-section of 1 cm?2.

Localized SAR averaging mass is any 10 g of contiguous tissues.
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Type of exposure Target parts Frequency range Internal electric field
(V/m)
Occupational exposure CNS tissue of the head 1 Hz to 10Hz 0,5/f
10 Hz to 25 Hz 0,05
25 Hz to 400 Hz 2 x 1073
400 Hz to 3 kHz 0,8
3 kHz to 10 MHz 2,7 x 1074
All tissues of head and 1 Hz to 3 kHz 0,8
body TRFz to 70 MHz 7107
Genergl public exposure CNS tissue of the head 1 Hz to 10 Hz 0,1/f
10 Hz to 25 Hz 0,01
25 Hz to 1000 Hz 0,4 x 1053
1000 Hz to 3 kHz 0,4
3 kHz to 10 MHz 1,35 x 10747
All tissues of head and 1 Hz to 3 kHz 0,4
body 3 kHz to 10 MHz 1,35 x 10°4f
fis fhe frequency in Hz.
All values are rms.
Reference levels are provided for comparison withimeasured value of physical quantitigs such
as incifdent electromagnetic fields. They are given for the condition of maximum coupling of
the fie|d to the exposed individual. Table B.3 and Table B.4 show the reference Igvel of
ICNIRR1998 and ICNIRP2010, respectively-
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Table B.3 — Reference levels for electric and magnetic
fields (unperturbed rms values) of ICNIRP1998

Type of exposure Frequency range Electric field strength Magnetic flux density
(V/m) (uT)

Occupational Up to 1 Hz 2 x 10°
exposure 1 Hz to 8 Hz 20000 2 x 1052

8 Hz to 25 Hz 20000 2,5 x 10%/f

0,025 kHz to 0,82 kHz 500/f 25/f

0,82 kHz to 65 kHz 610 30,7

0,065 MHz to 1 MHz 610 2,0/f

1 MHz to 10 MHz 610/f 2,0/f

10 MHz to 400 MHz 61 0,2

400 MHz to 2000 MHz 3712 0,01/12

2 GHz to 300 GHz 137 0,45
Generdl public Up to 1 Hz 4.x 10*
exposure 1 Hz to 8 Hz 10000 4 x 10472

8 Hz to 25 Hz 10000 5000/f

0,025 kHz to 0,8 kHz 250/f 51f

0,8 kHz to 3 kHz 250/f 6,25

3 kHz to 150 kHz 87 6,25

0,15 MHz to 1 MHz 87 0,92/f

1 MHz to 10 MHz 84/1"2 0,92/f

10 MHz to 400 MHz 28 0,092

400 MHz to 2000 MHz 1,375/12 0,004 612

2 GHz to 300 GHz 61 0,20
f as ipdicated in the frequency range column.

Table B:4 - Reference levels for electric and magnetic
fields (unperturbed rms values) of ICNIRP2010
Type|of exposure Frequency range Electric field strength Magnetic flux dehsity
(kV/m) ()

Occupdtional 1 Hzto 8 Hz 20 0,2/1?
exposure 8 Hz to 25 Hz 20 2,5 x 10°2/f

25 Hz to 300 Hz 5 x 10%/f 0,001

300 Hz to 3 kHz 5 x 10%/f 0,3/f

3 kHz to 10 MHz 0,17 0,0001
General public 1 Hz to 8 Hz 5 4 x 10722
exposure 8 Hz to 25 Hz 5 5 x 1031

25 Hz to 50 Hz 5 0,0002

50 Hz to 400 Hz 2,5 x 102/ 0,0002

400 Hz to 3 kHz 2,5 x 102/f 0,08/f

3 kHz to 10 MHz 0,083 0,000027

f is the frequency in Hz.
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Reference levels for contact current are also given in ICNIRP guidelines to avoid shock and
burn hazards. The point contact reference levels are presented in Table B.5.

Table B.5 — Reference levels for contact currents of ICNIRP1998 and ICNIRP2010

B.2

IEEE
Electro

standafd for low frequency is C95.6 “IEEE Standard for Safety Levels With Respect to

Exposy

frequemcy is C95.1 “IEEE Standard for Safety Levels with Respect to Human Expo

Radio

In IEEL
establi
fields,
basic n
summa

Type of exposure Frequency range Maximum contact
current (mA)
General public Up to 2,5 kHz 0,5
exposure 2.5 kHz to 100 kHz 0,2f
100 kHz to 110 MHz 20
Occupational Up to 2.5 kHz 1.0
exposure 2.5 kHz to 100 kHz 0,4f
100 kHz to 110 MHz 40
f is the frequency in kHz.

IEEE standards

(Institute of Electrical
magnetic Safety has two standards, in which their border frequency is 3 kk

re to Electromagnetic Fields, 0-3 kHz” issued in\,2002 [6] and the standard f

Frequency Electromagnetic Fields, 3 kHz to 380 GHz” revised in 2005 [7].

E standards, similar to ICNIRP guidelin€s; basic restrictions are defined based
Ehed health effects. Maximum permissible exposure (MPE) is also defined for
magnetic fields, derived from the-pasic restrictions. Table B.6 and Table B.7 sh
estrictions of IEEE C95.6 and IEEE C95.1. MPEs for electric and magnetic fie
rized in Tables B.8 to B.10.

Table B.6 — Basic restrictions up to 5 MHz of IEEE C95.6 and IEEE C95.1

and Electronics Engineers).\dnternational Commitfee on

z; the
Human
br high
bure to

on the
blectric
ow the
ds are

E,
/e _
Exposéd parts € (V/m-rms)
(Hz) General public Controlled
environment

Brain 20 5,89 x 103 1,77 x 102
Heart 167 0,943 0,943
Hands, wrists, legs, 3350 2,10 2,10
ankles
Other tissue 3350 0,701 2,10

From Table B.6, internal electric field is calculated as follows:

If frequency f'< f, then E; = Ey; if frequency > f, then E; = Eq (f If,)-

The magnetic field 10 Hz or less is limited to 167 mT and 500 mT for general public and

control

led environment, respectively.
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Table B.7 — Basic restrictions between 100 kHz and 3 GHz of IEEE C95.1

SAR
Type of exposure Exposed parts (Wikg)
Action level Controlled
environment

Whole-body exposure Whole-body 0,08 0,4
average

Localized exposure Localized 2 10

(peak spatial-

average)

Localized exposure Extremities and 4 20
pinnae

Table B.8 — Magnetic field MPE up to 5 MHz of IEEE C95.1 and IEEE C95.6

Exposed parts Frequency B
(Hz) (mT-rms)
General public Controlled
environment
< 0,153 118 353
0,153 to 20 18,1/f 54,3/f
Head and body 20 to 759 0,904 2,71
759 to 3350 687/f 2061/f
3350 to 5 x 10° 0,205 0,615
< 10,7 353 353
Arms or legs 10,7 to3350 3790/f 3790/f
33500 5 x 10° 1,13 1,13
f is expressed in kHz.
Table B.9 - Electric field MPE for whole-body exposure up
to 100 kHz of IEEE C95.1 and IEEE C95.6
General public Controlled environment
Frequency E Frequency E
(Hz) (V/m-rms) (Hz) (V/m-rms)
1to 368 5000 1to 272 20000
368 to 3000 1,84 x 108/f 272 to 3000 5,44 x 108/f
3000 to 100000 614 3000 to 100000 1842

f is expressed in Hz.
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Table B.10 — MPE for electric and magnetic field over 100 kHz
for whole-body exposure of IEEE C95.1 and IEEE C95.6

Type of exposure Frequency range Electric field strength Magnetic field strength

(MHz) (V/m) (A/m)
Controlled 0,1t0 1,0 1842 16,3/f
environment 1,0 to 30 1842/f 16,311
30 to 100 61,4 16,3/f
100 to 300 61,4 0,163
Generglpublic 01to 134 844 16.3/£
1,34 t0 3 823,8/f 16,34
3 to 30 823,8/f 16,38/f

30 to 100 27,5 158,3/71.668
100 to 400 27,5 0,0729

f is expressed in MHz.

MPE fdr contact current are also shown in Table B.11.

Table B.11 — Contact current MPE of IEEE.C95.1 and IEEE C95.6

Condition Frequency range Contact current
(mA)
General public Controlled
environment
grasp Up to 2,5 kHz - 6,0
3 kHz to 100 kHz - 1,00/
100 kHz o410 MHz - 100
touch Up fo'2,5 kHz 0,50 1,5
3 kHz to 100 kHz 0,167f 0,51
100 kHz to 110 MHz 16,7 50

f is the frequency in kHz.



https://iecnorm.com/api/?name=6f35efa588cfadcf67f2e40742ee0a77

IEC TR 62905:2018 © IEC 2018

CcA

— 33 -

Annex C
(informative)

Assessment methods

Exclusion based on transmit power or current

In case that the thermal effect is dominant or the restriction by internal electric field is
relatively small compared to that by SAR, maximum transmit power P, of the equipment can
be calculated to determine compliance with the basic restriction for SAR as follows:

Finax = SARmax xm (C.1)
where
SARJx  is basic restriction of local SAR;
m is average mass.
The P, is called “possible exclusion power level”. Table C.1 shiows examples of exposure
standafds and their basic restrictions of SAR. Table C.2 shows the calculated ppssible
exclusipn power level regarding local SAR.
Table C.1 — Basic restrictions regarding SAR (unit is W/kg)
Expostyire standard Exposure Frequency Whole-body Local SAR? Local BAR?
environment average SAR .
(head/body) (extremities)
ICNIRH guideline Occupational 100 kHz 0,4 10 2
(1998 \ersion) [4] exposure o
Public exposure 10.GHz 0,08 2 4
IEEE (95.1 Controlled 0,4 4 2
(1999 \Jersion) [23] | environment 100 kHz
to
Uncontrolled 6 GHz 0,08 1,6 4
environment
IEEE (95.1 Controlted 0,4 10 2
100 kH ’
(2005 \ersion) [7] envifonment to z
Action Level 3 GHz 0,08 2 4
8 Thg values arel.10 g average SAR, except under the uncontrolled environment for head/bpdy of
IEEE 95.1(1999,version) that is based on 1 g average SAR.
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Table C.2 — Possible exclusion power level regarding local SAR

Basic limits of SAR (basic restrictions) Possible exclusion Note
- power level
SAR value [W/kg] Mass of tissue to [mW]
average [g]
1,6 1 1,6 IEEE95.1(1999 version)
Head/Body
2 20 ICNIRP/IEEE(2005 version)
Head/Body
4 40
10 'lU 100 Cu\.upatiullq: U}\VUDUIU
Head/Body
20 200 Occupational exposure
Extremities

In the pase of frequency lower than 10 MHz, it is also possible to,.de€fine maximum transmit
power pr current considering internal electric fields and SAR. For-a known geometry and loop

currenfs, the induced field levels and SAR can be calculated analytically [24].

C.2 |Measurement of incident electromagnetic fields

C.21 Equipment for electric field measurement

The elgctric field strength can be measured by ap, antenna that has sensitivity to electrif fields

exclusively (e.g. small dipoles) connected sto" the calibrated measurement equipmgnt. In

general, measurement equipment used farithe electric field is divided into broadbapd and

narrowpand measurement systems. In.both cases, the equipment consists of a’Lntenna
i

(includ|ng power feeding section), measurement part, and data recording and process
Following is the system characteristics’and selection method.

a)

b)

c)

g unit.

The broadband system uses.dipole antennas. The size is small enough to ensure @iniform
ser]sitivity at each frequency. To ensure isotropy, generally three antennas 4re set
perpendicular to one another and each signal or combined signal is extracted. This ftype of
antenna is suitable toyhear field electromagnetic field of complicated distribution. Altypical
mepsurement equipment is a broadband isotropic electric field strength meter dgsigned
for| radio wave \protection. The other systems may consist of waveform observation
eqyipment sdch'as diode detector and oscilloscope.

The narrow-band system is tuned to each target frequency. The measurement pystem
generallyyhas broad measurement frequencies, high receiving sensitivity and quitg short
response. It is thus suitable even for pulsed waves or multiple sources. However, [for the
pul it i g ; target
frequency range is broader than the passband width of the measurement system.
A biconical antenna is often used, which has broadband characteristic. However, it is thus
suitable for far field region only because the size of the antenna is not electrically small.
A three-axis orthogonal small dipole is suitable for near field measurement.

For electromagnetic environmental assessment, a broadband isotropic electric field
strength meter is preferentially used unless the equipment cannot measure properly and is
replaced by another method.

When selecting measurement system, the required performance, measurable frequencies,
and electromagnetic field strength range need to be considered.

C.2.2 Equipment for magnetic field measurement

With magnetic field measurement sensor system for low frequency range of several 100 kHz
and less, search coil systems are often used: hall element, flux gate type, magnetic
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resistance method, magnetic oscillation method, quantum interference method (SQUID) and
so forth. In general, the search coil system is used for measuring environmental magnetic
field. Magnetic field measurement principle based on the search coil system measures
induced voltage associated with time change variation of the magnitude of magnetic flux
interlinked to search coil. Induced voltage is calculated according to Formula (C.2). All the
quantities are in phasor forms.

V =—jwNBS (C.2)
where
¥V is induced voltage;
w is @ngular frequency (= 2my);
N is number of turns;
B is magnetic flux density (vertical to the coil surface);
S is cross-section area of interlinkage magnetic flux;

To gain sufficient sensitivity, the area and winding number is increased-as well as enhancing
magnetic flux density by using ferromagnetic material to the core of coil. The signal is
procesged to gain flat frequency characteristics by integrator, in)subsequent stage |as the
output js proportional to the frequency.

Magnetic field measurement equipment is divided into-ohe- and three-axis-sensor types in
which three antennas are set perpendicular to one anether. IEC 61786-1 [25] reconimends
using the three-axis type. The magnetic field of three-axis component given in Formula (C.3)
applied.

Br =82 + B2 + B2 (C.3)

where
By, By, and B, are effective magnetic flux density for three-orthogonal axis.

Three-axis magnetic field measurement equipment has an advantage that can exhibit|the Bg
in spitg of the direction of measuring equipment. However, the equipment with one sengor that
has waveform output function can be used for identifying the frequency component of
magnefic field, arrival(direction, and so forth.

c.2.3 Measurément method

In principle; the measurement is conducted in the space without human. In genernal, the
human| existing position against the WPT cannot be determined completely. In thaj case,

typ|Ca| measurement pncifinn needs to be selected

When the measurement antenna comes close to source, metallic and/or highly insulated
objects, capacitive couplings with them may occur, resulting in the impedance change. In
addition, large antennas may cause electromagnetic field disturbance and averaging of the
field over the antenna area. These measurement errors cannot be ignored. The measured
value is based on time average or maximum instantaneous value based on the circumstance
of the target electromagnetic field. Thus, the measured value needs to be properly processed
to compare with the guidelines.

Following are additional things to be considered.

a) Time average: Squared effective value of electric or magnetic field strength over time is
evaluated for time average value.
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b) Multiple frequency evaluation: If incident wave consists of multiple frequency components
of non-negligible level for guideline, the electromagnetic field strength of each component
is measured to calculate the ratio against guideline. The sum of squares of the ratio
against guidelines for incident electric and magnetic fields needs to be less than or equal
to 1 for thermal effects. For stimulus effects, the sum of the ratio against guidelines for
incident electric and magnetic fields needs to be less than or equal to 1.

IEC 61786-1:2013 [25] and IEC 61786-2:2014 [26] describe electromagnetic field basics,
measurement method and requirements of the measurement equipment. Also IEC 62233 [11]
and IEC 62311 [10] define electromagnetic field measurement based on guideline conformity
assessment.

usage |of equipment. IEC 62311 [10] defines it as “user’s usual position”. IEC 62283 [11]
defined the measurement position in detail for household appliances and simjlar)apparatus
including inductive battery chargers.

These [nternational Standards define measurement position based on the size and ;Eegular

C.3 [Coupling factor

Reference levels are determined based on the condition ~of *maximum coupling of
electromagnetic fields to an exposed individual, as in the case-of uniform exposufe of a
standirlg human body. In many situations of localized exposutessuch as at the vicinity ¢f WPT
systemls, the evaluations are too conservative when the maximum or spatial average Jjalue is
compafred to the reference levels of EMF. In such case, @ coupling factor can be applied to
evaluation as a corrective method for the non-uniformjty“of fields.

The cdupling factor was originally introduced for*€xposure assessment in low frequericies in
IEC 62B11 [10] and IEC 62233 [11]. In IEC 62314, coupling factor i is defined as the fatio of
maximym values of induced current density (Jiy;,) to incident magnetic flux density (B,Ly)-

ks =1

max

/B (C.4)

C max
IEC 62B11 introduced the procedure to estimate the factor &, from the measured gradient of
magnetic field and the equivalent source (coil) size. The measured magnetic field sfrength
multiplled by the factor k. can.be compared to the basic restriction directly.

In IEC 62233, the coupling factor a, is defined by product of the factor k. and ratio of ipcident
magnetic flux density (reference level) to induced current density (basic restrictjon) in
guidelipes.

X Bllm _ Jmax/Bmax (C5)

ag = ke

where B),, and Jj, is the basic limit for magnetic flux density and induced current,
respectively. The measured magnetic field strength, multiplied by the coupling factor 4., can
be compared to the reference level directly.

Instead of estimating the coupling factor k. or a, by the measured gradient of magnetic field,
the coupling factor can be numerically derived by incident magnetic field and induced current
density from Formula (C.5). If the typical value of the coupling factor is defined for certain
kind of the WPT product, the compliance assessment can be done by comparing the
multiplied value of measured magnetic field strength and coupling factor 4. to the reference
level of magnetic field strength.

The concept of the compliance using coupling factor a; is expanded to internal electric field
and local SAR [12,13].
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E T H, ;
ot = max_sim / {Imax_ sim (C.6)
Ejim ! Hiim

SARmax_ sim /Hmax_ sim

ago = (C.7)
VSAR(im / Him

where

Ejim is the basic limit for internal electric field strength;

SAR|in—is-the basic limit for local SAR;

Hiim is the basic limit for the magnetic field strength.

E;, and Hj, depend on frequency. The coupling factor a, is multiplied by the measured
magnetic fields to consider the effects of field non-uniformity. In other words,~compliance to
basic festrictions (internal electric field strength or local SAR) are.then assesged by
compafing the multiplied value to the reference level of magnetic fields anly”

Following criteria need to be considered in order to use coupling factor.
— Indpced quantities such as internal electric field or SAR,caused by incident electiic field
are|negligible compared to those by incident magnetic field:

— Thg whole-body average SAR is negligible compared\to respective limits and contgibution
of the local average SAR or the internal electric field is dominant.

— Ev3gluation condition such as frequency, field distribution, distance to human body, etc.,
neqd to be considered equivalent to the condition used in derivation of the coupling ffactor.

C.4 |Generic gradient source model

The ggneric gradient source model (GGSM) [14] is a method to mitigate over-estimation by
incident field assessment in strong field gradients that are common in the vicinity qf WPT
systems.

The mgthod is based on the following quantities of the incident field:

— frequency

— B-field amplitude: (B;,c) at x,y,z and the local max B-field gradient G, per| metre
(Byly,z-n = Bxiyiz+n) 28 x B, , ) of the field at any point in free space

An eqyivalent.source model, consisting in a two-line magnetic field source, is built based on
the abgve parameters [14] and is used to mimic a whole-body gradient B-field exposurne. This
analys ; . ) ; ; ;

quantities, allowing to test against basic restrictions for all international safety guidelines. The
transformation matrices for representative frequencies field gradients have been pre-
computed and are summarized in Tables C.3 to C.6 below. Each element of the
transformation matrix kgggm(Gpifi) represents the maximum induced quantity for an exposure
to an incident B-field of amplitude of 1 T (tesla) and gradient G,;; at the human body surface at
the frequency f;.

To test compliance with basic restriction, the local peak magnetic field amplitude and local
gradient generated by the WPT system are measured by a gradient field probe, which
simultaneously measures the generated magnetic field amplitude (B, easureq) @nd gradient
(Gn measureq) @t any closest accessible location around the source. The induced electric field,
current density and SAR can then be determined by the specific transformation matrix
(Tables C.3 to C.6) through Formulas (C.8) to (C.10):
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Epeak = kGGSM,E(Gn,measuredxfi) X Bmeasured

Jpeak = kGGSM,J(Gn,measured’fi) X Bmeasured

SAR = kGGSM,SAR(Gn,measuredxfi) X Bmeasured2

(C.8)

(C.9)

(C.10)

is the element of the matrix k(G, ) for the induced electric field E

(V/m/T), current density (A/cm2/T) or SAR (W/kg/T2) estimation, for
the measured gradient G and the working frequency of the WPT

SOUTCE,
Bpeasuled is the local magnetic field measured by the field gradient probe;
Epeak is the estimated peak induced electric field;
Jpeak is the estimated peak induced current density;
Gn measured is the local, normalized field gradient in T/m/T measured by the field
gradient probe.
Table C.3 — Coupling transformation matrix to estimate
induced E-field for compliance with ICNIRP 2010
ICNIRP 2010 kgogy g(V/mIT)
Spurce
freuency Gy (THVT)
0 6 13 80 231
1P kHz 1,1x10° 4,8x 104 3x10* 5,2x103 7x1p2
140 kHz 1,1%108 4,8x10° 3x10° 4x10* 8,1x 103
1| MHz 1,2%107 4,9x108 2,2x 108 4,4x10° 9,410
4 MHz 4,7%x107 2x 107 1,2%x 107 2x10° 3,9%x10°
Table C.4 — Coupling transformation matrix to estimate induced
current density for compliance with ICNIRP 1998
ICNIRP 1998 kg gy ; (A/MIT)
Spurce
frequency G, (TIm/T)
0 6 13 80 234
1p kHz 1,07 x 108 7,20 x 102 4,96 x 102 1,23 %102 3,31 x[10"
100 kHz 1,16 x 104 7,73%x10° 5,44 x 103 1,38x 103 3,68 x 102
1 MHz 1,26 x 10° 9,14 x 10* 6,47 x 10* 1,85% 10* 4,57 x 108
4 MHz 6,54 x 10° 4,50 x 10% 3,27 x10° 9,00 x 10* 2,22 x 10*
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Table C.5 — Coupling transformation matrix to estimate
induced E-field for compliance with IEEE 2005

IEEE 2005
Source kggsm g (VIM/T)
f
requency 6. (i)
° ° 13 80 235
10 kHz 9,5x 104 4,1x104 2.6% 104 5.2 % 10° %107
100 kHz 9,5x10° 4,1%x10° 2,6 x 105 3,6 x 104 1% 10°
| M 9.7x10° 4,2x10° 2,6 x10° 4,7x10° 1,2% [0°
4 MHz 4x107 1,7 %107 1,1%x107 2.2x 106 Doxfos
Tabje C.6 — Coupling transformation matrix to estimate SAR (pSAR{yg and wbSAR)
for compliance with ICNIRP 1998 and IEEE 2005
kgesm,sar (Wikg/T?): PSSAR,,,
Source
flequency G, (TIm/T)
: ® \d 80 285
100 kHz 4,39 x 108 7,64 x 105 3,96 x 105 2.06% 10% 121 103
1 MHz 6,23 x 108 1,04 x 108 4,00 107 274 x 106 1,58k 105
4 MHz 1,18 x 1010 1,96%10° 7.58 % 108 5.32 x 107 2,00k 10°
kgasm,sar (W/kg/T?): wbSAR
Source
filequency G, (TIm/T)
- ® 13 80 25
100 kHz 2,74 10° 6.53 % 10 3,08 10¢ 1 24 %107 5 00k 10
1 MHz 3,54 x 107 8,32x 106 4,00 % 108 2,06 x 105 7 47k 103
4 MHz 6,47 x 108 1,25 x 108 7,30 x 107 3,77 x 108 133k 105

As an example of application of the GGSM, a gradient field probe is used to determine the
compliance of a WPT system at 100 kHz. During the test the probe has been swept over all
accessible locations. The measured peak E-field was found of 30 V/m, the measured peak
B field of 70 uT and the peak measured gradient G,,¢a5ureq Was found of 80 T/m/T. Therefore,
considering the reference levels established by ICNIRP 1998, E  ..sureq iS Well within the
limits (i.e. 87 V/Im at 100 kHz), while B casureq i more than ten times larger than reference
levels (i.e. 6,25 pT at 100 kHz). According to Formula (C.9) and Table C.4 the estimated
Jpeak = kcasm g(80 T/m/T, 100 kHz) x B easured = (1,38 x 103) x (70 x 106) = 97 mA/mZ2.
herefore, although the measured B-field exceeds the reference levels, J ., is significantly
lower than ICNIRP 1998 basic restrictions for general public at 100 kHz, i.e. of 200 mA/mZ2.
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C.5 Induced E-field or SAR

C.5.1 Measurement

Clause 5 describes the procedure for measurement of induced E-field or peak spatial-average
SAR for 1g or 10g in phantom model that simulates a human body exposed to
electromagnetic field generated by the WPT systems. Using an isotropic electric field probe,
the local SAR inside an irradiated body model can be determined. By moving the probe in a
part of the body phantom, the SAR distribution and partial-body averaged SAR values can be
determined. A measurement system for SAR is composed of a phantom, electric field probe
and a scanning system.

The physical characteristics of the phantom model (size, shape, electrical propertier, etc.)
need t¢ simulate the human exposed condition by the WPT system. Phantom mogdels quch as

the elliptic phantom defined in IEC 62209-2 [15] or a rectangular phantom is used. Materials
of the phantom model have dielectric property similar to human. At a frequency lowér than
10 MHg, electrical properties of the material are dominantly affected by conductivity| of the
materigl [27]. For the materials, the liquid defined in IEC 62209-2 maybe used (Table C.7).
Cl solution having an appropriate conductivity may also be~used (Table C.§). The
ship between conductivity and concentration of the NaCl solution can be found in the

The N
relatior]
referen

Dielect

ce [28].

ric properties resulting conservative value needs to be-jnvestigated in the future.

Tablg C.7 — Dielectric properties of the tissue equivalent liquid defined in IEC 62R09-2

Frequency Real part of the complex Conductivity, o
(MHz) relative permittivity, &/ (S/m)
4 56 0,75
6 56 0,75
30 55 0,75
NOTE Dielectric properties at 4 MHz and 6 MHz are under investigation within
IEC TC 106.

Table C.8 — Dielectric properties of the tissue equivalent NaCl solution

Frequency Real part of the complex Conductivity, o
relative permittivity, &
{MHz) (S/m)

NaCi concentration = 0,04 mol/l

4 78 0,41

& Z8 041

30 78 0,41
NaCl concentration = 0,074 mol/l

4 77 0,75

6 77 0,75

30 77 0,75
NaCl concentration = 0,154 mol/l (physiological saline)

4 76 1,54

6 76 1,54

30 76 1,54
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The measurement equipment is calibrated as a complete system in each tissue-equivalent
liquid at the appropriate operating frequency and temperature.

DUT is placed close to the liquid phantom considering the typical usage position.

To assess the localized SAR in certain volume such as 1g or 10 g for mobile handset,
IEC 62209-2 defines procedure as follows.

a) Measure the SAR distribution within the phantom along the inside surface of the phantom
(area scan procedure) [29].
b) From the scanned SAR distribution identify the position of maximum SAR value, as well as

th HH £ | | H e O AN l Y o Im] £ 4+l + l
e MPUSTUUTNTIS UT dily TOLaAl TTITdATTTITA WILIT OATN varutc WILTnT <UD UT TS TTITAATITTUTIT vartucl.

c) Mepsure SAR with a grid step of 8 mm or less in a volume with a minimum sizé\of [30 mm
culje (zoom scan procedure).

Similarfmeasurement procedure can be used for the WPT system.
Reference loop antenna is proposed to IEC TC 106 to validate SAR meastdrement systgm.

A simp|]e and stable source that can be easily tuned to operate at specific frequency bgtween
4 MHz|and 40 MHz is a magnetic loop antenna represented{by three turns of wife that
resonafe with series capacitor at the required frequency. The‘90 mm diameter three-tufn loop
antennp is supported by a hollow cylindrical dielectric core support that allows positioning of
the loop parallel to the flat phantom at a distance of a féwymillimetres from its surface. |n such
position the loop wire leads are extended 60 mm away and normal to the phantom surface
and via series capacitor can be fed directly with<eoaxial cable. The design of thoge lead
extensjons and the dielectric support core are sueh that they allow an RF current sepsor to
clamp pround one of the leads to provide real~ime current monitoring and control durjng the
system| check SAR measurements. The capacitor value is adjusted for the reference antenna
to resgnate at the specified frequency. lt-is' recommended to use a tunable capacitor|to fine
tune the resonant frequency and to maximize the current in the loop while reducing the
maximym power rating of the RF saurce feeding this antenna. It is also recommended to
connedt the RF source through ashigh power 6 dB or more attenuator to decouple the loop
antennp from the power amplifier.

Positioning such source afithe bottom of the phantom is convenient and SAR induced in the
phantom is stable and easily reproducible. The numerically derived SAR target values for this
refererlce antenna are_provided scaled to the specific RF current level. The power delivered to
the anfenna is adjusted until this required reference current is established in the Ipop as
measufed by the(RF current sensor as described above [30].

C.5.2 Calculation

In genéral _numerical simulation can bhe used to evaluate the induced quantities in alhuman
body.

Table C.9 shows the human body models and source models. Table C.10 shows the
computational methods for exposure evaluation in IEC 62311:2007, Annex C [10]
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Table C.9 — Human models and source models

Classification

Model/ name of projects

Note

Anatomical model
(realistic model)

The Visible Human Project

United States National Library of Medicine

MEET Man Karlsruher Institut fir Technologie, Germany
Hugo Viewtec, Switzerland
Norman National Radiological Protection Board, U.K.

University of Utah

University of Utah

University of Victoria

University of Victoria, Canada

Brooks Air Force Base

Brooks Air Force Base, U S A

Average Japanese male and female
human models

National Institute of Information and
Communications Technology, Japan

Korean human model

Electronics and Telecommunications
Research Institute, Repuhlic.of Korea

Simplifled model

Spheroids

(spherical model)

Model size
Body : 600 mm x,300"mm
Head : 300 mm %200 mm

Cuboids

(cuboid model)

Model size

0,4mx04mx18m(xxyxz)

Homogeneous and simple-shaped
human body model (Uniform human
body model)

/|
)
|

\
|\
L)

! "
S IEQ

il

Source|model

Straight Wire

Circular/Rectangular coil

Applied to a simple exposure amount
evaluation

Equivalent source model

Measure the magnetic flux density
around the equipment and convert that

tothe nqlli\/:lnnf combination-of

Applied to a detailed and non-uniform
exposure calculation

magnetic dipoles arranged on the
surface of equipment
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Table C.10 — Computational methods

Calculation method

Note

BEM (Boundary Element Method)

Full-wave computation

FDFD (

Finite Difference Frequency Domain)

Full-wave computation

FDTD (

Finite Difference Time Domain)

Full-wave computation

FEM (F

inite Element Method)

Full-wave computation

FIT (Finite Integration Technique)

Full-wave computation

MoM (Method of Moments)

Full-wave computation

SPFD

o Cdlal Fotential Finite plrerence)

WUasI-stalliC approximation computation

IP (Imp

edance Method)

Quasi-static approximation computation

The in
mentio

hed models and calculation methods.

duced electric field or SAR in a human body can be calculatedBy using

Currently, there are standardizations on numerical simulation of SAR‘uysing anatomical

modeld.

numeri

cal simulation methods (Table C.11).

Table C.11 — SAR evaluation method based on‘numerical simulation

above

human

IEC and IEEE are in the process of establishing international standardizafion for

IEC/IEEE standard Contents Currgnt
statys
Scope Calculation method
62704-1]|[31] Requirement for numerical | FDTD¢(Finite Difference Time Domain) IS
code
62704-2|[32] Car mount antenna EBTD IS
62704-3[[33] Mobile phone FDTD IS
62704-4|[34] Requirement for numerical | FEM (Finite-Element Method) First CD
code
C.6 |[Contact current
C.6.1 Equipment
An impledance (circuit equivalent to human body, which has frequency dependency, is used for
the mepsurement of contact current. Figure C.1 shows the frequency characteristics of jhuman
body impedahce of an adult male [35]. An equivalent circuit of IEC 60990 (Figure CJ2) that
simulafes.a human body is also shown [36].
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S A
o 1x104
o
[
S
qé- \ Adult male
sssses |[EC circuit
1 x 103
-...“
_'{I.'
x 102 L . o
1x 101 1 x 102 1 x 103 1 x 104 1 x 105 1 x 108 1ox 107 1x10
Frequency (Hz
IEC
Figure C.1 — Frequency characteristics of impedance
of adult male and IEC equivalent circuit
Cs 022 uF
|1
11
o— -— o
2™ 1500
IEC
Figure C.2 — IEC equivalent circuit
Figure |C.3 shows configuration of contact current meter. The contact terminal is made of
metal. |If the target pGint of contact part is painted, attach 10 cm x 20 cm metal fgil to it
accord|ng to IEC 60990 [36] to simulate a hand palm contact. Metal board with the eqyivalent
size of|foot is usedas the ground electrode. The contact current is measured from the purrent
flowing| through the equivalent circuit of human inside the meter.

Contact terminal

Equivalent
circuit

|
Ground electrode
IEC

Figure C.3 — Example of contact current measurement equipment
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C.6.2

Measurements

It is important to secure measurer’s safety. Also bear in mind following.

e Select measurement system properly.

e Avoid electromagnetic field disturbances caused by the measurer and measurement
systems as much as possible.

e Environmental condition (temperature, humidity, vibration, electromagnetic field, etc.) may
affect measurement equipment.

Use calibrated measurement system. Regular calibration based on the aging and frequency of

use an

a) Me
1)
2)

SO Tortn Is recommended.

asurement methods using ungrounded metal board
Place a ground electrode where human may stand.

Place an ungrounded metal board larger than 1,2 m x 1,2 m at-the location

the actual usage since the contact current tends to become<higher as metal
come closer to the WPT system. Find the maximum condition of contact
because the metal board position (height) and direction)may change the
current strength.

[Touch the contact terminal to the metal board where_human may touch. Find 4
indicated value. Find the maximum value if there.is(a dependency to the touch g

bsurement methods using grounded metal board
Place ground electrode where human may stand.

Place a grounded metal board at the _loCation where metal objects may exist
actual usage condition. Choose the ‘closest position in the actual usage sin
contact current tends to become higher as metal objects come closer to th
system. Find the maximum paosition of contact current because the metal
position (height) and direction may change the contact current strength.

Touch the contact terminal\on the metal board where human may touch. The
current becomes larger-according to the magnitude of the interlinkage magnetic
a loop created by grounded metal board and human body. The size of rectangul
approximately 1,5_m, (height) x 0,5 m (width) can be used to evaluate the

current. Find arrangement of the loop which gives maximum contact current valde.

where

metal objects may exist in the actual usage condition. Choose the/closest posfition in

bbjects
current
contact

stable
osition.

in the
ce the
. WPT
board

contact
flux to
ar loop
contact



https://iecnorm.com/api/?name=6f35efa588cfadcf67f2e40742ee0a77

- 46 - IEC TR 62905:2018 © IEC 2018

Annex D
(informative)

Case studies

D.1 WPT system for EV

D.1.1 General

Clause D.1 shows the case study for WPT system for EV at frequency less than 100 kHz. This
case stuey—refe s c-649801 2045 RBH-Arrex—G—EME—protectionfrom—elestre i
field” that defines the measurement area and points. The results of assessment‘a
providgd.

The cape studies shown here consider only ICNIRP 2010 [5], which is referrédyin Annex B.

An asgessment method of WPT system for EV applied the procedure which is descrjbed in
main RQody of this document and Annex C. The assessment proce€dure of Clause|D.1 is
descrijed with measurements as an example and exposure assessment can be dome with
numerical simulation with the similar manner. There are four,steps as described in 6.2.1
through 6.2.4 to assess the WPT exposure and demonstrate compliance with thg basic
restrictions and/or reference levels and any of the four stéps can be selected for the most
suitable exposure situation.

()

The cdmpliance to the guideline for both the electri¢ -field and the magnetic field need to be
confirmed as the system is under near-field exposure condition where wave impedancg is not
1207 (§ 377 Q). However, for the WPT system~fer EV using frequency less than 100 kHz, the
human| safety for direct effect can be confirmed by solely using the magnetic field sfrength
since the induced quantities caused by in¢ident electric field is negligible compared wjth that
by incident magnetic field [38]. For the compliance of the WPT system for EV, ipcident
magnejic field may be compared to.¢he reference level of magnetic field. According|to the
ICNIRR guidelines, spatial average_value of magnetic field occupied by human body fnay be
used fqr compliance [5].

For exposure scenario, th&aWPT system transmits power from a transmitting coil instTIIed in
the patking area to a reteiving coil installed in a parked vehicle. This case study appljed the
following situation and scenario as a public exposure case. A human stands in the vidinity of
the veljicle body where the misaligned WPT with a maximum power.

In the literature-J39], exposures of many human postures were also discussed and simulated,
but Clgquse(D,q covers only the standing posture human as a public exposure case scenario to
harmonize’with another existing standard such as AC power systems [40].

For the standing posture case, a good correlation between the spatial average value of the
magnetic field strength over a volume where a human model exists and the induced electric
field is observed [41]. If the averaged value of magnetic field is below the reference level of
magnetic field, induced electric field complies to the basic restriction with enough margins.
Three points of magnetic field spatially averaged at heights of 0,5 m, 1,0 m, 1,5 m above
ground at the distance 20 cm far from vehicle are higher than spatially averaged value over a
human volume [41].

There are possibilities of existence of metal objects such as adjacent automobiles in the
parking area where the charging place is. In such situations, reference level of contact current
is applied in order to consider indirect effects. Compliance against the contact currents can be
assessed either by incident electromagnetic fields or by direct measurement of contact
currents.
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For the contact current caused by the electric field, the reference level of electric field for
general public exposure prevents the effect of contact current for more than 90 % of exposed

individuals [5].

omitted if the incident electric field does not exceed the reference level.

The direct assessment of contact current with ungrounded metal can be

For the contact current caused by the magnetic field, the magnetic field not to exceed
reference level of contact current can be calculated by Faraday’s law assuming the human
impedance and size of the current loop with Formula (1). The direct assessment of contact
current with grounded metal can be omitted if the incident magnetic field does not exceed the

calcula

ted magnetic field.

NOTE If the WPT system and/or its installed vehicle has the electrically conductive surface which can be directly

touched
need to

D.1.2

The gu
than 1(

IEC 61

e Are
Seq
undg

e Are

e Ar¢
Are

e Are

Areas
assess|
guideli

In orde

Part 1:
Part 2
Part 3

:|Assessment of incident H-fields inside the vehicle (Area 4)

:|Assessment.of incident E-fields and contact current around the vehicle (Area 3)

by passengers or general public during charging, other standards such as IEC 60990 [36] for touc
be considered. This document does not include measurement procedure for such cases.

Assessment procedures for WPT system for EV

idelines for stimulus effects are applicable to the WPT system for E\Jrat frequen
0 kHz.

080-1 [37] defines four areas of protection shown in Figure D."\

ondary coils. The area reserved for operation of the device and unexposed to th
er normal operating conditions.

a 2: Transition area. The section between Areal (area of operation) and Area 3

a 3: Area surrounding the vehicle. Public areais the side, front and rear of the \
a around the chassis silhouette of the vehicle.

a 4: Vehicle interior (vehicle cabin).

3 and 4 are both accessible 162 public and vehicle passengers. Therefor

hes of ICNIRP 2010 [5].

r to confirm compliance of WPT systems for EV, three-part evaluation is introdug

Assessment of incident H-fields around the vehicle (Area 3)

current

cy less

a 1: Area of operation. The space formed by the outline of the primary and the

e user

ehicle.

e, this

ment procedure covers only Areas 3 and 4 to assess compliance to public exposure

ed.

4“‘4@ 1

| Area 1: Area of operation

iArea 2: Transition area

iArea 3: Area surrounding the vehicle
@ :Area 4: Vehicle interior

@ // @
i

IEC

Figure D.1 — Example for areas of protection, for ground mounted systems [37]
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Primary device

1 1
1 1
1 1
1 1
1 1
1 1
1 1
1 1
! 2. Secondary device !
13. EV |
1 1
1 4. Virtual area f6r scanning the worst case |
' position '
1 1
1'5. Probe (P) '
T\ |
IEC
Figure D.2 — Area 3 measurement position [37]
| Key |
la. Travel range forward/backward, '
! centre position !
1b. Travel range in height, i
' centre position '
L — e e e |
Centre ———————————e—————— -
| Key |
1a. Centre position of headrest '
- 1b. Centre position of backrest !
1 g 1
1 c. Centre position of seat i
= Centre ! !
Centre Centre IEC

Figure D.3 — Area 4 measurement position [37]

a) Part 1 assessment of incident H-fields of Area 3

The assessment procedure is summarized in Figure D.4. The maximum magnetic field
strength in the Area 3 is measured at 20 cm from the charging automobile using the WPT
system and compared to the reference level. If it exceeds the reference level, it is possible
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to use spatially averaged value in the area occupied by human body or the averaged
magnetic field strength measured at the height of 0,5 m, 1 m and 1,5 m above the ground.
If the averaged magnetic field strength exceeds the reference level, proceed to the next
evaluation using coupling factor if it is applicable.

Following criteria need to be considered in order to use coupling factor.

— Induced quantities such as internal electric field caused by incident electric field is
negligible compared to that by incident magnetic field.

— Evaluation condition such as frequency, field distribution, distance to human body, etc.,
need to be considered equivalent to the condition used in derivation of the coupling
factor.

used to consider the condition of human body standing in the vicinity of vehiclte acgording
to the analysis results in [13]. If it exceeds the reference level, proceed|to tHe next
evdluation against basic restrictions.

Theg uncertainty of the measurement needs to be evaluated. Table D-P summarizes the
pogsible factors of uncertainty [42-44]. ¢; is the sensitivity coefficient\and & is the coverage
factor.

A list of possible parameters of variation caused by the exposure systems are:

— |variation of incident field (i.e. gradient);

— [|variation of frequency;

— |variation of geometry of WPT source (size of the{coils, shape, alignment);

— |variation of position of WPT system below the\EV;

— |variation of size of EV;

— [|variation of the H-field over shape of human body due to the size and posture.

If the induced electric field or currentidensity is acquired by numerical dosimefry, the
undertainty in numerical dosimetry should also be evaluated. Table D.2 summarizes the
possible factors of uncertainty.

Pogsible parameters of variation-caused by anatomical human models are:
— [differences in size/weight'as a function of age within the exposure population;
— |[differences of anatomy (age, weight, sex);
— |[differences of posture.
b) Paft 2 assessmentof incident H-fields of Area 4

Theg assessment procedure is summarized in Figure D.5. The maximum magnetic field
strgngth in‘Area 4 is measured during charging. The magnetic fields at driver’s sgat and
the|closest seat to primary coil are measured and compared to the reference levgl. The
propelcentre is positioned at 10 cm above the surface of the seat and headregt. It is
possible to 1ise spatially averaged valiie In that case the spatial averaged magnetic field
strength can be calculated based on the average of three values measured at a, b and ¢ in
Figure D.3.

The uncertainty of the measurement needs to be evaluated. Table D.3 summarizes the
possible factor of uncertainty. For probe uncertainty refer to items 1 to 15 in Table D.1.

A list of possible parameters of variation caused by the exposure systems are:
— variation of incident field (i.e. gradient);

— variation of frequency;

— variation of geometry of WPT source (size of the coils, shape, alignment);
— variation of position of WPT system below the EV;

— variation of size of EV;

— variation of size of seats (detection of points a, b, ¢);
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human model, posture.

If the induced electric field or current density is acquired by numerical dosimetry, the
uncertainty in numerical dosimetry also needs to be evaluated. Table D.2 summarizes the

pos

sible factors of uncertainty.

Possible parameters of variation caused by anatomical human models are:

differences in size/weight as a function of age within the exposure population;
differences of anatomy (age, weight, sex);

differences of posture.

Part 3 assessment of incident E-fields and contact current
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ulated by Formula (1) in 6.3, the contact current of the grounded metal is me
the measurement of contact current with grounded metal object, the fetal

value
sured.
object

ds to be oriented in the direction where maximum contact current is -acquirgd. The
angular loop size of approximately 1,5 m (height) x 0,5 m (width) ¢an be dsed to

luate contact current.

r that, the contact current of ungrounded metal is measured.Af the measured

E-field

s not exceed the reference level, the contact current of ungrounded metal gan be

tted.

compared to the reference level. It is possible to use\spatially averaged value
B occupied by human body or the averaged elecitric field strength measured
ght of 0,5 m, 1 m and 1,5 m above the ground. [ it ‘exceeds the reference level

alled at 20 cm from charging automobile.~Fhe contact current is compared

Llause C.6 for the basic requirement of contact current.

e electric field strength is not measured, direct evaluation of contact current nI
done with ungrounded metal- object, which is installed at 20 cm from c

ic requirement of cantact current.

uncertainty of the’measurement needs to be evaluated. Table D.4 summariz

Id sensitivity in element 10.

electric field strength is measured at 20 cm from the‘vehicle using the WPT pystem

in the
at the
direct

ev1luation of contact current needs to be done_with ungrounded metal object, which is

to the

rence level. The metal object needs to be oriented in the direction where mgximum
contact current is acquired. The area size ¢6fmetal object is 1,2 m x 1,2 m or largern.

Refer

eds to
arging

bmobile. The contact current is"compared to the reference level of contact current. The
al object needs to be oriented in the direction where maximum contact cufdrent is
uired. The size of metal object is 1,2 m x 1,2 m or larger. Refer to Clause C.6|for the

es the

possible factor of uncertainty. For incident E-field measurements the same componeénts as
%ble D.1 apply. Parasitic H-field sensitivity needs to be evaluated instead of parasitic
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Part 1: Incident H assessment around the vehicle of WPT

Select nominal position or offset conditions in order to
measure the worst case.

A maximum current condition of primary coil should be
measured

Scan with the field-probe according to IEC 62233 (100
cm? coil area) over the complete surface of an
imaginary vertical plane which is located in 20 cm
distance (centre) and parallel fo each of the four sides
of the vehicle.

aximum value
Confirm to be lower than the
reference level of magnetic
field

Not exceed

Averaging value of the height of 0,5, 1,0, 1,5 m in
vertical axis containing maximum value

veraged value
Confirm to be lower than the
reference level of magnetic
field

Notexceed

Exceed

Apply the coupling factor 0,15 for ICNIRP2010 assessment

aximum valug (nultiplied b Not exceed
coupling factéraef 0,15
Confirm to-be lower than the
eference\level of magnetic

field

Exceed

Calculation ¢fithe induced electric field or current density with
humerical’himan model

Not exceed

Evaluation against basic
restrictions

r

Not comply Go to Part 2

IEC
Figure D.4 — Assessment flow of Part 1


https://iecnorm.com/api/?name=6f35efa588cfadcf67f2e40742ee0a77

-52 - IEC TR 62905:2018 © IEC 2018

Table D.1 — Uncertainty of H-field measurements for WPT systems in Area 3

Item Uncertainty source Tolerance Distribution Divisor ¢ Standard
(dB) uncertainty
(dB)
Probe uncertainty
1 Amplitude calibration uncertainty norm 1 1
2 Gradient calibration uncertainty norm 1 1
3 Probe anisotropy rect V3 1
4 Probe dynamic linearity rect \3 1
5 Probe frequency domain rect V3 1
response
6 Modulation response rect V3 1
7 Spatial averaging rect V3 1
8 Gradient uncertainty rect \3 1
9 Gradient detection uncertainty rect 43 1
10 | Parasitic E-field sensitivity rect V3 1
11 Detection limit rect V3 1
12 Readout electronics nerm 1 1
13 Response time norm 1 1
14 Probe positioning norm 1 1
15 Shap.iljg,‘filtering, signal norm 1 1
conditioning
Procedqure and model uncertainty (Area 3)
16 || Nominal position rect V3 1
17 Repeatability norm 1 1
18 Compliance transfer model rect V3 1
Combined uncertainty (k = 1
Expanded uncertaintys(t= 2) RSS
NOTES
1 Ungertainty of the‘probe calibration system with respect to field amplitude.
2 Undgertainty of the probe calibration with respect to field gradient.
3 Prope anisetropy can be tested in incident field condition representative for WPT systems, cpvering
norfnalized gradients from 0 to > 200 T/m/T.
4 Probe—dynramic—range—heesds—tobeevaluated coveringthe—dyramic—range—from—1 % of the—general public

exposure limits to > 2x the exposure limit within the probes specified operating range.

5 Probe frequency domain response is evaluated for a homogenous incident field over specified operational
frequency range.

6) Probe modulation response may be necessary in this case of modulated signal and can be evaluated for
modulated carriers in the specified frequency range with rectangular pulse modulation.

7 Spatial averaging can be tested in incident field condition representative for WPT systems.

8 Gradient uncertainty needs be tested in incident field condition representative for WPT systems, covering
normalized gradients from 0 to > 200 T/m/T with the probe oriented through all spherical gradient directions.

9 Uncertainty in the accuracy of field gradient measurements.

10 Parasitic E-field sensitivity is tested with the probe in maximum hold swept through all possible spherical
E-field incidences with the E-field at the occupational exposure limit.

11 Detection limit is the contribution of the readout electronic noise at 1 % of the general public exposure limits.

12 Readout electronics is the uncertainty contribution by analog to digital conversion.
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13

14

15
16

17

18

If the probe is operated in swept mode, response time is the sampling response error for the probe swept
through a gradient field of > 200 T/m/T.

If the probe is operated in spatial sampling mode, probe positioning is the error in a gradient field of
> 200 T/m/T.

Shaping, filtering, signal conditioning is the uncertainty contribution by analog or digital signal conditioning.

Nominal position: positioning uncertainty with respect to which assess the worst-case exposure, i.e. the
uncertainty assessing the exposure further away (20 cm) than the worst-case position.

Repeatability is relative to the measurements performed at 20 cm distance from EV and at height of 0,5 m,
1 m and 1,5 m above the ground, separately. It is estimated by performing 10 repeated measurements.

Compliance transfer model is the uncertainty of the compliance test model applied. In this case, it refers to
the averaging over 100 cm? probe at 20 cm distance from EV and the coupling factor method used compared

to the_worst-case (90th m:-rmanhlo\ expasiure induced in the entire hnd\/ Imr‘lurhnn leqs and bhady parts
forming loops) in a stat|st|ca|ly representatlve set of human body models and postures
Table D.2 — Numerical uncertainty of the exposure of anatomical
human models to WPT systems for EV
Item Uncertainty source Tolerance Distribution Divisor ¢ Standard
unceftainty
(dB)
(4B)
1 Grid resolution rect \3 1
2 Tissue parameters rect V3 1
3 Averaging method rect V3 1
4 Model and exposure location rect V3 1
5 Source representation norm 1 1
6 Convergence rect \3 1
7 Boundary conditions rect \3 1
8 Post-processing, interpolation rect \3 1
Combined uncertainty (k = 1)
Expanded uncertainty (k = 2) RSS
NOTESY
1 Grid resolution uncertaintyiis tested by increasing and decreasing the grid resolution by a factor of 2 {from its
nominal state.
2 Tisgue parameter uncertainty is tested by varying the nominal tissue dielectric parameter.
3 Thqg averaging fnethod depends on the analysed metric (i.e. induced E-field, current density or SAR) and is
tesfed analytically and numerically as a function of tissue composition and grid resolution (1).
4 Plagement uncertainty of the source with respect to the human model.
5 Vall|dation uncertainty of the source. If the source is validated in absence of the human body the |oading
effdet of the hnrly needs tao he caonsidered
6 Convergence of the numerical simulation, e.g. test by time-variant stability criteria or law of energy
conservation.
7 Boundary condition uncertainty can be tested by modification of the boundary condition representation.
8 Numerical uncertainties in the post-processing, e.g. interpolation and extrapolation.
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Table D.3 — Uncertainty of EMF measurements for WPT systems in Area 4

Item Uncertainty source Tolerance Distribution Divisor ¢ Standard
uncertainty
(dB)
(dB)

Procedure and model uncertainty (Area 4)

1 Nominal seat rect \3 1

2 Repeatability norm 1 1

3 Compliance transfer model rect V3 1

Combined uncertainty (k = 1)

Expanded uncertainty (k = 2) RSS

NOTESY

1 Selgction of the seat (driver's seat and the closest seat to primary coil): evaluation of the\H-field dn each
seat in the EV.

2 Repeatability is relative to the measurements performed at 10 cm distance over surface,of the seat arld head
res{ with 100 cm? probe and at points a, b and ¢ (Figure D.3), separately. It is estimated by performing 10
measurements.

3 Compliance transfer model is the uncertainty of the compliance test modelapplied. In this case, it r¢fers to
the|averaging over 100 cm? probe at 10 cm distance from surface of the seat’and head rest, to the maximum
foupd across points a, b, ¢ (Figure D.3), compared to the worst-case, (90th percentile) exposure indyiced in
the|entire body (including legs and body parts forming loops) in a statistically representative set of|human
body models and postures.
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Part 2: Incident H assessment inside the vehicle of WPT

Select a driver’s seat and worst seat in order to measure
the worst case.

A closest seat to primary coil among the all passengers
seat should be selected.

h 4
Scan with the field-probe according to IEC 62233 (100

m+< coll area) over the surface of seats and it's head
est.

aximum value Not exceed

Confirm to be lower than the

reference level of magnetic
field

Exceed

Measure a, b and ¢ pointsindicated inFigure D.3. The
entre of the measurement probe is 10 cm above thé
urface of the seating and headrest.

Maximum or average value of a, b
and c

Confirm tobe lowerthan
reference level of magnegtic field

Exceed

Calculation of the induced electric field or current density
with numerical human model

Not exceed
Evaluation against basic

Exceed

Y

Not comply

Figure D.5 — Assessment flow of Part 2

y

Go toPart3

IEC
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Part 3: Incident E and contact current assessment around the vehicle of WPT

Not Exceed

Confirm the Maximum value H
or averaging value H of 0,5m,
1m and 1,5m to be lower than
H field of Equation (1)

Exceed

ViedsUTe LTe CONMMEdCh cUTrennt Wit grouiided Theldl

Mot Exceed

Confirm to be lower than
the reference level of

contact current

Not comply ¥

Measure E field with the same position and the
condition in part 1"

Not Exceed

Gonfirm the Maximum
walue E or averaging value
E of 0,5, 1 and 1,5m to be
gwer than reference leve

Exceed

Measure the contact current with ungrounded metal

Not Exceed

Confirm to be lower than
the reference level of
contact current

Exceed
v A

y

Not comply Comply

Note *1 E measurement can be omitted if the measurement

of contact current of ungrounded metal was complied
IEC

Figure D.6 — Assessment flow of Part 3
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Table D.4 — Uncertainty of contact current measurements

Item Uncertainty source Tolerance | Distribution Divisor ¢ Standard
(dB) uncertainty
(dB)

Contact Current Meter uncertainty

1 Calibration uncertainty norm 1 1

2 Meter dynamic linearity rect V3 1

3 Meter frequency domain response rect \3 1

4 Spatial averaging rect \3 1

5 Detection limit rect \3 1

6 Readout electronics norm 1 1

7 Shaping, filtering, signal conditioning norm 1 1

8 Temperature rect V3 1

9 Equivalent circuit rect V3 1

10 Anisotropy error rect V3 1

Measufement uncertainty (contact current)

11 E- and H-field measurement (refer to rect 3 1
Table 1)

12 Repeatability norm 1 1

13 Metal object positioning and orientation rect \3 1
Combined uncertainty (k = 1)
Expanded uncertainty (k = 2) RSS

NOTES

1 Ungertainty of the meter calibration system,

2 Mefer dynamic range needs to be evaluated covering the dynamic range within the meter specified operating
range.

Mefer frequency domain responseiis.evaluated over specified operational frequency range.

4 Spdtial averaging can be tested at the location of contact between the contact terminal of the meter &nd the
tardet point.

5 Detection limit is the contribution of the readout electronic noise at 1 % of the general public exposure] limits.

6 Regdout electronicsiis. the uncertainty contribution by analog to digital conversion.

7 Shgping, filtering,-signal conditioning is the uncertainty contribution by analog or digital signal conditigning.

8 Deyiation of\measurements needs to be provided in the operating temperature range of the meter.

9 Evqluation)of different impedance values to assign to the equivalent circuit considering wide rgnge of

popuilation (child and adult).

10 Evaluation of the anisotropy of the contact current over the entire frequency range.

11 Comparison with reference levels of H-field and E-field needs be performed before conducting contact
current measurements.

12 Repeatability is relative to the measurements performed in the region of contact. It is estimated by
performing 10 measurements.

13 For ungrounded and grounded metal object: the position and orientation of the metal object needs to be
evaluated at 20 cm distance from EV with respect to different sides of EV and heights from the ground.
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D.2 Experimental assessment results for EV

D.2.1 General

Clause D.2 describes experimental assessment results of a WPT system for EV at 85 kHz.
This case study refers to IEC 61980-1:2015 [37], Annex C, “EMF, protection from
electromagnetic field” that defines the measurement area and points. This assessment was
done for ICNIRP2010 [5] according to the proposed procedure in Clause D.1. Table D.5
shows the guideline at 85 kHz based on ICNIRP2010. E-field measurement and H-field
measurement were done by electromagnetic field probe. Table D.6 shows the specification of
the DUT.

Table D.5 — ICNIRP2010 guideline at 85 kHz

Basic rpstriction CNS tissues of the head 11,45 V/im
All tissues of head and body 11,45 V/im

Referefpce level Electric fields 83 V/m
Magnetic fields 21 Alm

Contact current Contact current 17.mA

Table D.6 — Specification of DUT

WPT specification
Operation frequency 85 kHiz
Power 5 kW @ 200 V
Coil type Circular

D.2.2 Electromagnetic field measurement results

Subclause D.2.2 shows electremagnetic field emitted from a WPT system which was irfstalled
in a papgsenger vehicle. Table D.7 shows the result of incident H-fields and E-fields of Area 3.
Measufement location was\ selected according to Figure D.2. The aligned and misaligned
) conditions of(WPT coils were measured. The height from 7,5 cm to 150 cm at the
20 cm [distance to vehicle side metal body was scanned. Example of measurement lalyout at
is shown.in\Figure D.7. All data could meet the reference level. Magnet|c field
strengths of Are@-3 were lower than 7 % of guideline level. Electrical field strengths were
lower than 2 %.of guideline levels.

The prpduct of the maximum magnetic field and the coupling factor 0,15 is calculateq to be

0,73 Vi,
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Table D.7 — Measured incident H-fields and E-fields of Area 3

points

Condition Magnetic field strength [A/m] Electric field strength [V/m]
(Guideline 21 A/m) (Guideline 83 V/m)
Aligned Misaligned Aligned Misaligned
5 kW 200 V 5 kw 200 V 5 kw 200 V 5 kW 200 V
Maximum 3,07 4,87 2,37 3,64
(7,5 cm)
50 cm 0,66 1,33 0,71 0,78
100 cm 0,25 0,65 0,31 0,23
150 cm| 0,11 0,30 0,15 0,21
Averagp of 3 0,34 0,76 0,39 0541

]
EM probe

IEC

Figure D.7 — Example measurement layout for Area 3 surrounding area of vehigle

The elgctromagnetic fieldstin Area 4 were also measured (Figure D.8). Table D.8 showg the
results|of incident H-field~and E-field of Area 4. According to EV body shielding effect, there is
lower gxposure compared to the Area 3. They were lower than 1 % of guideline levels. The
electromagnetic fields-in Area 4 were equivalent to background noise level of measurement

probe.

Table D.8 — Measured incident H-fields and E-fields of Area 4

Measukement Magneticfield-strength-tA/ml— |  Electric field strength-P/m] |
position L -
according to (Guideline 21 A/m) (Guideline 83 V/m)
Figure D.3 Aligned Misaligned Aligned Misaligned
5 kW 200 V 5 kW 200 V 5 kW 200 V 5 kW 200 V
a centre 0,03 0,05 0,07 0,10
position of
head rest
b centre 0,03 0,05 0,07 0,09
position of
backrest
c centre 0,03 0,10 0,07 0,10
position of
seat
Average of 3 0,03 0,07 0,07 0,10

points
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IEC
Figure D.8 — Example measurement layout for Area 4 car interior

D.2.3 Contact current measurement

Subclapse D.2.3 shows the results of the contact cutrent for a same WPT installatipn and
operating condition as in D.2.2. Three types of contact current meter were used (Figure D.9).
These [meters have equivalent circuit of impedance simulating human body. The eqyivalent
impedgnce in the Meter A is based on adult.male impedance [35]. The others consis{ of the
IEC 60R90 impedance circuit [36].

We measured the contact currents with ungrounded metal and grounded metal (Figurel D.10).
Measufed contact currents were summarized in Table D.9. The contact currents werg¢ small
compafed to the reference levelsof contact current. They were lower than 5 % value of
contact current guideline level;

Meter A Meter B Meter C

IEC

Figure D.9 — Contact current meters used in the measurement
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(a) Ungrounded condition (b) Grounded condition

Figure D.10 — Measurement of contact current

Table D.9 — Measurement results of contact current [mA]

Condition Aligned Misaligned
Meter A Meter B Meter C Meter A Meter B Megter C
Ungrounded 0,018 0,07 D,21
Grounded 20 cm distance 0,06 0,35 0,13 0,8 0,65 D,59
40 cm distance 0,04 0,35 0,13 0,35 0,4 D,44

NOTE | Reference level of gontact current at 85 kHz is 17 mA.

D.3 |WPT system for mobile devices

D.3.1 General

Clause D.3 describes the applicable guideline of WPT system for mobile in the frequency
range between 100 kHz and 10 MHz. Therefore, assessment for value of guideline based on
both of stimulus and thermal effects needs to be conducted.

The assessment procedure shown here considers both ICNIRP1998 [4] and ICNIRP2010 [5].

The compliance to the guideline for both the electric field and the magnetic field needs to be
confirmed as the system is under near-field exposure condition where wave impedance is not
120% (= 377 Q). The WPT system is used in order to charge mobile devices indoor mainly.
Depending on the case, users of mobile devices like a laptop PC may use it to charge.

In the case of mobile devices, a human body may come close to the WPT system (for
example 20 cm or less from it). It is possible to measure electromagnetic field strength of the
area close to 20 cm or less from the WPT system using an electromagnetic probe that is
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commercially available [45]. According to the ICNIRP guidelines, spatial average value of
electric field and magnetic field occupied by human body may be used when the distance from
the sources to human body exceeds 20 cm [4].

For exposure scenarios, the WPT system transmits power from a transmitting coil installed in

a table

or a desk area to a receiving coil installed in a mobile device. This case study applied

the following scenario as a public exposure case. A human body stands or sits in the vicinity
of the charging device.

There are possibilities of existence of metal objects such as adjacent fixtures in the room
where the charging place is. In such situations, reference level of contact current is applied in

order tﬁansmmmwsmummmmw;essed
either by incident electromagnetic fields or by direct measurement of contact currents)

For the

contact current caused by the electric field, the reference level of electric fleld for

generall public exposure prevents the effect of contact current for more thanc90°% of ekposed

individ
omitted

For th
referen
imped4d
current

calculated magnetic field.

D.3.2

The gt
system

In ordsg
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1) Pai
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are
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level, proceed to the next evaluation using coupling factor if it is applicable.

Fol

als [5]. The direct assessment of contact current with ungrounded metal ¢an be
if the incident electric field does not exceed the reference level.

p contact current caused by the magnetic field, the magnetic field not to gxceed
ce level of contact current can be calculated by Faraday’s’ law assuming the jhuman
nce and size of the current loop with Formula (1). The.direct assessment of ¢ontact
with grounded metal can be omitted if the incident magnetic field does not excged the

Assessment procedures for WPT system:for mobile

idelines for stimulus effect and thermal,effect need to be considered to the WPT
for mobile at a frequency range between 100 kHz and 10 MHz.

r to confirm compliance of WPT_systems for mobile devices, two-part evaluatigns are
ced.

t 1. Assessment of incident* electromagnetic fields around the mobile device ¢of WPT
ch is measured within 20,cm

maximum electrictand magnetic field strengths are measured around the charging
bile device usipng~the WPT system and compared to the reference lgqvel of
IRP1998 [4]and ICNIRP2010 [5]. Refer to Annex C for the basic requirement| of the
ctromagnetic ‘field measurement. It is possible to use spatially averaged valuel in the
h occupied-—by human body when the distance between source and humanp body
eeds 20_ cm [4]. If the maximum value and/or the averaged value exceed the reference

owing criteria are needed to be considered in order to use coupling factor.

Induced quantities such as internal electric field or SAR caused by incident electric
field is negligible compared to that by incident magnetic field.

The whole-body average SAR is marginal compared to respective limits and
contribution of the local average SAR or the internal electric field is dominant.

Evaluation condition such as frequency, field distribution, distance to human body, etc.,
need to be considered equivalent to the condition used in derivation of the coupling
factor.

The maximum magnetic field strength is multiplied with the coupling factor and compared

tot
for
con

he reference level of magnetic field. For example, the coupling factor of 0,15 and 0,05
reference levels considering stimulus and thermal effects, can be used to consider the
dition of human body standing or sitting in the vicinity of the WPT systems installed in

table or desk according to the analysis results in [13]. If the coupling factor is not
applicable or assessment using the coupling factor exceeds the reference level, proceed

tot

he next evaluation using basic restrictions.
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2) Part 2: Assessment of contact current around the mobile device for WPT

If in the Part 1 measurements, H-field exceeded the value calculated by Formula (1), the
contact current of the grounded metal needs to be measured. For the measurement of
contact current with grounded metal object, the metal object needs to be oriented in the
direction where maximum contact current is acquired. The loop size of approximately
1,5 m (height) x 0,5 m (width) can be used to evaluate contact current.

After that, the contact current of ungrounded metal is measured. If the measured E-field
did not exceed the reference level, the contact current of un-grounded metal can be
omitted. The evaluation of contact current needs to be done with ungrounded metal object,
which is installed at nearest position from the WPT system. The contact current is
compared to the reference level of contact current. The metal object needs to be oriented
in thre—directromwheremaximum—contact—currentts auquilcd. e D;LU, hclght and—gontact
poipt of metal object is 1,2 m x 1,2 m or larger. Refer to Annex C for the basic requirement
of dontact current.
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Annex E
(informative)

Numerical and experimental studies

E.1 Exposure evaluation of WPT for EV

E.1.1 Research in Japan

Subclause E.1.1 presents numerical simulated results of induced electric field for
magnetie-Fi i i f i

Figure |E.1 illustrates an electric vehicle model considered here. The dimension of the

is 4 500 mm in length x 1 700 mm in width. Ground and vehicle body are/assumed
comprised of perfect conductor while conductivity of the bumper attached t6 the vehig
is set tp 0 because its conductivity is small enough to approximate the airciFhAree coil pg
were considered; located in the front, the centre, and the rear of thevehicle as sh
Figure |E.1. The distances between transmitting and receiving coil ares200 mm when pl
the fropt and centre, and 300 mm when placed in the rear of the yvehicle. The ‘centre’

here is placed as the centre of the vehicle while the front and/rear are located at 15
each from the centre. The identical solenoid coils are used”for receiving (vehicl
transmijtting (ground) sides. The number of coil turns is 10, and the dimension of the c
(relative permeability, x, is 1 800) is width 400 mm x length 400 mm x thickness 10 m
frequency is 85 kHz with a transfer power of 7 kW.

P 2 250mm 5 2250mm -
N
1-'ehicg\®
xO
- _ 1§00mm i 1500mm
Ay —\—\Lzl

ground
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to be
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Figure E.1 — Geometry of vehicle model

When parking the vehicle, it is unlikely to align transmitting and receiving coils exa

ctly. In

addition, the magnetic field leakage from the vehicle with misaligned coils has been reported

to become larger than that with aligned coils [46]. Thus, the misalignment of the co

ils that

generates maximum magnetic field leakage is considered for a typical and worst-case

scenario while the power transfer is still feasible. The primary transmitting coil is assu

med to
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be misaligned 20 cm in the lateral direction and 10 cm in the longitudinal direction from the
secondary receiving coil.

The simulated and measured values of incident electric field are compared for confirmation.
The measured value is taken from [46], in which similar vehicle model was considered and
thus different from Figure E.1.

20 20
= o - _
= 10¢ misaligned coils = 10: misaligned coils;
E E | aligned ™8
3+ aligned 3T LONS 5 ]
1; T 1.
0 0.5 1 15 0 0.5 P 1)
Distance from vehicle [m] Height aboyve ground [m]

(a) Distance dependence at the height of 0,1 m  (b) Height dependence at the distance of 0,3|m

The human stands in the vicinity of the vehicle. The transmitting power is 3 kW,

Solid lings show computed results and dots show measured results.

Figure E.2 — Measured and simulated magnetic field strength leaked from wireless
power system in an electri¢ vehicle [46]
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Figure E.3 — Distance dependence of peak induced
electric field strength in human body model

The magnetic field distribution of the rear part of the vehicle is computed. Figure E.2 shows
the comparison result, suggesting that computed and measured values are in good agreement
with each other.

Figure E.3 shows the distance dependence of the maximum induced electric field strength in
the human body when the WPT system is placed in the front, the centre and the rear of the
vehicle. The distance is defined from tip of the human body (toe) to the vehicle. From the
figure, the electric field strength induced in the human body is confirmed to be lowest when
the transfer system is placed in the centre of the vehicle. This is because the human body and
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coil distance in the centre is longer than that of the front and the rear, and thus the magnetic
field strength to be exposed is smaller than the others. The induced electric field in the human
body becomes larger when the coil is located in the rear of the vehicle. For all the conditions,
the induced field strengths are smaller than the basic restrictions of 11,5 V/m at the frequency
of 85 kHz.

Figure E.4 shows the induced electric field strength in the human body when the model comes
closest to the human position at rear of the vehicle; a body part makes a contact with the
vehicle body, and the toe is placed under the vehicle [38,47]. Three human body models were
considered: TARO is as a male Japanese adult, NORMAN is as a male European adult, and
Thelonious is as a child model. From Figure E.4, the induced electric field is below the basic
restrictions in all the cases considered, and the child model has smaller induced electric field
than thiat of adult models.
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for different human positions relative to the vehicle [41]
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Figure E.5 — Relationship between the maximum inducedielectric field
in the human body and the magnetic field strength [41]
A maghpetic field strength, which is determined by averaging<over the space where a|human

body occupies, is used as a metric. Figure E.5 shows the, relationship of averaged m

field s
Figure
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of a simple body’model is also confirmed.
The aboves discussion was concentrated for the solenoid coil (see Figure E.1). A
computatiormtras—beem conmductedfor thetircutar ptamar coft—T e imducedetectricfietd

in the

human body model for the circular coil was smaller than that of the solenoid coil because the
incident magnetic field strength is larger for the solenoid coil. In the same study, the induced
electric fields in the foetus and mother were also simulated [48]. Specifically, the induced
electric field strength is smaller in the foetus than in the mother, because the magnetic field is
weaker than the field around the feet, even though the abdomen of the pregnant woman may
come closer to the vehicle than that of a non-pregnant adult female.

The induced electric field was evaluated for the human models (i) crouching near the vehicle,
(ii) lying on the ground with or without arm stretched, and (iii) sitting on the driver’s seat [39].
In each scenario, the induced electric fields are smaller than the basic restriction prescribed
in international guidelines, although the magnetic field strength in the human body is locally
much higher than the allowable incident magnetic field strength. The highest in-situ electric
field was observed when the human lies on the ground with arm extended toward the coils

becaus

e of higher magnetic field strength around the arm (see Figure E.6).
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Table E.1 — Estimated permissible power for WPT system for EV

Human body
position based
on a vehicle
body

Maximum
permissible
power based on
three-point
average magnetic
field strength

Maximum

permissible power

based
on induction
current in the
human body

Maximum
permissible
power based on
induction
current in the
human body

The ratio of three-
point average
magnetic field

strength to
induction current in
the human body

10 cm from 0 cm from
vehicle vehicle
Front 210 kW 5,4 MW 4,0 MW 19 times
Side 530k 76t ;3 6;2-timey
Rear 57 kW 673 kW 486 kW 8,56timeq
Q
Secondary Coil
I
»J‘",‘;'
—_ Electric Field
: " [Vm']
Primary Coil
_E 6
|
vehicle F
=2
lfront E
k()
Q
IEC
Figure E:6= The induced electric field distributions in a human
body model lying on the ground with his right arm stretched [48]
E.1.2 Research in Korea
In this |study) the evaluation method of magnetic fields generated by on-line electric pehicle
(OLEV) using the wireless power transfer technology is considered in area accessiblg to the

public. The electric power lines in roadbeds (first coil) and five pickup coil segments under the
OLEYV (second coil) is considered as a field source, in which resonance frequency is 20 kHz
and output power is 75 kW.

Figure E.7 shows the EMF human exposure condition from the power lines and pickup coils of

OLEV system.



https://iecnorm.com/api/?name=6f35efa588cfadcf67f2e40742ee0a77

IEC TR 62905:2018 © IEC 2018 - 69 -

Pickup Cpil (24 Coil)

Magnetic Field
by Pickup Coil

/4 Pickup Coil (2™¢ Coil)

»

N\

by Pi

(a) ¢

Where

non-unjform that is similar to AC power system (IEC 62110
est is calculated and measured at the three heighQ m, 1,0 m, and 1,5 m abgve the
ground|

of inter

ckup le

Pickup Coil (15¢ Coil)

the field at exposure condition of OLEV shown in R@we

Pickup Coil (15¢ Coil)

Dutdoor Exposure condition of OLEV (b) Indoor Exposure condition o V
IEC
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Figure E.8 — The model in the field generated by OLEV

The deviation is 4 % at distance of 5 cm from OLEV, and -2 % at distance of 100 cm
accessible to the public. Figure E.9 shows that the vertical distribution of magnetic fields is
uniform. We can know that the three-point average exposure level almost corresponds to the
average exposure level for the exposure condition of the OLEV.
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Figure E.9 — The calculated magnetic field distributions at each_ distance from QLEV

From the numerical analysis, the three-point (at the three heights) 0,5 m, 1,0 m, and 1,5 m
above the ground) average exposure level represents the avérage exposure level oyer the
entire human body.

There s another study which provides experimental fesults on the magnetic field changes
around|the wireless charging system depending on thetstate of charge of the electric vghicle.

The wifeless charging system designed for this study operates at 85 kHz, and the sizeg of the
transmjtting and receiving pads are 745 mm %635 mm and 485 mm x 485 mm, respeftively.
In ordgr to describe the state of charge oftithe battery of the electric vehicle, electricil load
was uged. The magnetic field was measured by magnetic field probe as field strength mode
for twq cases, the 330 V output (describing low battery, case 1) and the 390 V|output
(descriping full battery, case 2).

Figure|[E.10 shows a photograph of magnetic field measurement around the transmitting and
receiving pads of the wireless charging system, and Figure E.11 shows one of the results of
the mejpsured magnetic field values for each case. As shown in the figures, the measurement
probe [s closely located-at the transmitting pad and magnetic fields are measured at R0 mm
intervals in the horizontal direction.

The experimental conditions were carried out under the assumption that the received| power
was alyvays-supplied at 3,3 kW. The measured magnetic field was larger when the battgry was
full (cases2)-than when the battery was low (case 1), as shown in Figure E.11. The clurrents
flowing| in.the transmitting and receiving coils were 27 A and 12,3 A in case 1, and 32 A and
10,6 A in case 2, respectively. The magnetic field generated around the wireless charging
system is determined by the current flowing in the transmitting coil and the receiving coil. In
this experiment, it was found that the current flowing in the transmitting coil is larger than the
current flowing in the receiving coil, so that the magnetic field around the wireless charging
system depends on the current flowing in the transmitting coil.

Since the charging mode and the circuit configuration of the product may be different
depending on the manufacturer, the tendency of measurement in this experiment does not
always occur. However, in the circuit configuration of the basic wireless charging system, as
can be seen in this experiment, the higher the voltage of the battery (the more the battery is
full), the greater the current flowing in the transmission coil. Accordingly, the magnetic field of
the wireless charging system will also vary. Therefore, it is necessary to consider the state of
charge in evaluating the magnetic field of the wireless charging system.
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igure E.10 — Photograph of magnetic field measurement for transmitting and
receiving pads of wireless charging system
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Figure\E“11 — Measurement results of magnetic field value for two cases of
low voltage output (case 1) and high voltage output (case 2)

E.2 Exposure evaluation of WPT for mobile device

E.21 WPT system in 140 kHz band

Figure E.12 (a) shows transmitting and receiving coils used for electromagnetic induction type
WPT system for hand-held communication devices. Each transmitting and receiving coil
consists of a spiral coil. Each coil is equipped with the matching impedance and supplies 1 W
input power to the receiving side [49].
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Figure E.12 — Transmitting and receiving coils, and magnetic sheet r\(b

An outline of the magnet sheet is shown in Figure E.12 (b). The magnetic
WPT system of mobile device and to be inserted above and under the tran
as Fighre E.12 (a). The relative permeability of magnetic sheet is 7 . Two sityations,
charging and standby situations, are assumed as the WPT system tc@r nalysed is 4
of a mpbile device. Thus, it is assumed that the lower transmittin il represents a ¢
while upper receiving coil represents a mobile device, and th charging and
situatigns are studied. Figure E.13 shows simulated result &th charging and
situatign [49]. The used frequency is 140 kHz. The lo I\variations in magneti
distribdtion are found when charging while symmetriceg@mtic field is found in a

eet represents
ting coil[shown

situatign. It is assumed this is caused by the magnetic t of receiving side in chargi
magnefic sheet inserted in the above of the transmitg coil). The magnetic field of gtandby
situatidn is larger than that of in charging. It isdﬁ ed this is caused by the decrgase of

radiatign (leakage) of electromagnetic field due t power transmission to the receiv|ng coil
while in charging.

\‘QQ

© (d (& (h)
[ - .
-60 Magnetic field strength [dbA/m] 0

IEC

Figure E.13 — Simulated magnetic field strength distribution (Charging (a) xy plane,
(b) yz plane; Standby model (c) xy plane, (d) yz plane) and measured value (Charging
(e) xy plane, (f) yz plane; Standby mode (g) xy plane, (h) yz plane)

Figure E.14 shows simulated condition where a WPT system is placed next to a
heterogeneous human model. The transmitting coil is placed in 10 mm from the surface of the
human chest. The transmitting coil is located in front of the chest at positions labelled A to I.
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The separation between the positions is 60 mm. The frequency is 140 kHz and input power is
1 W. Although it is not shown here, higher induced electric field was found in the chest than

that of

arms.

Transmission coil

[Unit : mm]

Figure E.14 — Position of human body and coil (left), exposare point in chest (ri

Table E.2 shows induced electric field strength and SAR forboth charging and standb

at hum

an body model respectively. The SAR values shown.in"Table E.2 are not averag

time. From Table E.2, maximum value of 10 g average SAR in charging is 1,31
Compdring the ratio with that of basic restrictions, it is_confirmed that induced electric{field is

doming
3,61 x

IEC

ight)

mode
d over
W/kg.

nt in this frequency range. With whole-bedy average SAR which is 2,89 pW/kg,
1011 times of the guideline of 0,08 W/kg> The result is less than above meptioned

maximyim value of 10 g average SAR that is 6,565'x 10~10 times when compared with gdideline
for 2 W/kg. Thus, 10 g average SAR is more restrictive guideline than that of whole-body
averagge SAR.
Table E.2 — Local-'SAR and induced electric field in
in a human body on the chest surface
Expasure Local 10 g average SAR [nW/kg] Maximum induced electric field in the Human
po|nt body [mV/m]
Charging Standby Charging Standby

A 0,49 18,5 9,1 44,3

B 0,47 18,4 7,2 45,4

c 0,77 29,7 7,1 41,2

D 0,51 19,8 6,8 39,1

E 1,1 41,5 9,9 57,8

F 0,72 27,7 6,9 37,9

G 0,66 26,9 6,7 38,2

H 1,3 49,9 12,2 80,7

| 0,79 311 7,6 42,7
E.2.2 WPT systems in MHz band

Figure E.15 shows three different types of WPT systems: (a) 10 MHz solenoid type, (b) 7 MHz
solenoid type, (¢) 7 MHz flat spiral type. Radius of coils for 10 MHz solenoid and 7 MHz
solenoid types is 30 cm. Inner and outer radii of flat spiral type are 12 cm and 24,5 cm,
respectively. There are two resonant frequencies in the configuration of Figure E.15. At the
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lower resonant frequency, currents in transmitting and receiving coils are in-phase (odd
mode), At the higher resonant frequency, currents are out of phase (even mode). A realistic
human body model of Japanese male adult (TARO) with the conductivity of 2/3 muscle is used.
The distance between the system and human body is 2 cm.

Three computational methods are used; the method of moments (MoM), the two-step method
combining MoM and FDTD method, and the two-step method combining MoM and impedance
method. Analyses using MoM consider EM coupling between WPT systems and the human
body while two-step method of FDTD or impedance method ignores the back-scattered field
from the human body. The FDTD method considers contribution of exposures from both
incident electric and magnetic fields while the impedance method considers exposure due to
incident magnetic field only.

The FIPTD results are compared to those obtained by the impedance method. Differ¢gnce in
local 1p g SAR due to ignoring the electric field is less than 30 % or so. It is ¢onfirmped that
the difference in the WBA-SAR is at maximum 65 % for the solenoid-type systenr. For the flat-
spiral $ystem, the difference is relatively small, compared to the solenoid)system; i.¢., less
than 14 % for local 10 g SAR, and 15 % for whole-body average SAR.

In gengral, the electric field is perturbed due to existence of the human body. Thus, the two-
step method using the FDTD method may overestimate contribution from incident electfic field.
The anfalyses resulted by the MoM are compared with those simalated by the two-step method
with the FDTD method. As a result, the differences in local 10.g SAR are approximately 53 %
for the|solenoid type and 33 % for the flat spiral type.
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(a) 10 MHz solenoid type (b) 7 MHz solenoid type (c) 7 MHz horizontal type

Figure E.15 — Realistic human body model and system position

Variation in local SAR in the heterogeneous human body of Japanese adult is then simulated
by using scalar-potential finite-difference method. Figure E.16 (a) shows exposure conditions
where the position of the coils is varied laterally while Figure E.16 (b) shows the condition
where the coil is moved in vertical direction to the human body model. Two coils are placed at
the same height in the horizontal direction. The distance between the coils and the human
body model is 50 mm and transfer power is 1 W.
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gure E.16 — Position of the human body model: (a) the human-body is move
in the horizontal direction, (b) the coils are moved in vertical direction

E.17 (a) and (b) show the peak 10 g averaged SAR for)the Japanese mal
moved in the lateral and vertical directions, respectively.,Figure E.17 (a) sho
eak SAR at the positions of C and G are larger_than the other positions
tting and receiving coils are located in front of the.chest. The SAR becomes larg

the position of D in the chest has the largestivalue. The local SAR for the odq
[The magnetic flux passing through the body differs for its cross-section area
[hus, the SAR induced in the body beconyes largest at position D, corresponding

magnetic flux. The difference of SAR for these two modes is attributable

del and non-uniformity of the.\field. These factors result in different loca
im local SAR.

A o
E E
C
C
g In =2 g o
W E .L_'_':: |
& Fr - & E
B r=cam Fr
Hi- | =faretimode (1102 4Hz) G —oddmode (11 Z5TEER) |
1 — H —emanmode {11 S2MEE) |

20

=

ns 1n L3

=

LI 1.0 15 an

d

e adult
vs that
where
er due

stronger magnetic field strength around the coil( Figure E.17 (b) shows that the local

mode
e front
of the
to the
to the

ce of magnetic field distribution as~well as inhomogeneous electrical conduclivity in

ion of

Peak 10g avg. SAR k]

Peal 10z avg. SOF [oRkE]

iaf

b}

Figure E.17 — Peak of 10 g average SAR moved
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Figure E.18 shows the peak SAR averaged over 10 g in different human body models where
the body chest is located at 50 mm from the coil, corresponding to the worst-case exposure.
The models considered are Japanese male adult TARO, female adult model HANAKO as well
as an adult male Duke, a female adult Ella, a child model Thelonious developed in
Switzerland, and the standard adult male and female models NORMAN and NAOMI
developed in the UK. Figure E.18 shows that even modes have larger local peak SARs than
those of odd modes in every human body model. The maximum difference between the two
modes is found to be 72,5 %. Even mode has a stronger coupling than that of odd mode. The
transmitting coil has a current flowing in the opposite direction to that of the receiving coil in
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the even mode, resulting in stronger magnetic field strength. It was also confirmed that the
SAR in the adult models are larger than those in a child model by 102 % in the odd mode and
72 % in the even mode. These results support the assumption that the difference in SAR is
due to the difference in the cross-section area of the models.
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With the position (a) in Figure E.21, 10 g average SAR and whole-body average SAR based
on FDTD methods are 1,80 W/kg and 0,049 3 W/kg, respectively. With impedance method,
the results are 0,67 W/kg and 0,049 1 W/kg, respectively. The underestimation is found to be
at most 7 % for the 10 g average SAR. The result shows that effect of electric field on local
SAR is smaller compared to that of magnetic field.

Table E.3 shows simulated results for whole-body average SAR and local SAR based on
exposure condition shown in Figure E.21. From Table E.3, local SAR is dominant in both adult
and child models placed aside of the WPT system. For the case in which human body is
placed above the system, analysis shows that whole-body average SAR is more restrictive in
some cases; however, the ratio does not exceed two times at maximum. It is an unrealistic
situation where the whole human body exists above or under the system.

When the worst condition in usual usage (seated position) is considered, local SAR\bgcomes
very restrictive. The difference found in simulated results between two groups may be
attributed to the difference of relative position of human body and the WPRTsystem| (NICT
placed|the WPT system at the rear of the human body while NITech / NTTODOCOMO |placed
the sygtem in front of the human body).

For the realistic WPT system shown in Figure E.19, the whole average SAR guidgline is
assumed to be satisfied in most of the cases when satisfying the local SAR guideline. The
effect ¢f electric field for local SAR is more restrictive. For the\realistic WPT system sHown in
Figure |E.19, the evaluation using coupling factor to be shownlater is possible if safety margin
is conslidered and the human body placement is limited to¢the side of the system.

Talle E.3 — Simulated result of local SAR and. whole-body average SAR by Nagpya
Institute of Technology (NITech) / NTT DOCOMO and NICT (input power is 40 W)

NITech / NTT DOCOMO NICT
Humgn body model 10 g local SAR Whole-body 10 g local SAR Whole-bqdy
average SAR average §AR
[W/kg] [W/kg] [W/kg] [W/kg]

Transnpission from transmitting coil.lef’50 cm x 50 cm to receiving coil of 20 cm x 20 cm placed at § cm-
distan¢e

Side 1,24 0,018 1,49 0,023
Adult Upper 3,34 0,181 5,43 0,149

Seated 1,76 0,0516 - -
3-year pld | Side 0,66 0,021 1,06 0,040
child Uppar 2,87 0,208 7,93 0,259

TransrTission from a 100 cm x 50 cm transmitting coil to two 20 cm x 20 cm receiving coils

I fa¥ N ] o4 L0 FaWaYatwd
oo Tl A \"ZA A4

(4]
-l

N
N
P
D
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O
i

Adult Upper 0,982 0,0203 1,31 0,088
Seated 0,342 0,00805 - -

3-year old | Side 0,242 0,00820 0,61 0,0222

child Upper i ] 1,33 0,0716

E.3 Coupling factor

E.3.1 WPT system for EV

Figure E.22 illustrates the geometry of an electric vehicle with a WPT system consisting of
two resonant coils. The transmitted power was 7 kW.
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In the simulation conducted by NITech with Aalto University and University of L’Aquila, the
vehicle body, whose dimensions shown in Figure E.22 (c) are approximately equal to those of
a commercially available vehicle, is modelled with a perfect conductor. The bumper is made of
plastic and does not affect the magnetic field distribution. Figure E.22 (a) and Figure E.22 (b)
show WPT systems consisting of two solenoid coils or two circular-spiral coils. The transfer
frequency was 85 kHz. The computational electromagnetic modelling was validated by
comparing the measured and computed field distributions. Unlike other groups, coils
misaligned by 200 mm in the side-to-side direction and 100 mm in the front-to-back direction
were also included in the worst-case exposure scenario. A human standing in front or at the
centre of the vehicle is also considered in addition to the rear of the vehicle. In addition to this,
simpler exposure scenarios without a vehicle body or coils were also considered.

In the|computation conducted by the NICT, only the circular spiral coils, as shpwn in
Figure [E.22 (b), were used. The vehicle body model and ferrite core were not considergd. The
transfef frequencies were 110 kHz and 125 kHz (equivalent to odd and evwen modes,
respectgively). The computational modelling was validated by comparing ¢measuregd and
computed near-field distributions [50]. Distance from the WPT system to\the humah body
modelq is set as 200 mm.

The cojls in the computation conducted by Tokyo Metropolitan Univeérsity (TMU) are mpdelled
with a]one-turn loop having a uniform current distribution. The,ferrite cores in b¢th the
solenold and circular spiral systems are modelled as perfeet, magnetic conductors. The
transfer frequency is 100 kHz. The distance from the WPT Ssystems to the simplified human
body nmodel is set as 200 mm.

The pafameters related to the coils considered in each{group are given in Table E.4.

Table E.5 shows the calculated coupling factor dased on Formula (C.6) for WPT systgms for
electriq vehicles. The maximum value of thexeoupling factor from Table E.5 was 0,1(42. The
value gomputed for the realistic human body model is 40 % to 50 % smaller than tha{ of the
simple[human body model except in ongsexample. One of the reasons for this is that the
cross-dectional area of the leg is less_than that of the simple body model. It is also eXpected
from the comparison between the realistic and homogenized models developed by NICT that
the coypling factor for the realistic-body model might be larger in some cases.
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Differen{ coil positions, i.e. front, centre, and rear of the body were considered.

Figure E.22 — Top and bird’s-eye views of (a) solenoid type and
(b) circular spiral type coupling coils, and (c) geometry of
electric vehicle with a_wireless power transfer system [13]

Table E.4 — Dimensions of WPT systems for electric vehicles
considered by different groups [13]

NITech, Aalto NICT TMU

L’Aquila
Dimension Coil type

Solenoid Circular Solenoid Circular
Re'sonant 85 kHz 110 kHz, 100 kHz 100 kHz
frequency 125 kHz
Coil C=15cm R,=12cm, c=15cm R, =4,5cm,
dimensions R =205 cm R =195 cm

o 4 o 4

Separation d=15cm d=20cm d=14 cm d=14 cm
between
coils
Dimensions a=32,5cm, - a=24cm, r=19,5cm
of ferrite B B
core b=40,5cm b=25cm
Number of 14 44 1 1
turns

Table E.5 shows the obtained coupling factors for WPT systems for electric vehicles. The
maximum value of the coupling factor from Table E.5 was 0,102. The value computed for the
realistic human body model is 40 % to 50 % smaller than that of simple human body model
except one example. One of the reasons for this is that cross sectional area of the leg is
smaller than that for the simple body model. Also expected from the comparison between the
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realistic and homogenized models, the coupling factor for the realistic body model may be

larger in some cases.

Table E.5 — Coupling factor for internal electric field of WPT systems for EV [13]

Group Modelling Coil Distance Human body Distance from Coupling
type between coils model coils to model factor
(mm) (mm)
NITech Coil with Solenoid | 120 Realistic human 200 (from 0,038
ferrite - — vehicle)
Aalto core and (front) Simplified human 0,053
) ; vehicle . or 650 (from
L’'Aquila body 120 Realistic human coils) 0,035
(centre) Simplified human 0,075
150 Realistic human 0,054
(rear) Simplified human 0,033
NICT Coil only Circular | 200 Homogeneous 200 0,082
spiral human (110 kHZ)
Realistic human 0,093
(110 kH4)
Homogeneous 0,050
human (125 kHZ)
Realistic human 0,050
(125 kHZ)
T™MU Coil with Solenoid | 200 Simplified-Quman 300 0,093
ferrite model
core 700 0,09
Circular 300 0,102
spiral
700 0,087
E.3.2 WPT system for mobile deyvice
The coupling factor of WPT system based on induction coupling for mobile at 140 kHz|shown
in Figuires E.12 and E.14 Wwere also evaluated. The maximum coupling factor |at the
fundamental frequency was+0,034. The variability of the coupling factor was approx|mately
30 % when the WPT system position relative to the chest was changed. The variability of
coupling factor was 0,017 to 0,034 for 25 coil positions (see the 16 cases considergd from
[49]). This shows that\.if the homogenized human body model is considered for this system, a
conseryative internalfield strength is obtained. The coupling factor varied from 0,025 t¢ 0,036
under this assumption. This variability is attributed to the distance from the body surface to
the WHT system; which may change because of body curvature.
The coppling factors for WPT system at 6,78 MHz shown in Figure E.19 and Figure E.21 were

also evaluated. Table E.6 and Table E.7 show the calculation results of dnferent coupling
factors considering the thermal effect and the stimulation effect, respectively. As shown in
these tables, however, the difference between the two groups is still less than 30 %. The
maximum coupling factor considering the thermal effect and the stimulus effect is then
determined as 0,0062 and 0,12, respectively. Note that the coupling factor is not applied
when the whole-body average SAR is more dominant than the 10 g SAR or the internal
electric field for the basic restrictions.
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