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FOREWORD

nternational Electrotechnical Commission (IEC) is a worldwide organization for standardization cof
ational electrotechnical committees (IEC National Committees). The object of {EC+is to
ational co-operation on all questions concerning standardization in the electrical and/electronic f
end and in addition to other activities, IEC publishes International Standards, Fechnical Specif
hical Reports, Publicly Available Specifications (PAS) and Guides (heredfter” referred to
cation(s)”). Their preparation is entrusted to technical committees; any IEC National Committee in
e subject dealt with may participate in this preparatory work. International, governmental 3
nmental organizations liaising with the IEC also participate in this preparation. IEC collaborate
the International Organization for Standardization (ISO) in accordance’ with conditions detern
ment between the two organizations.

ormal decisions or agreements of IEC on technical matters express,*as nearly as possible, an inte
bnsus of opinion on the relevant subjects since each techrical committee has representation
sted IEC National Committees.

Publications have the form of recommendations for international use and are accepted by IEC
nittees in that sense. While all reasonable efforts arenade to ensure that the technical conten
cations is accurate, IEC cannot be held responsible’ for the way in which they are used or
terpretation by any end user.

der to promote international uniformity, IEC, National Committees undertake to apply IEC Puj
parently to the maximum extent possible.in® their national and regional publications. Any di
ben any IEC Publication and the corresponding national or regional publication shall be clearly ind
tter.

tself does not provide any attestation”of conformity. Independent certification bodies provide cq
Esment services and, in some areas, access to IEC marks of conformity. IEC is not responsiblg
Ces carried out by independent eertification bodies.

ers should ensure that they have the latest edition of this publication.

bbility shall attach to IEChor its directors, employees, servants or agents including individual exp
bers of its technical committees and IEC National Committees for any personal injury, property d3
damage of any fature whatsoever, whether direct or indirect, or for costs (including legal fé
hses arising out of the publication, use of, or reliance upon, this IEC Publication or any o
cations.

tion is drawn to the Normative references cited in this publication. Use of the referenced public]
bensable\for the correct application of this publication.

tion is_drawn to the possibility that some of the elements of this IEC Publication may be the s
tarights. IEC shall not be held responsible for identifying any or all such patent rights.

mprising
promote
elds. To
ications,
as “IEC
terested
nd non-
closely
hined by

rnational
from all

National
t of IEC
for any

lications
ergence
icated in

nformity

for any

erts and
mage or
tes) and
her IEC

ations is

Lbject of

The main task of IEC technical committees is to prepare International Standards. In
exceptional circumstances, a technical committee may propose the publication of a technical
specification when

the required support cannot be obtained for the publication of an International Standard,

des

pite repeated efforts, or

the subject is still under technical development or where, for any other reason, there is the
future but no immediate possibility of an agreement on an International Standard.

Technical specifications are subject to review within three years of publication to decide
whether they can be transformed into International Standards.

IEC TS 62997, which is a technical specification, has been prepared by IEC technical
committee 27: Industrial electroheating and electromagnetic processing.
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The text of this technical specification is based on the following documents:

Enquiry draft Report on voting
27/1000A/DTS 27/1007/RVDTS

C 2017

Full information on the voting for the approval of this technical specification 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.

In this technical Qpnr\ifir‘nfinn, the fr\llr\\/\ling Ir_\rinf f\llpnc are used:
e terms used throughout this specification which have been defined in Clause. 3: jn bold
type.

The committee has decided that the contents of this document will remain unchanged yntil the

stability date indicated on the IEC website under "http://webstore.iec.ch'-in the data related to

the spqgcific document. At this date, the document will be

e recpnfirmed,

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 indicates
that |it contains colours which~are considered to be useful for the correct
undefstanding of its contents. Users should therefore print this document using a
coloufr printer.
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INTRODUCTION

An external alternating magnetic flux can induce electric fields inside the human body. Such
induced fields constitute an important category of possible hazards. This technical
specification deals with the sub-category of non-radiating magnetic nearfields in the frequency
range between 1 Hz and 6 MHz being the source of the induced electric fields. The primary
focus is on technical applications in industrial electroheating and electromagnetic processing
installations and equipment, with the applicable safety standards in the IEC 60519 series.

IEC 62110:2009 deals with measurement procedures applicable to the characterisation of
magnetic and electric field levels with regard to public exposure. IEC 62822-2:2016 provides
assessmenis—of exposure—resirictions—for electric—arc—welding—equipment from Hz to

300 GHz. There is, however, no other IEC standard or technical specification covefing more
general kinds of equipment and hazard assessments in the range of up to 6 MHz.

Magnelic field hazards are dependent on the source characteristics, including such without
and with magnetic materials in the source circuit or workload. Such materials enhancjng the
magnetic flux density are required for creating an induced electric shockyhazard below some
few kHE. Static magnetic fields can cause other hazards than those by-conventionally induced
electrid fields and are dealt with in IEC 60519-1:2015. The lower frequency limit [in this
technigal specification is therefore 1 Hz.

NOTE A parallel IEC technical specification IEC TS 629961 is developed by IEC TC 27, to cover tduch and
contact [currents and voltages in the frequency range 1 kHz to.8(MHz. It also includes measurements of
capacitiely coupled currents through the body. Touch and contact eurrents and voltages at lower frequercies are
covered py IEC 61140:2016.

The upper frequency limit 6 MHz is chosen, since

e higher frequencies are not expected to becemployed by internal frequency converters for
DC|voltage transformation in equipment;

e the|free space wavelength of 6 MHz is 50 m, which results in wave phenomena that
essentially do not exist in or at'parts of the human body which have less tharj 10 %
characteristic dimensions of this;

e the| power penetration depth limitation by the equivalent complex permittivity df body
tisspes has not yet set.in .at 6 MHz, so the magnetic flux completely penetrates the parts
of the body under study:with no shielding effects, resulting in an overall simpler and linear
frequency dependence of the induced electric fields;

o thelequivalent complex permittivity of the parts of the body under study is typically $0 high
in this frequency range that external electric fields are efficiently hindered from entering
the| part of the body and causing internal electric fields — as a consequenge, the
separation of capacitively coupled and induced electric fields is therefore strong;

e progessing frequencies below 6 MHz are typically low impedance; higher impgdance
dielectric ilcalillg tras—its—towest—1Sivt flcqucnby at—6;8—vtHz; bcillg deatt ith in

IEC 60519-9:2005.

Electromagnetic exposure is commonly defined to occur whenever and wherever a person is
subjected to electric, magnetic or electromagnetic fields, and the allowed acceptable levels of
exposure are usually specified by national radiation protection or worker protection agencies
in the framework of health and safety regulations addressing the user of equipment. Since
different sources of information on the associated safety requirements exist and these
sources tend to apply quite different safety margins, there are unfortunately significant
discrepancies among their levels of the in principle pathophysiologically based so-called basic
restrictions.

1 Under preparation. Stage at the time of publication: IEC/CDTS 62996:2016.
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When the source is well defined and is the basis for calculations and computations, the
technical treatment of emission is preferred to the consideration of exposure. That is the case
in this technical specification, also since the external magnetic nearfield is not modified by the
presence of the part of the body nearby. Furthermore, the resulting induced and potentially
hazardous internal electric fields depend on the size, shape and orientation of the part of the
body in relation to the source, and on the spatial characteristics of the field. Since the induced
electric field by magnetic nearfields is directed essentially parallel to the bodypart surface,
whereas it is perpendicular for contact current fields, the hazard criteria applied in this
technical specification differ from those in some standards.

This technical specification provides complete information for assessments.

The trgatment of magnetic nearfields as defined in this technical specification deils with
discontinuous presence of the operator in the nearfield, as well as intermittent. operation.
Cases Wwhich do result in shorter term higher body tissue temperature rise in very, smal| tissue
volumes are also dealt with in this technical specification. The information and requirements
are thus useful for other similar cases in science and industry.

As to measurement procedures and equipment, IEC 60519-1:2015Cprovides an ovgrview.
IEC T 106 has published standards which provide guidance for situations where the |source
of the magnetic field and the exposed person are typically further_apart than in the sitpations
addresped in this technical specification. As a consequence, those standards tend to| define
magnetic field sensors neither well suited for measurements. very close to current-garrying
condugtors nor on magnetic fields which vary considerably over the region where the pearest
part of the body being submitted to the emission is located.

IEC 62B22-2:2016 developed by IEC TC 26 deals)>with the reduction of the coupling from
magnefic nearfields compared with homogeneouys fields, as does this technical specif|cation,
but in Jomewhat different ways.

Hazard estimations related to magnetic:-nearfields pose problems with the use of some
existing exposure standards, either~by an exaggerated safety margin of the sd-called
referenfce levels, or by complicated 'and expensive numerical modelling in applying the so-
called pasic restrictions. The methods in this technical specification reduce costs to industry
by beirlg simple and direct. They are also realistic, in particular since the number of rgported
accidents or incidents caused by magnetic nearfields as addressed in this teghnical
specifi¢ation are exceptionally few in relation to the occurrence of strong such figlds in
industry.

This teghnical specification specifies a volunteer test method for assessments of perception of
immediate muscCle and nerve reactions in fingers and hands at frequencies below 100 |kHz. A
first argumentis that the test ends at the perception level when the person’s finger qr hand
slowly |approaches the current-carrying conductor without contacting it, and a distance is
measufed There is no risk of harm, unlike with medical tests using volunteers, which fequire
ethical permits, etc. A second argument is that the computational alternative in cases with
intricate conductor geometries and possible magnetic materials in the source circuit or
workload is highly complicated and therefore expensive, requiring numerical modelling since
measurements of the magnetic nearfield is virtually impossible and the induced electric field
depends on the positioning of the finger or hand. A third argument is that realistic data are
immediately obtained and typically result in the safety distance in most cases being very short
and therefore easy to control.
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INDUSTRIAL ELECTROHEATING AND
ELECTROMAGNETIC PROCESSING EQUIPMENT -

Evaluation of hazards caused by magnetic nearfields
from 1 Hz to 6 MHz
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Part 1:

3 Te

General requirements

rms, definitions, symbols and abbreviated terms

3.1 Terms and definitions

For the purposes of this document, the terms and definitions given in IEC 60519-1:2015 and
the following apply.

ISO and IEC maintain terminological databases for use in standardization at the following
addresses:
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e |EC Electropedia: available at http://www.electropedia.org/;

e |SO Online browsing platform: available at http://www.iso.org/obp.

NOTE 1 General definitions are given in IEC 60050, the International Electrotechnical Vocabulary. Terms relating
to industrial electroheating are defined in IEC 60050-841.

NOTE 2 Some of the definitions in this clause differ somewhat to those in standards and guidelines, as well as
between these. Definitions in this Technical Specification are bolded in the text and several of them have
explanatory notes in this clause.

3.1.1
aversion
experience that is disliked but can be accepted for a short time before voluntary withdrawal

Note 1 t¢ entry: Reactions to aversive stimuli are consciously controlled, as opposed to reactions te inn which
causes Harm and can normally not be controlled.

Note 2 tp entry: Typical quotients of internal electric fields between aversion and perception, in the Hg to kHz
range is|about 2; see IEC TS 62996:— covering touch and contact currents and voltages (n.the frequengy range
from 1 kHz to 6 MHz.

3.1.2
basic lestrictions
BR
restrictjons on in situ (i.e. internal) electric fields or specific absorption rates (SAR) o1 power
densitigs with time and spatial averaging or integration, resaiting from a part of or thg whole
body Rheing subjected to an external alternating electric (E) field, magnetic (B) flux or
electromagnetic field, and that are intended to be based directly on resulting estaplished
pathoppysiological effects

Note 1 fo entry: The term exposure is avoided sinc€/jit has many, even contradictory, meanings. As a
consequgence, the defined term is not generally applicable outside the scope of this technical specificajion; see
Note 3 tg entry.

Note 2 tg entry: Basic restrictions have a safetysmargin to harm.

Note 3 t¢ entry: Sources of scientific and medical information on numerical values are e.g. IEEE, ICNIRP|and EU.
Another term for the limits is exposure limit-values (ELV). Levels are different among sources; reasons Within the
scope off this technical specification are’differences in safety factor levels, different considerations of magnpetic flux
curvatures and decay rates with distance from the source, body surface versus in-depth fields, coupling| values,
and measurement sensors.

Note 4 tp entry: Since in situ)electric field strength or power densities in tissues are secondary to thg emitted
magneti¢ nearfield, definitions by IEC TC 34 and TC 106 are not used in this technical specification.

Note 5 tp entry: Time factors of specific absorption rates (SAR) or power densities, i.e. energy alysorption
versus time, are neeéssary for establishing criteria.

3.1.3
condu¢tor geometry and current restrictions
CGCR
restrictions on certain combinations of conductor geometry, current, operating frequency (i.e.
source properties) and distance/orientation of fingers, hands and extremities in relation to a
source with no permeable material being affected, intended to be indirectly based on resulting
pathophysiological effects

Note 1 to entry: CGCRSs for complicated source properties are not considered in this technical specification.

3.1.4

coupling value

relationship between induced electric field strength maximum in a bodypart, the frequency and
the inducing magnetic flux density in defined locations, under the assumption that there is no
counter-induced magnetic field in the bodypart due to its resistivity

Note 1 to entry: The connection between these is E = Cf‘B , where E is the electric field strength, C the coupling
value, fthe frequency and B the magnetic flux density. C is thus in metre.
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Note 2 to entry: Examples of the defined location of the B vector flux are near the location of the maximum
induced electric field strength or the centre of an induction coil.

3.1.5
electromagnetic emission
phenomenon by which electromagnetic energy is available near a source

Note 1 to entry: For industrial microwave equipment dealt with in IEC 60519-6:2011, emission rather than
exposure is also applied.

Note 2 to entry: The source data used in this standard are typically expressed by conductor geometry, current
and frequency in cases with no permeable or disturbing material, since magnetic nearfield flux properties are in
many cases difficult or even practically impossible to measure with sufficient accuracy.

Note 3 t¢ entry: The energy can be reactive, i.e. non-radiating (evanescent) into free space.

[SOURECE: IEC 60050-161:1990, 161-01-08, modified — The definition has been\modified by
replacipg the words "emanates from" by "is available near" and notes to entry havge been
added.

3.1.6
induced electric shock
pathoppysiological effect resulting from an internal induced etectric field caused|by an
alternating magnetic flux external to a current-carrying conductgaror other flux source

Note 1 tp entry: The effects in the frequency range below 100 kHz are’ essentially immediate, as mupcle and
nerve rgactions. In the higher frequency range these have vanisfied and time-dependent local ovgrheating
constitutes the possible hazard.

Note 2 t¢ entry: With magnetic nearfields the bodypart where the highest electric field intensity occurs is|typically
that neafest to a current source or the magnetic flux maximum, or a region in which the induced closed current
path has|a reduced cross section.

Note 3 t¢ entry: No contact currents are supposed to\be created, as with conventional electric shock dealt with in
IEC TS §2996:—.

3.1.7
magnetic nearfield

magnetoquasistatic field
non-radliating alternating magneétic field existing near a current source, characterised by a
field cUrvature and spatial decay rate at the point of investigation

Note 1 tp entry: Typically, ;these particular influences by magnetic nearfields have disappeared af source
distancep twice the characteristic size of the bodypart.

Note 2 tg entry: Thedfield curvature is the radius R . of the osculating circle.
Note 3 tg entry:\ Comparative calculations or computations of the coupling value in a homogeneous magnetic flux

are valugble for/approximate verifications, but such flux is not a nearfield. There are then cases where calgulations
and/or magnetic flux measurements are preferred.

3.1.8

pain

unpleasant experience such that it is not readily accepted a second time by the subject
submitted to it

EXAMPLE A capacitor discharge corresponding to approximately 1 pF capacitance at 100 V between gripping
hands, 3,5 mA AC touch current, the sting of a bee, the burn of a cigarette.

Note 1 to entry: Agents at the pain level cause harm as defined in e.g. IEC 60050-903:2013, 903-01-01.

Note 2 to entry: The examples are objective statements for standardisation purposes. Subjective experiences
vary.

[SOURCE: IEC TS 60479-2:—, 3.13, modified — Note 1 has been updated and an example and
Note 2 have been added.]
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3.1.9

point of investigation

POI

location in space at which the vector value and field curvature, as well as the amplitude
spatial decay rate along the radius vector from the source of the magnetic flux, are evaluated

Note 1 to entry: Since decay rates are spatial derivatives, measurements require spatial integration or known
properties of the emission source. Furthermore, the magnetic field curvature measurement requires more than one
POI.

Note 2 to entry: There are principle uncertainties regarding the choice of the POI in cases with rapidly spatially
decaying magnetic flux intensity inside the bodypart. In this technical specification, magnetic flux data are typically
given at the surface of the bodypart where the maximum induced electric field occurs. However, the magnetic flux
intensity pratvo—r—a—eharactoristic—poirt-such—as—tho—centre—ofa—eoi-is—chosen—whon—emission—echarasteristics are

used.

Note 3 tp entry: The POI location and its extent are defined in cartesian, cylindrical or spherical)co-¢rdinates
relative o a suitable reference point on the equipment under test.

Note 4 tp entry: The field properties at the POl are in many cases difficult or even pfactically impogsible to
measurel Emission characteristics are then instead used; see Note 2 to entry, and 3.1.5¢

3.1.10
reference levels
RL
directly measurable quantities, derived from basic restrictions and provided for pfactical
exposure assessment purposes

Note 1 tp entry: The meaning of the term differs between somg standards and guidelines, with regaifd to the
considerptions of safety factors.

Note 2 tp entry: Reference levels are as such not referring to any levels of immediate nerve and muscle
reactiong, or sensations of any gradual heating of the tissue-

Note 3 tg entry: Another term, by IEEE and EU, is action level (AL).

Note 4 t¢ entry: Considerations of the magnetic-flux curvature parameter and amplitude decay with distahce from
the sourge are generally not openly described'in standards and guidelines.

3.1.11
specific absorption rate
SAR
power [absorbed by (dissipated in) an incremental mass contained in a volume element of
biologital tissue when 'subjected to an external alternating electric field, magnetic [flux or
electromagnetic field

Note 1 tp entry: (The'electromagnetic power density is related to only the electromagnetic volume properties of
biologicgl tissuey~s0 a recalculation from that to SAR has to be carried out using the specific density, [which is
usually get td 1,000 kg-m=3. There is additionally a need for knowledge on the specific heat capacity and heat
conductipity/of the tissue, as well as power deposition patterns and in situ heat conduction or cgnvection
propertigs. for determination of any hazardous temperature rises or rise rates.

[SOURCE: IEC 62479:2010, 3.14, modified — The exposure concept has been generalised
and a note has been added.]

3.2 Quantities and units

Apart from the internationally accepted Sl units, the following physical quantities are used
throughout this document.
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Physical Symbol Unit Meaning

quantity

Coupling factor C m Defined in 3.1.4; general term.

Coil coupling Ceoil m C, using the magnetic flux in the centre of a single turn coil

factor as reference.

— Cqtandard m C, calculated from the basic restrictions and reference
values specified in other standards.

Film thickness d m Thickness of an absorbing film with film resistance R;.

Bodypart D m Characteristic diameter of a bodypart under investigations

thickness for induced electric fields.

Penetration depth d m The distance from the surface to the layer below the

sSuUTface of an a haffspace of an apsorpmng matertaraf which
the power density is 1/e of that at the surface, when
illuminated by a perpendicularly impinging plape wavie.

Relative & 1 The relative complex dielectric permittivity,in relation|to the

permittvity electric constant &.

Relativp real &' 1 The real part of €.

permittfvity

Dielectfic loss e" 1 The imaginary part ¢. ¢ = &' —j&€%, where j is the imaginjary

factor unit (the positive square root of —1).

Effective E gt 1 The absolute value of &

permittfvity e

Power flensity P Wm-3 —

Object fadius R m Radius of a_sphete or long circular cylinder

Distande in air p m Distance ftem the axis of a long straight current-carrying
wire to‘the' nearest facing surface of a bodypart

Film registance R; Qsq™! The-résistance in ohm per square of a flat absorbing|film
which is much thinner than the dp of the material as quch.

4 Organisation and use of the technical specification

It is recommended that this technical specification is studied in the listed order below. The
order of use then depends on what'is deemed to be critical. The annexes provide much|data.

a)

e)

f)

Firgtly, the definition ef magnetic nearfield in 3.1.7 is important. If such fields and
bodyparts fulfil this, the*induced electric in situ field typically becomes weaker than with a
homogeneous magngetic field and is typically concentrated to the peripheral regiong of the

e C is
chnical

of the
etween

Clause 6 is applicable for frequencies up to 100 kHz and concerns nerve and muscle
reactions which are immediate if the in situ electric field strength is high enough. However,
with Formula (2) fulfilled there should be no perception. Since there are considerable
difficulties to obtain the in situ electric field, indirect methods have to be applied. They are
listed in Clause 6, with data handling in Clause 8.

Clause 7 deals with requirements related to bodypart tissue overheating. For frequencies
above 100 kHz this can occur without any immediate perception. The specific absorption
rate (SAR) concept is used, with relaxations for short-time fast tissue heating which is
sensed. Again, computing or calculating the in situ electric field strength is necessary.
Some methods in Clause 6 are used, with tissue data from Annex C.

Clause 8 deals with the overall calculations and safety considerations. In particular 8.6 is
important and deals with the different approaches towards compliance. There is a special
IEC warning marking for magnetic nearfields, reproduced in Clause 9.
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g) Among the eight Annexes the first three (A, B and C) are of reference character. Annex D
deals with the non-nearfield case of object coupling to a homogeneous magnetic flux, and

its Figure D.3 is very illustrative. Annexes E and F deal with objects near a straig
and coil, respectively, and many results are summarised in Clause F.10 and
practically useful graphs and tables in Annex G. Finally, Annex H deals with
computational issues and necessities for frequency upscaling in numerical
modelling.

ht wire
in the
some
FDTD

5 The basic relationship for determination of the in situ induced electric field

The most basic and valid relationship between an inducing sinusoidal magnetic flux intensity

th £ is

B in a small closed and hnmngnnpmlq rpginn where the induced electric field stren
highes{ is expressed as

E=CfB

in the $I system, where C is the coupling value in metre and /' the frequency in Hz. It
from the definition of the coupling value C that it is applicable if the magnetic flux
affectefl by the presence of the object, i.e. if the object is non-magnetic and has an
condugtivity o which is sufficiently low for the E field not to be(affected by it. Furthg

(1)

follows
is not
Blectric
rmore,

humans are considered entirely non-magnetic so the in situ B =figH. It is also to be noted that

C is in principle frequency independent since the magnetic. field is not influenced
presente of the bodypart; see Annex H on the limitations.

The general form of Formula (1) is directly applicable*with homogeneous B flux and s

by the

plvable

by anal|ytical functions for some mathematically cylindrical geometries with axis paralle] to the

B field|direction. For inhomogeneous B fields there is a need to, in some way, defin
structufe. Two ways are used in this technicakspecification:

o for pn infinitely long conductor, its cro8s section dimensions and either the total cu
it of the measured/computed B field~at the object surface where the maximal in sity
is induced;

e for p single turn coil, all its dimensions and either the total conductor current or the
intensity at its centre; the resulting coupling value C is then labelled C_.

NOTE Further basic informatien» on e.g. 2D modelling, is given in Clause D.1. A differently defined
factor Kj, and comprehensiveé 2D modelling results are in IEC 62226-2-1:2004.

The C palue depends -on the object geometry and location, and on the B flux characte

e their

rrent in
E field

B flux

coupling

ristics.

Since the induced: E field “strives” to become circular in a homogeneous B flux in a

homoggneous (conductive body (by the Kirchhoff principle of minimum Joulean heat)
typically have~a minimum in the central regions of an object. There will also be a |
value fprobjects which are linearly shrunk in the plane perpendicular to the B flux d

it will
bwer C
rection

under ¢théerwise unchanged conditions; see D.2.3.

With inhomogeneous tissue conductivity, much the same as above applies, but concentration
effects of the current density occur; see Clause F.4. More accurate bodypart models for

numerical modelling shall then be considered. However, magnetic nearfields typicall
the simplifications made in Annex C.

6 Requirements related to immediate nerve and muscle reactions

6.1 General

y allow

Clause 6 specifies requirements on and rationales for applicable maximal in situ electrical

fields where SAR limitations are not primary, from 1 Hz to 100 kHz.
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The particular requirements in this technical specification apply with magnetic nearfields in
cases where the affected bodypart is only fingers, hands or extremities, as follows:

a) using the CGCR method in 6.2; this is applicable in geometrically simple configurations
where only the current-carrying conductor and the bodypart are present. Formula (2) in
6.2 is applicable.

b) using numerical modelling, with the coupling value C being obtained and used with
Formula (1) in Clause 5 and Formula (2) in 6.2. The examples in Annexes C, D, E, F and
G provide information which is applicable in cases where the scenario under study is
similar.

c) using the volunteer test method in 6.3. This is applicable in cases with complicated

i i i ' in cases
re the source circuit contains magnetic materials or a workload is influeficing the
mapgnetic nearfield.

The BR values referred to in Figure A.1 are applicable for other bodyparts than fingers, hands
and extremities. However, if it is shown by numerical modelling that the magnetic neaffield in
combination with the kind and posture of the trunk provides the most onerous induced| E field
only in|shallow regions by a magnetic nearfield source close to it, a retaxation dowr to the
specifi¢ation in Formula (2) is possible to apply.

NOTE 1| Reasons for the modified requirements by Formula (2) in relation'do’ the BR values in Figurel A.1 are
given in Clause A.1.

NOTE 2| It is well known that the immediate nerve and muscle reactions are very much reduced at 100 |kHz and
still morgp at higher frequencies, as compared with those at AC-mains frequency. For kHz frequenciep only a
tingling ensation is perceived if the electric field intensity is<high enough. The upper frequency limits by
ICNIRP/EU and IEEE for immediate nerve and muscle reactions on in situ electric fields therefore segm to be
unclear yith regard to such reactions; there cannot be any pain’by such reactions only, at frequencies higher than
100 kHz| If the time of being subjected is short and at a high internal electric field level and high frequengy, there
are of cdurse difficulties to separate out the direct electrical and tissue heating effects by volunteer studies

NOTE 3| The immediate nerve and muscle reactions are proportional to the peak value of the in situ|induced
electric field strength, with the time between peaks“characterising the frequency f. It is then to be noted|that the
electric fjeld curveform is related to the time derivative of the inducing magnetic field.

6.2 Method using the conductor geometry and current restriction (CGCR)

NOTE 1| Annexes D to G provide the_basis for the restrictions set out in 6.2. In particular, the bodypart nmpodels in
Annex C|and the reported volunteer study results at 11 kHz in Clause F.8 are applied and provide a backdround to
Formula|(2).

Using [CGCR levels ‘with a number of scenarios for obtaining relevant safety leyels by
numerifal modelling:shall, alternatively to 6.3, be the conclusive procedure.

The requirement for acceptance in Formula (2) is valid between 1 kHz and 100 kHz [for the
maximé]:l induced electric field strength in fingers, hands and extremities by a sinusoidal

magnetic{nearfield.

Erms <3.6x1072. 1 (f >1 kHz) (2)
where E is in Vm=1 and fin Hz.
From 1 Hz to 1 kHz the fixed value 3,6 Vm~" at 1 kHz given by Formula (2) applies.

The CGCR method is applicable for only sinusoidal magnetic fields with magnetic objects in
the circuit. If magnetic fields have an influence, numerical modelling is needed unless B flux
measurements in 8.3 or the volunteer test method in 6.3 are carried out.

NOTE 2 Reasons for the higher value than 0,77 Vm™' (EU) and 2,1 Vm™' (IEEE) at 1 Hz are the limitations to
these extremities, limits to nearfields, and exclusion of magnetic materials.
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NOTE 3 It is in practice not possible to get these E field strength values at frequencies less than 1 kHz unless
magnetic materials are used in particular ways for creating the necessary high magnetic flux densities.

NOTE 4 Comparisons between volunteer test results of touch currents at 11 kHz and numerical modelling results
with a coil with 4,8 kA at the same frequency are used as a basis. They are described in Clauses F.7 and F.8, with
conclusions in Clause F.9. The Eg,,- value used as reference for CGCR calculations is set to 40 Vvm~'! at 11 kHz
sinusoidal fields and is proportional to the frequency.

In this technical specification the outermost skin region with about 2 mm thickness is excluded
in the determination of the region over which the spatial averaging of the induced electric field
is made. The tissue region to be considered is contiguous, with 4 mmZ2 to 6 mm?2 cross section
with no concave periphery and at least 1 mm in minimum width, perpendicular to the current
flow (and E field direction) and selected as having the highest average.

NOTE 5| Reasons for the skin region exclusion are primarily due to essential shorting-out by the mudgh higher
conductiyity of inner tissues; see Clause 5, C.2.2 and C.2.3.

NOTE 6| The spatial averaging is in consideration of the possibility of use of various numerical‘méthods| and for
avoiding|lunnecessarily detailed computations. The shape of the cross section is thus elliptical(or rectangular.

If the actual scenario is represented in Annexes E to G or numerically modelled, no adgitional
safety factor on the coupling value C is applied. In other cases the safety factor of C i$ set to
a number between 1,5 and 2 depending on the similarities. In addition; a safety factor|for the
referenfce scenarios shall be applied and specified in the documentation, in consideration of
all geometric factors including positions of the operator finger,<hand or extremity as well as
condugtor geometry, current and frequency.

6.3  Yolunteer test method
6.3.1 Volunteer basic test method

The primary use of this method is with conductor, workload conditions including presence of
permegble materials and bodypart locations, and orientations for which the CGCR method is
not dgdemed suitable and the similarities to the reference scenarios in annexgs are
insuffidient, or numerical modelling faecilities are not available. In particular, the mefhod is
suitabl¢ when there are permeable . (materials affecting the magnetic flux inducing glectric
fields in bodyparts.

The gdal is to ascertain that the scenario — i.e. all geometric factors including the operator
finger, [hand or extremity_in an onerous but not unlikely position and posture, as yell as
source| type, geometry{ gurrent and frequency — will not result in an immediate neérve or
musclel reaction. The(method is applicable for frequencies up to 100 kHz, for non-sinusoidal
and sinusoidal induced electric fields.

NOTE 1| For frequencies lower than some few kHz, sufficient inducing magnetic flux densities are popsible to
achieve pnly with permeable materials in the source circuit.

NOTE 2| The" method is not applicable for frequencies and conditions which result in tissue overheating Reing the
primary razard:

If maximally one of four volunteers perceives nerve reactions and none of the four
experiences aversion with the highest normal operating current, the scenario is compliant.

Other criteria of volunteer selection and test results can be required by national authorities for
worker protection.

NOTE 3 The method with elevated currents or closer approach to the conductor in 6.3.3 is preferred, if technically
possible.

NOTE 4 An example in given in Clause F.7.
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6.3.2 Method based on volunteer tests and similarity with pre-existing scenario

This is applicable in cases of changes of coil radius or conductor length, workload if existing,
and change of frequency, all with unchanged access by the relevant bodypart. No further
assessments are then needed for compliance.

NOTE Annex B provides formulae for recalculations, or numerical modelling can be carried out instead.

6.3.3 Method based on volunteer tests, using available elevated conductor current or
shorter distance between the conductor and bodypart

Elevated currents improve the assessments of the level of perception. If with an otherwise

unchanged scenario maximally one of the four volunteers as in 6 3 1 express aversion, the

relativg elevated current becomes a safety factor to be applied with e.g. characteristic|size of
the boqypart or the distance to the source.

NOTE 1| Shorter distances between the conductor and bodypart is an applicable method as above, for re@gsonably
straight [conductors but not with coils. There are in some cases variations of the C value“with distapce; see
Table E.[l and Figure G.1.

NOTE 2| Annexes E and F provide relevant information.
6.3.4 Method using magnetic nearfield reference levels (RLs)

This is| applicable in cases where the magnetic flux is measurable close to the POI| which
shall b¢ at least 20 mm from the nearest point on the maghetic flux source. The applicgble RL
B valug is 1,0/f T (RMS) from 1 Hz to 6 MHz, with a ceilig value of 300 uT. This applies to all
bodypdrts for sinusoidal fields.

NOTE 1| Using Formula (1), this corresponds to C = 1 m., That is higher than can realistically be obtaiped; see
Annexes|C to G.

NOTE 2| The RL values corresponds well to those «in“Directive 2013/35/EU. RL values in the IEEE standards are
much loyer for the lowest frequencies, but has a mare than three times higher ceiling value for extremities|

NOTE 3| For non-sinusoidal fields, see 6.1, Nate 3.
7 Requirements related torbody tissue overheating

7.1 General

711 The limits of\the ICNIRP/EU and IEEE BRs shown in Figure A.1 are specified by
these for only averaging over any 6 minutes, and are essentially the same in this Tegchnical
Specification, by;aslightly modified requirement in 7.1.2. Short term or intermittent bodypart
heatind requirements are given in 7.2 and 7.3, with temperature rise requirements in 7.1.3
and 7]1.4( Skin heat capacity data are given in 7.3.2, but maximal energy (ensity
requirements are specified.

The effective (RMS) value of the in situ induced electric field strength is applicable. The
electric field curveform is related to the time derivative of the inducing magnetic field.

As for the immediate nerve and muscle reactions, the CGCR method and numerical modelling
are used for the conditions of possible continuous presence by the bodypart in the magnetic
nearfield. Requirements are in 7.1.2 to 7.1.4. Cases where this is not practical or possible,
and where the magnetic fields are supposed to be so weak that there can be no hazards, are
dealt with in 8.6. Intermittent heating is dealt with in 7.2. Short time heating and integration
times requirements are specified by volunteer sensing, in 7.3.

NOTE 1 The upper frequency limits of the ICNIRP/EU and IEEE BRs shown in Figure A.1 are at 10 MHz and
6 MHz, respectively. However and as also shown in the figure, limitations by body tissue SAR averaged over any
6 minutes set in at electric field levels many times lower than at the upper frequency limits for the immediate nerve
and muscle reactions.
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NOTE 2 In view of the recommendations on elevated SAR values in Clause 7, there is an uncertainty as to which
criteria — E field or SAR — should be used before safety factors are applied in cases in the MHz range. The
situation is exacerbated by the lack of ICNIRP/EU and IEEE explanations of the chosen frequency proportionality
factor f with the simple exponent 1 for the immediate nerve/muscle effect. The ICNIRP safety factors are also
stated to be high and can explain the differences to IEEE standards, rather than do any differences among
volunteer studies.

7.1.2 The ICNIRP or IEEE BR specifications, or those by the relevant national authority,
shall be used for assessing the overheating of a part of the body possibly lasting over any
6 minutes.

Unless particular circumstances motivate otherwise, body average data in Figure C.1 are
used.

NOTE 1| A power density of 20 Wkg™' over 6 minutes corresponds to an approximate energy of 7,2 kdkg~' and
causes g temperature rise of about or less than 3 K in typical body tissues under conditions of no_ heat losses to
ambient pr other bodyparts.

NOTE 2| It is assumed that a continuous heating rate fulfilling the BR SAR requirement js;not perceived by the
person.

7.1.3 It is assumed that the temperature rise in any parts of the body does not excepd 5 K,
except| for heated skin regions (epidermis/dermis/subcutis) where the local shoft term
temperpture is allowed to become 50 °C.

7.1.4 It is assumed that the initial temperature of the skin and fingers is 32 °C, on which
the asgessments for some intermittent conditions are based. An initial temperature of 40 °C is
assumed for other parts of the body, and shall also be)used for the initial skin temperature in
all situgtions with elevated ambient temperatures.

NOTE 1| The finger skin temperature rise is thus maximally 18 K for an initial temperature 32 °C, and [10 K for
other pafts of the body and for finger skin under conditions of elevated ambient temperature.

NOTE 2| Skin data and skin heat capacity considefations, as well as compatible temperature rise criteria for touch

currents) are in IEC TS 62996:—, 9.3, 9.4 and Ahnex C. Compatible electromagnetic finger skin volume |data are
given in Annex C in this Technical Specificatiom

7.2 Intermittent conditions with 6 minutes time integration

7.2.1 Subclause 7.2 is applicable for cases where the immediate heating effect gxtends
6 mm qr more into the tissue.

NOTE 1| The determination/of this heating depth is to be made by numerical modelling, or by using applicable
existing theoretical or numerical data. See Annexes D, E and F.

As a consequence, higher short term SAR ceiling values are allowed under the conditijon that
the avgrage-over any 6 minutes does not exceed the BR value. This ceiling value ig set to
500 Wkg7'for fingers, hands and extremities and 250 Wkg~'! for other tissue| As a
consequence _at these ceiling values, the allowed total time of bodypart heating bgcomes
15 seconds over any 6 minutes.

NOTE 2 The SAR factor 500/20 = 25 is compatible with some existing national regulations.

NOTE 3 A discussion of intermittent exposure, with conclusions for microwave industrial equipment, is in
Annex BB of IEC 60519-6:2011. The impinging power flux density factor is 5 over maximum 20 seconds duration,
but that factor is limited by characteristics of commonly available measurement instruments. The equipment and its
control system shall be so designed and set that the resulting energy deposition in any 10 cm? fingers, hands and
extremities, and that 3,6 MJm~ energy deposition in any 10 cm? other tissue is not exceeded over any 6 minutes.

7.2.2 The numerical values in 7.2.1 are allowed also under the condition of non-repetitive
operations, with appropriate warning marking and user instructions displayed at the
equipment.
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7.3 Intermittent conditions in fingers and hands with shorter integration times

7.3.1 Subclause 7.3 is applicable for non-repetitive cases where the immediate heating
effect is strongest in a region down to 4 mm or less including the surface of the tissue. Such
cases occur in extreme nearfields in the close vicinity to current-carrying conductors.

7.3.2 Skin tissue (2,5 mm total thickness of epidermis, dermis and subcutis) has a heat
capacity of about 0,62:J-cm=2:K-1 per cm?2 area (6,2 mJ-mm~—2:-K-1). Heating by 1 K requires
0,62 J per 0,25 cm3, i.e. 2,5 J/(cm3,K). One then typically sets 1 kg tissue approximately
equivalent to 1 dms3.

7.3.3 The tissue volume over which energy deposition integration is made is a 2,5 mm to
3,5 mn) thick surface layer.

7.3.4 The power density shall be so high that sensing occurs. The perception conditions
for hazard calculations are skin temperature rises of at least 3 K over 5 seconds. The [data in
6.3.2 rpsult in a heating by the minimum 3 K requiring 1,5 W/cm3 = 1,5§MWm=3 oyer the
maximyim 5 seconds.

7.3.5 The withdrawal reaction in this case is set to be completed 4 second after thg actual
sensing, i.e. 3 K temperature rise. In the minimum power density case for perceptipn, the
temperpture rise will thus be about 3,6 K. If the heating rate is’Higher, maximally 18 K (10 K
with elpvated ambient temperature) is allowed according toy7.1.3 and 7.1.4. With 1% times
higher |heating rate than the minimum 1,5 kJkg™1, i.e. 22,56 kJkg™", the temperature rise rate
becomes 9 Ks=1. This is the maximally allowed local pofver density.

7.3.6 The temperature evening-out by heat conduction has a time constant of 15 spconds
to 20 seconds, with the restriction in 7.3.1. TheZfrequency of repetitive operation resulting in
heat pgrception shall be maximally one per miqute.

7.3.7 Appropriate warning marking and-instructions shall be displayed at the equipmgnt.

8 Calculations and numerical computations of induced E field and SAR b
magnetic nearfields: inaccuracies, uncertainties and safety factors

-~

8.1 Principles for handling levels of safety — general

Achievlng an overall."acceptable safety requires a combination of a number of often
compli¢ated and quite different factors, some being more important than others. Due o their
typical |interpendencies, summation of the probabilities shall not be linear but basically least-
square| Experiences typically show that the dominant uncertainties are related to operator
behavipursi_including risk awareness, use of information and adherence to instruction$. Lack
of cleaf ingformation, instructions and warnings are also important factors. As a conseduence,
proper instructions by the manufacturer and continued follow-ups by the user are crucial.

The manufacturer has the prerogative to minimise the inherent risks of the equipment by
technical means, without disabling the intended process or usability of the equipment. He
shall compare the importance and detailed specifications of any such means with the
endeavours to minimise the overall risks by proper information and instructions to the user.
The balancing of usability and overall safety is a matter of agreement between the
manufacturer and the user of the equipment emitting magnetic nearfields. It is, however, the
responsibility of the manufacturer to pre-assess the competence of the user and his ability
and willingness to adhere to all safety instructions by the manufacturer, in consideration of the
complexity of the particular EH and EPM installations.

A means for the manufacturer to reduce the inherent equipment risks is to employ various
“fool-proof” measures, such as proximity sensors/switches which de-energise the potentially
hazardous subsystem of the equipment under conditions of operator errors otherwise


https://iecnorm.com/api/?name=d9a43f8456ff7b366175f98b788aedae

- 22 - IEC TS 62997:2017 © |IEC 2017

resulting in the operator being subjected to potentially hazardous magnetic nearfield
emissions. The user shall be specifically informed on such means for interrupted processing,
and they shall be specified in the manufacturer’s documentation, with their implications.

8.2 The C value variations with B field curvature

As quantified in mainly Table E.1 and Figure G.1, the coupling value C to an unchanged part
of the body is typically reduced with a small and shrinking curvature radius R, of the B flux
at the POI; R, is the radius of the osculating circle determined by the directions of the B
vector of equal amplitude in two nearby locations. If reliable numerical modelling is carried
out, this allows relaxations regarding either the allowed approach distance of a part of the
body to the emission source, or higher currents in it; also see Figure G.2 for an example.

If the fleld decay rate from the source is strong in relation to the curvature of this'parf of the
body, pr strong due to the emission source characteristics of e.g. a current’loop (see
Formulg B.4), the in situ current path will become limited to only a small region -of the|part of
the bodgly, thus typically getting a much smaller coupling value C than inythe non-ng¢arfield
case. The extent of this weakening of the coupling can in practice be|quantified only by
numerital modelling, as illustrated in Annexes E, F and G for some typical cases.

8.3 ocation of parts of the body, instrumentation and measurement issues

A coil-{ype sensor is useful in a homogeneous magnetic (B). flux, since the coil ared is not
importgnt. As addressed in Clause A.2, the region over which’the induced E field BRs apply is
in the prder of some few millimetres, and 10 cm3 or less‘for the SAR BRs. This meajs that
the digtance between the bodypart where maximum/ E is induced and a current-darrying
condugtor within some decimetres shall be very well:known/specified, and/or the B values be
measufed quite precisely where the bodypart is supposed to be present. For example, (10 mm
distange difference at 30 mm average distanée from a long current-carrying conductor
theoretically results in a B flux quotient of 1,4, i.e. 40 %. This geometric uncertainty factor
becomes even higher near coils; see Formula (B.4), and examples in F.2.2.

Anothef consequence of the locationlissue is that coil-type B flux sensors have a sighificant
spatial |extension, resulting in an averaging of the B flux over the measurement coil area. This
averagp will of course be lower-than the maximum closest to the current-carrying condyctor.

These |issues will in many.cases be insurmountable. As a consequence, a procedure of
source|characterisation(and currents (CGCR) and an alternative method of volunteer tests are
applied in this Technical Specification.

8.4 Handling-of inaccuracies of in situ E field and SAR numerical values

These guantities cannot be determined by actual measurements, since they have to he non-
invasive.“As a consequence of the resulting analysis of the overall hazards discussed|in 7.1,
Severa Uf thU IIUIIIUI;UCI: u||UCIta;||ty fautula ;II \/Ullcllt IIIUGOUICIIIUIItO GIICIl HCUIIIGtI;U S We”
as tissue property relevancies, numerical modelling of the emission and other calculations
shall initially be set to low values in the overall risk assessment procedure. This shall be
followed by repeated statistical analyses with insertion of the likelihoods of the dominating
individual risk levels with modified uncertainties of them, for finding out the few most likely
onerous risk factor combinations.

NOTE As an example for users of handheld devices, IEC 62209-2:2010 states that SAR overestimates are to be
as small as possible and values in the order of 20 % or less are deemed reasonable. It is furthermore stated that
tissue conductivities are not to be selected to be arbitrarily large. However, such a statement is applicable by
limiting the figure to only the outcome of the numerical modelling as such, for a pre-specified scenario.
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8.5 Approaches to compliance
8.5.1 General

It is possible to make assessments based on different methods depending on the accuracy
requirements and how close the actual induced E field strength is in relation to the
requirement. Separate assessment procedures are applicable also to different parts and
operations of the equipment.

NOTE Requirement and risk group classifications are dealt with in Clause 9.

8.5.2 Cases where verification of levels being below the RL is sufficient

NOTE 1| Some RL data are given in Annex A.

The magnetic nearfield curveform and amplitude in a relevant POI in the region_ of likely or
possible bodyparts presence are measured, and the RL data in 6.3.4 ane .found| to be
significantly higher. No further elaborations are needed if there is a sufficient measurement
inaccufacy margin.

NOTE 2| This Technical Specification does not specify C levels.

standard

NOTE 3| The accessibility is determined in accordance with 6.3.4 and the relevant specifications and requjrements
in IEC 60519-1:2015.

8.5.3 Cases where only B flux measurements are sufficient

Measurements are carried out, and it is found that levéls*exceed or can exceed the RL|data in
an applicable standard or national regulation.

NOTE $gee Note 2 in the definition of RL (3.1.10): the B~field curvature parameter for magnetic nearfielfls is not
considergd in some standards specifying RLs, resulting‘in*the RL values being too low for such cases.

The figld structure of the emission is”assessed and compared with relevant data in
Annexgs B, E, F and G. If a reasonable similarity is then found, calculations are made to
determjne if immediate nerve and muscle reactions or tissue heating is the type of hazard. In
the latter case, the duration and.frequency or regularity of bodypart presence is used, With the
specifi¢ations in Clause 7 and/Anhhex B.

Further and final assessmients are then made iteratively, after modifications of access qr other
protectjon means, if needed.

8.5.4 Cases where the volunteer test method is applicable

This method<has the important advantage of being direct in the sense that most computation
and calculation errors are inherently eliminated. It is applicable between 1 Hz and 100 kHz for
nerve gndumuscle reactions (see 6.3) and for intermittent conditions in fingers and hanfds with
shorter integration times for higher frequencies (see 7.3).

Detailed records containing information on the individuals, wet/moist conditions, and
geometric factors shall be prepared.

The method is applicable in cases where there are clear specifications on minimum distance
of the finger, hand or extremity to the current-carrying source, and the source is well-
specified. It is particularly suitable when fingers or hands are not straight as specified in
Annex C. Gripped tools, if any, are also included in the tests.

8.5.5 Cases where the CGCR method is applicable

This method has the important advantage that magnetic field measurements are typically
avoided. As with the method in 8.5.4, detailed geometric factors shall be specified.
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The method is particularly applicable in cases where the source frequency and currents vary,
and the bodyparts in the nearfield are well defined but their closest distances to the source
can vary.

8.5.6 Cases where numerical modelling is carried out

This is applied in situations where there are reasons not to apply any of the methods in 8.5.4
and 8.5.5, for example by the presence of disturbing objects which can alter the magnetic
field data, or with complicated source geometries. Current and frequency measurements,
including the curveform, are however carried out for scaling purposes. Resources and
sufficient knowledge shall be available. Data in Annexes A to G shall be used as basic
references for verifications and/or comparisons; other verified references are also allowed.

NOTE If numerical modelling is not accessible and the methods in 8.5.4 or 8.5.5 are not applicable, 8.5'4 or 8.5.3
are appliled, with introduction of larger overall safety margins according to Clause 9.

A geometric model of the relevant parts of the equipment is constructed-,TFhen us|ng the
measufed conductor current(s) or magnetic field(s) in some characteristic locatiofns, the
compldte scenario is constructed, including tissue conductivities from Annex C. Resylts are
then uged, with relevant safety factors.

Frequelncy upscaling is recommended with finite difference time/domain (FDTD) meéthods.
This is|addressed in Annex H.

8.6 $ummary of inaccuracy/uncertainty factors tobe.considered
The items dealt with in Clause 8 and to be considered are summarised as follows:

a) Bagic issues:

— [The extent of relevance of standardised scenarios (see Annexes D to G) for numerical
modelling;

— [Computation inaccuracies and_sensitivities (e.g. numerical errors, resolution limits of
small spatial distances, non-linearities in frequency upscaled scenarios).

b) Teghnical and bodypart variabilities:
— [Sensor inaccuracies;

— |B flux measurementuncertainties (manual handling, location of spatial inaccyracies,
nstrument sensor_integration area);

— [Source variabilities (source energising data and frequency, including its spectrum);

— |Mariabilities~of the relevant parts of the body (tissue electromagnetic properties and
geometries, most onerous locations).

c) Operaterjand user behaviour factors:

- m iahiliti . itt s f | . . source

region;

Overall influences by operator knowledge and awareness/sensing;

Influences by quality of instructions and warnings;

Importance of continued information to existing and new staff.
9 Risk group classification and warning marking

9.1 General

Due to the typical lack of personnel experience of possible hazards by induced electric
shock, and the likelihood of the maximum induced electric fields not occurring in the skin
region, risk group settings shall be more severe than for conventional electric shock. A further
reason for this is that in situ measurements are not possible to carry out.
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The safety classification scheme for exposure risks in Table 3 in IEC 60519-1:2015 is
applicable as stated in the following 9.2. to 9.6. The application of risk groups 2 and 3
requires special restrictions and hindering of access and are allowed only in such cases
where the occurrences of harm are deemed very unlikely after a thorough documentation
procedure and instruction work has been carried out and the particular type of equipment and
process can reasonably not be used without the very strong magnetic fluxes.

NOTE Risk assessment and categorisation is dealt with in IEC 60519-1:2015. Especially the concepts provided in
its Clause 4 are relevant also for induced electric shock.

9.2 Induced electric fields from 1 Hz to 1 kHz

the cirquit. Due to the associated general calculation and computation difficulties, risk group 0
or 1 applies, with warning signs if group 0 and also instructions if group 1.

9.3 nduced electric fields from 1 kHz to 100 kHz

Risk group 0 applies if the applicable RL value complies with 6.3.4 and 8;5.2.

Risk group O still applies if the B field measurements and following calculations in 8.5]3, with
an applied safety factor 2 to those given in 6.2 is fulfilled. Withouf\this safety factor, risk group
1 appliges.

The same principle as above applies with the volunteer<test method: risk group 0 when a
safety factor 2 is applied to the induced electric field; otherwise risk group 1.

In casgs where numerical modelling is carried out; the same principle as above is gpplied,
with rigk group settings depending on how well¢the scenario represents the actual sifuation.
As a cgnsequence, risk group 0 or 1 applies.

9.4 Induced electric fields from 100-kHz to 6 MHz

Risk group 0 applies if 7.1.2 (longterm) is fulfilled. Normally, no warning sign is needed.
Risk group 0 also applies with 7.2; a warning sign shall be used.
Risk group 0 or 1 applies with 7.3; measures are specified in 7.3.7.

9.5 ragnetic flux fields from 1 Hz to 6 MHz

Since ¢only RLwvalues of such fields are specified in this Technical Specification, risk |level 0
applies] under the condition that access is hindered at least 20 mm from the nearest [part of
the sodree/If not, other methods ensuring safety apply; see 6.2, 6.3 and 8.

9.6 Warning marking

Warning marking shall be according to 19.4 and Annex F of IEC 60519-1:2015.

Symbol IEC 60417-6204:2013-07 “Caution, static magnetic field hazard”, shown on the right
in Figure 1, shall be used in cases where the B field source contains magnetic materials and
there is a risk of forces on objects. Symbol IEC 60417-6205:2014-08 “Caution, alternating
magnetic nearfield hazard”, shown on the left in Figure 1, shall be used in cases with strong
inducing currents. Both signs shall be used simultaneously, if applicable.
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A\ /0

magnetic nearfield static magnetic field
class 1 class 1
(IEC 60519-1) (IEC 60519-1)

IEC

Figure 1 — Examples of warning marking
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Annex A
(informative)

Survey of basic restrictions, reference levels
in other standards, etc.

NOTE The term basic restrictions in this Annex refers to the definitions of it in the respective standards and
guidelines. The term is therefore not bolded.

A.1 Basic restrictions — general and deviations

The main updated original sources on which limits and regulations are based are deVeloped
by ICN[RP and by IEEE. IEEE C95.1:2005 uses the in situ E field of very short-duration as
basic pnit for hazardous nerve and muscle reactions, whereas ICNIRP (¢hanged the
underlying physical effect used in their guidelines from in situ current densityto in situ |[E field,
betwegn 1998 and 2010.

The ICNIRP, IEEE and EU BR specifications are outlined in Figure @;1. These, or those by
the relgvant national authority, constitute reference data for assessing the immediatg nerve
and muiscle reactions as well as tissue heating except in cases. dealt with in Clausg 6 and
short tgrm intermittent conditions in Clause 7.

Formulg (2) in 6.2 can be compared with the data illustrated in Figure A.1. As an example, the
IEEE {£95-1:2005 standard specifies Erysg < 6,27 X107* ./ which is 5,75 times |lower.

However, that formula is stated to be valid under all circumstances whereas Formula (2) in
6.2 applies only with the CGCR method and numerical modeling. Rationales for Formula (2)
are giyen in Clause F.8 on volunteer studies; and in Clause F.9 by comparisorjs with
conventional electric shock effects by contact current using the impedance data in
IEC TH 62996.

Spatiall averaging specifications accerding to ICNIRP, IEEE and EU are given in Clause A.3.
They do, however, not consider the particular property of the in situ electric field direction
induced by a magnetic nearfield\to be parallel to the bodypart surface and by that essgntially
perpengdicular to the nerve fibres in the skin region so that no currents are induced in them;
see Clauses F.8 and F.9.

NOTE 1] In the Directive 2013/35/EU it is stated that the BR/RL system can be in conflict with specific conditions
which sHhould then be taken into account; that employers are entitled where relevant to take exposure levels and
other appropriate safety-related data provided by the manufacturer into account; that amendments should be
possible|taking into™aecount technical progress, changes in the most relevant standards or specifications, jand new
scientifid findingsscenhcerning electromagnetic fields. It is furthermore stated in the Directive that evidence|for such
deviatior]s muyst then be available.

NOTE 2| m“the IEEE standard C95.1:2005 it is stated that its existence does not imply that there are jho other
ways to produce, test, measure, purchase, market, or provide other goods and services related to its scope. It is
also stated that when a document is more than five years old and has not been reaffirmed, it is reasonable to
conclude that its contents, although still of some value, do not wholly reflect the present state of the art. The
C95.1a Amendment (2010) does not deal with magnetic fields emanating from an alternating current source.

A.2 The coupling values C in ICNIRP guidelines and IEEE standards

With BR and RL data available, Cgyngarq Values are obtained by insertion of these in
Formula (1). The ICNIRP:2010 Cgigngarq Value for frequencies 3 kHz to 10 MHz is 10 m.
IEEE C95.1-2005 has the corresponding Cgigngarg Value 1,02 m between 2 250 Hz and 5 MHz.
Also see Note 2 in 6.3.4.

NOTE 1 Both ICNIRP and IEEE have limited their considerations to cases with a significantly longer distance from
the source to the nearest parts of the body than in this Technical Specification. The parts are then also assumed to
be so large that very good coupling to the emission occurs.
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NOTE 2 ICNIRP:1998 discusses a simple first order formula for calculation of the maximum coupling from a
homogeneous magnetic field (in its section 4, on reference levels) which can be expressed as C = nR, with R being
the radius of the object. Inserting the realistically largest long cylinder approximately representing a head having
200 mm diameter, in a homogeneous B field, in Formula (1) gives C = 0,314 m.

Bodytissue electric field strength E (V/m)

|
10 000 —
[EEE C95-1 2005 SAR limits: e EEEC95-1 2005 ICNIRP 2010
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Figure A.1 — ICNIRP, IEEE and 2013/35/EU basic restrictions (RMS)
NOTE 3| Figure A.1 data in red“are for thermal effects, dealt with in 7.1. The IEEE, EU and ICNIRP BR vglues are
essential|ly the same.
NOTE 4| The specifications in 2013/35/EU for induced electric fields is essentially identical to those in ICNIRP
2010 for|all head and*body, but applies to all tissues. The only difference is that peak value instead of RMS are
specified. The values are identical for sinusoidal curveform.
NOTE 5| Since)the induced electric field is virtually independent of the electric conductivities of typicgdl human
tissues Withih/the frequency range and scope of this Technical Specification, the change by ICNIRP betwgen 2009
and 2010—{from—current—densitios—to—olectric—fields)—results—in—an—improvement—of—accuracies—ar—caledlated or

computed data for comparisons with the E field BR.

NOTE 6 IEEE standards and ICNIRP guidelines deviate considerably between them with regard to the electric
field BR, as shown in the graphs in Figure A.1. At 10 kHz, the BR quotient for extremities is about 2 between IEEE
and ICNIRP 2010. Between IEEE and ICNIRP 1988 (reconfirmed in 1999) the quotient is about 10, for tissue
conductivity 0,2 Sm~"1. ICNIRP has not provided any discussion of these differences, except statements that safety
factors and worst conditions are considered. IEEE standards include discussion of safety factors, which are stated
not to be large but sufficient.

A.3 Basic restrictions — immediate nerve and muscle reactions

According to the ICNIRP guidelines and IEEE standards, in situ electric field values shall be
spatially integrated over quite small volumes. ICNIRP specifies a small contiguous volume of
2 mm x 2 mm x 2 mm, and IEEE the arithmetic average determined over a straight line
segment of 5 mm length oriented in any direction within the tissue. The Directive 2013/35/EU
provides no information on spatial integration.
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With regard to the immediate nerve and muscle reactions, an agent such as a magnetic
nearfield at kHz frequencies causes the same kind of perception as does a contact current in
the same frequency range, with the only exceptions that:

e in the contact current case there is a tingling sensation in the contacting region as well as
in other bodyparts, in principle all the way to the secondary contact area;

 with magnetic nearfield emission the tingling effect occurs only in a limited region of
tissue where the induced electric field is strongest; this region is in principle quite near the
bodypart surface.

There is a generally accepted basic understanding that perception of touch- or contact
currents is “not per se hazardous but could be considered as annoyance” as stated by e.g.
ICNIRR. As a consequence, there is no basic reason to treat the immediate nerve and muscle
reactiops by touch/contact differently from induced E fields in tissues.

A.4 [Basic restrictions — specific absorption rates (SAR)

The main updated sources are the same as in Clause A.2. They are,in‘good agreement and
indicated in red in Figure A.1. It is to be observed that the published{SAR levels are aerages
over 6|minutes, and that no short time ceiling values are provided. The ICNIRP 1998 and
2010 duidelines, IEEE C95.1:2005 standard and EU Directive 2013/35/EU all specily SAR
averag|ng over any 10 g of contiguous tissue.

NOTE 1] Information on the resulting temperature rise is given in 7.472% Note 1.

NOTE 2| Modified requirements for industrial microwave equipment, based on bodypart heating rates,|etc. are
specified in IEC 60519-6.

A.5 |Reference levels — external magnetic B field

ICNIRR:2010 specifies B,,;, = 100 pT\for all parts of the body, in the frequency |nterval
betwegn 3 kHz and 10 MHz, whichCis of main interest for this Technical Specif|cation.
ICNIRR:2010 states that this applies for conditions where the field variation over the space
occupied by the body is relatively'small, i.e. non-nearfield cases.

IEEE (95.1:2005 specifiesiB,,,x = 615 uT for the head and torso and 1 130 uT for thg limbs,
in the frequency interval™®3 350 Hz to 5 MHz. IEEE C95.1:2005 states that if the field is not
constant in magnitude ordirection over the part of the body, the lower RL applies but it|is then
permitted to rely on BR compliance.

2013/3p/EU specifies B, = 300 uT for “exposure of limbs to a localised magnetic field”, and
100 uT|for all~other all parts of the body, in the frequency interval between 3 kHz and 10 MHz.
For frequencies 1 Hz to 3 kHz, B = 0,9/f T, with fin Hz.

max

All sources declare that compliance with the basic restrictions is ensured if there is
compliance with their RL data, and that lack of compliance with the RL data does not
necessarily indicate lack of compliance with their BR data.

In conclusion, the RL specifications differ by a factor six to ten between the IEEE standards
and ICNIRP guidelines. This quotient is larger than the one between their BR values in the
same frequency interval, which differ by a factor 2,32; see Figure A.1.
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Annex B
(normative)

Analytical calculations of magnetically induced
internal E field phenomena

B.1 Some basic formulas — magnetic fields and Laws of Nature

Analytical calculations of the magnetic fields at straight conductors and circular coils are
straightforward and are obtained from the Biot-Savart law by integration. For a short straight
z-direcfed conductor section, which occurs in _e.g. a rectangular toop, the magnegic flux
density] (B) value outside the centre z = 0 (in cylindrical co-ordinates p¢z) of the conductor with
length £ L (i.e. total length 2 L) and carrying a current I becomes

g - MIL (B.1)

> =
27V 12 +p2

which for an infinitely long straight conductor simplifies to

Mol
B, =$ (L - ) (B.2)

With two parallel conductor sections with parallel“or antiparallel current directions, [simple
vectorial addition or subtraction of the ¢-directed-field components applies.

The field in an arbitrary point from the cefitre of a magnetic dipole is again obtained from the
Biot-Sgvart law by integration. It can be 'shown that the B value at a point z; on the| z axis
(6= 0; spherical co-ordinates rf¢) of<a-p- directed loop with radius b carrying the current 7 is

2
B = H” _(5_0) (B.3)

z 3
23 + bz)é

At a digtance |R| and at the polar angle 6 from the centre of the magnetic dipole sugh as a

circular loop with) axis in the z (@ = 0) direction and with radius b, and in spherical co-orflinates
rfp, the B value becomes

2 2
B, :% 2cosf; By = 'uolbs sin @ (B.4)
4R 4R

The induced electric (E) field in an object nearby depends on its geometry and location in
relation to the B field, and on the field characteristics of the source. What happens in the
theoretical/analytical sense is determined by Faraday’s law, linking the vector E and B force
fields by the following vector formula:

vxE=-8 (B.5)
ot

In practice, this formula has a simple solution only in special simple cases; see Clause B.2.
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In the case of a homogeneous B field such as in the central region of a Helmholtz coil, or at a
very long distance from the source, the characteristic £ field intensity is highest at the object
periphery and zero in the centre region. In cases with small R . of the B field, the E field
intensity is highest in small surface regions; see Annexes E and F.

B.2 Induced field deposition in tissues by magnetic nearfields

In the frequency range within the scope of this Technical Specification, and in consideration
of the electromagnetic properties of tissues in this range, there is no significant counter-
induced magnetic field by action of the generalised Ampere’s law VxH =J +0D/ot for the

source fields. This is due to the wavelength and penetration depth data as discussed
in Annéx H.

The induced E field pattern in a homogeneous object with tissue propérties is thus
indepepdent of the electromagnetic properties, and follows a number of gtiteria, dgrivable
from Faraday’s law in Formula (B.5).

The induced current in the object behaves as if sourceless, since there are no displagement
currents outside the object. The Formula of continuity

V.J=0 (B.6)

applies}, where J is the current density vector. It is anyexpression of Kirchhoff’'s currgnt law.
The cufrent pattern in the object will thus have a looplike shape with a zero and the |overall
currentl around it becoming continuous, but with «ariable current density. The overall|E field
pattern| will thus to a large extent be determined by the current continuity. In particular, the
skin region (see Clause C.2 for data) will partially be shorted out by the higher conductivity of
musclel and other interior tissue, due to the current mainly being parallel to the b¢dypart
surfacg, whereas it is perpendicular in;the touch current cases. Further illustrations| are in
Figure [D.2, Figure F.6, Figure F.9, and in particular Figure F.10 which shows the effec} of the
formulg of current continuity. In genetral:

a) the|strongest coupling is to-ajtissue object with its major axis parallel with the dire¢tion of
a hpmogeneous B flux, see-Figure D.3;

b) to the first order, the maximum induced E field amplitude coupling is inversely propo¢rtional
to the circumference.of a simple round object located as in a) above;

c) the|coupling is_feduced with smaller curvature of the B flux and stronger decay rdte of it
away from thé€lsource;

d) thefe is invariably a minimum induced F field in the central regions of a tissue obje¢ct and
alwjays @ maximum in the surface region of a reasonably homogeneous object.

NOTE 1L_A.-homogeneous B field is in principle not a nearfield as defined in this Technical Specificatioh, but is
useful as a basis for the comparisons in Annex D.

NOTE 2 Magnetic nearfield conditions as addressed in this Technical Specification are not considered in the
ICNIRP guidelines and IEEE standards; see Annex A.

B.3 Coupling of a homogeneous B field to homogeneous objects with simple
geometries

What happens can, for simplicity, be investigated with a Helmholtz coil, as described in
Annex D.

e the conductivity is so low that wave energy penetration depth effects do not occur — i.e.
there is no secondary (counteracting) internal B fields by any currents caused by the
induced F field;
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e the conductivity is so high, and the size of the bodypart is so large, that an efficient
reflection away of the impinging external E field from the source occurs, with no significant
internal power absorption except in extreme situations.

e the relationship £ = nR-f'B inserted into Formula (1) holds for a long circular cylinder with
radius R in a homogeneous axial B field if this B field is not influenced by the object.
The coupling value C thus then becomes nR and is frequency independent.

NOTE As an example from the numerical computations described in Clause D.1, C becomes 0,302 for a 200 mm
diameter sphere, using Formula (1). The quotient thus becomes 0,302/0,1% = 0,96. The deviation is due to the
sphere having a curvature in all three dimensions. It is thus expected that the coupling factor to a long circular
cylinder with the same diameter is about 4 % higher.

When the flux decays over the ohject ( typically becomes smaller than in a homageneous
flux, sipce it influences the back side more weakly, reducing the overall circulating current
amplityde. However, conditions resulting in an increase of C can occur under [certain
conditipns; see Clause E.5 and Table E.1. It shall then be observed that the main-dirgction if
the flux can change in relation to the main surface of the object if moved linearly away from
the fluy source. There is then also a problem with determination of the actualFC since {he flux
amplityde varies. For a straight conductor and a coil, it becomes necessary/to instead Uise the
source|current and geometry, and then calculate or model the flux in.the region of interest;
see Anpex F.

B.4 [Starting points for numerical modelling

B.4.1 Relevant bodyparts

Since the curvature R, ;. of a homogeneous magnetic field is infinite and the magnefic field
intensify decays as the radial distance from a loagJstraight conductor (Formula B.2) gnd the
cube of the radial distance from a loop at a distance (Formula B.3), wholebody exposufe from
a magnetic nearfield can in practice be excluded, thus limiting the significant nearfield
influenges to only parts of the head and trunk, and to arms, hands and fingers.

NOTE Reference objects for numerical modelling, representing typical bodyparts, are given in Annex C.

B.4.2 The use of external B field and internal power density in numerical mode|ling

Formulgs (1), (B.4) and (B.5) 'show that there is a linear proportionality between the inducing
B field ptrength and the induced E field strength, with frequency as a linear parameter.|Rather
than uging the conducter current and its circuit geometry as a start for the system analysis,
using measured B values’is preferred in cases with complicated and large source geometries
as welllas with objetcis hearby which disturb the B field pattern. This is also since such|values
are in practice not influenced by the presence of bodyparts. However, if these condugtivities
result ih a powérydeposition caused by external displacement current sources being enhanced
by frequencystpscaling in numerical modelling, quantifying and separating those effects from
the majgnetically induced effects becomes necessary. This can be by methods descrjbed in
Annex

Direct extraction of the internal |E| field is typically not preferred, since there is a need to
include the conductivity parameter, and the external E field is invariably magnitudes higher
than the internal. Obtaining the in situ E values by modelling is instead typically by selecting
the power density p (per volume unit and averaged over a cycle or taken as amplitude), and
then in the result using the relationship, under conditions of a single frequency time-harmonic
pattern:

G|Emax ’
peff = 2 pmax = O-Evmax (B7)

where E is in Vm=1 and p is in Wm=3,

NOTE Calculations of SAR values require knowledge of the specific densities of the tissues; see the note to the
SAR definition in 3.1.11.
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Annex C
(normative)

Reference objects representing parts of the body:
tissue conductivities

C.1 Reference bodyparts

C.1.1 General

Five to a“y reatisticoverattmodet gcuulctlica areusetd; laplaaclltillg d fillyw, awristfanm, and
a hand| No head model is specified, since it is assumed that limbs will invariably be closer to
the sodrce and stronger in situ E fields may be induced by magnetic non-nearfields:

The conductivites of the test loads are set as to not result in any energy penetration depth
issues;[see Annex H.

Dielectfic data and their uncertainties shall be included in the overallCassessments dealt with
in Clayse 8. It shall be specified what overall tissue combination is used in the numerical
modelling.

CcC.1.2 The wrist/arm models

The shppe is simply a 350 mm long 50 mm (wrist) or 80 ' mm diameter (arm) circular cylinder.
Its primjary use is for basic investigations such as in Annex E.

C.1.3 The hand model with tight fingers

The shppe consists of an inner rectangular block with dimensions 140 mm x 80 mm x 20 mm,
plus segmi-elliptical ends with the same thickness and radii 40 mm and 20 mm. There arge outer
semicincular edge regions protruding 10Mnm out from all sides. The outline is shown|in e.g.
Figure [E.4 and Figure E.5.

c1.4 The hand model with-spread-out fingers

The shppe is a combination of a shortened hand model and five finger models as in C[1.5 cut
by the hand model. The-hand model is as in C.1.3 but with a 60 mm instead of 120 mm inner
rectangular block and-five fingers with the mid one ending 20 mm from the reducefl hand
model gentre. The axis~of rotation is 30 mm on the other side of this centre, and the angles of
rotation from that-paeint is 15°. The outline is shown in Figure F.10.

C1.5 Thefinger model

This cpnsists of a diameter 17 mm and 100 mm long circular cylinder, with [added
hemispherical ends. The overall length is thus 117 mm.

C.2 Dielectric properties of human tissues

C.2.1 General data for assessments

The electromagnetic properties of the tissues of the subjected parts of the body are important
for the assessments and calculations of SAR values. The average values of electrical
conductivity o for a human body to be used is 0,2 Sm-1 for frequencies up to 100 kHz and
0,5 Sm-1 for frequencies higher than 1 MHz. The formula ¢ = 0,2 + 0,3-10l0g(//105) Sm=1 is
applicable between these frequencies. These average values are recommended only for
assessment procedures using very simplified body models with homogeneous electrical
conductivity and it is to be noted that the corresponding conductivities for nerves are half or
less of that of the body average.
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at normal

body temperature

Tissue type

Real relative permittivity

&

Equivalent conductivity
o

[Sm™]

Equivalent dielectric loss
factor ¢" [1]

f=10k; 100k; 1 M; 6 M

f=10k; 100k; 1 M; 6 M

f=10k; 100k; 1 M; 6 M

Blood

~4k; ~4k; =3k; =600

0,8;0,8;0,8; 1,0

1,44M; 144k; 14k; 2900

os)
=

east fat

500; 60; 20; 12

0,025; 0,025; 0,025; 0,030

45k; 4500; 450; 90

matter

20 000; 4 000; 1 000; 300

0,12; 0,14; 0,18; 0,25

216k; 25k; 3 200;(740

White matter

9 000; 2 000; 800; 200

0,07; 0,08; 0,10; 0,15

126k; 14k;1.750;|440

Muscle

50 000; 10 000; 2 000; 200

0,4;0,5;0,6; 0,8

720Kk;90k; 11k; 2]450

The se
some
M=1(

NOTE 1

no longe|

NOTE 2
consider

c.2.3

Data (s
Counci

As a fi
one ob
shorted

As a s¢cond example wetiskin at 10 kHz has ¢ = 0,003 0 Sm~" and &' = 29 000. One

e"= 54
These

t of data from the Camelia Gabriel group are universally used-as basic referer
such selected data are given in Table C.1. Frequencies™are in Hz. k =
00 000.

Data exist in Annex B of EN 50444:2008, but are only for the conductivity and refer to a US we
I available.

There is typically a need for frequency upscaling In ‘€EDTD numerical modelling. The factors
for the choice of proper equivalent dielectric data are déealt with in Annex H.

Skin data

Iso for the substances in Table C.1)\are available from the Italian National Re
| Institute of Applied Physics “NelloiCarrara”, Florence lItaly, and shall be used.

st example dry skin at 10 kHz*has ¢ = 0,000 20 Sm~" and ¢’ = 1 135. Using ¢"
ains ¢" = 360 and an effective ¢ = 1 200. These data clearly indicate that the
-out by the adjacent tissue having o higher than 0,05 even for nerves.

=~

00 and an effective ¢ = 29 500. This corresponds to an equivalent conductivit
Hata again indicate that the skin is essentially shorted-out by the adjacent tissue

ce. So
1 000;

b source

then to

search

o/ 2mfeq
skin is

bbtains
y 0,17.
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Annex D
(informative)

Results of numerical modelling with objects in a Helmholtz coil
and at a long straight conductor

General and a large Helmholtz coil scenario with a diameter 200 mm
sphere — FDTD 3D modelling

A homogeneous magnetic field provides results which can also be calculated by analytical

method
magne
periphe

NOTE 1
dimensid
by z#R.
mathem3
the plan
with cur
provide

The He
6 mm

S. The solufion for a long circular cylinder with radius R and axis paralle[; W
ic B field at frequency f becomes very simple: the maximal internal E field is|
ry and becomes 7'R-Bf.

This fact is used as reference for the 2D model calculations in IEC 62226-2-1.2004, whe
nless coupling factor K (called K, in this Technical Specification) is introduced @ng@’defined as
The 2D model in IEC 62226-2-1:2004 is represented by true 3D scenarios) with an infinit
tically cylindrical object in a B field having only a component in its axial direCtion varying with p
b perpendicular to the axis. A 3D wire is thus represented by an axially infinitely long conductg
ent flowing only perpendicularly to the object axis. In spite of this practical deficiency, such 20
aluable insights into the behaviour of the induced E field by an external B field.

Imholtz coil pair consists of two horizontal large circllar conductors with cross
6 mm with 1 190 mm centre diameters, with centres located 595 mm vertical

each

receivi
the “ac
runtime
critical
This ig
Annex
Howev
comme

Figure
volume
sphere
Figure
equato
obtains

NOTE 2

her at the same axis. Each loop is fed from_avsmall coaxial pocket, with ar
g pocket back to back. There is of course an impedance mismatch at the fee
fual” magnetic fields are extracted. The opferating frequency is 6 MHz, for redug
of the large scenario (26 million voxelséwith 2 mm x 2 mm x 2 mm resolutior
regions including the mid parts of thé& sphere). Its conductivity is set to 1,055
higher than for normal tissue and chosen due to the frequency upscalin
H), but will typically result also iin”a capacitively coupled surface power dep
br, that effect becomes insignificant in a Helmholtz coil. Results were obtained v
rcially available QuickWave2 FDTD software.

in the central vertical y plane. As expected, it is quite constant in the region
which is markedtby the black circle. The extracted B field amplitude is 4
D.2 shows thespower density pattern. The ring-shaped maximal power density
rial region is. 0672 W-m=3, corresponding to 0,798 V-m~'. Using Formula

Theoféetical aspects on this scenario are discussed in Clause B.2.

C ~ 0,302’m> The C value uncertainty is less than 1 %, due to the small voxels|

ith the
at the

re a 2D
divided
ely long
sition in
r sheath
models

section
ly from
equal
ds, but
ing the
in the
Sm-1.
g (see
psition.
ith the

D.1 shows the strongly dominating z-directed magnetic field amplitude in @ large

of the
41 nT.
in the
1) one

2 QuickWave FDTD software by QWED Sp. z. o. o. (www.qwed.eu) is an example of a suitable numerical
modelling software available commercially. This information is given for the convenience of users of this
document and does not constitute an endorsement by IEC of this product. All colour figures in this and the
following Annexes, except E.8 and F.1, were obtained by this software.
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-100 =50 +50 +100 %
IEC

re D.1 — The z-directed magnetic field momentaneous maximal amplitude in

Other reference objects in the Helmholtz coil =\FDTD 3D modelling

The scenario

here is now replaced by several centrallyrlocated bodypart objects as def
C and having the same conductivity as the, sphere in Figure D.1. Their orientatid
in Figure D.3. Simultaneous numericakmodelling is possible since the mutual ¢
uence on the magnetic field are insignificant. The frequency is still 6 MHz.

~

the

tral y plane of the Helmholtz coil with the conductive 200 mm diameter sphlere

ned in
nis as
bupling

Figure D.2 — The power density patterns in the central y plane (left) and central z

D.2.2

(equatorial) plane of the 200 mm diameter sphere

Numerical modelling results with smaller spheres

This was with 100 mm and 50 mm diameter spheres. Comparisons were made with the power
density at the corresponding distances from the centre of the 200 mm sphere. All results were
fully consistent with the induced E field being proportional to the distance from the sphere
centre, which indicates the correctness of the theory under conditions of homogeneous B field
in rotationally symmetric objects with axis in the B field direction, and also that the
conductivity was appropriately chosen in view of the constraints described in Annex H.
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D.2.3 Numerical results with other objects

The composite Figure D.3 gives an overview of the objects and their C values in the mid z
plane of the Helmholtz coil. The colour scaling is different in order to see the patterns.

Vertical hand; C = 0,049

Vertical hand; C = 0,054

Horizontal hand; C = 0,25

Horizontal finger; C = 0,044

Vertical finger; C = 0,021

Horizontal hand with spread
fihger; C = 0,22
(different colour scaling) -

Power densities

m, L 250 mm horizontal arm; C = 0,23:
same colour scaling as the horizontal hand

75 100 %

IEC

Figure D.3 — The power density patterns in the central z plane
of the reference objects, with maximal C values in m

NOTE Comparing the relationship of C being proportional to the object radius R with the numerical results for the
sphere and vertical finger, the deviation as obtained by the numerical modelling is less than 15 %.
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Annex E
(informative)

Numerical FDTD modelling with objects at a long straight wire conductor

E.1 Scenario and general information

The scenario now consists of a 1425 mm long wire with 1 mm diameter, fed by a small
coaxial pocket and having an equal receiving pocket in the other end; see Figure E.1. The
current source (black line) is to the right in the figure. The scenario boundary on the four
sides gxeeptthose-with-the-wireends—is—a-66-mm-thicktayeref-an-artifictal-absorbing-material
(dark yellow in the Figure) with ¢'=x'=1 and ¢ = ¢, = 0,05 Sm™! , where ¢, = 2nfupy”. This
materigl is 120 mm thick at the wire ends and thus covers them. Inside these 120'\mm| layers

’

there qre additional 60 mm thick absorbing layers (magenta in the figure) with & and «' = 1

and o §0, =0,002 5 Sm-1.

e

IEC

Figure E.1 — Long straight wire scenario

Figure E.2 shows two 200 mm diameter spheres with their nearest surfaces 10 mm and
50 mm from the wire and centred in the z plane of the wire. The sphere electrical conductivity
is initially set to 1,055 Sm~" and the operating frequency to 6 MHz. The reason for the use of
these complicated absorbing layers is that magnetic nearfields cannot be absorbed by
conventional absorbing boundaries (such as the MUR approximation) used in numerical FDTD
techniques.

There is now an interaction between the curvature of the object as well as that of the B field,
and also modifications of the coupling value C due to the field decay with distance from the
wire. The excitation of the wire results also in a radial E field. Unless minimised by
conductivity increases with frequency upscaling, a significant capacitively coupled surface
power deposition will occur, due to redistribution of the induced charges. The phenomenon is
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in practice noticeable only with sharp conductive parts very close to the conductor and can be
separated out from the magnetically induced F field; see Clause H.4.

The power density relative scaling in all images in this Annex E are as shown in Figure E.2.
The electric field scaling in the right image in Figure E.10 is the same.

E.2 Two 200 mm diameter spheres

The scenario with two 200 mm diameter spheres is illustrated in Figure E.1. The power
deposition pattern becomes distorted with ¢ = 1,055 Sm~'. Therefore, ¢ =20 Sm~! was
chosen; see Figure E.2. This is so high that no direct influence by any external electric field
occurs] According to Formula (H.3) the energy penetration depth d, becomes about 23 mm.
This is|sufficiently large for the purpose of characterising the electric field depositior] in the
shallow maximum region of the object.

/aN
7S

R

D
F‘
25

H

75 1!:0%

IEC

Figure E.2'--Power deposition patterns in the central z planes of the two spherégs at
10 mm and 20 mm away from the sphere axis; ¢ = 20 Sm-1

IEC

Figure E.3 — Power deposition pattern in the central y plane of the sphere at
10 mm distance from the wire axis; ¢ =20 Sm-1
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It is seen that the power deposition pattern is wider in the plane of the wire (Figure E.2) than
in the perpendicular plane (Figure E.3).

The maximum power density in the sphere at 10 mm distance was 2,5 times higher than at the
magenta boundary, which is 20 mm inwards from the surface.

Using the maximum power density and z-directed B field values (see Figure E.1 on co-
ordinates) in the same locations just outside the spheres, the C value at the 10 mm distance
becomes 0,084 m. At the 50 mm distance it becomes 0,150 m.

The reduced coupllng value C compared with the Helmholtz c0|I case (C = 0,302 m) is due to

E.3.1

The bafsic scenario outline is the same as in Figure E.1, but thevoverall height was ing

for the

0,5 mnj.

distand
200 mn

FDTD modelling

General information and scenario

larger distances between the wire and the hand model and the wire diameter w
The model was centred over the wire with its longssides parallel to it (y-directe
e of the underside to the wire axis is the parameter, and varies from 2,5
n.

IEC

Figure E.4 — Scenario with the hand model above the wire axis

om the
should

The hand model with tight fingers at different distances from-'the wir¢ —

reased
as only
d). The
mm to

E.3.2

Modeli y | " |

Figure E.5 to Figure E.7 show the power deposition in the central y plane and the bottom
plane, at various heights.

IEC

Figure E.5 — Power density in the hand model 2,5 mm above the wire axis
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IEC

Figure E.6 — Power density in the hand model 14 mm above the wire axis

Figure E.7 — Power density in the hand model 100 mm above the wire axis

It is seen that a current return path exists, as more clearly demonstrated in Figure E.7 and
Figure E.8.
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E.4 The hand model with tight fingers at 100 mm from the wire — Flux® 123
FEM modelling

NOTE 1 The numerical modelling FEM software does in principle not require a complete enclosed scenario as
does FDTD software. The resulting quasi-3D scenario becomes easier to construct and runs faster since the FDTD
timestep stability criterion is not needed. An infinitely long conductor can therefore be used.

NOTE 2 The modelling result in Clause E.4 is intended only to basically confirm the results of the FDTD modelling
in this Technical Specification.

IEC

Figure E.8 — Current density in the central cross section of the hand'model
at 9 mm from the wire — Flux® 12 FEM modelling

NOTE 3| The colour scaling in Figure E.8 is with white/yellow being maximal and dark blue/black minimal.

Figure [E.8 is compared with Figure E.6 and a good similarity is obsérved. However, thg actual
and ve[;ry fast modelling was made in 2D with an enforced joverall null current; see
Formulg (B.6) and Note 1 in Clause D.1.

E.5 [Coupling data and analysis for the hand model with tight fingers abojve
the wire — FDTD modelling

Table E.1 shows the calculated C values obtaingd“by the FDTD modelling and Formula (1). A
high cqnductivity ¢ = 20 Sm~! was used for minimising any external electric field infljences;
see Clause E.2.

Table E.1 — Coupling factors for the hand model with tight fingers
at various-heights above the wire axis

Distance from the wire axis to C in E maximum voxel Remarks: radial extension A
the|underside of the object (m, rounded-off) (mm) from the surface whdre the
(mm) power density is halved
2,5 0,038 A=2mm
3,5 0,044 A = 2% mm
5 0,056 A =3 mm
9 0,067 A =4 mm
14 0,073 A =4 mm
30 0,083 A=5mm
100 0,082 A =45mm
(00) 0,054 From Figure D.2 for vertical hand in
Helmholtz coil; A = 4 mm

NOTE CGCR values are given in Figure G.1.

Table E.1 shows that the C value is smallest for the hand very close to the wire, due to the
stronger field curvature there. The reason for the C values being slightly larger for the larger
distances in Table E.1 than in a homogeneous field is that the symmetric (equal) but

3 Flux® 12 FEM software by CEDRAT (www.cedrat.com), owned by Altair Engineering, Inc., is an example of a
suitable numerical modelling software available commercially. This information is given for the convenience of
users of this document and does not constitute an endorsement by IEC of this product.
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oppositely directed current paths on both sides in the homogeneous field case no longer exist,
so that there is less reduction of the current in the facing flat side than that in the opposite flat
side. The magnetic field spatial decay rate can thus be such with certain object shapes that
the C value has a maximum for a quite small B field spatial decay rate, and not with such a
homogeneous field. Obviously, this maximum is roughly for 30 mm to 100 mm distance in this
case. The unequal power deposition pattern on the major sides of the hand model is still very
strong at 100 mm distance; see Figure E.7.

E.6 Coupling data and analysis for the wrist/arm model above the wire

The arm d|ameter is 60 mm and the scenario is shown in F|gure E.9. The dlstance between
the wirg gt i T y nter result of

IEC
Figure E.9 — Wrist/arm model-above a long straight wire

The power density and E field patterns are shown in Figure E.10.

IEC

Figure E.10 — Linear power density (left, power scaling) and electric
field amplitude (linear scale) in the x plane of wrist/arm model 10 mm
straight above a long straight wire

NOTE The electric field strength is much higher outside than inside the object, due to the very high effective
permittivity of the latter. The external field is therefore oversaturated in the image.

Using the magnetic field strength at the nearest part to the wire, and the E field strength
there, one obtains C = 0,053 m. This is lower than the interpolated value for the hand:
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C = 0,068 m. Using the coupling factor K, as used in IEC 62822-2:2016 for the same but 2D
scenario addressed in Annex D, one obtains C = 0,383-7-0,03 = 0,036 m. The reason for the
difference is again, as addressed in Clause E.5, that the 2D scenario 2D current sheath
improves the balance between the oppositely directed current paths in the object, in
comparison with that caused by the 1D wire in the true 3D modelling.
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F.1

Annex F
(informative)

Numerical modelling and volunteer experiments
with the hand models at a coil

General and on the B field amplitude

The power density relative scaling in all images in Annex F are as shown in Figure F.3. The
electric field scaling is shown in Figure F.6, Figure F.8, and Figure F.18.

Some |
magne

The dig
by the

The el
frequer
6 MHz,

B field properties at single-turn coils are described by Formulas (B.3) and(B.4). The
ic field is illustrated by Figure F.1, obtained by FEM modelling of a coilwith 137 mm
outer dimeter and 10 mm x 7 mm conductor cross section as used throughout’in this Annex F.
tance between the lines indicates the field strength while their directions are ingdicated

ield vector; the intensity is also colourscaled.

bctrical conductivity ¢ of the objects is 1; 10 or 20 Sm~*. in consideration|of the
cy upscaling; see Annex H. The operating frequency withythe FDTD modelling was
throughout.

-

i
i

tmmim|fl| | | | |

IEC

Figure F.1 — lllustration of the B field at a single turn coil, with the coil centre

at the left margin of the image — Flux® 12 FEM modelling

NOTE The colour scaling in Figure F.1 is with white/yellow being maximal and dark blue/black minimal.


https://iecnorm.com/api/?name=d9a43f8456ff7b366175f98b788aedae

- 46 - IEC TS 62997:2017 © |IEC 2017

The characterisation of the B field at an object such as a finger at a POl near the coil is more
complicated than with a wire, since the field curvature and amplitude change with position in a
more complicated way. At a long straight conductor both the B field curvature R .. and the B
vector amplitude are inversely proportional to the distance to the POIl. The B vector direction
is in the ¢ (angular) direction. Furthermore, the coil is loaded in operation in an induction
equipment, but the approaching bodypart can also be in empty operation.

Two measurement methods are recommended, provided the loading does not change the
external field characteristics appreciably:

a) Measurement of the coil current and using the coil dimensions and Formula (B.2) or (B.3)
to determine the B field characteristics.

b) Me
as
els

The us

A dired
in 6.3,

F.2

F.2.1

A coil i
coaxial

Asuring the B field at the coil axis (spherical co-ordinate 8 = 0° or 180°) and_dsi
B B field amplitude scaling parameter, with Formula (B.2) and data from this Ar
bwhere.

e of these methods is addressed in 6.2, using data from Annex F.

t way to eliminate a number of uncertainty factors is to use theyvolunteer test
ogether with the CGCR method described in 6.2.

The hand model with tight fingers 2 mm, 4 mm;:6 mm and 50 mm abo
the coil and with its right side above the coil axis — FDTD modelling

The scenario

h F.1 with mesh size 1 mm x 1 mm was used, with FDTD modelling. The feed/re
ends are in the same metal coaxial ling(enclosure to the right in Figure E.1.

ng that
nex or

method

ve

ceiving

IEC

Figure F.2 — Hand above the coil scenario

The distance between the coil and hand model in the z direction is between the coil topside
and the hand underside. The sideways hand displacement a is shown in Figure F.2.
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F.2.2 Modelling results

Some power density patterns are shown in Figure F.3 to Figure F.5, in the ¢ =10 Sm~" case.

&

25 50 7(5. 1 !)0 %

1E(

The right side of the hand located at the y axis

Figure F.3 — Power density pattern in the centrakvertical plane and in the bottom|{1 mm
layer of the hand model, z; = 2 mm above)the top of the coil; «a = -51 mm

IEC

Figure F.4 — Power density pattern in the central vertical plane and in the bottom 1 mm
layer of the hand model, z =4 mm; a = -51 mm
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T

IEC

Figure F.5 — Power density pattern in the central vertical plane’and in
the bottom 1 mm layer of the hand model, z = 50 mm; ¢ =51 mm

The magnetic field at the coil centre was 15,9 uT. It was 46,7 uT @t the hand undersid¢ 2 mm
above the coil opposite the feed and at the power density maximum. It was 14,2 pT| at the
other cpupling maximum at the hand side. These points are shown in the left Figure F.3.

The maximum power density in the z = 2 mm case was{0,367 W/dm3 in the bottom mgximum
and 0,350 W/dm3 at the hand side; see Figure F.3. In‘the scenario in Figure F.4 with z ¥ 4 mm
the corfresponding values were 0,280 W/dm3 and 0,349 W/dm3, respectively. With z 3 6 mm
(shown| with workload in Figure F.14) the bottom (curved) value was 0,219 W/dm3 and it was
0,320 W/dm3 at the hand side. With 50 mm-distance in Figure F.5 the power dens|ty was
0,0365(W/dm3, i.e. about 9 times smaller, so“the colour scaling of the power density|in that
figure was reduced by a factor 9.

The induced current in objects such*as the hand model forms a closed loop which thus has a
null somewhere in the central region: This is illustrated by Figure F.6.
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F.6 — The tx-directed (left image) and £y-directed momentaneous maximal |[E field

at the hand unders\igb. z=4mm; a =-51 mm

plitude scale is the same in both\ﬁ%’ﬂges in Figure F.6. It is seen that the field direction

s considerably and can be s@ to be approximately elliptical. The pattern is |

kely to

weaken the nerve reactions, sinc e field will not be directed along the sensing nerjves for
ger distance as is the éé with typical contact current paths. Furthermore, p quite

any lon

small relative volume of the Iﬁnd has the strong E field due to the nearfield characte

only ab

The asymmetry of thé s

nearby

hand eflge. This learly seen in Figure F.5.

out 10 % of the ovg]lovolume of about 225 cm3.

ristics:

cenario results in a current path which is not controlled by the coil

i.e. at the d side, to spread out and then be more concentrated — maximal + at the

The spatia@gration for immediate nerve and muscle reactions in fingers, hands and arms

specifief in/6.2 shall be applied and is shown in Figure F.8 and Figure F.9, in the 6 = 1

case.

D Sm—1
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Ei 7 Thed | I it " £ 4 lition-in-Fi F3.
showing the 1 mm x 1 mm voxel size and the 5 mm? integration ,<\
region 2 mm above the hand underside Q

.
*

+!o +1!)o %
O@ IEC

gure F.8 — ec‘focal y-directed momentaneous maximal electric field pattenn
of the ‘Q‘ ition in Figure F.3, showing the 1 mm x 1 mm voxel size and
@ 5 mm2 integration region 2 mm above the hand underside

The elgctfic-field distribution is more even in the hand side, so the averaged amplltu de was
a hsity in
the marked reg|on in F|gure F 8 and Flgure F 9 was 0,263 W/dm3 and corresponds to 80 % of
the maximum point electric field maximum. The resulting quotient as obtained by comparative
direct studies of the y-directed electric field pattern gave a reduction to 85 %. An average of
83 % resulted in the region nearest to the conductor.

-n

The highest averaged maximum is thus at the hand side and not in the region very close to
the conductor. The approximate value 0,325 W/dm3 is therefore applicable for both the 2 mm
and 4 mm hand above the coil.

Coupling value C_,; and CGCR data are listed in Clause G.3.
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F.3 The hand model with tight fingers 6 mm above the coil and with variable
position in the x direction — FDTD modelling

The distance a shown in Figure F.2 was —51 mm throughout in Clause F.2. It was now varied,
with the distance z between the top of the coil and the hand model underside kept at 6 mm.

IEC

Figufe F.9 — The power density pattern in the hanhd model centred above the coi| and
6 mm above it; left image: bottom_region, right image: 10 mm up

The colour scaling is the same in both images in Figure F.9. The numerical results and{CGCR
values [for different distances a are given.in)Clause G.3.

F.4 [The hand model with spread-out fingers, 6 mm straight above the co
FDTD modelling

©

&

IEC

Figure F.10 — The hand model with spread-out fingers located 6 mm straight
above the coil (left); relative power densities at the height of maximum power
density between fingers (right)
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The C,; values were maximally at the hand sides were now about 0,33 m at 5 mm above the
hand underside. The C.; value at the inner ends of the fingers was maximally about 0,40 m,
then 8 mm above the hand underside.

NOTE C

ol Was 0,38 m in the centred (a = 0) case with tight fingers.

F.5 The hand model with tight fingers near a coil with metallic workload -

FDTD modelling

The magnetic field and flux change with a highly conductive workload, due to the creation of
eddy currents inducing a magnetic counterfield. Permeable metallic workloads will increase

the ma :’Ilct;\l f:UI\ alld uhallyc ;to }Jattclll.

NOTE
flux. Dud
Technicg

Cases with magnetic circuits having a small opening between ends can substantially increase'‘the
to the specific designs in such cases, only simple rod-shaped workloads in a coil are.dealt wi
| Specification.

Figure F.11 — Thethand model 6 mm above the coil and a 100 mm diameter
metallic workload in the coil

=) } RS |\
/

I
(TN

nagnetic
h in this

IEC

Figure F.12 — Quiver plot of the magnetic (H) field amplitude in logarithmic scaling,
in the scenario in Figure F.11 with a non-magnetic (left) and magnetic (right) workload
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Figure F.11 shows the scenario. The metallic workload has a conductivity of 4,2 x 105 Sm~" in
both cases in Figure F.12, and the workload in the right image also has a relative permeability
u =1 000. The spread-out of the magnetic field is seen. The operating frequency is 6 MHz.

Figure F.13 shows the power density pattern in the hand model. Since the skin depth in the
metal should be realistic for operating frequencies 5 kHz to 30 kHz, i.e. about 1 mm to 4 mm,
the conductivity of the object was now set to about 600 Sm=1 , and ux to 200, still with the
operating frequency 6 MHz. The C.,; value without the workload is 0,083 m, as listed in
Figure G.2 for a = —110 mm as shown in Figure F.2. The pattern with the workloads is the
same, but the C; value with both workloads is now only 0,066 m. However, the reduction
with hand height shown in Figure G.1 will be less, since the magnetic field strength upwards
remains higher. This is shown in Figure F.14. The colour scaling is different in the two
imaged. The C_y; value is 0,014 m without the workload and 0,043 m with it, i.e. thre¢ times
higher Wwith the permeable metallic workload. There is thus no strong C,; value reductipn with
hand height along the workload surface at this horizontal distance of 15 mm from the
workload.

IEC

Figure F.13 — The power density pattern in the central vertical cross
section\in'the hand scenario in Figure F.11

N

IEC

Figure F.14 — The power density in the central vertical cross section of the hand
as in the scenario in Figure F.11, but 50 mm above the coil; with no workload (left)
and with permeable metallic workload (right)
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F.6 The finger model 2 mm above the coil - FDTD numerical modelling

F.6.1

The scenarios

The scenarios with two finger positions are shown in Figure F.15. The conductivity c was set
m-1.

to10 S

F.6.2

The po

The im

-t

Figure F.15 — The two finger positions above the coil; left = y-directed finge

Modelling results

wer deposition pattern in the y-directed finger case is shown in“Figure F.16.

hge on the right shows the detailed pattern in the %2 mm_square voxels.

The jaggedness_is an artefact related to the unequal and displaced E- and H-voxels ir

scenar
yellow

0,095 M0 087 m and 0 081 m

The po

N
W

@) T

Figure F.16'— Power density maximum pattern in the y-directed
17 mm diameter finger model

os. Fhe power density in the dark orange voxels was 0,82 W/dm3, 0,68 W/dm
vaxels and 0,60 W/dm3 in the light green ones. This corresponds to Cgg

wer deposition pattern in the x-directed finger case is shown in Figure F.17.

IEC

IEC

FDTD
in the
values
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IEC

Figure F.17 — Power density maximum pattern in the x-directed
17 mm diameter finger model

The cofresponding electric field deposition pattern is shown in Figure F.18.

Figure F.18 — Momentaneous maximal electric field maximum
pattern in the x-directed 17 mm diameter finger model

The jaggedness is now less pronounced The maximum intensity (yellow) is 6 4 Vm=1 which
corresponds to Cg,; = 0,068 m. The intensity at the arrow in the left image, 3,0 mm up into the

model, is 3,2 Vm—%. This is consistent with the 5,5 Vm~" obtained with the power density in a
representative part.
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F.7 Analysis of the FDTD modelling results

F.7.1 General

It is noted that the hand model position with the long side edge at the coil axis (x = =51 mm) is
not the most onerous. The best conditions for creating a large circulating current flow, and by
that the highest C_,; value, is with the hand centred over the coil, with the power density
pattern shown in Figure F.9 (see Table G.2). Positioning the hand or finger radially outside
and in the same plane as the coil plane results in a very significant reduction of the coupling
value C_,; both since the intensity decay is larger there and since there is a tendency to a
nullfield just outside the coil conductor, as for solenoids. It is also of interest that there will be
no indyced £ fiefd In the centre of a rotationally symmetrical object focated anywhnerg at the
same gxis as that of the coil.

F.7.2 With the hand model

The difference between the two hand models is mainly by the increased density|of the
circulaiing current at the meeting ends of the fingers. Even if this is difficult to model with high
accuragy due to the different kinds of tissue and the significapt“skin mass with| a low
condugtivity, the induced electric field strength is typically not higher there than at the hand
sides.

The overall modelling results clearly indicate that it is in practice meaningless to correlate the
magnetic field amplitude at the strongest coupled regions to the induced electric fig¢ld, for
obtainipng the C value. Instead, the axial magnetic field B at the coil centre is a préctically
useful parameter.

The C{,; reduction with increasing axial distance from the coil of the hand centred s$traight
above |it is quite small. The induced E field, is proportional to the square root of the| power
density, so there is no significant C.; reduction from 2 mm to 4 mm distance. The refluction
factor is only 3 (i.e. to about 0,020 m fonthe 50 mm distance). This is due to a compepsation
of the reduced magnetic field by its:increasing curvature (i.e. smaller R ) as such prpviding
an increased coupling. The same\phenomenon also applies to the straight wire sourg¢e; see
Clausep E.5 and G.2.

F.7.3 With the finger.model

The representative maximum E field strength is slightly smaller than that in the hand| There
are twd opposing reasons for this:

e thelfinger has a smaller curvature radius and cross section which reduces the C value in a
homogen€ous B field;

o thefe’can no longer be such a strong oppositely directed current path as in the har|1d (see
F22), tilib IUbuitb ill dall illk.;lcdb':"ul C vaiuc.

F.8 Volunteer studies

F.8.1 General

Volunteer studies were carried out with the coil in Figure F.1 and Figure F.2, with 11 kHz at
4,8 KA sinusoidal current. The coil was of course watercooled but still very warm, so a 2 mm
opaque plastic plate was placed 1 mm above the top plane of the coil. This was also for
preventing the volunteers from seeing the coil. For the blind testing, 7 points on the plate
were marked with dots for finger/fingertop positioning and numbers for the records; see
Figure F.19. Positions B and C were straight above the coil, and D at its axis. None of the four
persons were able to sense anything at any position.
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Figure F.19 — Plastic plate above the coil (190.)

cond series of tests, the whole hand was placed flat on the pIQ-ké(,bn different pd
h fingers tight and spread-out. It was now possible for all to<Q

%
Calculations of the induced electric field strength.in F.7.1

bii rounded-off value 0,250 m obtained by nu <gal modelling with the hand
b 4 mm above the top of the coil in the worst ¢
(B.3) and 4,8 kA RMS at 11 kHz is us (\}}\One then obtains Bgryg 46,4 mT|
-1

<

-out fingers in onerous geometry a '}'Clause F.4 can cause a very local C.,
s 50 % higher over a cross s n of about 5 mmZ2. The induced E field

\{:\'
Comparisons with c@ﬁéntional electric shock effects by contact curn

ion current 5,9 at 11 kHz and the resulting impedance about 690 Q, the
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