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INTERNATIONAL ELECTROTECHNICAL COMMISSION

INDUSTRIAL ELECTROHEATING AND
ELECTROMAGNETIC PROCESSING EQUIPMENT -

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

FOREWORD

1) The International Electrotechnical Commission (IEC) is a worldwide organization for standardization comprising
all national electrotechnical committees (IEC National Committees). The object of IEC is to promote
international co-operation on all questions concerning standardization in the electrical and electronic fields. To
this end and in addition to other activities, IEC publishes International Standards, Technical Specifications,
Technical Reports, Publicly Available Specifications (PAS) and Guides (hereafter referred to as “IEC
Publication(s)”). Their preparation is entrusted to technical committees; any IEC National Committee interested
in the subject dealt with may participate in this preparatory work. International, governmental and non-
governmental organizations liaising with the IEC also participate in this preparation. IEC collaborates closely
with the International Organization for Standardization (ISO) in accordance with conditions determined by
agreement between the two organizations.

2) The formal decisions or agreements of IEC on technical matters express, as nearly as possible, an international
consensus of opinion on the relevant subjects since each technical committee has representation from all
interested IEC National Committees.

3) IEC Publications have the form of recommendations for international use and are accepted by IEC National
Committees in that sense. While all reasonable efforts are made to ensure that the technical content of IEC
Publications is accurate, IEC cannot be held responsible for the way in which they are used or for any
misinterpretation by any end user.

4) In order to promote international uniformity, IEC National Committees undertake to apply IEC Publications
transparently to the maximum extent possible in their national and regional publications. Any divergence
between any IEC Publication and the corresponding national or regional publication shall be clearly indicated in
the latter.

5) IEC itself does not provide any attestation of conformity. Independent certification bodies provide conformity
assessment services and, in some areas, access to IEC marks of conformity. IEC is not responsible for any
services carried out by independent certification bodies.

6) All users should ensure that they have the latest edition of this publication.

7) No liability shall attach to IEC or its directors, employees, servants or agents including individual experts and
members of its technical committees and IEC National Committees for any personal injury, property damage or
other damage of any nature whatsoever, whether direct or indirect, or for costs (including legal fees) and
expenses arising out of the publication, use of, or reliance upon, this IEC Publication or any other IEC
Publications.

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

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

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

e the required support cannot be obtained for the publication of an International Standard,
despite repeated efforts, or

e 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. Documents
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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

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 specification, the following print types are used:

e terms used throughout this specification which have been defined in Clause 3: in bold
type.

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

e reconfirmed,

e withdrawn,

o 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
understanding of its contents. Users should therefore print this document using a
colour 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
assessments of exposure restrictions for electric arc welding equipment from 0 Hz to
300 GHz. There is, however, no other IEC standard or technical specification covering more
general kinds of equipment and hazard assessments in the range of up to 6 MHz.

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

NOTE A parallel IEC technical specification IEC TS 629961 is developed by IEC TC 27, to cover touch and
contact currents and voltages in the frequency range 1 kHz to 6 MHz. It also includes measurements of
capacitively coupled currents through the body. Touch and contact currents and voltages at lower frequencies are
covered by IEC 61140:2016.

The upper frequency limit 6 MHz is chosen, since

e higher frequencies are not expected to be employed 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 than 10 %
characteristic dimensions of this;

e the power penetration depth limitation by the equivalent complex permittivity of body
tissues 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;

e the equivalent complex permittivity of the parts of the body under study is typically so 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 consequence, the
separation of capacitively coupled and induced electric fields is therefore strong;

e processing frequencies below 6 MHz are typically low impedance; higher impedance
dielectric heating has its lowest ISM frequency at 6,8 MHz, being dealt with 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. Documents
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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 treatment of magnetic nearfields as defined in this technical specification deals with
discontinuous presence of the operator in the nearfield, as well as intermittent operation.
Cases which do result in shorter term higher body tissue temperature rise in very small 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 60519-1:2015 provides an overview.
IEC TC 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 situations
addressed in this technical specification. As a consequence, those standards tend to define
magnetic field sensors neither well suited for measurements very close to current-carrying
conductors nor on magnetic fields which vary considerably over the region where the nearest
part of the body being submitted to the emission is located.

IEC 62822-2:2016 developed by IEC TC 26 deals with the reduction of the coupling from
magnetic nearfields compared with homogeneous fields, as does this technical specification,
but in somewhat 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 so-called
reference levels, or by complicated and expensive numerical modelling in applying the so-
called basic restrictions. The methods in this technical specification reduce costs to industry
by being simple and direct. They are also realistic, in particular since the number of reported
accidents or incidents caused by magnetic nearfields as addressed in this technical
specification are exceptionally few in relation to the occurrence of strong such fields in
industry.

This technical specification specifies a volunteer test method for assessments of perception of
immediate muscle and nerve reactions in fingers and hands at frequencies below 100 kHz. A
first argument is that the test ends at the perception level when the person’s finger or hand
slowly approaches the current-carrying conductor without contacting it, and a distance is
measured. There is no risk of harm, unlike with medical tests using volunteers, which require
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

1 Scope

This IEC technical specification specifies the characteristics of external magnetic nearfields,
computations of and requirements on induced electric fields in body tissues in the frequency
range from 1 Hz to 6 MHz with respect to induced electric shock phenomena, for
electroheating (EH) based treatment technologies and for electromagnetic processing of
materials (EPM). The phenomena include specific absorption rates with time integration.

NOTE The overall safety requirements for the various types of equipment and installations for electroheating or
electromagnetic processing in general result from the joint application of the General Requirements specified in
IEC 60519-1:2015 and Particular Requirements covering specific types of installations or equipment. This technical
specification complements the General Requirements and applies to internal frequency converters for creating high
or low DC voltages, and to processing frequencies.

Induced electric shock phenomena dealt with in this technical specification are caused by the
alternating magnetic nearfield external to a current-carrying conductor or permeable object,
inducing an electric field in a part of the body in the vicinity of the conductor.

Relaxed criteria compared with the general basic restrictions for exposure apply. Simplified
hazard assessment procedures apply for situations when only fingers, hands and/or
extremities are in the magnetic nearfield.

This technical specification does not apply to equipment within the scope of IEC 60519-9. i.e.
equipment or installations for high frequency dielectric heating.

2 Normative references

The following documents are referred to in the text in such a way that some or all of their
content constitutes requirements of this document. For dated references, only the edition
cited applies. For undated references, the latest edition of the referenced document (including
any amendments) applies.

IEC 60417, Graphical symbols for use on equipment (available at http://www.graphical-
symbols.info/equipment)

IEC 60519-1:2015, Safety in installations for electroheating and electromagnetic processing —
Part 1: General requirements

3 Terms, 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 to entry: Reactions to aversive stimuli are consciously controlled, as opposed to reactions to pain which
causes harm and can normally not be controlled.

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

3.1.2

basic restrictions

BR

restrictions on in situ (i.e. internal) electric fields or specific absorption rates (SAR) or power
densities with time and spatial averaging or integration, resulting from a part of or the whole
body being subjected to an external alternating electric (E) field, magnetic (B) flux or
electromagnetic field, and that are intended to be based directly on resulting established
pathophysiological effects

Note 1 to entry: The term exposure is avoided since it has many, even contradictory, meanings. As a
consequence, the defined term is not generally applicable outside the scope of this technical specification; see
Note 3 to entry.

Note 2 to entry: Basic restrictions have a safety margin to harm.

Note 3 to 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 of this technical specification are differences in safety factor levels, different considerations of magnetic flux
curvatures and decay rates with distance from the source, body surface versus in-depth fields, coupling values,
and measurement sensors.

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

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

3.1.3

conductor 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. Documents
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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 to entry: The energy can be reactive, i.e. non-radiating (evanescent) into free space.

[SOURCE: IEC 60050-161:1990, 161-01-08, modified — The definition has been modified by
replacing the words "emanates from" by "is available near" and notes to entry have been
added.]

3.1.6

induced electric shock

pathophysiological effect resulting from an internal induced electric field caused by an
alternating magnetic flux external to a current-carrying conductor or other flux source

Note 1 to entry: The effects in the frequency range below 100 kHz are essentially immediate, as muscle and
nerve reactions. In the higher frequency range these have vanished and time-dependent local overheating
constitutes the possible hazard.

Note 2 to entry: With magnetic nearfields the bodypart where the highest electric field intensity occurs is typically
that nearest 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 to entry: No contact currents are supposed to be created, as with conventional electric shock dealt with in
IEC TS 62996:—.

3.1.7

magnetic nearfield

magnetoquasistatic field

non-radiating alternating magnetic field existing near a current source, characterised by a
field curvature and spatial decay rate at the point of investigation

Note 1 to entry: Typically, these particular influences by magnetic nearfields have disappeared at source
distances twice the characteristic size of the bodypart.

Note 2 to entry: The field curvature is the radius R of the osculating circle.

Note 3 to entry: Comparative calculations or computations of the coupling value in a homogeneous magnetic flux
are valuable for approximate verifications, but such flux is not a nearfield. There are then cases where calculations
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 value in a characteristic point such as the centre of a coil is chosen when emission characteristics are
used.

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

Note 4 to entry: The field properties at the POI are in many cases difficult or even practically impossible to
measure. 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 practical
exposure assessment purposes

Note 1 to entry: The meaning of the term differs between some standards and guidelines, with regard to the
considerations of safety factors.

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

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

Note 4 to entry: Considerations of the magnetic flux curvature parameter and amplitude decay with distance from
the source 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
biological tissue when subjected to an external alternating electric field, magnetic flux or
electromagnetic field

Note 1 to entry: The electromagnetic power density is related to only the electromagnetic volume properties of
biological tissue, so a recalculation from that to SAR has to be carried out using the specific density, which is
usually set to 1 000 kg-m=3. There is additionally a need for knowledge on the specific heat capacity and heat
conductivity of the tissue, as well as power deposition patterns and in situ heat conduction or convection
properties, 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 dp m The distance from the surface to the layer below the
surface of an a halfspace of an absorbing material at which
the power density is 1/e of that at the surface, when
illuminated by a perpendicularly impinging plane wave.

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

permittivity electric constant &.

Relative real & 1 The real part of €.

permittivity

Dielectric loss &"” 1 The imaginary part ¢. ¢ = ¢' —j¢", where j is the imaginary

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

Effective o 1 The absolute value of €.

permittivity e

Power density P Wm-3 —

Object radius R m Radius of a sphere or long circular cylinder

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

Film resistance R; Qsq™! The resistance in ohm per square of a flat absorbing film

which is much thinner than the dp of the material as such.

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) Firstly, the definition of 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 magnetic field and is typically concentrated to the peripheral regions of the
bodypart.

b) Secondly, Formula (1) in Clause 5 is of central importance. The coupling value C is
frequency independent up to the highest frequency of 6 MHz dealt with in this technical
specification.

c) Thirdly, Formula (2) in 6.2 expresses the basic condition for acceptance of the
combination of conductor geometry, bodypart shape and location, and frequency between
1 kHz and 100 kHz. The value at 1 kHz (3,6 Vm~1) applies down to 1 Hz.

d) 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.

e) 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.

f) 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 j i
IEC warning marking for magnetic nearfields, reproduced in Clause 9 Bbﬁ)ﬁ?ﬁents
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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 straight wire
and coil, respectively, and many results are summarised in Clause F.10 and in the
practically useful graphs and tables in Annex G. Finally, Annex H deals with some
computational issues and necessities for frequency upscaling in numerical FDTD
modelling.

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
B in a small closed and homogeneous region where the induced electric field strength E is
highest is expressed as

E=CfB (1)

in the Sl system, where C is the coupling value in metre and f* the frequency in Hz. It follows
from the definition of the coupling value C that it is applicable if the magnetic flux is not
affected by the presence of the object, i.e. if the object is non-magnetic and has an electric
conductivity o which is sufficiently low for the E field not to be affected by it. Furthermore,
humans are considered entirely non-magnetic so the in situ B = ygH. It is also to be noted that
C is in principle frequency independent since the magnetic field is not influenced by the
presence of the bodypart; see Annex H on the limitations.

The general form of Formula (1) is directly applicable with homogeneous B flux and solvable
by analytical functions for some mathematically cylindrical geometries with axis parallel to the
B field direction. For inhomogeneous B fields there is a need to, in some way, define their
structure. Two ways are used in this technical specification:

o for an infinitely long conductor, its cross section dimensions and either the total current in
it or the measured/computed B field at the object surface where the maximal in situ E field
is induced;

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

NOTE Further basic information, on e.g. 2D modelling, is given in Clause D.1. A differently defined coupling
factor K, and comprehensive 2D modelling results are in IEC 62226-2-1:2004.

The C value depends on the object geometry and location, and on the B flux characteristics.
Since the induced E field “strives” to become circular in a homogeneous B flux in a
homogeneous conductive body (by the Kirchhoff principle of minimum Joulean heat), it will
typically have a minimum in the central regions of an object. There will also be a lower C
value for objects which are linearly shrunk in the plane perpendicular to the B flux direction
under otherwise 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 typically allow
the simplifications made in Annex C.

6 Requirements related to immediate nerve and muscle reactions

6.1 General

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
geometries and locations and bodypart postures. The method is also applicable in cases
where the source circuit contains magnetic materials or a workload is influencing the
magnetic 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 nearfield 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 relaxation down to the
specification in Formula (2) is possible to apply.

NOTE 1 Reasons for the modified requirements by Formula (2) in relation to the BR values in Figure 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 more at higher frequencies, as compared with those at AC mains frequency. For kHz frequencies only a
tingling sensation 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 seem to be
unclear with 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 frequency, there
are of course 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 field 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 models in
Annex C and the reported volunteer study results at 11 kHz in Clause F.8 are applied and provide a background to
Formula (2).

Using CGCR levels with a number of scenarios for obtaining relevant safety levels by
numerical 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
maximal 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 much higher
conductivity 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 methods, and for
avoiding unnecessarily 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 additional
safety factor on the coupling value C is applied. In other cases the safety factor of C is set to
a number between 1,5 and 2 depending on the similarities. In addition, a safety factor for the
reference 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
conductor geometry, current and frequency.

6.3 Volunteer test method
6.3.1 Volunteer basic test method

The primary use of this method is with conductor, workload conditions including presence of
permeable materials and bodypart locations and orientations for which the CGCR method is
not deemed suitable and the similarities to the reference scenarios in annexes are
insufficient, or numerical modelling facilities are not available. In particular, the method is
suitable when there are permeable materials affecting the magnetic flux inducing electric
fields in bodyparts.

The goal 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 well as
source type, geometry, current and frequency — will not result in an immediate nerve or
muscle 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 possible to
achieve only with permeable materials in the source circuit.

NOTE 2 The method is not applicable for frequencies and conditions which result in tissue overheating being the
primary hazard.

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

NOTE 1 Shorter distances between the conductor and bodypart is an applicable method as above, for reasonably
straight conductors but not with coils. There are in some cases variations of the C value with distance; see
Table E.1 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 be at least 20 mm from the nearest point on the magnetic flux source. The applicable RL
B value is 1,0/f T (RMS) from 1 Hz to 6 MHz, with a ceiling value of 300 uT. This applies to all
bodyparts for sinusoidal fields.

NOTE 1 Using Formula (1), this corresponds to C = 1 m. That is higher than can realistically be obtained; 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 lower for the lowest frequencies, but has a more than three times higher ceiling value for extremities.

NOTE 3 For non-sinusoidal fields, see 6.1, Note 3.
7 Requirements related to body 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 Technical
Specification, by a slightly modified requirement in 7.1.2. Short term or intermittent bodypart
heating 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 density
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 kJkg~' and
causes a temperature rise of about or less than 3 K in typical body tissues under conditions of no heat losses to
ambient or other bodyparts.

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

7.1.3 It is assumed that the temperature rise in any parts of the body does not exceed 5 K,
except for heated skin regions (epidermis/dermis/subcutis) where the local short term
temperature 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 assessments 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 situations 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 parts of the body and for finger skin under conditions of elevated ambient temperature.

NOTE 2 Skin data and skin heat capacity considerations, as well as compatible temperature rise criteria for touch
currents, are in IEC TS 62996:—, 9.3, 9.4 and Annex C. Compatible electromagnetic finger skin volume data are
given in Annex C in this Technical Specification.

7.2 Intermittent conditions with 6 minutes time integration

7.2.1 Subclause 7.2 is applicable for cases where the immediate heating effect extends
6 mm or 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 condition that
the average over any 6 minutes does not exceed the BR value. This ceiling value is set to
500 Wkg=! 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 becomes
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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