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INTERNATIONAL ELECTROTECHNICAL COMMISSION

MEASUREMENT OF DC MAGNETIC, AC MAGNETIC AND
AC ELECTRIC FIELDS FROM 1 Hz TO 100 kHz
WITH REGARD TO EXPOSURE OF HUMAN BEINGS -

Part 1: Requirements for measuring instruments

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 js 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 (hereaftet< 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 prepafation. 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, @s 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 intepnational 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 ifi/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 attestationof 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 comimittees and IEC National Committees for any personal injury, property damage or
other damage of any nafure whatsoever, whether direct or indirect, or for costs (including legal fees) and
expenses arising out «0f: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_forthe correct application of this publication.

9) IEC draws/attention to the possibility that the implementation of this document may involve the use of (a)
patent(s), IEC takes no position concerning the evidence, validity or applicability of any claimed patent rights in
respectithereof. As of the date of publication of this document, IEC had not received notice of (a) patent(s),
which/may be required to implement this document. However, implementers are cautioned that this may not
represent the latest information, which may be obtained from the patent database available at
https://patents.iec.ch. IEC shall not be held responsible for identifying any or all such patent rights.

This consolidated version of the official IEC Standard and its amendment has been

—— prepared for user convenience.

IEC 61786-1 edition 1.1 contains the fifth edition (2013-12) [documents 106/292/FDIS and
106/298/RVD] and its amendment 1 (2024-07) [documents 106/647/FDIS and
106/655/RVD].

In this Redline version, a vertical line in the margin shows where the technical content
is modified by amendment 1. Additions are in green text, deletions are in strikethrough
red text. A separate Final version with all changes accepted is available in this
publication.
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International Standard IEC 61786-1 has been prepared by IEC technical committee 106:
Methods for the assessment of electric, magnetic and electromagnetic fields associated with
human exposure.

The first editions of IEC 61786-1 and IEC 61786-2 replace IEC 61786:1998. Part 1 deals with
measuring instruments, and Part 2 deals with measurement procedures. The content of the
standard was revised in order to give up-to-date and practical information to the user.

It has the status of a horizontal standard in accordance with IEC Guide 108.
This publication has been drafted in accordance with the ISO/IEC Directives, Part 2.

A list of all parts of the IEC 61786 series, published under the general title Measlirement of
DC magnetic fields and AC magnetic and electric fields from 1 Hz to 100 kHz with ‘regard to
exposure of human beings, can be found on the IEC website.

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

e reconfirmed,
e withdrawn, or

e revised.

IMPORTANT - The 'colour inside’' logo on/sthe 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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MEASUREMENT OF DC MAGNETIC, AC MAGNETIC AND
AC ELECTRIC FIELDS FROM 1 Hz TO 100 kHz
WITH REGARD TO EXPOSURE OF HUMAN BEINGS -

Part 1: Requirements for measuring instruments

1 Scope

This part of IEC 61786 provides guidance for measuring instruments used to measudre the
field strength of quasi-static magnetic and electric fields that have a frequency content in the
range 1 Hz to 100 kHz and with DC magnetic fields to evaluate the exposuré levels of the
human body to these fields.

Sources of fields include devices that operate at power frequencies. and produce power
frequency and power frequency harmonic fields, as well as devices that produce fields within
the frequency range of this document, including devices that produce static fields, and the
earth’s static magnetic field. The magnitude ranges covered by this standard are 0,1 uT to
200 mT in AC (1 uT to 10 T in DC) and 1 V/m to 50 kV/msfor magnetic fields and electric
fields, respectively.

When measurements outside this range are performedy most of the provisions of this standard
will still apply, but special attention should be paid to specified uncertainty and calibration
procedures.

Specifically, this standard

— defines terminology;

— identifies requirements on field meter specifications;
— indicates methods of calibratien;

— defines requirements on instrumentation uncertainty;
— describes general characteristics of fields;

— describes operatiohal principles of instrumentation.

NOTE Measurement methods that achieve defined goals pertaining to assessment of human exposure are
described in IEC 61.786-2

Sources of( uncertainty during calibration are also identified. In regard to electric field
measurements, this standard considers only the measurement of the unperturbed electric field
strength~at a point in free space (i.e. the electric field prior to the introduction of the field
meter_and operator) or above conducting surfaces.

This horizontal standard is primarily intended for use by technical committees in the

nnnnnn o f otandarda in oo bt Beia-elnd loid donain i 1A A 109

propparataur O StarmTuarasS—iT aecoraantce—wHn—tne pllllulplco rat oW otHae—1o0:

One of the responsibilities of a technical committee is, wherever applicable, to make use of
horizontal standards in the preparation of its publications. The contents of this horizontal
standard will not apply unless specifically referred to or included in the relevant publications.

2 Normative references

The following documents, in whole or in part, are normatively referenced in this document and
are indispensable for its application. For dated references, only the edition cited applies. For
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undated references, the Ilatest edition of the referenced document (including any
amendments) applies.

IEC 61000-3-2, Electromagnetic compatibility (EMC) — Part 3-2: Limits — Limits for harmonic
current emissions (equipment input current < 16 A per phase)

IEC 61000-4-2, Electromagnetic compatibility (EMC) — Part 4-2: Testing and measurement

tachpiguac Eloctractatic dicoharon fmmpiniti, fact
TCCHTITgoeS TGt ooTatrC— oSt Ao AR EEEIRER-EREES A Ay

IEC 61000-4-3, Electromagnetic compatibility (EMC) - Part 4-3 : Testing and measurement
techniques - Radiated, radio-frequency, electromagnetic field immunity test

IEC 61000-4-4, Electromagnetic compatibility (EMC) — Part 4-4: Testing and measurement
techniques — Electrical fast transient/burst immunity test

IEC 61000-4-6, Electromagnetic compatibility (EMC) — Part 4-6: Testing_and measurement
techniques — Immunity to conducted disturbances, induced by radio-frequency fields

IEC 61000-4-8, Electromagnetic compatibility (EMC) — Part 4-8: Testing and measurement
techniques — Power frequency magnetic field immunity test

IEC 61000-6-1:2016, Electromagnetic compatibility (EMC)N-" Part 6-1: Generic standards —
Immunity standard for residential, commercial and light-industrial environments

CISPR 11, Industrial, scientific and medical equipment — Radio-frequency disturbance
characteristics — Limits and methods of measurement

ISO/IEC Guide 98-3, Uncertainty of measurement — Part 3: Guide to the expression of
uncertainty in measurement (GUM:1995)

Guide 108, Guidelines for ensuring-the coherency of IEC publications — Application of
horizontal standards

3 Terms and definitions

For the purposes of thissdocument, the following terms and definitions apply.

NOTE 1 Internationally accepted Sl-units are used throughout the standard.
NOTE 2 For ¢ther units, see Annex G.

NOTE 3, Throughout this standard, the words "magnetic flux density" and "magnetic field" will be considered
Synonymous.

341 Meters
3.1.1

measuring instrument
device intended to be used to make measurements, alone or in conjunction with
supplementary devices

[SOURCE: IEC 60050-300:2001, 311-03-01]

3.1.2
field meter
meter designed to measure electric, magnetic and electromagnetic fields

Note 1 to entry:  Field meters usually consist of three parts: the probe, the detector circuit and the display.
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3.1.3

probe

input device of a measuring instrument, generally made as a separate unit and connected to it
by means of a flexible cable, which transmits the measurand in a suitable form

Note 1 to entry: A probe can be composed of one or several sensors.

[SOURCE: IEC 60050-300:2001, 313-09-11, modified — a note to entry has been added.]

3.1.4

detector

device for discerning the existence or variations of waves, oscillations or signals, usually for
extracting information conveyed.

EXAMPLES Peak detector, rms detector

[SOURCE: IEC 60050-702:1992, 702-09-39, modified — the examples are différent.]

3.1.5

free-body meter

meter that measures the unperturbed electric field strength at a point'above the ground and is
supported in space without conductive contact to ground

3.1.6

fluxgate magnetometer

instrument designed to measure magnetic fields by/making use of the non-linear magnetic
characteristics of a probe or sensing element that has\a ferromagnetic core

3.1.7

ground reference meter

meter that measures the electric field ator close to the surface of the ground, frequently
implemented by measuring the induced-current or charge oscillating between an isolated
electrode and ground.

Note 1 to entry: The isolated electrode is usually a plate located at ground level or slightly above the ground
surface.

3.1.8

survey meter

lightweight battery-operated meter that gives a real time read-out and that can be held
conveniently by hand’in order to conduct survey type measurements in different locations

3.1.9

coil probe

magneticiflux density sensor comprised of a coil of wire that produces an induced voltage
properiional to the time derivative of the magnetic field

3.9.10
Hall effect probe

magnetic flux density sensor containing an element exhibiting the Hall effect to produce a
voltage proportional to the magnetic flux density

3.2 Meter characteristics

3.2.1
crest factor
ratio of the maximum absolute value of an alternating quantity to its root-mean-square value

[SOURCE: IEC 60050-103:2009, 103-14-57, modified — the original term was "peak factor"
and the note has been deleted.]
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3.2.2

crosstalk

the appearance of undesired energy in a channel, owing to the presence of a signal in another
channel, caused by, for example induction, conduction or non-linearity

[SOURCE: IEC 60050-722:1992, 722-15-03]

323

frequency response

for a linear time-invariant system with a sinusoidal input variable in steady state the ratio-of
the phasor of the output variable to the phasor of the corresponding input variable,
represented as a function of the angular frequency w

[SOURCE: IEC 60050-351:2006, 351-24-33, modified — the note in the original has been
deleted.]

3.2.4

isotropy of the probe

a measure of the degree to which the response of a field probe\is independent of the
polarization and direction of propagation of the incident field

3.2.5
pass-band
frequency band throughout which the attenuation is less-than a specified value

[SOURCE: IEC 60050-151:2001, 151-13-52]

3.2.6

root-mean-square value

rms value

1) for n quantities x4, x,,..x,,, positive square root of the mean value of their squares:

1 2 2 2 %
X, = —(xl +x2+...+xn) (1)

n

2) for a quantity x depehding of a variable t, positive square root of the mean value of the
square of the quantity taken over a given interval [t,, {y+T] of the variable

to+T %
X, = B [ 0" [x()] dz} (2)

Nete 1 to entry: The rms value of a periodic quantity is usually taken over an integration interval the range of
which is the period multiplied by a natural number

[SOURCET TET 60050-103:2009, 103-02-02, modified — the second note in the original
definition has been deleted.]

3.3 Field characteristics

3.31
unperturbed field
field at a point that would exist in the absence of persons or movable objects
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3.3.2

nearly uniform field
field in area where the resultant field over the cross-sectional area of the probe does not
change more than 1%

3.3.3
quasi-static field

field that satisfies the condition f <<% (i.e. wavelength >> /), where f'is the frequency of the

field, ¢ is the speed of light, and [ is a characteristic dimension of the measurement geometry;
e.g. the distance between the field source and the measurement point

Note 1 to entry: Power frequency magnetic and electric fields near power lines and appliances are.examples of
quasi-static fields.

3.3.4
resultant field
field given by the expression

FR=\F4+F;+F3 (3)

where F,, F\, and F, are the rms values of the three orthogonal field components,

or by the expression

Fr =\ Ehact Fain (4)

where F,,, and F,;, are the rms values:0of the semi-major and semi-minor axes of the field
ellipse, respectively.

Note 1 to entry: The resultant Fy; is alwaysv>F__ . If the field is linearly polarized, F,; =0 and Fg = F__ . If the

field is circularly polarized, ', = F ., and' Fp = 1,41 F .

3.4 Measurements

3.41

correction factor

numerical factor by~ which the uncorrected result of a measurement is multiplied to
compensate for.atknown error

Note 1 to entrys./ Since the known error cannot be determined perfectly, the compensation cannot be complete.

3.4.2

coverage factor

numerical factor used as a multiplier of the combined standard uncertainty in order to obtain
an“expanded uncertainty

Note 1 to entry: For a quantity z described by a normal distribution with expectation x, and standard deviation o,
the interval u, + ko encompasses 68,27 %, 95,45 % and 99,73 % of the distribution for a coverage factor & = 1, 2
and 3, respectively.

3.4.3
scale factor
factor by which the instrument reading is multiplied to obtain its input quantity

3.4.4
standard uncertainty
uncertainty of the result of a measurement expressed as a standard deviation
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3.4.5

uncertainty of calibration

parameter, associated with the result of a calibration, that characterizes the dispersion of the
values that could reasonably be attributed to the measurand

Note 1 to entry: Uncertainty of calibration generally comprises many components. Some of these components
may be estimated on the basis of the statistical distribution of the results of series of measurements, and can be
characterized by experimental standard deviations. Estimates of other components can be based on experience or

other information

4 Symbols
a = radius of coil probe; radius of spherical electric field probe
2a, 2b = side dimensions of rectangular coil
B = magnetic flux density vector
B = amplitude of alternating magnetic field
Br = resultant magnetic field
B, = axial magnetic flux density
= stray capacitance of coil probe
d = spacing of parallel plates; distance from electreamagnetic field source; spacing
of Helmholtz coils
D = electric displacement vector
E = electric field strength
Eq = uniform electric field strength
Frax Fmin = rms values of semi-major and semi-minor axes of field ellipse
1 = current to magnetic field coils
L = inductance of coil probe
N = number of turns of wire{magnetic field coil system)
(0] = induced charge
r = distance between magnetic field source and measurement location; resistance

of coil probe @and leads

R = approximate input impedance of detector circuit (magnetic field meter); radius
of HeJmholtz coils

S = electrode surface area (electric field meter)

t = rtime

T =) period of periodic signal

14 = voltage

VA = impedance in current injection circuit

A = wave length

S = permittivity of free space

Ho = permeability of free space

@ = magnetic flux

1) = angular frequency of alternating field
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5 Instrumentation specifications
5.1 General

When measuring field in the context of assessment of human exposure, the following items
are considered below:

— measurement of the resultant field strength;

— measurement of the unperturbed electric field.

NOTE 1 Other items may be required depending on the goal of the measurement.

The various types of instrumentation available for characterizing quasi-static magnetic fields
are described in Clause D.1.

The various types of instrumentation available for characterizing static magnetic fields are
described in Clause D.3

Several types of magnetic field meters are in common use, e.g. field meters with coil probes,
meters with Hall-effect probes, and meters that combine two coils with a ferromagnetic core
as in a fluxgate magnetometer.

NOTE 2 Hall effect probes respond to static as well as time-varying, magnetic flux densities. Due to limited
sensitivity and saturation problems sometimes encountered when attempting to measure small power frequency
flux densities in the presence of the substantial static geomagnetic flux of the earth, Hall-effect probes have
seldom been used to measure magnetic fields of a.c. power lines.

The various types of instrumentation available for gharacterizing quasi-static electric fields are
described in Clause E.1. The following two type$ of electric field meters are considered in this
standard:

a) the free-body meter;
b) the ground reference meter.

Sufficient information shall be provided with the instrumentation, including instrument
specifications and a clearly:- Written instruction manual, to enable users to determine
compliance with this standard;*to aid them in the proper operation of the field meter, and to
assess the usefulness of the device for the user's application. The instrument specifications
that shall be provided apdfor satisfied are given below.

5.2 Measurement uncertainty

The measureément uncertainty of the measuring instrument shall be specified by the
manufacturerJof the instrument. The measurement uncertainty shall be determined following
the ISOAEE Guide 98-3. The uncertainty shall be specified as an extended measurement
uncertainty using a coverage factor of 2. The uncertainty is valid after available correction
factors’/are applied. The uncertainty shall contain all components which are relevant when the
instrument is used in a nearly uniform field. Such components may be calibration uncertainty,
frequency response, deviations of the gain in different measurement range settings, isotropy

of the rr_\rnhn’ internal noise Sources, nnn-linn:\rihj/’ cf:\hilify’ fnmpnrnhlrn response and

humidity response. The uncertainty of the instrument does not include effects due to the
handling of the instrument like positioning the probe in a non-uniform field or the influence of
the measuring person on the field to be measured. Such components must be taken into
account as additional uncertainties in the measurement report.

NOTE 1 At power frequency, the uncertainty of measuring instrument is usually 10 % or better.

NOTE 2 Examples of guidelines on the treatment of calibration uncertainties are given in Annex B.
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5.3 Magnitude range

The magnitude range over which the instrument operates within the specified uncertainty shall
be clearly indicated.

5.4 Pass-band

Broadband measuring instruments in the AC range always have a lower and an upper cut off

frequency, which define a pass band. Normally the pass band limits are defined by the minus
3 dB point of the frequency response. The nominal frequency response of an instrument can
be described as the frequency response of a system with a high pass filter and a low pass
filter connected in series. The filter types and the filter orders should be specified (e.g.. 3rd
order Butterworth high pass and 5™ order Butterworth low pass). The nominal frequency
response of the instrument is normally not treated as a source of measurement uncertainty
because the band limiting effect of the filters is a desired property of the _instrument if
broadband measurements are made. In frequency selective measurements (e.g. FFT) the
band limiting effect of the filters is not desired and the nominal frequency response should be
automatically corrected. The measurement uncertainty of an instrument due‘to manufacturing
tolerances is normally greater at the band limits compared to medium frequencies. Therefore
the measurement uncertainty of an instrument is often specified also-and sometimes only in a
restricted frequency range. This range is not as broad as the pass band but-sheuld shall be
still broad enough to cover all frequencies of interest. In the restricted frequency range the
influence of the nominal frequency response shall be negligiblé?

5.5 Operating temperature and humidity ranges

The temperature and relative humidity ranges over which the instrument operates within the
specified uncertainty shall be at least -10 °C to 45~C and 5 % to 95 %, respectively. Sudden
temperature changes that can lead to condensation in the instrument should be avoided.

Electric field measurement may be perturbed-if the relative humidity is more than 70 % due to
condensation effect on the probe and support [2] 1. Since the effect of humidity depends on
the field meter, the ability of the field myeter to work correctly under those conditions should be
checked before measurement (see Annex F).

5.6 Power supplies

The use of measurement equipment that is operating on internal battery power is
recommended.

If batteries are used, provision should be made to indicate whether the battery condition is
adequate for proper operation of the field meter. Instruments used to record personal
exposure should be capable of at least 8 h operation within their rated uncertainty before
replacement©or recharging of the batteries becomes necessary.

If rechargeable batteries are used it is recommended that the instrumentation is not operated
while connected to the charging station. When such connections are necessary, it should be
demonstrated that stray fields from the battery charger, conducted disturbances from the
mains voltage and electromagnetic coupling via the connecting leads (to the battery charger)

do not affect the measurement (see 5.9).
There shall be no wire connections to electric field free-body meters.

If batteries with ferromagnetic jackets are used in exposure meters, care must be exercised
that the jackets do not significantly influence readings by the instrument (see IEC 61786-2 for
more details about source of measurement uncertainty).

1 Numbers in square brackets refer to the Bibliography.
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5.7 Readability of scale
T . ‘ i licable.s! | aital.
Remote displays shall be used to avoid perturbation of the electric field by the observer.

read at arm's longth If more than one range of sensitivity is provided, the full scale value of

the selected range should be indicated, and the units should be readily interpretable. For
auto-ranging instrumentation, the magnitude range may be indicated elsewhere, e.g. in the
user manual. The instrumentation should provide a clear indication of the units being
displayed.

5.8 Instrument dimensions and choice of probe
5.8.1 General-schema schematic

A general-sehema schematic of a meter is given in Figure 1.

Field meter
Probe
Sensor . .
EE— Detector circuit _— Display
Sensor
Sensor
IEC 2993/13

Figure 1 —Schema Schematic of a field meter

The probes should be three-axis. Foy the weighted peak method (see IEC 61786-2:2014,
4.2.3), three-axis probes shall be usgd-:

NOTE Single-axis probes can be used/to measure the rms values of the semi-major axes of the field ellipse by
orienting the probe until a maximum-reading is obtained. Single-axis meters can also be used to determine the
resultant magnetic field by measdring the rms values of three orthogonal spatial components and combining them
according to Equation (3). Itsis assumed that during this procedure there are no significant changes in the rms
values of the spatial components. Single axis use is suitable for electric field measurement referenced to
conducting surface.

5.8.2 Magnetic field meter

The dimensions of the meter should be provided.

The size-of the probe should be appropriate to the spatial variation of the field measured. The
probe_shall be of area 0,01 m2, or smaller. With three-axis probes, the three sensors may be
concentric or, if the sensors are no larger than 0,05 m, they should be as close together as

possible. The maximum dimension of the space containing the three sensors combined shall
notexceed 02 m

Coil probes should be either circular or square in cross-section; small deviations from these
shapes, for example where concentric coils cross each other, are permitted.

Since the induced voltage is proportional to the time derivative of the magnetic flux density,
the detector circuit requires an integrating stage to recover the waveform of the magnetic flux
density.

The locations and orientations of the sensors that are contained within the housings of
magnetic field meters shall be clearly indicated on the instrument or in the instruction manual.
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5.8.3 Electric field meter

The dimensions for electric field meters should be given in the manufacturer documentation
according to meter type:

a) free-body meter: the maximum probe dimensions of the volume containing probe shall not
exceed 0,2 m;

b) ground reference meter: probe dimensions and length of connecting coaxial cable.

5.8.4 Support for electric field meter %A

The support for the electric field meter shall be made of insulating materials, su&cgs
synthetic or composite material, or wood.

The dimension of the support depends on how the probe is supported: N

— probe supported by a insulating tripod = 1m (Figure 2); @
— probe supported by a standing man holding a hand-held stick = 2m (E'g,ﬁre 3).

IEC 2994/13
Figure 2 — Insulating t\rﬁi& and offset rod for an electric field probe (photograph RTE)
N

.

IEC 2995/13

Figure 3 — Electric field measurement using a hand-held stick (photograph RTE)

5.9
5.9.1

Electromagnetic compatibility

Immunity

a) Power frequency electric field
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Instrumentation intended for use in the vicinity of high-voltage equipment operating at
power frequencies shall not be affected significantly by ambient electric fields as large as
20 kV/m, i.e. the influence of the electric field on the magnetic field reading shall be less
than 0,2 pT. This immunity requirement may need to be increased for some extreme
environments where electric fields as large as 100 kV/m may exist, e.g. near high-voltage
transmission line conductors.

Tests for immunity to power frequency electric fields may be performed using the parallel
plates systems described in Clause A 2

b)

c)

d)

NOTE 1 The proximity effect of the instrument user can shield or enhance the electric field, depending on the
geometry of the field and the location of the magnetic field meter relative to the user. For influence of Gser
during electric field test, see IEC 61786-2

Power frequency magnetic field

Instrumentation intended for use in the vicinity of high-voltage equipment gperating at
power frequencies shall not be affected significantly by ambient magnetic fields as large
as 1 mT, i.e. the influence of the magnetic field on the electric field reading shall be less
than 10 V/m. Instrumentation shall be tested in accordance with the methods described in
IEC 61000-4-8.

Tests for immunity to power frequency magnetic fields may be_ performed using the coil
systems described in Clause A.1.

Radiated electromagnetic fields

The operation of instrumentation shall not be¢affected by electromagnetic radiation for
frequencies defined in IEC 61000-4-3 for an €lectric field of 3 V/m rms for frequencies
between 80 MHz and 2 GHz, and 1 V/m rms\or higher frequencies.

Testing of instrumentation shall be</in accord with the methods described in
IEC 61000-4-3.

The operation of instrumentation shall not be affected by electromagnetic radiation
between 150 kHz and 80\MHz. Tests shall be conducted according to the methods
described in IEC 61000-4-6 at a voltage level of 3 V rms. The instrumentation shall
continue to operate noermally during both of the above tests.

Battery-powered(equipment (dimension < 1/4) which has no connection(s) to the ground
nor to any other (non-insulated) equipment, and which will not be used during battery
charging, does'not need to be tested according to IEC 61000-4-6.

NOTE 8 _ TFhe immunity requirements may need to be increased under certain conditions, e.g. during
measutements near radio-broadcasting antennas and mobile telephones.
Immunity to transients

Specifications for instrumentation connected to the mains in order to carry out
measurements shall also be tested at the a.c. power port (interface of field meter with

external power source or AC wall mlflnf) for r-nmpli:mm: with IEC 61000-4-4 (nlnnfriral fast

transient) for a peak voltage of 2 kV. A temporary degradation of performance during the
test which is self-recoverable is acceptable.

Electrostatic discharge (ESD)

During most measurement applications, electrostatic discharges to or from the
instrumentation are not anticipated. However, the connectors of the instrumentation shall
be immune to a contact or discharge voltage of at least 2 kV and tested in accordance
with the methods described in IEC 61000-4-2. No degradation of performance shall occur.

5.9.2 Emissions

a)

Harmonic emissions
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The harmonic emissions of instrumentation with a power rating of 50 W or greater shall be
restricted according to the requirements of IEC 61000-3-2 class A.
NOTE Battery operated equipment is considered to meet the requirements.

b) Conducted disturbances — 0,15 MHz to 30 MHz (instrumentation connected to AC power
supply)

The conducted dlsturbances shall be less than the I|m|ts defmed m—'Fable4—as—a—f—uﬂet49n

1 below.
Table 1 — Mains terminal disturbance voltage limits for
class B group 1 equipment measured on a test site
Frequency band Quasi-peak Average
MHz dB(uV) dB (W)
0,15 - 10,50 66 56
Decreasing linearly with logarithm of Decreasing linearly with
frequency to 56 fogarithm of
frequency to 46
0,50 -5 56 46
5-30 60 50

At the transition frequency, the more stringent limit shall apply

Testing of instrumentation shall be in accordance with the methods described in
CISPR 11.

c) Radiated disturbances — 30 MHz to 1 000 MHz

The electromagnetic radiated emissions from instrumentation containing devices operating
at frequencies 30 MHz to 188Hz shall be limited to the values given in Table 9 of
CISPR 11:2024 for class Bi:group 1 equipment measured on a test site at 10 m. The limits
are briefly summarized below.

Quasi-peak: 30 dB (p¥/m) at 10 m (30 MHz to 230 MHz)
Quasi-peak: 37 dB{uV/m) at 10 m (230 MHz to 1 000 MHz)

Testing of instrumentation shall be in accordance with the methods described in
CISPR 11,

5.10 Crestfactor

The measuring system shall measure correctly the true rms value of the field, even when the
crest.factor of the magnetic field is 3.

NOTE Many pract|ca| fields exhibit a Iarge crest factor and the presence of a large crest factor may lead to

UIIWdIILUU DdLUIdLIUII III I.IIU dIIIpIIIIUI deyUD UI lIIU UULU\;LUI

5.11 Durability

The indicating meter and other system components shall be rugged enough to withstand
vibration and shock resulting from transport. A carrying case is desirable. The instrumentation
shall be compliant with IEC 60721-3: storage class 1M2, transport class—2M3 2M6 and
operation class 7M3.
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5.12 Weight
The weight of the instrumentation should be provided. The weight of portable instrumentation

should be kept as low as is practical to permit hand-held operation under restrictive
conditions, e.g. in some industrial environments.

The weight of free-body electric field meters should be kept as low as is practical so that it
can be held conveniently by hand with an insulating perch as long as 2 m.

5.13 Instrumentation choice

The choice of the measuring instrument should be made as a function of measurement
procedures, especially concerning the need of information in the measurement report

Appropriate measuring instrument should be chosen in function of the field characteristics.

6 Calibration

6.1 General

Measurement systems are required to undergo calibration throughout their service life. All
calibrations shall be traceable to national and international’'standards through an unbroken
chain of calibrations, all having stated uncertainties.

The following three methods of magnetic field calibration are covered by this standard:

a) calibration by introduction of the field meter’ probe into a calculable magnetic field
(following measurements of coil dimensionSyand current to the coil system);

b) calibration using a voltage injection technique;

c) calibration by comparison with a refetence measurement system.

The first method-is-the-mostused-and is detailed in 6.2.2. The other two methods, which are
detailed in Annex A, can be uset when a calibrated coil and measurement system are not
available.

NOTE The voltage injection {gchnique is useful for the design or manufacturing stage of the field meter.
The following method of electric field calibration is covered by this standard:

— calibration byvintroduction of the field meter probe into a calculable electric field (parallel
plates system).

6.2 Calibration procedure
6.2.4 General

The procedures of this section should be followed, as appropriate, in all cases.

Calibration shall be performed at regular intervals. The initial interval should be of twelve
months. This interval may be altered depending on the drift of the field meter response
between calibrations and also depending on the conditions of use.

6.2.2 Magnetic field calibration system

For calibration of the higher magnitude ranges (i.e. ranges not significantly influenced by
background magnetic fields), the magnetic field probe shall be placed in a nearly uniform field
produced by a coil system (see Clause A.1). Each sensor axis, in turn, shall coincide with the
axis of the coil system and the largest departure of the field from the central value shall be
less than 1 % over the cross-sectional area of the probe.
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Information on fields generated by rectangular, square, and circular loop systems (including
Helmholtz coils) is given in [7], [18], [28], [34] and A.1. For example, the magnetic flux
density produced by a single square loop (of many turns of wire) 1 m x 1 m will satisfy the
uniformity requirement for a probe with a 0,10 m diameter (see Clause A.1). The loop size
may be scaled upwards or downwards for larger or smaller probes, respectively, to maintain
the indicated level of uniformity across the probe. The calibration may also be performed
using the voltage injection technique or by comparison with a reference magnetic field meter
(see Clause A.1).

The field uniformity requirement during calibration may be relaxed for large probes that are
used for determining average values of non-uniform fields and, or for applications where
spatial resolution requirements are not considered important. In this case, the Jargest
departure of the calibration field from the central value should be <1,5 % over the\cross-
sectional area of the probe. For example, the field produced by a square loop 1,3-mVx 1,3 m
will satisfy this uniformity requirement for a probe with a 0,20 m diameter.

Calibrations of each axis of three-axis field meters shall be performed with sinusoidal
magnetic fields or their equivalent voltages (voltage injection technique) at the levels and
frequencies indicated by the instrument specifications. The current(to“the calibration coils
shall be nearly free (total harmonic distortion < 1 %) of harmonic content.

6.2.3 Electric field calibration system

During calibration, the field meter probe shall be placed\in a nearly uniform field produced
with parallel plates according to meter type, as described in Clause A.2. The departure of the
field at the centre of the parallel plates from the uniform field value, i.e. the field produced by
infinite parallel plates, shall be less than 1 % (sgée. Clause A.2). The parallel plate spacing
shall be sufficient to avoid proximity effects when the field meter probe is introduced between
the plates (see Clause A.2). For example,{free-body meters with no diagonal dimension
greater than 0,23 m may be calibrated at the centre of parallel plates 1,5 m x 1,5 m x 0,75 m
spacing. The parallel plate dimensions . may be scaled upward or downward for larger or
smaller free-body meters. Each sensor ‘axis, in turn, shall coincide with the direction of the
electric field.

NOTE It is possible to calibrate the'probe fixed on the support usually used for measurements, but not on the 3
axes of the probe (in this case, the.idimension on the plates needs to be 2 m high and horizontal) — the other
solution is to calibrate the probe,alone on the 3 axes

Calibration of single-axis"field meters and each axis of the three-axis field meters shall be
performed with sinGspidal electric fields at the levels and frequencies indicated by the
instrument specifications.

Energizing power supplies for the parallel-plates should provide voltages which are nearly
free (totalhharmonic distortion <2 %) of harmonic content. Where this is not possible, the
harmonic>content should be recorded and it should be demonstrated that the harmonic
content'makes a negligible difference to the results of the calibration.

6.2.4 Three-axis probes calibration

When calibrating each axis of three-axis probes, checks for the isotropy of the probes as well
as for crosstalk between the detector circuitry for each sensor shall be made. The three-axis
probe and field should be configured so that the axis of each sensor can be aligned with the
field direction in succession. For each alignment of the sensor, the output from the remaining
two sensors should be measured and should be less than 3 % of the signal from the aligned
sensor.

NOTE 1 The calibration of field meters with three-axis probes can also be checked for one orientation (at one
frequency and field level) where approximately the same flux passes through all the coils.

NOTE 2 For three-axis instrumentations which are only giving the resultant of the field, this can be achieved by
putting the instrument along the three axes and checking the resultant output.
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6.2.5 Calibration values

At least three field levels for each measurement range of the field meter, equally spaced from

10 % to 90 % of the full scale, should be recorded for the meters.
For testing the different measurements ranges, the injection method may be needed.

Field meters with auto-ranging capabilities should be calibrated on each range at noess than
one representative points inside the range.

For one field level, calibrations should be performed at three frequencies,which span the
pass-band, i.e. at the highest and lowest frequencies, and one intermediate«requency.

During calibration, the signal to noise ratio shall be high enough. If not;this shall be taken into
account in the calibration uncertainty.

The resonant frequency of the calibration loop should bé\ substantially greater than the
calibration frequencies so that calibrations are not affected* by the resonance phenomenon
(see Clause A.1).

Perturbations of the calibration field due to image currents in nearby ground planes and
proximity effects of ferromagnetic materials shall,be" made negligible (see Clause A.1).

6.2.6 Calibration uncertainty

The calibration uncertainty shall be determined following the ISO/IEC Guide 98-3.

The field in the calibration system shall be known with an uncertainty of less than +3 %
(coverage factor 1).

For a magnetic field,(the magnitude may be determined by calculation based on
measurements of the.coil'dimensions, the number of turns in the coil(s) and the current in the
coils (see Clause A1), or by direct measurement with a calibrated reference magnetic flux
density meter with ‘sufficiently low measurement uncertainty. If the voltage injection technique
is used as parfiof the calibration (see Clause A.1), the equivalent magnetic flux density is
determined by-the injected voltage.

For an)_electric field, the magnitude may be determined by calculation based on
measutements of the parallel plate spacing and voltage (see Clause A.2), or by direct
measurement with a calibrated reference electric field strength meter with a sufficiently low
measurement uncertainty.

The uncertainty of the calibration will be determined by such factors as the uncertainty in the
value of the field value in the calibration system (+ 3 %) or the uncertainty in the injected
voltage, the resolution in the reading of the instrument under test, and the variation of the
reading if the instrument under test is repeatedly placed into the calibration system. Other
factors such as ambient background magnetic fields may further compromise the uncertainty
of the calibration. The overall uncertainty of the calibration process (coverage factor 1) shall
be no greater than + (5 % + 10 nT or 1 V/m). A coverage factor of 2 shall be used when
specifying expanded measurement uncertainty, i.e. the expanded measurement uncertainty
would be in this case <+ (10 % + 20 nT or 2V/m). The calibration shall be traceable to
national and/or international standards. Guidelines on the treatment of all uncertainties and a
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listing of the sources of uncertainty are given in 5.2 and an example is given in Annex B,
respectively.

6.3 Calibration documentation

The following items should be addressed when preparing the calibration certificate, in addition
to the data for the instrument specifications (see 5.2 to 5.12). Each calibration certificate shall
include at least the following information, unless the laboratory has valid reasons for not doing

SO:

— atitle (e.g. “Calibration Certificate”);

— the name and address of the laboratory, and the location where the calibrations \Were
carried out, if different from the address of the laboratory;

— unique identification of the calibration certificate (such as the serial number), and on each
page an identification in order to ensure that the page is recognized as’a part of the
calibration certificate and a clear identification of the end of the certificate;

— the name and address of the client;

— identification of the method or standard used;

— the name and serial number, as well as a description of, and the condition of the item(s)
calibrated;

— the date of receipt of the calibration item(s) where\Ghis is critical to the validity and
application of the results, and the date(s) of performance of the calibration.

— reference to the procedures used by the laboratory‘where these are relevant to the validity
or application of the results.

— the calibration results with, where appropriate, the units of measurement;
— the name(s), function(s) and signature(s) or equivalent identification of person(s)
authorizing the calibration certificate:

Instrument manufacturers should also-document their calibration procedures, indicating all of
the following information as may be applicable:

— magnetic field coil geometry and dimensions;

— resonance frequency of‘\¢oil system;

— instrumentation fofsmeasurement of current to coil system; instrumental uncertainty; date
of last calibration;

— instrumentation used for voltage measurement (voltage injection technique, see Clause
A.1); instrdmental uncertainty; date of last calibration;

— voltage divider ratio (voltage injection technique, see Clause A.1); dependence of ratio on
frequency; uncertainty in ratio value;

— parallel plate dimensions and separation;

~{ jinstrumentation for the measurement of voltage to parallel plates; instrumental uncertainty;
date of last calibration;

— uncertainty of reference measurement system; probe dimensions; pass-band; date of last
calibration.

This information should be made available to clients upon request. Testing laboratories
should also comply with the above requirements, as applicable.

Note Further guidelines on the calibration certificate can be found in 5.10 of ISO/IEC 17025:2005 [36].
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7 Verification

The verification is a simple procedure to check the functionality of the field meter that should
be done before using the meter. It includes:

— state of the battery:
— required accessories;

— visual inspection:

— calibration date.
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Annex A
(normative)

Calibration methods

A t—Catibrati ¢  fhcdertsi

A.1.1 Using magnetic field generation

Calibration of a magnetic field meter is normally done by introducing the probe intoa nearly
uniform magnetic field of known magnitude and direction. Known magnetic fields| may be
produced using coil systems with circular and rectangular geometries [1], [7], [18}. [25], [34].
For example, Helmholtz coils have frequently been employed to generate.such fields.
Comparison of field uniformity for fields produced by single square and ecircular coils, and
square and circular Helmholtz coils are shown in Figure A.1 [7]. Figure A.1 shows the
deviation of the axial magnetic field, in percentage, as a function of normalized distance from
the axis of each coil system, where the distance is along a Cartesian goordinate (see Figure
A.2 for the case of the single square loop). The distance is givenlas a percentage of the
radius for the circular coils and as a percentage of half the side 'dimension for the square
coils.
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Figure A.1 — Deviation in percentage departure of calculated axial field [7]



https://iecnorm.com/api/?name=a47d7292569b6f960425c7dafa2be8a0

IEC 61786-1:2013+AMD1:2024 CSV - 25— REDLINE VERSION
© IEC 2024

2a. <
>

<
LS

N
ﬁ\\ N .

Y 1EcN2997/13

Figure A.2 — Coordinate system and geometry ofrectangular loop
of many turns of wire (see Equation-(A. 1))

A single loop of many turns of wire with rectangular geometry used to produce the field is
described below because the equations for calculating'the field at all points in space are in
closed form [19],[34]and the coil system is simple to“construct. The simplicity of construction
is at the expense of reduced field uniformity, (but a sufficient uniformity for calibration
purposes is readily obtained.

The z-component of the magnetic flux density, produced by a rectangular loop 2a x 2b at a
point in space P(x,y,z), is given by the expression [19],[34]

B, = 4¥ i (N'de _ Ca
Lo S g (e, ralratda) (A1)
where
N is the number of turns;
C1=-Cy=atx;
Cy,=-C3zax;
dy = dys b+ y;
dy =g~y - b;
A3 +x)2 + (b + )% + 22]%;
Fo=1[la—x)2+ (b +y)2+ z2]%
ry=I[(a-x)?2+ (b-y)?+ 2%
rg=I[(a +x)2+ (b -y)?2+ 2%
1 is the rms current in amperes;

Ho is the permeability of the air;
x, y, and z are the coordinates shown in Figure A.2.
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Figure A.3 — Circular Helmholtz coils
The magnetic field on the axis of circular Helmholtz coils of radius R is given by
ARRIE ) 2
NI *Ty NI 152
=0T gy + 20T gy (A.2)
2R R2 2R R2
N = number of turn
I = current
8u,NI
ForR =dand x = 0, B:‘u+ (A.3)
52R

The derivation of Equation- (A.1) assumes that the conductors in the current loop have
negligible cross-sections., It\is noted for reference purposes that

INA2
g, =0 V% (A.4)
a

at the centre of a square loop of side dimension 2a. Equation (A.1) has been used to calculate
the field values at and near the centre of a square loop of dimensions 1 mx 1 m. The
percentage departure from the central magnetic field value at nearby points in the plane of the
loop and at 0,03 m above and below the plane of the loop (in parentheses) are plotted in
Figure A.4. Also shown in Figure A.4 is a scale drawing of a magnetic field probe 0,10 m in

~H 4 T ol 4 £ 4 £ fiold £ +l 4+ 1 ] +l tH ]
Uidalmrcicr. 1711 utTpyuarturc Ul it TTidylito o 11TTiu ot uic voinrar vaiutc Uverl 1T LIuoo™ ot uuivulial

area of the 0,10 m probe is less than 1 %. Figure A.5 shows a schematic view of the probe,
square calibration loop, and associated circuit for energizing the coils.
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A scale drawing of a coil-type probe of 0,10 m in diameter is outlined.

Figure A.4 — Deviation in percentage of calculated B, from centre value
(see Equation (A.4))

Condugctor-bundle "diameter"

T T OO00000000A0 ‘%
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N turn loop
B-field
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Figure A.5 — Schematic view of a circuit for calibration of
magnetic field meter using a square loop to produce a known field

NOTE The uncertainty (coverage factor 1) in the value of the calibration field is determined by the uncertainties
associated with calculating B_. For example, in the case of a 1 m x 1 m square loop (see figures A.4 and A.5), the

UIIbUItaillty ;b u'uv tU ullbvltd;lltit}b ;II tiIU |||vaomcu‘ bullvllt 1’, tiIU biu‘v Ulilllvllb;ull Uf tiIU iUU}J, dllu‘ tiIU cffsut Uf morT=
uniformity of the magnetic field (< 0,5 % for a 0,10 m diameter probe). The uncertainty in the side dimension of the
square loop can be due to a non-negligible conductor bundle cross-section. The side dimension may be taken to be
the distance between the centres of the conductor bundles with an uncertainty equal to + the conductor bundle
"diameter" (see Figure A.5). The combined uncertainty in the value of the magnetic flux density is given by the
square root of the sum-of-the-squares. If, for example, uncertainties in the determination of / and side dimension
are + 0,2 % and + 1,0 %, respectively, the combined uncertainty in the value of the calibration field for the 0,10 m
diameter probe is + [(0,2)? + (1,0)2 + (0,5)2]”2 or + 1,1 % (coverage factor 1).

It is noteworthy that a field meter with a coil probe will indicate a magnetic field value that is
an average over the cross-sectional area of the probe. The difference between this average
and the central value [see Equation (A.4)] will be less than the maximum percentage
departure from the central value. For example, while the largest departure of the magnetic
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field from the central value is 0,63 % for the 0,10 m probe (in the plane of the loop), the
average field is only 0,31 % more than the central (calibration field) value.

The equation for magnetic fields produced by two square coils can be derived using
Equation (A.1) and the principle of superposition [24]. The necessary condition for square
Helmholtz coils is that the spacing between the coils is equal to 0,5445 x 2a, where 2a is the
side dimension of the coil system [6].

By varying the frequency of the current through the loop, the frequency response of the field
meter may be determined for the frequency range of interest. For a suitably designed detectot
with a stage of integration, a field meter with an air core probe should indicate a nearly
constant rms value as the frequency is varied (see Clause A.1, last paragraph for discussion
of resonance frequency effects of calibration coil). A similar result should be obtained with a
coil probe that has a core of soft ferromagnetic material, if the change in permeability as a
function of frequency is negligible.

Calibration of the higher scales of a magnetic field meter, i.e. > 10 _ud} can usually be
performed with a field generated by a coil system because background fields that are typically
0,1 uT or less make a negligible contribution to the calibration field. However, the presence of
background fields can prevent calibration of the more sensitive® sCales because of their
perturbing effects on the calibration field. An alternative procedure for calibrating the sensitive
scales is to use the voltage injection technique [8].

A.1.2 Voltage injection method

The voltage injection technique may also be useful for calibrating the very high ranges of field
meters, e.g. ranges greater than 10 mT, when thereymay be technical difficulties in generating
such fields with a coil system.

NOTE Because of constraints introduced by instrdment design, the voltage injection calibration method may only
be applicable during the design stage or manufacturing stage of the field meter.

Using this procedure, the volts/testa“produced by a coil probe (when connected to the
detector circuit) can be determined at each frequency of interest, using a voltmeter connected
to the input of the detector and @,magnetic field that is at least two orders of magnitude larger
than the background field. Voltages that correspond to smaller magnetic fields are then
injected into the detector eircuit (with the probe disconnected) to calibrate the more sensitive
scales of the magnetic field meter. A voltage divider with a well-known ratio when connected
to the detector, an a.c)voltage source (e.g. a function generator), an accurate voltmeter, and
adequate electric field shielding can be used to inject the known voltages for the frequency
range of interest\[8]. The frequency dependence of the voltage divider ratio should also be
known in order<to carry out the calibration. Figure A.6 shows a schematic view of a voltage
injection circuit'‘connected to the detector.
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The voltage V from a function generator is reduced for injection purposes using a resistive divider. The injected
voltage v is given by V'#/(R+r) in the absence of frequency effects on the divider ratia.™R ‘and r are resistors with R
typically much larger than r. The input impedance of the detector is approximated as a'resistance R,. The relation
r « R, shall be satisfied to avoid significantly affecting the value of the divider ratio.

Figure A.6 — Diagram for voltage injection technique

The voltage injection approach may not be applicable- to” probes with ferromagnetic cores
because the permeability of the core may vary with the“magnetic flux density and affect the
probe sensitivity (volts/tesla). It should be noted that‘\the voltage injection technique can also
be used as a means of verifying the calibration of all ranges of the magnetic field meter.

A.1.3 Comparison with reference magnetic field meter

A third method for calibrating instrumentation is performed by comparing field meter readings
with a reference magnetic field meter_ that has previously been calibrated in a known magnetic
field and/or by the voltage injection*technique. With this approach, the field values determined
with each sensor of the single-axis and three-axis field meters are compared with
measurements obtained with the’reference field meter in the same magnetic field (produced
by a coil system). It is assumed that (1) the sensor dimensions of the meter being calibrated
and the reference meter are comparable, or the field uniformity is sufficiently great that the
averaging effects of .the sensors (over their cross-sectional areas) are not significantly
different, (2) the paSs~band of the field meter being calibrated is comparable to that of the
reference meter, and (3) background magnetic fields (typically unstable) do not make
significant contributions to the calibration field. Comparisons are made at field levels and
frequencies of.interest.

Alternatively, the reference magnetic field meter may be used to verify the calibration of a coil
systemyused for calibration purposes.

NOTE 1 Comparison of the magnetic field meter readings with the calibration field values enables the
détermination of correction factors that should be applied to readings when measurements are performed.

I-\Ile[lldlivb‘ly, e (.Ulllpdlib()llb affow corrective dujusunenla tobe Tmade i thedetector Tircuit—meither cdase, Uie
uncertainty associated with the above calibration processes is equal to the uncertainty in the value of the
calibration field values (once the corrections have been made) combined with uncertainties related to the stability
and resolution of the field meter readings.

Perturbations of the calibration field can be produced by image current loops in nearby ground
planes. For example, when the plane of a square loop is parallel to a perfect ground plane,
the perturbation of the field at the centre of the loop is 2 % and 0,3 % for distances of one and
two loop-side dimensions, respectively. The perturbation is reduced when the plane of the
loop is perpendicular to the ground plane, e.g. the perturbation for the square loop is 0,3 %
when the side of the loop is one side dimension away from the ground plane. Perturbation of
the calibration field is less for square Helmholtz coils [7].
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Perturbations of the calibration field can also occur because of ferromagnetic materials in
close proximity to the calibration loop. For example, large permeability materials, such as
steel in a nearby cabinet or desk or a bracket under a table, will concentrate the magnetic flux
and may perturb the value of the calculated field in the calibration loop. The influence of
nearby ferromagnetic materials on the calibration field should be checked using a trial and
error approach, e.g. the influence of a nearby relay rack on the magnetic field could be
examined as a function of distance from the calibration coil.

Calibrations should be performed at frequencies well removed from the resonance frequency
of the coil system. Because of the stray capacitance, the equivalent circuit of the coil system
can be roughly modelled as an inductor and capacitor in parallel. Near and at resonahce
frequencies, significant amounts of current to the coils will be shunted through the \stray
capacitance and will not contribute to production of the magnetic field. One approach to
determine the resonance frequency of a coil system is to measure the voltage across/ the coils
as a function of frequency while keeping the current to the coils constant. At frequencies well
removed from the resonance frequency, the voltage will increase linearly. Nearthe resonance
frequency, the impedance of the coil system and the associated voltage measurement will
become non-linear and increase more rapidly.

NOTE 2 A specific analysis will be necessary to determine an upper operating frequency limit for calibration coils.
A.2 Calibration of electric field strength meters

A.2.1 Electric field generation method

Nearly uniform electric fields may be produced for €alibration purposes with parallel plates,
provided that the dimensions of the plates are sufficiently large relative to the plate spacing,
[1]1 [13], [32]. Ignoring edge effects, the uniforny field value E, is given by V/d where V is the
applied potential difference across the platésyand d is the plate spacing. As a guide for
determining parallel plate dimensions, the _calculated magnitudes of the electric field strength
E, normalized by the uniform field (E/E;) at'the plate surface and midway between the plates,
are plotted as a function of normalized distance x/d from the plate edge as shown in
Figure A.7. Numerical values are preséented in Table A.1.
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Figure A.7 — Calculated normalized electric field at plate surfaces and midway between
plates as a function of the normalized distance from the edge of the plate
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The results in Table A.1 show that the departure from field uniformity due to fringing fields
decreases to 0,1 % at a distance of one plate spacing from the edge. For square plates of
finite size, the effect of the fringing fields from the four edges may be estimated using the
principle of superposition when the effect from one edge is less than 0,1 %. Numerical
calculations of the field between finite size parallel plates suggests a discrepancy of 0,04 %
using this approach [32]. These results are valid in the absence of perturbations from nearby
ground planes. Calculations and measurements [19] , [32] indicate that energization of the
parallel plates with a centre-tapped transformer provides a field that is more immune to

perturpbations due 10 nearby ground planes.

A parallel plates system that has been proven suitable for calibrations of free-body meters
with diagonal dimensions less than 0,23 m is shown in Figure A.8 [13]. Metal sheetspor a
tightly stretched metal screen on frames of 1,5 m x 1,5 m, and a separation of 0,75'm are
used to form the parallel plates. The plates are energized with a function generater/power
amplifier/transformer combination which has adequate current-limiting resistors in the
transformer output leads as a safety measure [3]. For example, 10 MQ and larger resistors of
adequate voltage rating are satisfactory up to 10 kV (i.e. £ ~ 13 kV/m). Normal high-voltage
laboratory safety practices shall be followed when working with high voltages. A calibration
field that is within 1 % of the uniform field value, V/d, is produced at the centre of the parallel
plates system described above (uncertainties in the values of V andd should be combined
with the 1 %). The free-body meter is positioned at the centre of\the parallel plates system
with the insulating handle normally used during measurements.

To avoid significant perturbations of the surface charge distributions on the parallel plates due
to the presence of the field meter, the largest diagonal(dimension of the meter should not be
greater than 0,23 m [23]. In addition, the distance.from the parallel plates to the nearest
ground plane (walls, floor, etc.) should be one plate spacing or more. The parallel plates
system may be scaled upwards or downwards for larger or smaller field meters.

NOTE If corona occurs at the edges of the parallel plates, it can be eliminated by attaching metal tubes along the
edges to reduce the surface electric field strength.

By varying the frequency of the voltage to the parallel plates, the frequency response of the
field meter may be determined.
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Table A.1 — Calculated normalized electric field values
midway between plates and at plate surfaces

Midway between plates

x/d E/E,
0,069 8 0,837
0,162 1 0,894
0,296 5 0,949
0,417 7 0,975
0,682 1 0,995
0,793 4 0,997
1,000 0 0,999

Plate surfaces

1,000 0 1,001
0,795 4 1,002
0,686 1 1,005
0,437 6 1,025
0,243 1 1,095
0,162 4 1183
0,123 0 1,265
0,099 1 1,342
0,082 9 1,414
0,045 2 1,732
0,030 7 2,000
0,018 5 2,449

If the distance of the lower platé’to the floor is less than one plate spacing, the arrangement
designed to energize the parallel plates as shown in Figure A.8 may be modified so that the

lower plate is at ground potential.

S

T

Y

IEC 3003/13

Figure A.8 — Parallel plates system for calibrating free-body electric field meters
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In addition to orienting the plates parallel to the floor, the arrangement of Figure A.8 may also
be used with the plates oriented perpendicular to the floor.

Note that the distance to the floor, ceiling and walls should still be greater than one plate
spacing. Using the perpendicular plate orientation an insulating support can be easily fixed in
the plane of zero potential between the two plates as shown in Figure A.9.

Ceiling

Free-body
meter

Plate A [—] Plate B

Insulating
Support,

Floor

IEC 3004/13
Figure A.9 — Arrangement with parallel plates orientated perpendicular to the floor

For calibrations of ground reference type field meters, the arrangement designed to energize
the parallel plates as shown in Figure A.8 is modified so that the bottom plate is at ground
potential and is used as a support for the flat probe.

Because of the incréased distance between the probe and top plate, the perturbation of the
surface charge distribution on the top plate by the probe is greatly reduced (compared with
free-body metersimidway between the plates). This decreased perturbation permits reduction
of the parallel_plate spacing previously indicated (0,75 m) and thereby increases the lateral
extent of the/nearly uniform field region (see Figure A.7 and Table A.1). The parallel plate
spacing-should be no larger than 1,5 times the side dimension of the probe, and the edges of
the prebe should be no closer than two plate spacings to any edge of the bottom plate. The
distance between the parallel plates and the nearest ground plane (walls, floor, etc.) should
be greater than two plate spacings. The guard band should be at least as wide as 6 % of the
Side dimension and the thickness of the probe should not exceed 3,5 % of its side dimension.

AALihte 4L L P S 41 ) 4 ]l T e A o0/ £l L ot ol 1
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Vld (uncertainties in the values of V and 4 should be combined with the 0,5 %) [22] .

NOTE Comparisons of the electric field meter readings with the calibration field values enables the determination
of correction factors that should be applied to readings when measurements are performed. Alternatively, the
comparisons allow corrective adjustments to be made in the detector circuit. In either case, the uncertainty
associated with the above calibration processes is equal to the uncertainty in the value of the calibration field
values (once the corrections have been made) combined with uncertainties related to the stability and resolution of
the field meter readings.
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A.2.2 Current injection method

Free-body and ground reference field meters, in their initial response to an electric field, can
be considered as current measuring devices2. Therefore, if the ratio of induced current to
electric field I/E for an electric field meter is determined by calibration, a current injection
scheme may be used later as a means for verifying the instrument calibration if parallel plates
are unavailable [19] . Figure A.10 shows a circuit that can be used for injecting known
currents into the sensing electrodes of a free-body-type meter. In Figure A.10, V is the voltage

produced Dy a function generator and Z is a Known impedance at least two orders of
magnitude greater than the input impedance of the field meter. Although Z may consist of
capacitors or resistors, resistors are preferred because the impedance of capacitors Wwill
change when the current injection technique is used at different frequencies. Further, ifithere
are harmonics in the voltage source, smaller errors will be introduced with theluse of
resistors. The injected current can be calculated from Ohm's law.

Function generator
/ Field meter

- S
S S I

/ e Twisted leads
Shielding

Although Z may represent either,capacitors or resistors, resistors are preferred (see text in Clause A.2).

IEC 3005/13

Figure'A.10 — Diagram for current injection technique

A circuit similar«o -the one shown in Figure A.10 may be used for injecting currents into
ground-reference-type field meters. In this case, the impedance on the ground side of the
voltage source-is removed and the remaining impedance is doubled in value.

Adequateshielding is required when the current injection technique is employed in order to
minimize signal contributions from such sources as nearby lighting and electrical equipment.
Enclosing the current injection circuit and field meter with a grounded metal screen can
reduce the signal contributions from background sources to negligible levels. The validity of
the current injection approach assumes that the ratio I/F is determined soon after calibration

of the field meter in a known electric field and that the field meter probe has not been
modified since its calibration.

A.2.3 Comparison with electric field reference

The method is the same as described in A.1.3.

2 Afterwards, if there is a stage of integration in the detector circuit, the field meter reading will be proportional to

the induced charge which tracks the waveform of the electric field.
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Example of calibration uncertainty

— 35 —

Annex B

(informative)

REDLINE VERSION

Table B.1 gives an example of calculation of calibration uncertainty for B field using an

Helmholtz coils system. A magnetic field of 100 uT is assumed. The uncertainty sources come
from the analysis of the calibration system described in Annex A.

Table B.1 — Example of uncertainty calculation

Uncertainty Reference | Value of the Probability Division Sensitivity Standard
sources uncertainty distribution factor coefficient |\ uncertainty
uv, ki Ci u, =uv, /k,

Statistic
Repeatability A1 2,010 \5 1 8,95 10°°
Reproducibility A2 3,0 10" \3 1 1,73 10
Equipment
Calibration of the BR1 7.1 10 Normal 2 1 3,55 10
ampermeter
Drift of the BR2 1,2 10 Rectangular, 2V3 1 3,46 105
amperemeter
Resolution of the BLA +1,0 106 RectanGular V3 1 5,77 107
amperemeter
Interpolation of the BL2 +2,9 10 Rectangular \3 1 1,67 104
amperemeter - ’
Influence of the
temperature on the BL3 0 U-shaped 242 1 0
amperemeter
Physical
characteristics of the BL4 108103 Normal 2.58 1 3,88 104
Helmholtz coils
Influence of the
temperature on the BL5 0 U-shaped 242 1 0
Helmholtz coils
Influence of the BL6 0 Rectangular 2V3 1 0
current source
Stability of the
device under te&t BLX Rectangular V3 1 0
Environmental
parameters
Noise BL7 5,010 Rectangular 23 1 1,510
P Py e L L L m
LOomoImneqa sidiiudarg _ N4 Z -4
ancertainty u, = \/21‘01- IE 6,04 10
Expanded
uncertainty Normal u, = 2u 1,2 10°3

(95 % confidence
interval)
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A1: number of repetition of measurements N. ki = VN

A2: the value of incertitude comes from inter laboratory comparison
BR1: the value comes from last calibration certificates of amperemeter
BR2: variation between calibration of amperemeter

BL1: variation of the last digit of the amperemeter

BL2: due to the fact that the amperemeter is not used on the points where it was calibrated

BL3: negligible

BL4: uncertainty of the physical dimensions of the coils, value chosen 10 — 3 at 99 %

BL5: negligible

BL6: negligible here but to be defined in function of the meter calibrated and of its stability
BL7: noise

BLX: the variation of the measuring instrument itself is neglected
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Annex C
(informative)

General characteristics of magnetic and electric fields

C.1 GGIICI d:

Magnetic and electric fields produced by power lines, appliances and transportation systems
can be characterized according to their magnitude, frequency, waveform (harmonic content),
degree of polarization, spatial variation, and temporal variation. These characteristics are
described briefly because of their importance in specifying requirements for instrumentation
used to measure the fields.

NOTE This standard does not consider transient temporal variations, i.e. events that occurfin.a time that is short
compared to the period of the magnetic and electric fields.

C.2 Polarisation

Several of the above field parameters can be introduced by censidering the case of magnetic
fields produced by three-phase power lines. Some of the same parameters are also used to
characterize electric fields. In general, the field at a point-in' space can be represented as a
rotating vector that traces an ellipse for every cycle (0f the currents in the conductors as
shown schematically in Figure C.1a [4]. The rms maghitude and direction of the semi-major
axis of the field ellipse, given by M in Figure C.1a, indicate the magnitude and direction of the
maximum field. Similarly, the rms magnitude and direction of the semi-minor axis, given by m
in Figure C.1a, describe the magnitude and direction of the minimum field. Such fields are
said to be elliptically polarized.

Because fields in environments situated away from power lines can also be produced by
multiple sources that are not necessarily in phase, elliptically polarized fields can occur in
many settings (e.g. the home, the work place, etc.). Depending on the geometry and currents
or voltage in the conductors, the“degree of field polarization at a given point can vary from
linear (m = 0) to circular (m~="M) as shown in Figures C.1b and C.1c. This discussion of
polyphase fields assumesxthat there are no harmonics in the field. The polarization state of
fields with a significant harmonic content is more complicated[21], [30].
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Figure C.1a — Quantities for elliptical polarization, m < M
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Figure C.1b — Quantities for Figure C.1c — Quantities for circular
linear polarization, m = 0 polarization, m = M

The resultant Bz and the maximum magnetic field M are equal only for the case of linear polarization. The largest
difference between the resultant and maximum magnetic field occurs for circular polarization, i.e. By exceeds M by
41 %.

Figure C.1 — Oscillating and rotating field quantities for cases
of elliptical polarization, linear polarization, and circular polarization

C.3 Characteristics of magnetic field

Near ground Jevel the magnitude of the magnetic field from a three-phase transmission line
changes slowly as a function of the height of the measurement point above ground. For
example, for a typical 500 kV line, the change in the magnetic field magnitude at a height of
approximately 1 m above ground level is less than 2 % for a 10 % change in the measurement
height for locations underneath the line. The uniformity increases at more distant points [11] .

For locations far from the line, the magnitude of the magnetic field from a single-circuit three-

nhase ling with halancad or nearly halancaed currents  decreases annroximataly as 1/r2
PR HR-8—AHR—PaHa R G —Rea+y—oa Hehts—G 84S SPPFOXHRa8H—a =

et o

where r is the lateral distance from the line (r is assumed to be much greater than the
conductor spacing) [26] . As the current imbalance increases, the decrease in magnetic field
magnitude changes from a 1/#2 to a 1/r dependence [26], [33]. The magnetic field from
balanced double-circuit three-phase lines with low reactance phasing (i.e. for identical or
nearly identical load currents for both circuits) decreases approximately as 1/r3 where r is
again much larger than conductor spacing. The temporal variations of the magnetic field is a
function of load current variations, e.g. during heavy usage of electrical energy, the load
currents increase and produce greater magnetic fields (the concurrent sagging of the
conductors can also contribute to greater field levels).
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NOTE While the magnetic field at and near ground level beneath a polyphase power line can be represented as a
rotating vector or field ellipse, the electric field becomes linearly polarized at ground level.

Other commonly encountered sources of magnetic fields are straight conductors
(e.g. connections to grounding systems/electrodes) and approximately circular turns of wire
(e.g. found in transformers, motors, video display terminals) with single-phase currents. The
magnetic field lines and vectors at representative points from such sources are shown
schematically in figures C.2a and C.2b. The magnetic fields are usually linearly polarized and
the time-dependence of the oscillating vectors depends on the waveform of the currents

Sinusoidal currents produce sinusoidal magnetic fields free of harmonics, and non-sinusoidal
currents (e.g. the sawtooth waveforms from television deflection coils) produce non-sinusoidal
magnetic fields that can be rich in harmonics [12]. The magnitudes of magnetic fields
produced by currents in an infinitely long straight wire and a circular loop of wire decreaseé as
1/r [10] and 1/#3 [31] , respectively, where r is the distance from the field source (in.the”latter
case it is assumed that r is much greater than the radius of the circular loop of wire).

W <

=
~

IEC 3009/13

IEC 3010/13

Figure C.2a — Current in/straight conductor Figure C.2b — Current in circular conductor
Figure C.2 —(Magnetic field from current in straight and circular conductors
C.4 Characteristic of electric field

Near ground level the magnitude of the electric field from a three-phase transmission line
changes slowly as a function of the height of the measurement point above ground[11] .

Contrary to the magnetic field, the electric field is perturbed by most objects. This is called the
proximity effect. This is due to the difference of electric charge distribution between media

Between media 1 and media 2, passage conditions are

Eq= Ey, (C.1)

and

&9E0,-€1E1,=ps (C.2)
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where = tangential component, n=normal component, p is the charge density of the surface
between media

For example, a man in a 50 Hz electric field perturbs the electric field distribution (Figure C.3)

0.91ZE-404

IEC T764/07

Figure C.3 — Perturbation of electric field distribution by a person (from IEC 62226-3-1)

The same phenomenon can by observed with big structures such as buildings (Figure C.4)
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Distance from power line centre (m) Distance from power line centre (m)
With the effect of the building Without the effect of the building
IEC 1621/09
Key
Conductor height 11,0 m
Conductor separation 1,12 m
Building height 20,0 m, located at 7,0 m from the centre of an overhead line

Figure C.4 — Proximity effect with a 25 kV line and a building (from IEC 62110)
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Annex D
(informative)

Magnetic flux density meters (magnetic field meters)

D4—6 et stics—of e fietd

Magnetic field meters consist of two parts, the probe or field-sensing element, and (the
detector, which processes the signal from the probe and indicates the rms value df.the
magnetic fmldwth%nﬁahategueuer—d@taketsptay Magnetic field probes, consisting Lof an
electrically shielded coil of wire (i.e. a "single-axis" probe), have been used in combination
with a voltmeter as the detector for survey type measurements of power frequency magnetic
fields from power lines [13]. A diagram of this kind of instrumentation, which is ehe example of
a survey meter, is shown in Figure D.1. While not indicated in Figure D.1, cemponents of the
detector circuit are sometimes incorporated with the probe. Magnetic field.meters measure the
component of the oscillating (linearly polarized) or rotating (elliptically er-circularly polarized)
magnetic field vector that is perpendicular to the area of the probe(s).,\The direction normal to
the area of the probe coincides with the sensitive axis of the probe;

Y

B
— Coaxial-cable
!

10

g Shielding IEC 3011/13

Figure D.1 — Schematic view\of simple magnetic field meter with coil-type probe

For measurements in envirenments where the harmonic components in the magnetic field
may not be negligible (e.g.industrial and residential settings, transportation systems), a stage
of integration (active er_passive) is made part of the detector circuit in order to preserve the

waveform of the magnetic field (see Clause D. Z)M%Wemm&madeﬁfer—the

semehmes—p#ewded— To characterize the harmonlc content in the magnet|c field, the detector
signal (which_rreflects the waveform of the magnetic field) can be examined using
commercially-available spectrum analysers to obtain the amplitudes of the fundamental and
harmonié:-components. Three-axis magnetic field meters are also available, which can be
switched or tuned to indicate the rms values of the power frequency and one or more
harmonic field components. Recently three-axis magnetic field meters with digital post
pfocessing can directly provide frequency information and implement the weighted peak
method.

During survey type measurements of the magnetic field, the probe can be held by hand
without significant perturbation of the field due to the proximity of the observer. Proximity
effects of nearby dielectrics are also insignificant. Proximity effects of small non-ferrous
conductors are usually weak and located near the conductor surface, i.e. magnetic fields
associated with eddy currents induced in the conductor by the time-variation of the magnetic
field will perturb the field locally. Large non-ferrous metal structures can significantly perturb
the field over an extended region, e.g. the interior of some mobile homes. Magnetic fields
near ferrous objects are significantly perturbed.
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For long-term and/or more comprehensive measurement applications, the survey-type field
meter can be replaced with instrumentation which records the readings of the field in a data
storage system [12], [30]. The recordings of the field can be made automatically at
predetermined time intervals, triggered by the user, or triggered by some other source, such
as position-detecting equipment.

The recorded field values can often be downloaded to a computer at a later date for
subsequent analysis. Alternatively, a simple analysis may be performed by the instrument

itself.

Both survey meters and logging instruments can be single-axis or three-axis (although logging
instruments are more likely to be three-axis). Three-axis instruments can have three™coil
probes or sensing elements (e.g. circular coil probes with orthogonal axes) which detect the
field along three mutually orthogonal directions. The signal from each sensing, eleément of
three-axis meters can be processed by the detector in one of two ways. In oned@pproach, the
detector determines the rms value of each spatial component, squares and «sums them, and
then takes the square root of the sum. In the other approach, the detector_squares the signal
from each sensor, takes the square root of the sum, and then determinesithe rms value of the
square root. Both methods yield the same result, which is the resultant ‘magnetic field Bg, as
defined by Equation (3). In general, the resultant magnetic field is not equal to the maximum
magnetic field, varying from 100 % (for linearly polarized fields). to 141 % (for circularly
polarized fields) of the maximum magnetic field.

It should be noted that By is also equal to the rms total magnetic flux density [16], regardless
of the phases of the orthogonal components. One conséquence of the phase independence is
that Bg is not unique, in the sense that the same resultant magnetic field can be produced
by magnetic fields with different geometries, e.g. a_ linearly polarized magnetic field with ortho-
gonal components Bgsinwt and Bgsinwt, and/,acircularly polarized magnetic field with
orthogonal components B sinwt and Bycosawt Will)have the same resultant B,

The development in recent years of smallypersonal exposure meters for the measurement of
magnetic fields, devices that can be worh to measure periodically and record the three (rms)
spatial components of the magnetic.field, has also led to the use of miniature coil probes,
sometimes containing ferromagnetic cores for increased sensitivity[12]. The orthogonally
oriented probes in exposure meters, while in close proximity to one another, may not share a
common central point, i.e, the probes are at different locations. Exposure meters are
equipped with a computerinterface which permits the downloading of the recorded field
values to a computer, for-later analysis. Other types of field meters with high permeability
inductor probes, sugh as the fluxgate magnetometer [27], have been adapted for alternating
and/or static field measurements.

Yet more sophisticated instrumentation is available that periodically records the magnetic field
waveform of-the three orthogonal field components at the same instant, and thus contains
magnitude;’ phase, and frequency information that is subsequently analysed for degree of
polarization, harmonics, etc. [30].

Also available are magnetic field meters with Hall effect probes that can be used to measure
magnetic flux densities from zero hertz to several hundred hertz. However, because of their

low sensitivity and saturation problems due to the earth's field, they are not suited for low
level a.c. field environments, e.g. in the vicinity of power lines and in residences.

D.2 Theory of operation (coil probes)

The principle of operation of the magnetic field meter shown in Figure D.1 is based on
Faraday's law which predicts that a voltage V is produced at the ends of an open loop of wire
placed in a changing magnetic field. Specifically, the voltage is equal to the negative of the
time-rate-of-change of the flux ¢ through the loop, as given by
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v=_92__4d J.B'ndA (D.1)
dt dt
A
where
B is the magnetic flux density;
n is a unit vector perpendicular to the area of the loop;

dA is an element of the area 4 of the loop.

vV will be in units of volts when 4 and B are in square meters and tesla, respectively.

If the magnetic field is free of harmonics, e.g. B = Bysinwt, and perpendicular to the arealof the
probe, then

V = —w By Acoswt (D.2)

where the angular frequency o is equal to 2= times the frequency.

For N turns of wire in the loop, the voltage given by Equation (D.2) will develop across each
turn and the total voltage will be —NwBjAcoswt. Equation (D.2) shows that the sensitivity
increases with the area of the probe.

Coil probe can also be used to measure static (d.cs)\magnetic flux density if the probe is
rotated.

If there are harmonics in the magnetic field, thete will be an additional term on the right side
of Equation (D.2) for each harmonic. Because ‘of the differentiation operation (Equation (D.1)),
each of the additional terms will be weéighted by the associated harmonic number. For

example, if there were 10 % third harmonic in the field, the term —3x 0,1 x @B, 4 cos3wt would

be added to the right side of Equation(D.2). Because of the weighting of the harmonic term,
the waveform of the signal will noslonger reflect the waveform of the field. Consequently, the
rms value indicated by the voltmeter-detector (see Figure D.2) will not accurately represent
the rms value of the field. The*waveform does, however, give a good approximation of the
time-variation of the voltag€.or current induced in conducting materials.

L n—,

IEC 3012/13

Key

L coil inductance

r wire resistance
stray capacitance

p input impedance of detector

Figure D.2 — Approximate equivalent circuit of a coil probe
when connected to the detector
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To recover the magnetic field waveform it is necessary for the detector to perform the inverse
mathematical operation, namely integration. This can be accomplished by introducing a stage
of integration in the detector3. For example, the integration stage can be combined with the
probe in the form of passive components, or an integrating operational amplifier can be
incorporated into the detector. The frequency response of the probe-integrating detector
combination should be made flat over the frequency range of interest. Filters and adequate
electric field shielding should be part of the detector circuit design to exclude unwanted
signals.

D.3 Static magnetic field-measuring instrumentation

Measurements of static magnetic fields can be performed accurately with a range of
commercially available instrumentation employing a variety of measurement technjques [20],
[14]. For example, fluxgate magnetometers, nuclear magnetic resonance (NMR)-field meters,
Hall effect field meters, magnetoresistive field meters and the superconducting quantum
interference device (SQUID) magnetometers are a few of the instruments available.

The range of measurement of these meters depends on the measuremeéent technique used.
They cannot be used for measuring the static magnetic field in all environments. For example,
Fluxgate magnetometers have adequate sensitivity to measure fields in the range of 0,1 uT
(and lower) to 0,01 T, and are adapted for DC high voltage netwarks environments.

Hall-effect meters can readily measure levels between 180 uT and 10 T [20]. In the same
order of magnitude, the very high accuracy of NMR magnetic field meters enables them to be
used as a reference standard.

Standard reference magnets are commercially @vailable for calibration purposes at relatively
high field levels, e.g. 0,005 T to 2 T. The coiksystems referred to in Clause A.1 can be used
to generate known static fields with lower values if direct currents are used to energize the
coils. However, the influence of the background static field should be considered when
significant in magnitude compared to-the calibration field. Standard reference magnets are
available with magnetic shields to,prevent perturbations from external magnetic fields. The
background static field may also.he cancelled using a set of auxiliary coils, by doing first a
calibration with a zero current,-and subtracting the value.

3 If the signal is digitized, the integration can be done by computation
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Annex E
(informative)

Electric field strength meters (electric field meters)

EF4+ 6 ot teristi fetectric—fietd |

Electric field strength meters consist of two parts, the probe or field-sensing element and (the
detector, which processes the signal from the probe and indicates the rms value df.the

electric field strength in units of volts per meter—using—an—analoegue—ordigital-displays The

following two types of electric field meters are considered in this standard:

a) the free-body meter;
b) the ground reference meter.

When measurements of the electric field strength are performed, the observer should be
sufficiently removed from the probe to avoid significant perturbation of\the field at the location
of the probe. Free-body meters should be sufficiently small so that\the size of the probe does
not significantly perturb the charge distributions on boundary suraces generating the electric
field, i.e. energized and grounded surfaces. Although fieldAmeters are calibrated in nearly
uniform electric fields, the field that is measured need not‘'be very uniform. Electric field
meters measure the projection of the oscillating (linearly ‘polarized) or rotating (elliptically or
circularly polarized) electric field vector onto the electrical axis of the probe (the axis of
greatest electric field sensitivity). Three-axis free-body” electric field meters are available for
measuring the resultant electric field.

E.2 Theory of operation

E.2.1 Free-body meters

Free-body meters are commonlysconstructed to measure the induced current between two
isolated parts of a conductive (body. Since the induced current is proportional to the time
derivative of the electric field strength, the meter's detector circuit often contains an
integrating stage in order to-recover the waveform of the electric field. The integrated current
waveform also coincides~with that of the induced charge. The integrating stage is also
desirable, particularjy for the measurement of electric fields with harmonic content, because
this stage (i.e. its.integrating property) eliminates the excessive weighting of the harmonic
components in the.induced current signal.

Free-body. meters determine the electric field strength by measuring the steady-state induced
current .oricharge oscillating between the conducting halves (electrodes) of an electrically
isolated. probe, after the probe has been introduced into the electric field. For commercially
available free-body meters, the detector is usually contained in or is an integral part of the
probe. The probe and detector are supported in the electric field at the end of an insulating
handle [5] , [13]. The free-body meter is suitable for survey type measurements because it is

PUItab:G, GHUVVO IIICGOUICIIICIItO GbUVC thc HIUUIId p:GIIU, alld dUUD IIUt IU\..{U;IU d gluund
reference potential. Single-axis and three-axis free-body meters are commercially available.
Free-body meters are normally battery-powered.

There are also free-body meters designed for remote display of the electric field strength. In
this case, a portion of the signal-processing circuit is contained in the probe and the

remainder of the detector is in a separate enclosure-with-an—analogue—or-digital-display. A
fibre-optic link connects the probe to the display unit [9], [17].
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Figure E.1a — Spherical free-body Figure E.1b — Commercial single-axis
electric field meter electric field meters

Figure E.1 — Single-axis free-body meter geometries

Figure E.1 shows examples of single-axis free-body meter geometries. The theory of
operation of free-body meters can be understood by considering“an uncharged conducting
body with separated halves or electrodes, introduced into a uniform electric field E. The
charge induced on one of the electrodes is

Q: IDondA (E1)
S/2
where
D is the electric displacement;
n is a unit vector perpendicular to the surface of the electrode;

d4 is an element of area on half 6f'the body with total surface S.

The case of spherical geometry.as shown in Figure E.1a yields the following result:

Q = 371 g%¢E (E.2)

where
gy is the permittivity of free space;
a is the radius of the sphere [29].

NOTE__The surface charge density is given by 3¢, cosd. Integration over the hemisphere gives Equation (E.2)
(seeJ29]).

Far less symmetric geometries, the result can be expressed as

where k is a constant dependent on the probe's geometry.

Sensing electrodes resembling cubes and parallel plates (see Figure E.1b), have been
employed. If the electric field strength has a sinusoidal time dependence, for example
Eysinwt, where o is the angular frequency, the induced charge oscillates between the two
halves and the current is given by
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do _

1= E = kwsy EgCOSwt (E.4)

The constant £ can be thought of as a field meter constant and is determined by calibration.
The influence of the handle, representing a leakage impedance, and the perturbation
introduced by the observer are taken to be negligible in the above discussion.

If there are harmonics in the electric field, there will be an additional term on the right side of
Equation (E.4) for each harmonic. Because of the differentiation operation in Equation (E.4);
each of the additional terms will be weighted by the associated harmonic number. As inthe
case of the magnetic field meter (see Clause D.2), it is necessary for the detector to perform
the inverse mathematical operation, namely integration, to recover the electric field waveform.
This is accomplished by introducing a stage of integration. For example, an integrating
amplifier or a passive integrating circuit combined with a voltmeter could be used as a
detector. The frequency response of the probe-integrating detector combination should be
made flat over the frequency range of interest. Filters should be used to»exclude signals
outside of the frequency range of interest.

E.2.2 Ground reference meters

Ground reference meters determine the electric field strengthidy measuring the current or
charge on the sensing surface of a flat probe. Such meters ate-normally used to measure the
electric field at ground level or on flat conducting surfaces that are at ground potential. Two
probe designs have been employed. One design makes-use of a single flat conductor with an
isolated central section that serves as the sensing &urface. Small versions of this type of
probe have been made with a double-clad printed.cirCuit board as shown in Figure E.2a. A
second design consists of two parallel plates sepdrated by a thin sheet of insulation, with the
top plate acting as the sensing surface as shown(in Figure E.2b.

_ Field sensing

} / electrode

Guard band Y Field sensing
electrode

Insulating /
sheet

Metal
plate

Shielded cable
to detector

Conducting paint

ey

Shielded cable
to detector

IEC _3015/13 L= 2046742

Figure E.2a - Flat probe made with Figure E.2b — Flat probe consisting of
double-clad printed circuit board parallel plates separated by insulating sheet

Figure E.2 — Designs for flat plate probes used with
ground-referenced electric field meters

From Gauss' law, the charge Q, induced on a sensing surface with area 4, is
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0=¢, EA (E.5)

where
E is the average electric field strength across the sensing surface;

& is the permittivity of free space.

Assuming that E varies sinusoidally with angular frequency o (i.e. E = Egsinwt), the resulting

induced current is given by

d—? = @ gg Eg Acosat (E.6)

If there are harmonics in the electric field, there will again be an additional termyon the right
hand side of Equation (E.6) for each harmonic. As in E.2.1, because of the\ differentiation
operation, each of the additional terms will be weighted by the associated harmonic number.
To recover the electric field waveform, it is necessary to perform the inverse mathematical
operation, namely integration. An integrating circuit/voltmeter combination that produces a flat
frequency response over the frequency range of interest can serve) as the detector. Filters
should also be part of the detector circuit to exclude signals from outside the frequency range
of interest. Ground reference meters may be battery or mains-opéerated.

NOTE Ground reference meters measuring the induced current often(gontain an integrator circuit to compensate
for the derivative relationship between the induced current and the electric field.

Electric field meters with flat probes can be used to measure the electric field strength on flat
electrically energized surfaces if the detector isyoperated at the same potential as the
energized surface. In such cases, viewing of the-analoegue—or-digital display of the detector
should be done remotely, for example visually)from a distance, or using a fibre-optic link.
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Annex F
(informative)

Influence of humidity on electric field measurement

In order to assess the influence of humidity on the electric field measurement, tests were
carried out in a climatic chamber on the EDF R&D site “Les Renardieres” [2]. The electrié\field
was created by a 2 m diameter plate, at a height around 2 m, and with applied voltageiso as
to have a vertical electric field of about 10 kV/m. The climatic control was set up to maintain a
temperature close to 20 °C and during the tests the temperature fluctuated actually between
18 °C and 21 °C. The humidity range tested was from 20 % to 100 %.

Three free-body type meters were tested, one was single axis (meter ) and the two other
were three-axis (meter 2 and meter 3)

The influence of the support of the meters was also tested and the meters were put on two
tripods: a “normal” one (insulated tripod) and another with an\insulating rod to horizontally
offset the sensor (referred to as “offset tripod”). See Figure F.1.

IEC 3017/13 IEC 3018/13

Figure F.1 — Test in the climatic chamber with the normal tripod (left)
and the offset tripod (right) (photograph EDF R&D)

The influence Sef* coating the support of the meter with silicon grease (hydrophobic
compounds)-was also tested.

F.2 -Results

Figures F.2 and F.3 give the main results of the tests.
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Figure F.2 — E field measured as a function of the humidity with a normal tripod
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Figure F.3 < E field measured as a function of the humidity with an offset tripod

The results( show the influence of the humidity on the measurement of electric field. The
measured'value increases with the humidity.

Thendrift of measured field compared to actual field is especially high with a normal tripod
when the relative humidity is over 70 % (up to a 7-fold error in reading the applied field). So
the offset tripod is recommended because the drift amplitude is much lower (the maximum

arraric anlvy A0 0. ~Aftha annliad fiald\
eHOHHS—OoHTy—A4o—7o— Ot eappHeaera)-

The use of hydrophobic compounds (silicone grease) to coat the support has not shown any
reduction of the effects of humidity.
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Annex G
(informative)

Units

For additional units, see [15].

G.2 Sl units and Sl derived units

Time:
Electric potential:

Current:

Inductance:
Resistance:

Electric field strength:
Magnetic flux density:
Magnetic field strength:

G.3 Useful physical constants

Permeability of free space wy:
Permittivity of free space ¢
Conversion between tesla and gauss:

Conversion between.testa and amperes
B (in uT) = 0,4 x © x"H (in A/m)

The preferred units are those taken from International System of Units (Sl units) and ufits
derived from Sl units. Some commonly used S| and Sl derived units are listed below.

second (s)

volt (V)

kilovolt (kV)

ampere (A)

henry (H)

ohm (Q)

volts per metre (V/m)
tesla (1)

ampleres per metre (A/m)

4n - 10~7 H/m
8,854 - 10~12 F/m
1mG = 0,1 uT

per metre (where u= pg):
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INTERNATIONAL ELECTROTECHNICAL COMMISSION

MEASUREMENT OF DC MAGNETIC, AC MAGNETIC AND
AC ELECTRIC FIELDS FROM 1 Hz TO 100 kHz
WITH REGARD TO EXPOSURE OF HUMAN BEINGS -

Part 1: Requirements for measuring instruments

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 js 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 (hereaftet< 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 prepafation. 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, @s 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 intepnational 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 ifi/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 attestationof 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 comimittees and IEC National Committees for any personal injury, property damage or
other damage of any nafure whatsoever, whether direct or indirect, or for costs (including legal fees) and
expenses arising out «0f: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_forthe correct application of this publication.

9) IEC draws/attention to the possibility that the implementation of this document may involve the use of (a)
patent(s), IEC takes no position concerning the evidence, validity or applicability of any claimed patent rights in
respectithereof. As of the date of publication of this document, IEC had not received notice of (a) patent(s),
which/may be required to implement this document. However, implementers are cautioned that this may not
represent the latest information, which may be obtained from the patent database available at
https://patents.iec.ch. IEC shall not be held responsible for identifying any or all such patent rights.

This consolidated version of the official IEC Standard and its amendment has been

—— prepared for user convenience.

IEC 61786-1 edition 1.1 contains the fifth edition (2013-12) [documents 106/292/FDIS and
106/298/RVD] and its amendment 1 (2024-07) [documents 106/647/FDIS and
106/655/RVD].

This Final version does not show where the technical content is modified by
amendment 1. A separate Redline version with all changes highlighted is available in
this publication.
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International Standard IEC 61786-1 has been prepared by IEC technical committee 106:
Methods for the assessment of electric, magnetic and electromagnetic fields associated with
human exposure.

The first editions of IEC 61786-1 and IEC 61786-2 replace IEC 61786:1998. Part 1 deals with
measuring instruments, and Part 2 deals with measurement procedures. The content of the
standard was revised in order to give up-to-date and practical information to the user.

It has the status of a horizontal standard in accordance with IEC Guide 108.
This publication has been drafted in accordance with the ISO/IEC Directives, Part 2.

A list of all parts of the IEC 61786 series, published under the general title Measlirement of
DC magnetic fields and AC magnetic and electric fields from 1 Hz to 100 kHz with ‘regard to
exposure of human beings, can be found on the IEC website.

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

e reconfirmed,
e withdrawn, or

e revised.

IMPORTANT - The 'colour inside’' logo on/sthe 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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MEASUREMENT OF DC MAGNETIC, AC MAGNETIC AND
AC ELECTRIC FIELDS FROM 1 Hz TO 100 kHz
WITH REGARD TO EXPOSURE OF HUMAN BEINGS -

Part 1: Requirements for measuring instruments

1 Scope

This part of IEC 61786 provides guidance for measuring instruments used to measudre the
field strength of quasi-static magnetic and electric fields that have a frequency content in the
range 1 Hz to 100 kHz and with DC magnetic fields to evaluate the exposuré levels of the
human body to these fields.

Sources of fields include devices that operate at power frequencies. and produce power
frequency and power frequency harmonic fields, as well as devices that produce fields within
the frequency range of this document, including devices that produce static fields, and the
earth’s static magnetic field. The magnitude ranges covered by this standard are 0,1 uT to
200 mT in AC (1 uT to 10 T in DC) and 1 V/m to 50 kV/msfor magnetic fields and electric
fields, respectively.

When measurements outside this range are performedy most of the provisions of this standard
will still apply, but special attention should be paid to specified uncertainty and calibration
procedures.

Specifically, this standard

— defines terminology;

— identifies requirements on field meter specifications;
— indicates methods of calibratien;

— defines requirements on instrumentation uncertainty;
— describes general characteristics of fields;

— describes operatiohal principles of instrumentation.

NOTE Measurement methods that achieve defined goals pertaining to assessment of human exposure are
described in IEC 61.786-2

Sources of( uncertainty during calibration are also identified. In regard to electric field
measurements, this standard considers only the measurement of the unperturbed electric field
strength~at a point in free space (i.e. the electric field prior to the introduction of the field
meter_and operator) or above conducting surfaces.

This horizontal standard is primarily intended for use by technical committees in the

nnnnnn o f otandarda in oo bt Beia-elnd loid donain i 1A A 109
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One of the responsibilities of a technical committee is, wherever applicable, to make use of
horizontal standards in the preparation of its publications. The contents of this horizontal
standard will not apply unless specifically referred to or included in the relevant publications.

2 Normative references

The following documents, in whole or in part, are normatively referenced in this document and
are indispensable for its application. For dated references, only the edition cited applies. For
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undated references, the Ilatest edition of the referenced document (including any
amendments) applies.

IEC 61000-3-2, Electromagnetic compatibility (EMC) — Part 3-2: Limits — Limits for harmonic
current emissions (equipment input current < 16 A per phase)

IEC 61000-4-2, Electromagnetic compatibility (EMC) — Part 4-2: Testing and measurement

tachpiguac Eloctractatic dicoharon fmmpiniti, fact
TCCHTITgoeS TGt ooTatrC— oSt Ao AR EEEIRER-EREES A Ay

IEC 61000-4-3, Electromagnetic compatibility (EMC) - Part 4-3 : Testing and measurement
techniques - Radiated, radio-frequency, electromagnetic field immunity test

IEC 61000-4-4, Electromagnetic compatibility (EMC) — Part 4-4: Testing and measurement
techniques — Electrical fast transient/burst immunity test

IEC 61000-4-6, Electromagnetic compatibility (EMC) — Part 4-6: Testing_and measurement
techniques — Immunity to conducted disturbances, induced by radio-frequency fields

IEC 61000-4-8, Electromagnetic compatibility (EMC) — Part 4-8: Testing and measurement
techniques — Power frequency magnetic field immunity test

IEC 61000-6-1:2016, Electromagnetic compatibility (EMC)h—" Part 6-1: Generic standards —
Immunity standard for residential, commercial and light-industrial environments

CISPR 11, Industrial, scientific and medical equipment — Radio-frequency disturbance
characteristics — Limits and methods of measurement

ISO/IEC Guide 98-3, Uncertainty of measurement — Part 3: Guide to the expression of
uncertainty in measurement (GUM:1995)

Guide 108, Guidelines for ensuring-the coherency of IEC publications — Application of
horizontal standards

3 Terms and definitions

For the purposes of thissdocument, the following terms and definitions apply.

NOTE 1 Internationally accepted Sl-units are used throughout the standard.
NOTE 2 For ¢ther units, see Annex G.

NOTE 3, Throughout this standard, the words "magnetic flux density" and "magnetic field" will be considered
Synonymous.

341 Meters
3.1.1

measuring instrument
device intended to be used to make measurements, alone or in conjunction with
supplementary devices

[SOURCE: IEC 60050-300:2001, 311-03-01]

3.1.2
field meter
meter designed to measure electric, magnetic and electromagnetic fields

Note 1 to entry:  Field meters usually consist of three parts: the probe, the detector circuit and the display.
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3.1.3

probe

input device of a measuring instrument, generally made as a separate unit and connected to it
by means of a flexible cable, which transmits the measurand in a suitable form

Note 1 to entry: A probe can be composed of one or several sensors.

[SOURCE: IEC 60050-300:2001, 313-09-11, modified — a note to entry has been added.]

3.1.4

detector

device for discerning the existence or variations of waves, oscillations or signals, usually for
extracting information conveyed.

EXAMPLES Peak detector, rms detector

[SOURCE: IEC 60050-702:1992, 702-09-39, modified — the examples are différent.]

3.1.5

free-body meter

meter that measures the unperturbed electric field strength at a point'above the ground and is
supported in space without conductive contact to ground

3.1.6

fluxgate magnetometer

instrument designed to measure magnetic fields by/making use of the non-linear magnetic
characteristics of a probe or sensing element that has\a ferromagnetic core

3.1.7

ground reference meter

meter that measures the electric field ator close to the surface of the ground, frequently
implemented by measuring the induced-current or charge oscillating between an isolated
electrode and ground.

Note 1 to entry: The isolated electrode is usually a plate located at ground level or slightly above the ground
surface.

3.1.8

survey meter

lightweight battery-operated meter that gives a real time read-out and that can be held
conveniently by hand’in order to conduct survey type measurements in different locations

3.1.9

coil probe

magneticiflux density sensor comprised of a coil of wire that produces an induced voltage
properiional to the time derivative of the magnetic field

3.9.10
Hall effect probe

magnetic flux density sensor containing an element exhibiting the Hall effect to produce a
voltage proportional to the magnetic flux density

3.2 Meter characteristics

3.2.1
crest factor
ratio of the maximum absolute value of an alternating quantity to its root-mean-square value

[SOURCE: IEC 60050-103:2009, 103-14-57, modified — the original term was "peak factor"
and the note has been deleted.]
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3.2.2

crosstalk

the appearance of undesired energy in a channel, owing to the presence of a signal in another
channel, caused by, for example induction, conduction or non-linearity

[SOURCE: IEC 60050-722:1992, 722-15-03]

323

frequency response

for a linear time-invariant system with a sinusoidal input variable in steady state the ratio-of
the phasor of the output variable to the phasor of the corresponding input variable,
represented as a function of the angular frequency w

[SOURCE: IEC 60050-351:2006, 351-24-33, modified — the note in the original has been
deleted.]

3.2.4

isotropy of the probe

a measure of the degree to which the response of a field probe\is independent of the
polarization and direction of propagation of the incident field

3.25
pass-band
frequency band throughout which the attenuation is less-than a specified value

[SOURCE: IEC 60050-151:2001, 151-13-52]

3.2.6

root-mean-square value

rms value

1) for n quantities x4, x,,..x,,, positive square root of the mean value of their squares:

1 2 2 2 %
X, = —(xl +x2+...+xn) (1)

n

2) for a quantity x depehding of a variable t, positive square root of the mean value of the
square of the quantity taken over a given interval [t,, {y+T] of the variable

to+T %
X, = B [ 0" [x()] dz} (2)

Nete 1 to entry: The rms value of a periodic quantity is usually taken over an integration interval the range of
which is the period multiplied by a natural number

[SOURCET TET 60050-103:2009, 103-02-02, modified — the second note in the original
definition has been deleted.]

3.3 Field characteristics

3.31
unperturbed field
field at a point that would exist in the absence of persons or movable objects
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3.3.2

nearly uniform field
field in area where the resultant field over the cross-sectional area of the probe does not
change more than 1%

3.3.3
quasi-static field

field that satisfies the condition f <<% (i.e. wavelength >> /), where f'is the frequency of the

field, ¢ is the speed of light, and [ is a characteristic dimension of the measurement geometry;
e.g. the distance between the field source and the measurement point

Note 1 to entry: Power frequency magnetic and electric fields near power lines and appliances are.examples of
quasi-static fields.

3.3.4
resultant field
field given by the expression

FR=\F4+F;+F3 (3)

where F,, F\, and F, are the rms values of the three orthogonal field components,

or by the expression

Fr =\ Ehact Fain (4)

where F,,, and F,;, are the rms values:0of the semi-major and semi-minor axes of the field
ellipse, respectively.

Note 1 to entry: The resultant Fy; is alwaysv>F__ . If the field is linearly polarized, F,; =0 and Fg = F__ . If the

field is circularly polarized, ', = F ., and' Fp = 1,41 F .

3.4 Measurements

3.41

correction factor

numerical factor by~ which the uncorrected result of a measurement is multiplied to
compensate for.atknown error

Note 1 to entrys./ Since the known error cannot be determined perfectly, the compensation cannot be complete.

3.4.2

coverage factor

numerical factor used as a multiplier of the combined standard uncertainty in order to obtain
an“expanded uncertainty

Note 1 to entry: For a quantity z described by a normal distribution with expectation x, and standard deviation o,
the interval u, + ko encompasses 68,27 %, 95,45 % and 99,73 % of the distribution for a coverage factor & = 1, 2
and 3, respectively.

3.4.3
scale factor
factor by which the instrument reading is multiplied to obtain its input quantity

3.4.4
standard uncertainty
uncertainty of the result of a measurement expressed as a standard deviation



https://iecnorm.com/api/?name=a47d7292569b6f960425c7dafa2be8a0

FINAL VERSION -12 - IEC 61786-1:2013+AMD1:2024 CSV
© IEC 2024

3.4.5

uncertainty of calibration

parameter, associated with the result of a calibration, that characterizes the dispersion of the
values that could reasonably be attributed to the measurand

Note 1 to entry: Uncertainty of calibration generally comprises many components. Some of these components
may be estimated on the basis of the statistical distribution of the results of series of measurements, and can be
characterized by experimental standard deviations. Estimates of other components can be based on experience or

other information

4 Symbols
a = radius of coil probe; radius of spherical electric field probe
2a, 2b = side dimensions of rectangular coil
B = magnetic flux density vector
B = amplitude of alternating magnetic field
Br = resultant magnetic field
B, = axial magnetic flux density
= stray capacitance of coil probe
d = spacing of parallel plates; distance from electreamagnetic field source; spacing
of Helmholtz coils
D = electric displacement vector
E = electric field strength
Eq = uniform electric field strength
Frax Fmin = rms values of semi-major and semi-minor axes of field ellipse
1 = current to magnetic field coils
L = inductance of coil probe
N = number of turns of wire{magnetic field coil system)
(0] = induced charge
r = distance between magnetic field source and measurement location; resistance

of coil probe @and leads

R = approximate input impedance of detector circuit (magnetic field meter); radius
of HeJmholtz coils

S = electrode surface area (electric field meter)

t = rtime

T =) period of periodic signal

14 = voltage

VA = impedance in current injection circuit

A = wave length

S = permittivity of free space

Ho = permeability of free space

@ = magnetic flux

1) = angular frequency of alternating field
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5 Instrumentation specifications
5.1 General

When measuring field in the context of assessment of human exposure, the following items
are considered below:

— measurement of the resultant field strength;

— measurement of the unperturbed electric field.

NOTE 1 Other items may be required depending on the goal of the measurement.

The various types of instrumentation available for characterizing quasi-static magnetic fields
are described in Clause D.1.

The various types of instrumentation available for characterizing static magnetic fields are
described in Clause D.3

Several types of magnetic field meters are in common use, e.g. field meters with coil probes,
meters with Hall-effect probes, and meters that combine two coils with a ferromagnetic core
as in a fluxgate magnetometer.

NOTE 2 Hall effect probes respond to static as well as time-varying, magnetic flux densities. Due to limited
sensitivity and saturation problems sometimes encountered when attempting to measure small power frequency
flux densities in the presence of the substantial static geomagnetic flux of the earth, Hall-effect probes have
seldom been used to measure magnetic fields of a.c. power lines.

The various types of instrumentation available for gharacterizing quasi-static electric fields are
described in Clause E.1. The following two type$ of electric field meters are considered in this
standard:

a) the free-body meter;
b) the ground reference meter.

Sufficient information shall be provided with the instrumentation, including instrument
specifications and a clearly:- Written instruction manual, to enable users to determine
compliance with this standard;*to aid them in the proper operation of the field meter, and to
assess the usefulness of the device for the user's application. The instrument specifications
that shall be provided apdfor satisfied are given below.

5.2 Measurement uncertainty

The measureément uncertainty of the measuring instrument shall be specified by the
manufacturerJof the instrument. The measurement uncertainty shall be determined following
the ISOAEE Guide 98-3. The uncertainty shall be specified as an extended measurement
uncertainty using a coverage factor of 2. The uncertainty is valid after available correction
factors’/are applied. The uncertainty shall contain all components which are relevant when the
instrument is used in a nearly uniform field. Such components may be calibration uncertainty,
frequency response, deviations of the gain in different measurement range settings, isotropy

of the rr_\rnhn’ internal noise Sources, nnn-linn:\rihj/’ cf:\hilify’ fnmpnrnhlrn response and

humidity response. The uncertainty of the instrument does not include effects due to the
handling of the instrument like positioning the probe in a non-uniform field or the influence of
the measuring person on the field to be measured. Such components must be taken into
account as additional uncertainties in the measurement report.

NOTE 1 At power frequency, the uncertainty of measuring instrument is usually 10 % or better.

NOTE 2 Examples of guidelines on the treatment of calibration uncertainties are given in Annex B.
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5.3 Magnitude range

The magnitude range over which the instrument operates within the specified uncertainty shall
be clearly indicated.

5.4 Pass-band

Broadband measuring instruments in the AC range always have a lower and an upper cut off

frequency, which define a pass band. Normally the pass band limits are defined by the minus
3 dB point of the frequency response. The nominal frequency response of an instrument can
be described as the frequency response of a system with a high pass filter and a low pass
filter connected in series. The filter types and the filter orders should be specified (e.g.. 3rd
order Butterworth high pass and 5™ order Butterworth low pass). The nominal frequency
response of the instrument is normally not treated as a source of measurement uncertainty
because the band limiting effect of the filters is a desired property of the _instrument if
broadband measurements are made. In frequency selective measurements (e.g. FFT) the
band limiting effect of the filters is not desired and the nominal frequency response should be
automatically corrected. The measurement uncertainty of an instrument due‘to manufacturing
tolerances is normally greater at the band limits compared to medium frequencies. Therefore
the measurement uncertainty of an instrument is often specified also-and sometimes only in a
restricted frequency range. This range is not as broad as the pass’band but shall be still
broad enough to cover all frequencies of interest. In the restricted frequency range the
influence of the nominal frequency response shall be negligiblé?

5.5 Operating temperature and humidity ranges

The temperature and relative humidity ranges over which the instrument operates within the
specified uncertainty shall be at least -10 °C to 45<C and 5 % to 95 %, respectively. Sudden
temperature changes that can lead to condensation in the instrument should be avoided.

Electric field measurement may be perturbed-if the relative humidity is more than 70 % due to
condensation effect on the probe and support [2] 1. Since the effect of humidity depends on
the field meter, the ability of the field myeter to work correctly under those conditions should be
checked before measurement (see Annex F).

5.6 Power supplies

The use of measurement equipment that is operating on internal battery power is
recommended.

If batteries are used, provision should be made to indicate whether the battery condition is
adequate for proper operation of the field meter. Instruments used to record personal
exposure should be capable of at least 8 h operation within their rated uncertainty before
replacement©or recharging of the batteries becomes necessary.

If rechargeable batteries are used it is recommended that the instrumentation is not operated
while connected to the charging station. When such connections are necessary, it should be
demonstrated that stray fields from the battery charger, conducted disturbances from the
mains voltage and electromagnetic coupling via the connecting leads (to the battery charger)

do not affect the measurement (see 5.9).
There shall be no wire connections to electric field free-body meters.

If batteries with ferromagnetic jackets are used in exposure meters, care must be exercised
that the jackets do not significantly influence readings by the instrument (see IEC 61786-2 for
more details about source of measurement uncertainty).

1 Numbers in square brackets refer to the Bibliography.
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5.7 Readability of scale

Remote displays shall be used to avoid perturbation of the electric field by the observer.

If more than one range of sensitivity is provided, the full scale value of the selected range
should be indicated, and the units should be readily interpretable. For auto-ranging
instrumentation, the magnitude range may be indicated elsewhere, e.g. in the user manual.
The instrumentation should provide a clear indication of the units being displayed.

5.8 Instrument dimensions and choice of probe
5.8.1 General schematic

A general schematic of a meter is given in Figure 1.

Field meter
Probe
Sensor . .
EE— Detector circuit —_— Display
Sensor
Sensor
IEC 2993/13

Figure 1 — Schematic of afield meter

The probes should be three-axis. For the weighted peak method (see IEC 61786-2:2014,
4.2.3), three-axis probes shall be used.

NOTE Single-axis probes can be used to measure~the rms values of the semi-major axes of the field ellipse by
orienting the probe until a maximum reading is obtained. Single-axis meters can also be used to determine the
resultant magnetic field by measuring the rms'@alues of three orthogonal spatial components and combining them
according to Equation (3). It is assumed that during this procedure there are no significant changes in the rms
values of the spatial components. Single axis use is suitable for electric field measurement referenced to
conducting surface.

5.8.2 Magnetic field meter

The dimensions of thetheter should be provided.

The size of the probe should be appropriate to the spatial variation of the field measured. The
probe shall be-of'area 0,01 m2, or smaller. With three-axis probes, the three sensors may be
concentric @r,;if the sensors are no larger than 0,05 m, they should be as close together as
possible, The maximum dimension of the space containing the three sensors combined shall
not exeeed 0,2 m.

Coil probes should be either circular or square in cross-section; small deviations from these
shapes, for example where concentric coils cross each other, are permitted.

Since the induced voltage is proportional to the time derivative of the magnetic flux density,
the detector circuit requires an integrating stage to recover the waveform of the magnetic flux
density.

The locations and orientations of the sensors that are contained within the housings of
magnetic field meters shall be clearly indicated on the instrument or in the instruction manual.
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5.8.3 Electric field meter

The dimensions for electric field meters should be given in the manufacturer documentation
according to meter type:

a) free-body meter: the maximum probe dimensions of the volume containing probe shall not
exceed 0,2 m;

b) ground reference meter: probe dimensions and length of connecting coaxial cable.

5.8.4 Support for electric field meter %A

The support for the electric field meter shall be made of insulating materials, su&cgs
synthetic or composite material, or wood.

The dimension of the support depends on how the probe is supported: N

— probe supported by a insulating tripod = 1m (Figure 2); @
— probe supported by a standing man holding a hand-held stick = 2m (E'g,ﬁre 3).

IEC 2994/13
Figure 2 — Insulating t\rﬁi& and offset rod for an electric field probe (photograph RTE)
N

.

IEC 2995/13

Figure 3 — Electric field measurement using a hand-held stick (photograph RTE)

5.9
5.9.1

Electromagnetic compatibility

Immunity

a) Power frequency electric field
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Instrumentation intended for use in the vicinity of high-voltage equipment operating at
power frequencies shall not be affected significantly by ambient electric fields as large as
20 kV/m, i.e. the influence of the electric field on the magnetic field reading shall be less
than 0,2 pT. This immunity requirement may need to be increased for some extreme
environments where electric fields as large as 100 kV/m may exist, e.g. near high-voltage
transmission line conductors.

Tests for immunity to power frequency electric fields may be performed using the parallel
plates systems described in Clause A 2

b)

c)

d)

e)

NOTE 1 The proximity effect of the instrument user can shield or enhance the electric field, depending on the
geometry of the field and the location of the magnetic field meter relative to the user. For influence of Gser
during electric field test, see IEC 61786-2

Power frequency magnetic field

Instrumentation intended for use in the vicinity of high-voltage equipment gperating at
power frequencies shall not be affected significantly by ambient magnetic fields as large
as 1 mT, i.e. the influence of the magnetic field on the electric field reading shall be less
than 10 V/m. Instrumentation shall be tested in accordance with the methods described in
IEC 61000-4-8.

Tests for immunity to power frequency magnetic fields may be_ performed using the coil
systems described in Clause A.1.

Radiated electromagnetic fields

The operation of instrumentation shall not be affected. by electromagnetic radiation for
frequencies defined in IEC 61000-4-3 for an electric(field of 3 V/m rms for frequencies
between 80 MHz and 2 GHz, and 1 V/m rms for highlen frequencies.

Testing of instrumentation shall be in accerd with the methods described in
IEC 61000-4-3.

The operation of instrumentation shall chot be affected by electromagnetic radiation
between 150 kHz and 80 MHz. Tests./shall be conducted according to the methods
described in IEC 61000-4-6 at a voltage level of 3 V rms. The instrumentation shall
continue to operate normally during both of the above tests.

Battery-powered equipment (dimension < A/4) which has no connection(s) to the ground
nor to any other (non-insulated) equipment, and which will not be used during battery
charging, does not need to\be tested according to IEC 61000-4-6.

NOTE 3 The immunitysfequirements may need to be increased under certain conditions, e.g. during
measurements near radio-broadcasting antennas and mobile telephones.

Immunity to transients

Specifications\» for instrumentation connected to the mains in order to carry out
measurements shall also be tested at the a.c. power port (interface of field meter with
external\power source or AC wall outlet) for compliance with IEC 61000-4-4 (electrical fast
transient) for a peak voltage of 2 kV. A temporary degradation of performance during the
testawhich is self-recoverable is acceptable.

Electrostatic discharge (ESD)

During most measurement applications, electrostatic discharges to or from the
instrumentation are naot anticipated However_ the connectors of the instrumentation shall

be immune to a contact or discharge voltage of at least 2 kV and tested in accordance
with the methods described in IEC 61000-4-2. No degradation of performance shall occur.

5.9.2 Emissions

a)

Harmonic emissions

The harmonic emissions of instrumentation with a power rating of 50 W or greater shall be
restricted according to the requirements of IEC 61000-3-2 class A.

NOTE Battery operated equipment is considered to meet the requirements.
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b) Conducted disturbances — 0,15 MHz to 30 MHz (instrumentation connected to AC power
supply)

The conducted disturbances shall be less than the limits defined in Table 4 of
CISPR 11:2024, as reproduced in Table 1 below.

Table 1 — Mains terminal disturbance voltage limits for
class B group 1 equipment measured on a test site

Frequency band Quasi-peak Average

MHz dB(nV) dB(unV)
0,15 - 0,50 66 56

Decreasing linearly with logarithm of Decreasing linearly with
frequency to 56 logarithm of
frequency to 46
0,50 -5 56 46
5-30 60 50
At the transition frequency, the more stringent limit shall apply

Testing of instrumentation shall be in accordance with the'methods described in
CISPR 11.

c) Radiated disturbances — 30 MHz to 1 000 MHz

The electromagnetic radiated emissions from instrumentation containing devices operating
at frequencies 30 MHz to 1 GHz shall be limited to the values given in Table 9 of
CISPR 11:2024 for class B group 1 equipment medsured on a test site at 10 m. The limits
are briefly summarized below.

Quasi-peak: 30 dB (uV/m) at 10 m (30 MHz to 230 MHz)
Quasi-peak: 37 dB (uV/m) at 10 m (230 MHz to 1 000 MHz)

Testing of instrumentation shall be)'in accordance with the methods described in
CISPR 11.

5.10 Crest factor

The measuring system shall measure correctly the true rms value of the field, even when the
crest factor of the magnetie'field is 3.

NOTE Many practical fields exhibit a large crest factor and the presence of a large crest factor may lead to
unwanted saturation in the.amplifier stages of the detector.

5.11 Durability.

The indicating meter and other system components shall be rugged enough to withstand
vibration“and shock resulting from transport. A carrying case is desirable. The instrumentation
shall/be. compliant with IEC 60721-3: storage class 1M2, transport class 2M6 and operation
class.7M3.

5.12 Weight

The weight of the instrumentation should be provided. The weight of portable instrumentation
should be kept as low as is practical to permit hand-held operation under restrictive
conditions, e.g. in some industrial environments.

The weight of free-body electric field meters should be kept as low as is practical so that it
can be held conveniently by hand with an insulating perch as long as 2 m.
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5.13 Instrumentation choice

The choice of the measuring instrument should be made as a function of measurement
procedures, especially concerning the need of information in the measurement report

Appropriate measuring instrument should be chosen in function of the field characteristics.

6 Calibration

6.1 General

Measurement systems are required to undergo calibration throughout their service-life. All
calibrations shall be traceable to national and international standards through an‘ unbroken
chain of calibrations, all having stated uncertainties.

The following three methods of magnetic field calibration are covered by this\standard:

a) calibration by introduction of the field meter probe into a calculable magnetic field
(following measurements of coil dimensions and current to the cail 'system);

b) calibration using a voltage injection technique;
c) calibration by comparison with a reference measurement sysiem.

The first method is detailed in 6.2.2. The other two methads, which are detailed in Annex A,
can be used when a calibrated coil and measurement system are not available.

NOTE The voltage injection technique is useful for the designmor manufacturing stage of the field meter.
The following method of electric field calibratién)is covered by this standard:

— calibration by introduction of the fieldsmeter probe into a calculable electric field (parallel
plates system).

6.2 Calibration procedure
6.2.1 General

The procedures of this section should be followed, as appropriate, in all cases.

Calibration shall be\ performed at regular intervals. The initial interval should be of twelve
months. This interval may be altered depending on the drift of the field meter response
between calibrations and also depending on the conditions of use.

6.2.2 Magnetic field calibration system

For c¢alibration of the higher magnitude ranges (i.e. ranges not significantly influenced by
background magnetic fields), the magnetic field probe shall be placed in a nearly uniform field
produced by a coil system (see Clause A.1). Each sensor axis, in turn, shall coincide with the
axis of the coil system and the largest departure of the field from the central value shall be

less than 1 % over the cross-sectional area of the probe.

Information on fields generated by rectangular, square, and circular loop systems (including
Helmholtz coils) is given in [7], [18], [28], [34] and A.1. For example, the magnetic flux
density produced by a single square loop (of many turns of wire) 1 m x 1 m will satisfy the
uniformity requirement for a probe with a 0,10 m diameter (see Clause A.1). The loop size
may be scaled upwards or downwards for larger or smaller probes, respectively, to maintain
the indicated level of uniformity across the probe. The calibration may also be performed
using the voltage injection technique or by comparison with a reference magnetic field meter
(see Clause A.1).
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The field uniformity requirement during calibration may be relaxed for large probes that are
used for determining average values of non-uniform fields and, or for applications where
spatial resolution requirements are not considered important. In this case, the largest
departure of the calibration field from the central value should be <1,5 % over the cross-
sectional area of the probe. For example, the field produced by a square loop 1,3 m x 1,3 m
will satisfy this uniformity requirement for a probe with a 0,20 m diameter.

Calibrations of each axis of three-axis field meters shall be performed with sinusoidal

magnetic fields or their equivalent voltages (voltage injection technique) at the levels and
frequencies indicated by the instrument specifications. The current to the calibration coils
shall be nearly free (total harmonic distortion < 1 %) of harmonic content.

6.2.3 Electric field calibration system

During calibration, the field meter probe shall be placed in a nearly uniform_field produced
with parallel plates according to meter type, as described in Clause A.2. Thesdeparture of the
field at the centre of the parallel plates from the uniform field value, i.e. the field produced by
infinite parallel plates, shall be less than 1 % (see Clause A.2). The parallel plate spacing
shall be sufficient to avoid proximity effects when the field meter probe.is introduced between
the plates (see Clause A.2). For example, free-body meters with|no diagonal dimension
greater than 0,23 m may be calibrated at the centre of parallel plates 1,5 m x 1,5 m x 0,75 m
spacing. The parallel plate dimensions may be scaled upward or downward for larger or
smaller free-body meters. Each sensor axis, in turn, shall Coincide with the direction of the
electric field.

NOTE It is possible to calibrate the probe fixed on the support . usually used for measurements, but not on the 3
axes of the probe (in this case, the dimension on the plateskneeds to be 2 m high and horizontal) — the other
solution is to calibrate the probe alone on the 3 axes

Calibration of single-axis field meters and .each axis of the three-axis field meters shall be
performed with sinusoidal electric fields\ at the levels and frequencies indicated by the
instrument specifications.

Energizing power supplies for the*parallel-plates should provide voltages which are nearly
free (total harmonic distortion <2*%) of harmonic content. Where this is not possible, the
harmonic content should be \recorded and it should be demonstrated that the harmonic
content makes a negligible difference to the results of the calibration.

6.2.4 Three-axis probes calibration

When calibrating.each axis of three-axis probes, checks for the isotropy of the probes as well
as for crosstalkKibetween the detector circuitry for each sensor shall be made. The three-axis
probe and field’should be configured so that the axis of each sensor can be aligned with the
field direction’in succession. For each alignment of the sensor, the output from the remaining
two sepsors should be measured and should be less than 3 % of the signal from the aligned
senspor,

NOTE 1 The calibration of field meters with three-axis probes can also be checked for one orientation (at one
frequency and field level) where approximately the same flux passes through all the coils.

NOTE 2 For three-axis instrumentations which are only giving the resultant of the field, this can be achieved by
putting the instrument along the three axes and checking the resultant output.

6.2.5 Calibration values

At least three field levels for each measurement range of the field meter, equally spaced from
10 % to 90 % of the full scale, should be recorded for the meters.

For testing the different measurements ranges, the injection method may be needed.
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Field meters with auto-ranging capabilities should be calibrated on each range at no less than
one representative points inside the range.

For one field level, calibrations should be performed at three frequencies which span the
pass-band, i.e. at the highest and lowest frequencies, and one intermediate frequency.

During calibration, the signal to noise ratio shall be high enough. If not, this shall be taken into

accountinthae calihration uncertainty
-

The resonant frequency of the calibration loop should be substantially greater than the
calibration frequencies so that calibrations are not affected by the resonance phenomenon
(see Clause A.1).

Perturbations of the calibration field due to image currents in nearby ground. planes and
proximity effects of ferromagnetic materials shall be made negligible (see Clause‘A.1).

6.2.6 Calibration uncertainty

The calibration uncertainty shall be determined following the ISO/IEC\Guide 98-3.

The field in the calibration system shall be known with an wncertainty of less than £3 %
(coverage factor 1).

For a magnetic field, the magnitude may be deéetermined by calculation based on
measurements of the coil dimensions, the number of\trns in the coil(s) and the current in the
coils (see Clause A.1), or by direct measurementwith a calibrated reference magnetic flux
density meter with sufficiently low measurement uncertainty. If the voltage injection technique
is used as part of the calibration (see Clause)A.1), the equivalent magnetic flux density is
determined by the injected voltage.

For an electric field, the magnitude may be determined by calculation based on
measurements of the parallel platé. *spacing and voltage (see Clause A.2), or by direct
measurement with a calibrated reference electric field strength meter with a sufficiently low
measurement uncertainty.

The uncertainty of the calibration will be determined by such factors as the uncertainty in the
value of the field value_in the calibration system (+ 3 %) or the uncertainty in the injected
voltage, the resolution*in the reading of the instrument under test, and the variation of the
reading if the instrument under test is repeatedly placed into the calibration system. Other
factors such astambient background magnetic fields may further compromise the uncertainty
of the calibration. The overall uncertainty of the calibration process (coverage factor 1) shall
be no greater than + (5 % + 10 nT or 1 V/m). A coverage factor of 2 shall be used when
specifyingrexpanded measurement uncertainty, i.e. the expanded measurement uncertainty
would~be in this case <+ (10 % + 20 nT or 2V/m). The calibration shall be traceable to
national and/or international standards. Guidelines on the treatment of all uncertainties and a
listing of the sources of uncertainty are given in 5.2 and an example is given in Annex B,
respectively.

6.3 Calibration documentation

The following items should be addressed when preparing the calibration certificate, in addition
to the data for the instrument specifications (see 5.2 to 5.12). Each calibration certificate shall
include at least the following information, unless the laboratory has valid reasons for not doing
So:

— atitle (e.g. “Calibration Certificate”);

— the name and address of the laboratory, and the location where the calibrations were
carried out, if different from the address of the laboratory;
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— unique identification of the calibration certificate (such as the serial number), and on each
page an identification in order to ensure that the page is recognized as a part of the
calibration certificate and a clear identification of the end of the certificate;

— the name and address of the client;
— identification of the method or standard used;

— the name and serial number, as well as a description of, and the condition of the item(s)
calibrated;

— the date of receipt of the calibration item(s) where this is critical to the validity and
application of the results, and the date(s) of performance of the calibration.

— reference to the procedures used by the laboratory where these are relevant to the validity
or application of the results.

— the calibration results with, where appropriate, the units of measurement;
— the name(s), function(s) and signature(s) or equivalent identification\nof person(s)
authorizing the calibration certificate.

Instrument manufacturers should also document their calibration procedures, indicating all of
the following information as may be applicable:

— magnetic field coil geometry and dimensions;

— resonance frequency of coil system;

— instrumentation for measurement of current to coil system; instrumental uncertainty; date
of last calibration;

— instrumentation used for voltage measurement (Voltage injection technique, see Clause
A.1); instrumental uncertainty; date of last calibration;

— voltage divider ratio (voltage injection technique, see Clause A.1); dependence of ratio on
frequency; uncertainty in ratio value;

— parallel plate dimensions and separation;

— instrumentation for the measurement of voltage to parallel plates; instrumental uncertainty;
date of last calibration;

— uncertainty of reference measurement system; probe dimensions; pass-band; date of last
calibration.

This information should (be made available to clients upon request. Testing laboratories
should also comply with(the above requirements, as applicable.

Note Further guidelines.on the calibration certificate can be found in 5.10 of ISO/IEC 17025:2005 [36].
7 Verification

The verification is a simple procedure to check the functionality of the field meter that should
be done before using the meter. It includes:

-~ state of the battery:

— Tequired acCesSoriEs;
— visual inspection:
— calibration date.
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Annex A
(normative)

Calibration methods

A t—Catibrati ¢  fhcdertsi

A.1.1 Using magnetic field generation

Calibration of a magnetic field meter is normally done by introducing the probe intoa nearly
uniform magnetic field of known magnitude and direction. Known magnetic fields| may be
produced using coil systems with circular and rectangular geometries [1], [7], [18}. [25], [34].
For example, Helmholtz coils have frequently been employed to generate.such fields.
Comparison of field uniformity for fields produced by single square and ecircular coils, and
square and circular Helmholtz coils are shown in Figure A.1 [7]. Figure A.1 shows the
deviation of the axial magnetic field, in percentage, as a function of normalized distance from
the axis of each coil system, where the distance is along a Cartesian goordinate (see Figure
A.2 for the case of the single square loop). The distance is givenlas a percentage of the
radius for the circular coils and as a percentage of half the side 'dimension for the square
coils.
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Figure A.1 — Deviation in percentage departure of calculated axial field [7]
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Figure A.2 — Coordinate system and geometry ofrectangular loop
of many turns of wire (see Equation-(A. 1))

A single loop of many turns of wire with rectangular geometry used to produce the field is
described below because the equations for calculating'the field at all points in space are in
closed form [19],[34]and the coil system is simple to“construct. The simplicity of construction
is at the expense of reduced field uniformity, (but a sufficient uniformity for calibration
purposes is readily obtained.

The z-component of the magnetic flux density, produced by a rectangular loop 2a x 2b at a
point in space P(x,y,z), is given by the expression [19],[34]

B, = 4¥ i (N'de _ Ca
Lo S g (e, ralratda) (A1)
where
N is the number of turns;
C1=-Cy=atx;
Cy,=-C3zax;
dy = dys b+ y;
dy =g~y - b;
A3 +x)2 + (b + )% + 22]%;
Fo=1[la—x)2+ (b +y)2+ z2]%
ry=I[(a-x)?2+ (b-y)?+ 2%
rg=I[(a +x)2+ (b -y)?2+ 2%
1 is the rms current in amperes;

Ho is the permeability of the air;
x, y, and z are the coordinates shown in Figure A.2.
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Figure A.3 — Circular Helmholtz coils

The magnetic field on the axis of circular Helmholtz coils of radius R is given by

d\? ) 2 2\ ) 2
NI Ty NI )
=0T gy + 20T gy (A.2)
2R R2 2R R2
N = number of turn
I = current
811, NI
ForR=dandx =0, B=”+ (A.3)
52R

The derivation of Equation- (A.1) assumes that the conductors in the current loop have
negligible cross-sections., It\is noted for reference purposes that

INA2
g, =0 V% (A.4)
a

at the centre of a square loop of side dimension 2a. Equation (A.1) has been used to calculate
the field values at and near the centre of a square loop of dimensions 1 mx 1 m. The
percentage departure from the central magnetic field value at nearby points in the plane of the
loop and at 0,03 m above and below the plane of the loop (in parentheses) are plotted in
Figure A.4. Also shown in Figure A.4 is a scale drawing of a magnetic field probe 0,10 m in

~H 4 T ol 4 £ 4 £ fiold £ +l 4+ 1 ] +l tH ]
Uidalmrcicr. 1711 utTpyuarturc Ul it TTidylito o 11TTiu ot uic voinrar vaiutc Uverl 1T LIuoo™ ot uuivulial

area of the 0,10 m probe is less than 1 %. Figure A.5 shows a schematic view of the probe,
square calibration loop, and associated circuit for energizing the coils.
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A scale drawing of a coil-type probe of 0,10 m in diameter is outlined.

Figure A.4 — Deviation in percentage of calculated B, from centre value
(see Equation (A.4))
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Figure A.5 — Schematic view of a circuit for calibration of
magnetic field meter using a square loop to produce a known field

NOTE The uncertainty (coverage factor 1) in the value of the calibration field is determined by the uncertainties
associated with calculating B_. For example, in the case of a 1 m x 1 m square loop (see figures A.4 and A.5), the

UIIbUItaillty ;b u'uv tU ullbvltd;lltit}b ;II tiIU |||vaomcu‘ bullvllt 1’, tiIU biu‘v Ulilllvllb;ull Uf tiIU iUU}J, dllu‘ tiIU cffsut Uf morT=
uniformity of the magnetic field (< 0,5 % for a 0,10 m diameter probe). The uncertainty in the side dimension of the
square loop can be due to a non-negligible conductor bundle cross-section. The side dimension may be taken to be
the distance between the centres of the conductor bundles with an uncertainty equal to + the conductor bundle
"diameter" (see Figure A.5). The combined uncertainty in the value of the magnetic flux density is given by the
square root of the sum-of-the-squares. If, for example, uncertainties in the determination of / and side dimension
are + 0,2 % and + 1,0 %, respectively, the combined uncertainty in the value of the calibration field for the 0,10 m
diameter probe is + [(0,2)? + (1,0)2 + (0,5)2]”2 or + 1,1 % (coverage factor 1).

It is noteworthy that a field meter with a coil probe will indicate a magnetic field value that is
an average over the cross-sectional area of the probe. The difference between this average
and the central value [see Equation (A.4)] will be less than the maximum percentage
departure from the central value. For example, while the largest departure of the magnetic
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field from the central value is 0,63 % for the 0,10 m probe (in the plane of the loop), the
average field is only 0,31 % more than the central (calibration field) value.

The equation for magnetic fields produced by two square coils can be derived using
Equation (A.1) and the principle of superposition [24]. The necessary condition for square
Helmholtz coils is that the spacing between the coils is equal to 0,5445 x 2a, where 2a is the
side dimension of the coil system [6].

By varying the frequency of the current through the loop, the frequency response of the field
meter may be determined for the frequency range of interest. For a suitably designed detectot
with a stage of integration, a field meter with an air core probe should indicate a nearly
constant rms value as the frequency is varied (see Clause A.1, last paragraph for discussion
of resonance frequency effects of calibration coil). A similar result should be obtained with a
coil probe that has a core of soft ferromagnetic material, if the change in permeability as a
function of frequency is negligible.

Calibration of the higher scales of a magnetic field meter, i.e. > 10 _ud} can usually be
performed with a field generated by a coil system because background fields that are typically
0,1 uT or less make a negligible contribution to the calibration field. However, the presence of
background fields can prevent calibration of the more sensitive® sCales because of their
perturbing effects on the calibration field. An alternative procedure for calibrating the sensitive
scales is to use the voltage injection technique [8].

A.1.2 Voltage injection method

The voltage injection technique may also be useful for calibrating the very high ranges of field
meters, e.g. ranges greater than 10 mT, when thereymay be technical difficulties in generating
such fields with a coil system.

NOTE Because of constraints introduced by instrdment design, the voltage injection calibration method may only
be applicable during the design stage or manufacturing stage of the field meter.

Using this procedure, the volts/testa“produced by a coil probe (when connected to the
detector circuit) can be determined at each frequency of interest, using a voltmeter connected
to the input of the detector and @,magnetic field that is at least two orders of magnitude larger
than the background field. Voltages that correspond to smaller magnetic fields are then
injected into the detector eircuit (with the probe disconnected) to calibrate the more sensitive
scales of the magnetic field meter. A voltage divider with a well-known ratio when connected
to the detector, an a.c)voltage source (e.g. a function generator), an accurate voltmeter, and
adequate electric field shielding can be used to inject the known voltages for the frequency
range of interest\[8]. The frequency dependence of the voltage divider ratio should also be
known in order<to carry out the calibration. Figure A.6 shows a schematic view of a voltage
injection circuit'‘connected to the detector.
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The voltage V from a function generator is reduced for injection purposes using a resistive divider. The injected
voltage v is given by V'#/(R+r) in the absence of frequency effects on the divider ratia.™R ‘and r are resistors with R
typically much larger than r. The input impedance of the detector is approximated as a'resistance R,. The relation
r « R, shall be satisfied to avoid significantly affecting the value of the divider ratio.

Figure A.6 — Diagram for voltage injection technique

The voltage injection approach may not be applicable- to” probes with ferromagnetic cores
because the permeability of the core may vary with the“magnetic flux density and affect the
probe sensitivity (volts/tesla). It should be noted that‘\the voltage injection technique can also
be used as a means of verifying the calibration of all ranges of the magnetic field meter.

A.1.3 Comparison with reference magnetic field meter

A third method for calibrating instrumentation is performed by comparing field meter readings
with a reference magnetic field meter_ that has previously been calibrated in a known magnetic
field and/or by the voltage injection*technique. With this approach, the field values determined
with each sensor of the single-axis and three-axis field meters are compared with
measurements obtained with the’reference field meter in the same magnetic field (produced
by a coil system). It is assumed that (1) the sensor dimensions of the meter being calibrated
and the reference meter are comparable, or the field uniformity is sufficiently great that the
averaging effects of .the sensors (over their cross-sectional areas) are not significantly
different, (2) the paSs~band of the field meter being calibrated is comparable to that of the
reference meter, and (3) background magnetic fields (typically unstable) do not make
significant contributions to the calibration field. Comparisons are made at field levels and
frequencies of.interest.

Alternatively, the reference magnetic field meter may be used to verify the calibration of a coil
systemyused for calibration purposes.

NOTE 1 Comparison of the magnetic field meter readings with the calibration field values enables the
détermination of correction factors that should be applied to readings when measurements are performed.

I-\Ile[lldlivb‘ly, e (.Ulllpdlib()llb affow corrective dujusunenla tobe Tmade i thedetector Tircuit—meither cdase, Uie
uncertainty associated with the above calibration processes is equal to the uncertainty in the value of the
calibration field values (once the corrections have been made) combined with uncertainties related to the stability
and resolution of the field meter readings.

Perturbations of the calibration field can be produced by image current loops in nearby ground
planes. For example, when the plane of a square loop is parallel to a perfect ground plane,
the perturbation of the field at the centre of the loop is 2 % and 0,3 % for distances of one and
two loop-side dimensions, respectively. The perturbation is reduced when the plane of the
loop is perpendicular to the ground plane, e.g. the perturbation for the square loop is 0,3 %
when the side of the loop is one side dimension away from the ground plane. Perturbation of
the calibration field is less for square Helmholtz coils [7].
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Perturbations of the calibration field can also occur because of ferromagnetic materials in
close proximity to the calibration loop. For example, large permeability materials, such as
steel in a nearby cabinet or desk or a bracket under a table, will concentrate the magnetic flux
and may perturb the value of the calculated field in the calibration loop. The influence of
nearby ferromagnetic materials on the calibration field should be checked using a trial and
error approach, e.g. the influence of a nearby relay rack on the magnetic field could be
examined as a function of distance from the calibration coil.

Calibrations should be performed at frequencies well removed from the resonance frequency
of the coil system. Because of the stray capacitance, the equivalent circuit of the coil system
can be roughly modelled as an inductor and capacitor in parallel. Near and at resonahce
frequencies, significant amounts of current to the coils will be shunted through the \stray
capacitance and will not contribute to production of the magnetic field. One approach to
determine the resonance frequency of a coil system is to measure the voltage across/the coils
as a function of frequency while keeping the current to the coils constant. At frequencies well
removed from the resonance frequency, the voltage will increase linearly. Near\the resonance
frequency, the impedance of the coil system and the associated voltage measurement will
become non-linear and increase more rapidly.

NOTE 2 A specific analysis will be necessary to determine an upper operating frequency limit for calibration coils.
A.2 Calibration of electric field strength meters

A.2.1 Electric field generation method

Nearly uniform electric fields may be produced for €alibration purposes with parallel plates,
provided that the dimensions of the plates are sufficiently large relative to the plate spacing,
[1]1 [13], [32]. Ignoring edge effects, the uniforny field value E, is given by V/d where V is the
applied potential difference across the platésyand d is the plate spacing. As a guide for
determining parallel plate dimensions, the _calculated magnitudes of the electric field strength
E, normalized by the uniform field (E/E;) at'the plate surface and midway between the plates,
are plotted as a function of normalized distance x/d from the plate edge as shown in
Figure A.7. Numerical values are preséented in Table A.1.
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Figure A.7 — Calculated normalized electric field at plate surfaces and midway between
plates as a function of the normalized distance from the edge of the plate
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The results in Table A.1 show that the departure from field uniformity due to fringing fields
decreases to 0,1 % at a distance of one plate spacing from the edge. For square plates of
finite size, the effect of the fringing fields from the four edges may be estimated using the
principle of superposition when the effect from one edge is less than 0,1 %. Numerical
calculations of the field between finite size parallel plates suggests a discrepancy of 0,04 %
using this approach [32]. These results are valid in the absence of perturbations from nearby
ground planes. Calculations and measurements [19] , [32] indicate that energization of the
parallel plates with a centre-tapped transformer provides a field that is more immune to

perturpbations due 10 nearby ground planes.

A parallel plates system that has been proven suitable for calibrations of free-body meters
with diagonal dimensions less than 0,23 m is shown in Figure A.8 [13]. Metal sheetspor a
tightly stretched metal screen on frames of 1,5 m x 1,5 m, and a separation of 0,75'm are
used to form the parallel plates. The plates are energized with a function generatoer/power
amplifier/transformer combination which has adequate current-limiting resistors in the
transformer output leads as a safety measure [3]. For example, 10 MQ and larger resistors of
adequate voltage rating are satisfactory up to 10 kV (i.e. E ~ 13 kV/m). Normal high-voltage
laboratory safety practices shall be followed when working with high voltages. A calibration
field that is within 1 % of the uniform field value, V/d, is produced at the centre of the parallel
plates system described above (uncertainties in the values of V andd should be combined
with the 1 %). The free-body meter is positioned at the centre of\the parallel plates system
with the insulating handle normally used during measurements.

To avoid significant perturbations of the surface charge distributions on the parallel plates due
to the presence of the field meter, the largest diagonal(dimension of the meter should not be
greater than 0,23 m [23]. In addition, the distance.from the parallel plates to the nearest
ground plane (walls, floor, etc.) should be one plate spacing or more. The parallel plates
system may be scaled upwards or downwards for larger or smaller field meters.

NOTE If corona occurs at the edges of the parallel plates, it can be eliminated by attaching metal tubes along the
edges to reduce the surface electric field strength.

By varying the frequency of the voltage to the parallel plates, the frequency response of the
field meter may be determined.
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Table A.1 — Calculated normalized electric field values
midway between plates and at plate surfaces

Midway between plates

x/d E/E,
0,069 8 0,837
0,162 1 0,894
0,296 5 0,949
0,417 7 0,975
0,682 1 0,995
0,793 4 0,997
1,000 0 0,999

Plate surfaces

1,000 0 1,001
0,795 4 1,002
0,686 1 1,005
0,437 6 1,025
0,243 1 1,095
0,162 4 1483
0,123 0 1,265
0,099 1 1,342
0,082 9 1,414
0,045 2 1,732
0,030 7 2,000
0,018 5 2,449

If the distance of the lower platé’to the floor is less than one plate spacing, the arrangement
designed to energize the parallel plates as shown in Figure A.8 may be modified so that the

lower plate is at ground potential.
/ I /
@

Y

T

IEC 3003/13

Figure A.8 — Parallel plates system for calibrating free-body electric field meters
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In addition to orienting the plates parallel to the floor, the arrangement of Figure A.8 may also
be used with the plates oriented perpendicular to the floor.

Note that the distance to the floor, ceiling and walls should still be greater than one plate
spacing. Using the perpendicular plate orientation an insulating support can be easily fixed in
the plane of zero potential between the two plates as shown in Figure A.9.

Ceiling

Free-body
meter

Plate A [—] Plate B

Insulating
Support,

Floor

IEC 3004/13
Figure A.9 — Arrangement with parallel plates orientated perpendicular to the floor

For calibrations of ground reference type field meters, the arrangement designed to energize
the parallel plates as shown in Figure A.8 is modified so that the bottom plate is at ground
potential and is used as a support for the flat probe.

Because of the incréased distance between the probe and top plate, the perturbation of the
surface charge distribution on the top plate by the probe is greatly reduced (compared with
free-body metersimidway between the plates). This decreased perturbation permits reduction
of the parallel_plate spacing previously indicated (0,75 m) and thereby increases the lateral
extent of the/nearly uniform field region (see Figure A.7 and Table A.1). The parallel plate
spacing-should be no larger than 1,5 times the side dimension of the probe, and the edges of
the prebe should be no closer than two plate spacings to any edge of the bottom plate. The
distance between the parallel plates and the nearest ground plane (walls, floor, etc.) should
be greater than two plate spacings. The guard band should be at least as wide as 6 % of the
Side dimension and the thickness of the probe should not exceed 3,5 % of its side dimension.

AALihte 4L L P S 41 ) 4 ]l T e A o0/ £l L ot ol 1
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Vld (uncertainties in the values of V and 4 should be combined with the 0,5 %) [22] .

NOTE Comparisons of the electric field meter readings with the calibration field values enables the determination
of correction factors that should be applied to readings when measurements are performed. Alternatively, the
comparisons allow corrective adjustments to be made in the detector circuit. In either case, the uncertainty
associated with the above calibration processes is equal to the uncertainty in the value of the calibration field
values (once the corrections have been made) combined with uncertainties related to the stability and resolution of
the field meter readings.
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A.2.2 Current injection method

Free-body and ground reference field meters, in their initial response to an electric field, can
be considered as current measuring devices2. Therefore, if the ratio of induced current to
electric field I/E for an electric field meter is determined by calibration, a current injection
scheme may be used later as a means for verifying the instrument calibration if parallel plates
are unavailable [19] . Figure A.10 shows a circuit that can be used for injecting known
currents into the sensing electrodes of a free-body-type meter. In Figure A.10, V is the voltage

produced Dy a function generator and Z is a Known impedance at least two orders of
magnitude greater than the input impedance of the field meter. Although Z may consist of
capacitors or resistors, resistors are preferred because the impedance of capacitors Wwill
change when the current injection technique is used at different frequencies. Further, ifithere
are harmonics in the voltage source, smaller errors will be introduced with theluse of
resistors. The injected current can be calculated from Ohm's law.

Function generator
/ Field meter

- S
S S I

/ e Twisted leads
Shielding

Although Z may represent either,capacitors or resistors, resistors are preferred (see text in Clause A.2).

IEC 3005/13

Figure'A.10 — Diagram for current injection technique

A circuit similar«o -the one shown in Figure A.10 may be used for injecting currents into
ground-reference-type field meters. In this case, the impedance on the ground side of the
voltage source-is removed and the remaining impedance is doubled in value.

Adequateshielding is required when the current injection technique is employed in order to
minimize signal contributions from such sources as nearby lighting and electrical equipment.
Enclosing the current injection circuit and field meter with a grounded metal screen can
reduce the signal contributions from background sources to negligible levels. The validity of
the current injection approach assumes that the ratio I/F is determined soon after calibration

of the field meter in a known electric field and that the field meter probe has not been
modified since its calibration.

A.2.3 Comparison with electric field reference

The method is the same as described in A.1.3.

2 Afterwards, if there is a stage of integration in the detector circuit, the field meter reading will be proportional to

the induced charge which tracks the waveform of the electric field.
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