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INTERNATIONAL ELECTROTECHNICAL COMMISSION

MAGNETIC MATERIALS -

Part 6: Methods of measurement of the magnetic properties of
magnetically soft metallic and powder materials at frequencies
in the range 20 Hz to 100 kHz by the use of ring specimens

FOREWORD

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

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

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

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

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

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

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

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

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

This consolidated version of the official IEC Standard and its amendment has been
prepared for user convenience.

IEC 60404-6 edition 3.1 contains the third edition (2018-05) [documents 68/595/FDIS and
68/600/RVD], its corrigendum 1 (2018-11) and its amendment 1 (2021-07) [documents
68/669/CDV and 68/684/RVC].

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 60404-6 has been prepared by IEC technical committee 68:
Magnetic alloys and steels.

This third edition constitutes a technical revision.

This edition includes the following significant technical changes with respect to the previous
edition:

a) adaption to modern measurement and evaluation methods, in particular the introduction of
the widely spread digital sampling method for the acquisition and evaluation of the
measured data;

b) limitation of the frequency range up to 100 kHz;

c) deletion of Clause 7 of the second edition that specified the measurement of magnetic
properties using a digital impedance bridge;

d) addition of a new Clause 7 on the measurement of the specific total loss by the wattmeter
method, including an example of the application of the digital sampling method,;

e) addition of an informative annex on the technical details of the digital sampling technique
for the determination of magnetic properties.

This document has been drafted in accordance with the ISO/IEC Directives, Part 2.

A list of all parts in the IEC 60404 series, published under the general title Magnetic materials,
can be found on the IEC website.

The committee has decided that the contents of the base publication and its amendment will
remain unchanged until the stability date indicated on the IEC web site under
"http://webstore.iec.ch" in the data related to the specific publication. At this date, the
publication will be

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

e amended.

IMPORTANT - The 'colour inside’' logo on the cover page of this publication indicates
that it contains colours which are considered to be useful for the correct
understanding of its contents. Users should therefore print this document using a
colour printer.
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MAGNETIC MATERIALS -

Part 6: Methods of measurement of the magnetic properties of
magnetically soft metallic and powder materials at frequencies
in the range 20 Hz to 100 kHz by the use of ring specimens

1 Scope

This part of IEC 60404 specifies methods for the measurement of AC magnetic properties of
soft magnetic materials, other than-electrical-steels—and soft ferrites, in the frequency range
20 Hz to 100 kHz. The materials covered by this part of IEC 60404 include those speciality
alloys listed in |IEC 60404-8-6, amorphous and nano-crystalline soft magnetic materials,
pressed and sintered and metal injection moulded parts such as are listed in IEC 60404-8-9,
cast parts and magnetically soft composite materials.

The object of this part is to define the general principles and the technical details of the
measurement of the magnetic properties of magnetically soft materials by means of ring
methods. For materials supplied in powder form, a ring test specimen is formed by the
appropriate pressing method for that material.

The measurement of the DC magnetic properties of soft magnetic materials is made in
accordance with the ring method of IEC 60404-4. The determinations of the magnetic
characteristics of magnetically soft components are made in accordance with IEC 62044-3.

NOTE IEC 62044-3:2000 specifies methods for the measurement of AC magnetic characteristics of magnetically
soft components in the frequency range up to 10 MHz.

Normally, the measurements are made at an ambient temperature of (23 +5) °C on test
specimens which have first been magnetized, then demagnetized. Measurements can be
made over other temperature ranges by agreement between parties concerned.

2 Normative references

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

IEC 60050-121, International Electrotechnical Vocabulary — Part 121: Electromagnetism

IEC 60050-221, International Electrotechnical Vocabulary — Chapter 221: Magnetic materials
and components

IEC 60404-2, Magnetic materials — Part 2: Methods of measurement of the magnetic
properties of electrical steel sheet and strip by means of an Epstein frame

IEC 60404-4, Magnetic materials — Part 4: Methods of measurement of d.c. magnetic
properties of iron and steel

IEC 60404-8-6, Magnetic materials — Part 8-6: Specifications for individual materials — Soft
magnetic metallic materials
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IEC 60404-8-9, Magnetic materials — Part 8: Specifications for individual materials — Section 9:
Standard specification for sintered soft magnetic materials

IEC 62044-3, Cores made of soft magnetic materials — Measuring methods — Part 3: Magnetic
properties at high excitation level

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

3 Terms and definitions

For the purposes of this document, the terms and definitions given in IEC 60050-121 and
IEC 60050-221 apply.

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

e |SO Online browsing platform: available at http://www.iso.org/obp
4 General principles of measurement

4.1 Principle of the ring method

The measurements are made on a closed magnetic circuit in the form of a ring test specimen
wound with two windings.

4.2 Test specimen

The test specimen shall be in the form of a ring of rectangular cross-section which may be
formed by

a) winding thin strip or wire to produce a clock-spring wound toroidal core; or
b) a stack of punched, laser cut, wire cut or photochemically etched ring laminations; or
c) pressing and sintering of powders, metal injection moulding, 3D printing or casting.

In the case of powder materials, the production of a ring test specimen by metal injection
moulding or by pressing (with heating if applicable) shall be carried out in accordance with the
material manufacturer's recommendations to achieve the optimum magnetic performance of
the powder material.

For all types of test specimen, burrs and sharp edges should be removed prior to heat
treatment. It is preferable to enclose the test specimen in a two-part non-magnetic annular
case. The case dimensions shall be such that it closely fits without introducing stress into the
material of the test specimen.

The ring shall have dimensions such that the ratio of the outer to inner diameter shall be no
greater than 1,4 and preferably less than 1,25 to achieve a sufficiently homogenous
magnetization of the test specimen.

For solid and pressed powder materials, the dimensions of the test specimen, that is the outer
and inner diameters and the height of the ring, shall be measured with suitable calibrated
instruments. The respective dimensions shall be measured at several locations on a test
specimen and averaged. The cross-sectional area of the test specimen shall be calculated
from Formula (1).
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D-d
_(b-d), (1)
2

where
A is the cross-sectional area of the test specimen, in square metres;
D is the outer diameter of the test specimen, in metres;
d is the inner diameter of the test specimen, in metres;
h is the height of the test specimen, in metres.

For a stack of laminations or a toroidal wound core, the cross-sectional area of the test
specimen shall be calculated from the mass, density and the values of the inner and outer
diameter of the ring specimen. The mass and diameters shall be measured with suitable
calibrated instruments. The density shall be the conventional density for the material supplied
by the manufacturer. The cross-sectional area shall be calculated from Formula (2).

= 2m (2)
pr(D+d)
where
m is the mass of the test specimen, in kilograms;
Yo is the density of the material, in kilograms per cubic metre.

For the calculation of the magnetic field strength, the mean magnetic path length of the test
specimen determined from Formula (3) shall be used.

+
| —n(D*d) (3)
2
where
Im is the mean magnetic path length of the test specimen, in metres.

NOTE For measurements of magnetically soft components, an effective core cross-sectional area and an effective
magnetic path length are used (described in IEC 62044-3:2000). The difference in results between material
measurements and component measurements is larger when the ratio of the outer to inner diameter is larger.

If the specific total loss is to be determined, the mass of the test specimen shall be measured
with a suitable calibrated balance.

4.3 Windings

The test specimen shall be wound with a magnetizing winding and a secondary winding (see
Annex A).

The numbers of turns depend upon the measuring equipment and method being used. The
secondary winding shall be wound as closely as possible to the test specimen to minimize the
effect of air flux enclosed between the test specimen and the secondary winding. All windings
shall be wound uniformly over the whole length of the test specimen.

For measurements at frequencies above power frequencies, care shall be taken to avoid
complications related to capacitance and other effects. These are introduced and discussed in
Annex A.

Care shall be taken to ensure that the wire insulation is not damaged during the winding
process causing a short circuit to the test specimen. An electrical check shall be made with a
suitable AC insulation resistance measuring device to ensure that there is_no direct
connection between the windings and the test specimen. Documents
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5 Temperature measurements

When the temperature of the surface of the test specimen is required, it shall be measured by
affixing a calibrated non-magnetic thermocouple (for example a type T thermocouple) to the
test specimen. Where the test specimen is enclosed in an annular case, a small hole shall be
made in the case, taking care not to damage the material of the test specimen, and the
thermocouple fixed in contact with the test specimen. If this is not possible, the thermocouple
shall be affixed to the case and this procedure shall be reported in the test report. The
thermocouple shall be connected to a suitable calibrated voltmeter in order to measure its
output voltage which can be related to the corresponding temperature through the calibration
tables for the thermocouple.

Where the temperature of the test specimen is found to vary with time after magnetization, the
measurements of the magnetic properties shall be carried out either when an agreed
temperature is reached or after a time agreed between the parties concerned. If
measurements are to be made at elevated temperatures, these may be carried out with the
test specimen placed in a suitable oven to produce the required temperature.

A second smaller time-dependent magnetic relaxation effect can also affect the magnetic
properties. For the types of materials covered by this document, the effect is usually masked
by temperature changes. However, if such magnetic relaxation effects become apparent, then
the test specimen should dwell at the prescribed magnetic flux density or magnetic field
strength for an agreed period of time before making the final measurements.

6 Measurement of the relative amplitude permeability and the
AC magnetization curve

6.1 General

The measurements are made using the ring method at frequencies normally from 20 Hz to
100 kHz, the upper frequency being limited by the performance of the instrumentation.

Where suitable calibrated instruments exist and careful winding to reduce interwinding
capacitance has been performed, this upper limit may be extended to 1 MHz (See Annex A).

6.2 Apparatus and connections

The apparatus shall be connected as shown in Figure 1.

NOTE 1 Figure 3 can be used for the measurement of the relative amplitude permeability and the magnetization
curve using the digital sampling technique.

NOTE 2 For the application of digital sampling technique, see Annex B.
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Key
~ power supply (usually an oscillator and a power amplifier)
A true r.m.s. or peak reading ammeter, or a true r.m.s. or peak reading voltmeter and a non-inductive
precision resistor to measure the magnetizing current
Hz frequency meter
N, magnetizing winding
N, secondary winding
0SC oscilloscope
V, average type voltmeter
\Y r.m.s. voltmeter

Figure 1 — Circuit of the measurement apparatus

When conducting sinusoidal current measurements, a non-inductive precision resistor should
be connected in series with the magnetizing winding N, to guarantee that the magnetizing
circuit resistance is at least ten times greater than the impedance of the magnetizing winding
N, on the test specimen.

The source of alternating current shall have a variation of voltage and frequency at its output
individually not exceeding = 0,2 % of the adjusted value during the measurement. It shall be
connected to a true r.m.s. or peak reading ammeter, or a true r.m.s. or peak reading voltmeter
and a parallel non-inductive precision resistor, in series with the magnetizing winding N; on
the test specimen, to measure the magnetizing current.

The secondary circuit comprises a secondary winding N, connected to two voltmeters in
parallel. One voltmeter V, measures the true r.m.s. value, the other voltmeter V, measures
the average rectified value but is sometimes scaled in values 1,111 times the rectified value.

The waveform of the induced secondary voltage that is induced in the secondary winding N,
should be checked with an oscilloscope to ensure that only the fundamental component is
present.

6.3 Waveform of induced secondary voltage or magnetizing current

In order to obtain comparable measurements, it shall be agreed prior to the measurements
that either the waveform of the induced secondary voltage or the waveform of the magnetizing
current shall be maintained sinusoidal with a form factor of 1,111 with a relative tolerance of
+1 %. In the latter case, a non-inductive precision resistor connected in series with the
magnetizing winding is required.

NOTE 1 The waveform of the induced secondary voltage and the magnetizing current can be measured by the
digital sampling technique. See Figure 3 and Annex B.

The time constant of the non-inductive precision resistor should be checked to be low to
ensure that the waveform is within the specified limits.

The non-inductive precision resistor may be the same resistor as used for the measurement
of the magnetizing current.

NOTE 2 Sinusoidal waveform control can be achieved by digital means (see Annex C).
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At frequencies in the range 20 Hz to 50 kHz, the form factor of the induced secondary voltage
can be determined by connecting two voltmeters having a high impedance (typically > 1 MQ in
parallel with 90 pF to 150 pF) across the secondary winding. One voltmeter shall be
responsive to the r.m.s. value of voltage and the other shall be responsive to the average
rectified value of the voltage. The form factor is then determined from the ratio of the r.m.s.
value to the average rectified value.

For optimum power transfer, it may be necessary to optimize the number of turns of the
magnetizing winding to match the output impedance of the power supply. This can be
determined from Formula (4).

Z=joL (4)
where
Z is the output impedance of the power supply, in ohms;
J is the complex number sign;
is the angular frequency of the output of the power supply, in radians per second;
L is the effective inductance of the magnetizing winding of the test specimen, in henrys,
calculated from Formula (5).
N Apto,
L=———"- (5)
lm
where
Ny is the number of turns of the magnetizing winding;
A is the cross-sectional area of the test specimen, in square metres;
Ho is the magnetic constant (4 = x 10~/ henrys per metre);
Hy is the relative amplitude permeability of the test specimen;
Im is the mean magnetic path length of the test specimen, in metres.

Where the relative amplitude permeability is not known, a preliminary measurement may need
to be made of the peak values of magnetic field strength and magnetic flux density as
described in 6.4.1 and 6.4.2 and the relative amplitude permeability calculated as described in
6.4.3.

6.4 Determination of characteristics
6.4.1 Determination of the peak value of the magnetic field strength

The peak value of magnetic field strength at which the measurement is to be made is
calculated from Formula (6).

g =l (6)
lm
where
H is the peak value of the magnetic field strength, in amperes per metre;
Ny is the number of turns of the magnetizing winding on the test specimen;
I is the peak value of the magnetizing current, in amperes;
Im is the mean magnetic path length of the test specimen, in metres.
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Normally the amplitude of the magnetic field strength is determined by measuring the r.m.s.
magnetizing current and multiplying by the square root of 2. For sinusoidal magnetizing
current, this defines the correct value of the peak value of magnetic field strength. For
sinusoidal magnetic flux density, this defines an equivalent peak value of magnetic field
strength, which is numerically lower for a given magnetizing current. As an alternative, the
peak value of magnetic field strength can be determined using a calibrated peak reading
ammeter or a peak reading voltmeter and a non-inductive precision resistor.

Prior to measurement, the test specimen shall be carefully demagnetized from a value of field
strength of not less than ten times the coercivity by slowly reducing the corresponding
magnitude of the magnetizing current to zero. Demagnetization shall be carried out at the
same or lower frequency as will be used for the measurements.

6.4.2 Determination of the peak value of the magnetic flux density

The average rectified value of the induced secondary voltage shall be measured using a
calibrated average type voltmeter or a digitizer (see Figure 3), and the peak value of the
magnetic flux density shall be calculated from Formula (7).

~ 1 —
4fN,A

where
B is the peak value of magnetic flux density, in teslas;
m is the average rectified value of the induced secondary voltage, in volts;
f is the frequency, in hertz;
A is the cross-sectional area of the test specimen, in square metres.
Ny is the number of turns of the secondary winding.

NOTE For the application of the digital sampling technique, see Annex B.

Depending on the level of magnetic field strength and the ratio of the cross-sectional areas of
the test specimen and the secondary winding, it may be necessary to make a correction to the
magnetic flux density for the air flux enclosed between the test specimen and the secondary
winding. The corrected value B of the magnetic flux density is given by Formula (8).

B=B'—HOHM (8)
A
where
B is the measured value of magnetic flux density, in teslas;
Ho is the magnetic constant (4 n x 10-7 henrys per metre);
H is the magnetic field strength, in amperes per metre;
A’ is the cross-sectional area enclosed by the secondary winding, in square metres;
A is the cross-sectional area of the test specimen, in square metres.

6.4.3 Determination of the r.m.s. amplitude permeability and the relative amplitude
permeability

For corresponding peak values of magnetic field strength and magnetic flux density, the r.m.s.
amplitude permeability shall be calculated from Formula (9).
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:ua,rms ILIO \/51’_\1‘
where
Harms IS the r.m.s. amplitude permeability;
Ho is the magnetic constant (4 = x 10~7 henrys per metre);
B is the peak value of magnetic flux density, in teslas;
H is the r.m.s. value of magnetic field strength, in amperes per metre.
NOTE The relative amplitude permeability, x4, can be conventionally expressed as:
B
He=—— (10)
HoH

where
Hy is the relative amplitude permeability;
Ho is the magnetic constant (4 = x 10~7 henrys per metre);
B is the peak value of magnetic flux density, in teslas;
H is the peak value of magnetic field strength, in amperes per metre.

6.4.4 Determination of the AC magnetization curve

The test specimen shall be carefully demagnetized as described in 6.4.1. By successively
increasing the magnetizing current, corresponding peak values of magnetic field strength and
magnetic flux density can be obtained from which an AC magnetization curve can be plotted.

7 Measurement of the specific total loss by the wattmeter method

7.1 Principle of measurement

The principle of measurement is similar to that described in IEC 60404-2 except that the
Epstein frame is replaced by the ring test specimen and the instrumentation is capable of
making measurements at the required frequency. The measurement of specific total loss shall
be done under conditions of sinusoidal magnetic flux density. For some test specimens, this
may require the control of the induced secondary voltage waveform (see Annex C) by means
of analogue or digital techniques to ensure that sinusoidal magnetic flux density is maintained.

The apparatus and the windings of the test specimen shall be connected as shown in Figure 2.
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Key
~ power supply (usually an oscillator and amplifier)
Hz frequency meter
N, magnetizing winding
N, secondary winding
0SC oscilloscope
w wattmeter
Vv, average type voltmeter
\Y r.m.s. voltmeter

Figure 2 — Circuit of the conventional analogue wattmeter method (also representing
the metrological principle of the digital wattmeter method)

For the digital sampling technique, Figure 3 shows a possible circuit structure as an example.
In the latter case, a digitizer and supporting software adopt the functions of the oscilloscope,
the wattmeter and the voltmeters shown in Figure 2.

NOTE Figure 3 is not the only possible structure of digital sampling technique application, see Annex B.

5
D
)
IEC
Key
R, non-inductive precision resistor in series with the magnetizing winding to
determine the magnetizing current

D digitizer (usually a digital power analyser or a digital acquisition system with a computer)

Figure 3 — The wattmeter method when connected with
the digital sampling technique (example of circuit)
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7.2 Voltage measurement
7.21 Average type voltmeter

The average rectified value of the induced secondary voltage shall be measured using a
calibrated average type voltmeter or a calibrated digitizer (see Figures 2 and 3). The load on
the secondary circuit shall be as low as possible (see Annex A). Consequently a digital
voltmeter or digitizer with high input impedance is required.

NOTE 1 Average type voltmeters are usually graduated in average rectified value multiplied by 1,111.

NOTE 2 For the application of digital sampling technique, see Annex B.
7.2.2 R.M.S. type voltmeter

The true r.m.s. value of the induced secondary voltage shall be measured using a calibrated
voltmeter responsive to r.m.s. values or a calibrated digitizer (see Figures 2 and 3). The load
on the secondary circuit shall be as low as possible (see Annex A). Consequently a digital
voltmeter or digitizer with high input impedance is required.

NOTE For the application of digital sampling technique, see Annex B.
7.3 Power measurement

The power shall be measured using a calibrated wattmeter suitable for circuits which may
have a low power factor (cos¢ down to 0,1) or a calibrated digitizer (see Figures 2 and 3). The
input impedance of the voltage circuit shall be as high as possible (see Annex A).

NOTE For the application of digital sampling technique, see Annex B.
7.4 Procedure for the measurement of the specific total loss

The test specimen shall be carefully demagnetized as described in 6.4.1. The current in
the magnetizing winding shall be increased until the average rectified voltage corresponds to
the required peak value of magnetic flux density calculated from Formula (7).

The average rectified value and the r.m.s. value of the induced secondary voltage shall be
recorded and the form factor of the secondary waveform shall be calculated and verified in
accordance with 6.2. The wattmeter reading shall then be recorded.

NOTE For the application of digitizing methods, see Annex B.
7.5 Determination of the specific total loss

The power P, measured by the wattmeter includes the power consumed by the instruments in
the secondary circuit, which to a first approximation is equal to U22 /Rl., since the induced
secondary voltage is essentially sinusoidal.

Thus, the total loss P, of the test specimen shall be calculated in accordance with
Formula (11).

U2

p=Np _ “2 (11)
N2 Ri
where
P, is the calculated total loss of the test specimen, in watts;
Py is the power measured by the wattmeter, in watts;
Ny is the number of turns of the magnetizing winding; Documents
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Ny is the number of turns of the secondary winding;
ﬁz is the r.m.s. value of the induced secondary voltage, in volts;
R is the combined equivalent resistance of the instruments connected to the secondary

winding, in ohms.

The specific total loss Pg shall be obtained by dividing P, by the mass of the test specimen.

Hence,
p.=Le (12)
m
where
Py is the specific total loss of the test specimen, in watts per kilogram;
m is the mass of the test specimen, in kilograms.

8 Uncertainties

The individual contributions to the uncertainty of a particular measurement shall be identified
and then combined in accordance with the guidelines set out in ISO/IEC Guide 98-3 to the
expression of uncertainty in measurement.

9 Testreport

The test report shall contain as necessary

a) the type and serial number or mark of the test specimen;

b) the number of turns of the magnetizing winding and the secondary winding on the test
specimen;

c) the mass and dimensions of the test specimen and, for thin material, the density;
d) the frequency;

e) the test method used;

f) the ambient temperature;

g) the surface temperature of the test specimen;

h) the method for determining the peak value of the flux density;

i) the nature of the waveform: sinewave of induced secondary voltage or sinewave of
magnetizing current;

j) the method for determining the peak value of magnetizing current;
k) the quantities measured and their uncertainties.
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Annex A
(informative)

Guidance on requirements for windings and instrumentation
in order to minimise additional losses

A.1 General

At frequencies above power frequencies, additional losses associated with the windings on
the test specimen can occur. These arise from

a) the interwinding capacitance between the magnetizing and secondary windings on the test
specimen;

b) the capacitance of the leads from the secondary winding to the instruments;
c) the capacitance and resistance of the input circuits of the instruments; and
d) the dielectric loss of the insulating material of the secondary winding.

A.2 Reduction of additional losses

The magnitude of the additional losses can be minimised by careful choice of winding wire,
winding technique and instrumentation.

Wire insulated with a material having a low dielectric loss, for instance polytetrafluorethylene
(PTFE) or polyethylene, should be used to minimise the effect of dielectric loss.

Where possible, the magnetizing and secondary windings should be separated to reduce the
interwinding capacitance.

The connecting leads from the secondary winding to the instruments should have low
dielectric loss insulation and should be kept as short as practicable.

The instruments should have a low input capacitance and high input resistance to avoid
loading the secondary circuit.
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Annex B
(informative)

Digital sampling technique for the determination of magnetic properties
and numerical air flux compensation

B.1 General

The digital sampling technique is an advanced technique that is almost exclusively applied to
the electrical part of the measurement procedure of this document. Applied to the wattmeter
method, it is characterized by the digitization of the induced secondary voltage U,(f) and the
voltage drop U4(¢) across the non-inductive precision resistor in series with the magnetizing
winding and by the evaluation of these data for the determination of the magnetic properties
of the test specimen (see Figure 3).

For this purpose, instantaneous values of these voltages, having index j, uy/ and uyj
respectively, are sampled and held simultaneously from the time-dependent voltage signals
during a narrow and equidistant time period each by sample-and-hold circuits. They are then
immediately converted to digital values by analogue-to-digital converters (ADC). The data
pairs sampled over one or more periods together with the test specimen data and the set-up
parameters, provide the complete information for one measurement. This data set enables
computer processing for the determination of all magnetic properties required in this
document.

Whilst the digital sampling technique has perfectly proved its worth applied with the technical
frequency range, it is expected that it will be effectively applicable to medium frequencies, i.e.
that it can be applied to the measurement procedures which are described in the main part of
this document. This expectation is based on the recent availability of fast sample-and-hold
electronics. The circuit in Figure 2 applies equally to the analogue methods and the digital
sampling technique; the digital sampling technique shown schematically in Figure 3 allows all
functions of the measurement equipment shown in Figure 1 and Figure 2 to be realized by a
combined system of a data acquisition equipment and software. The control of the sinusoidal
waveform of the induced secondary voltage can also be realized by a digital method. However,
the purpose and procedure of this technique are different from those of this annex and are
treated in Annex C.

Annex B is helpful in understanding the impact of the digital sampling technique on the
accuracy achievable by the methods of this document. This is particularly important because
ADC circuits, transient recorders and supporting software are readily available and make it
possible to establish a sampling wattmeter. The digital sampling technique can offer low
uncertainty, but it leads to large errors if improperly used.

NOTE This principle and implementation of digital sampling technique are widely described in many papers and
books (IEC 62044-3, [1] and [2]7).

B.2 Technical details and requirements

The principle of the digital sampling technique is the discretization of voltage and time, i.e. the
replacement of the infinitesimal time interval dr by the finite time interval Ar:

(B.1)

1 Numbers in square brackets refer to the Bibliography.
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where:

At is the time interval between the sampled points, in seconds;

T is the length of the period of the magnetization, in seconds;

n is the number of instantaneous values sampled over one period,;
f is the frequency of the magnetization, in hertz;

Js is the sampling frequency, in points per second.

In order to achieve lower uncertainties, the length of the period of the magnetization divided
by the time interval between the sampled points, i.e. the ratio f,/f, should be an integer
(Nyquist condition [2]) and the sampling frequency, f;, should be greater than twice the input
signal bandwidth.

NOTE If the Nyquist condition is not met, i.e. if the sampling clock and the clock of the signal generator are not
synchronized (see paragraph after the next one and paragraph before the last one of B2), the loss of accuracy can
be compensated by an increase of the sampling frequency by a factor of at least 5.

The windings of the test specimen are connected with the digital components of the apparatus
as shown in Figure 3.

The power supply is usually a computer controlled digital signal generator and a power
amplifier. A low pass filter should be inserted between the digital signal generator and the
power amplifier to prevent aliasing at the digitizer. The digitizer is usually a calibrated digital
power analyzer or a calibrated digital acquisition system with a computer. The digitizer should
have a high input impedance (typically >1 MQ in parallel with 90 pF to 150 pF) to avoid
loading the secondary circuit. It is recommended that the sampling clock of the digitizer
should be synchronized with the clock of the digital signal generator (Nyquist condition).

The digitizer digitizes the voltage across the non-inductive precision resister and the voltage

induced in the secondary winding simultaneously into instantaneous values uy,1; and up,;
respectively. The values u,; and u,; should be corrected by the factor Ri+R and R+R,
R R,

respectively, to compensate for the voltage drop through the resistances of the instruments in
the measuring circuit. Therefore, the values are calculated as follows:

R +R
Uy = R Upy; (B.2)
R +R,
Uy, = IRi U, (B.3)
where
U] is the measured instantaneous value of the voltage across the non-inductive precision
resister, in volts;
Um2j is the measured instantaneous value of the voltage induced in the secondary winding,
in volts;
U is the instantaneous value of the voltage across the non-inductive precision resister,
in volts;
U is the instantaneous value of the voltage induced in the secondary winding, in volts;
R; is the input resistance of the digitizer, in ohms;
R is the resistance of the non-inductive precision resistor, in ohms;
R, is the resistance of the secondary windings, in ohms.
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A computer reconstructs the data arrays of Uqj and u,, into numerical signals of voltages Uy(¢)
and U,(¢), respectively, over one period of magnetization.

Compensation of the effect of air flux on the induced secondary voltage U,(¢) should be
achieved by the numerical air flux compensation method (see Clause B.4).

The magnetic flux density B(z) can be calculated by using

B() = NlA {jUZ(T)dT—%j[jUZ(T)d Tjdt} (B.4)

2

The second term in the brackets of Formula (B.4) is the time average over the length of a
period which compensates for the integration constant.

The magnetic field strength H(z) can be calculated by using:

H(r):}%w(z) (B.5)

m

According to an average-sensing voltmeter, the peak value of the flux density can be
calculated by the sum of the Up; values sampled over one period as follows:

A 1 n-1
B ~ , (B.6)
4N, AT, I‘U (e = 4f,N, AFO‘””‘

The peak value of the magnetic field strength can be calculated by using:
Ul (B.7)

The calculation of the specific total loss P4 can be carried out by point-by-point multiplication
of the u,; and u,; values and summation over one period as follows:

-1

1| N U,
P=— U ,0OU,()dt —2— = - (B.8)
: lmAp{RN TI /(DU (1) Ri+R2} lAp{ Z; V2 TR IR, nzu2 }

and the calculation of the specific apparent power follows:

g o N l”z'lu 2 lzlu 2 (B.9)
* I RN,Ap\n<E "V \n<g ¥

=0 =0
where

B(1) is the magnetic flux density, in function of time, in teslas;

H(r) is the magnetic field strength, in function of time, in amperes per metre;

B is the peak value of the magnetic flux density, in teslas;

H is the peak value of the magnetic field strength, in amperes per metre;

Py is the specific total loss of the test specimen, in watts per kilogran;, Documents
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Se is the specific apparent power of the test specimen, in volt-amperes per kilogram;

T is the length of the period of the magnetization, in seconds;

f is the magnetizing frequency, in hertz;

Js is the sampling frequency, in points per second;

[, is the mean magnetic path length of the test specimen, in metres;

Ny is the number of turns of the magnetizing winding;

Ny is the number of turns of the secondary winding;

A is the cross-sectional area of the test specimen, in square metres;

P is the density of the material, in kilograms per cubic metre;

uq; is the instantaneous value of the voltage across the non-inductive precision resistor,
in volts;

up; is the instantaneous value of the induced secondary voltage, in volts;

n is the number of instantaneous values sampled over one period;

i is the index of instantaneous values;

Uy (2) is the voltage across the non-inductive precision resistor, in function of time, in volts;

Uy(1) is the induced secondary voltage, in function of time, in volts;

T is an auxiliary time variable;

U, is the r.m.s. value of induced secondary voltage, in volts;

R is the resistance of the non-inductive precision resistor, in ohms;
R; is the input resistance of the digitizer, in ohms;

R, is the resistance of the secondary winding, in ohms.

The pairs of numerical signals, Uy(f) and U,(¢), can then be processed by a computer or, for
real time processing, a digital signal processor (DSP) using a sufficiently fast digital multiplier
and adder without intermediate storage being required. Keeping the Nyquist condition is
possible only where the sampling frequency f; and the frequency f of the magnetization are
derived from a common high frequency clock and thus have an integer ratio fi/f. In that case,
U,(7) and U,(r) may be scanned using 128 samples per period with sufficient accuracy (above
1 000 Hz, 64 samples per period may be sufficient). This figure is, according to the Shannon
theorem, determined by the highest relevant frequency in the H(¢) signal, which is normally
not higher than that of the 41St harmonic [7] in technical frequencies. However, some
commercial data acquisition equipment cannot be synchronized with the frequency of the
magnetization and, as a consequence, the ratio f;/f is not an integer, i.e. the Nyquist condition
is not met. In that case, the sampling frequency should be considerably higher (500 samples
per period or more) in order to keep the deviation of the true period length from the nearest
time of sampled point small. Keeping the Nyquist condition becomes a decisive advantage in
the case of higher frequency applications to keep the sampling frequency reasonable low. The
use of a low-pass anti-aliasing filter is recommended in order to eliminate irrelevant higher
frequency components which would otherwise interact with the digital sampling process
producing aliasing noise [2].

Regarding the amplitude resolution, studies found in the Bibliography have shown that below

a 12-bit resolution, the digitization error can be considerable, particularly for non-oriented
material with high silicon content [1, 7]. Thus, at least a 12-bit resolution of the given
amplitude is recommended. Moreover, the two voltage channels should transfer the signals
without a significant phase shift. A particularly significant condition in medium frequencies
application is that the phase shift should be small enough so that the power measurement
uncertainty specified in this standard, namely 0,5 %, is not exceeded. The consideration of

the phase shift is more relevant the lower the power factor cos(¢) becomes (¢ being the phase
difference between the fundamental components of the two voltage signals). Signal
conditioning amplifiers are preferably DC coupled to avoid any low frequency tﬁments
However, DC offsets in the signal conditioning amplifiers can lead to sigrificunt effo
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numerically calculated values. Numerical correction cancelling can be applied to remove such
DC offsets.

B.3 Calibration aspects

The verification of the reproducibility requirements of this document makes careful calibration
of the measurement equipment necessary. The two voltage channels including preamplifiers
and ADC can be calibrated using a calibrated reference voltage source traceable to national
standards [6]. By connecting the reference AC voltage source to inputs of the two voltage
channels, the amplitude of each channel and the phase difference between channels and the
dependence on the frequency should be verified. These performances of the two channels
can be taken into account with the evaluation processing in the computer. The phase shifts
increase as the frequency increases. The phase shifts should be small enough so that the
power measurement uncertainty meets the requirement of parties concerned. In any case, it
would not be sufficient to calibrate the set-up using reference samples because that
calibration would only be effective for that combination of material and measurement condition.

B.4 Numerical air flux compensation

In the case of the ring test, the test specimen is enclosed in an annular case, and the
numerical air flux compensation can be achieved by the principle of the mutual inductor.

Firstly the voltage drop across the precision resister R,, (see Figure 3), U4(?), is differentiated
in a way to avoid phase shifts and significant noise amplification injected from the current
signal. A possible method is a five-point or twelve-point differentiation.

Secondly the compensation can be carried out as follows:

C v, (B.10)

U2c (t):UZm (t)_E dt

where
Uyc(t) is the compensated induced secondary voltage, in volts;
U,m(f) is the uncompensated induced secondary voltage, in volts;

C is the value of compensation factor in ohm seconds;

Uq(0) is the voltage drop across the non-inductive precision resistor R, (see Figure 3), in
volts;

R is the resistance of the non-inductive precision resistor R, in ohms.

The adjustment of the value of compensation factor can be made so that, when passing an
alternating current through the magnetizing windings in the absence of the specimen in the
annular case, the compensated voltage shall be no more than 0,1 % of the non-compensated
voltage appearing across the secondary winding of the annular case alone.

The numerical air flux compensation is advantageous to avoid increases in phase shift and
impedance of windings caused by addition of mutual inductor.
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Annex C
(informative)

Sinusoidal waveform control by digital means

The prescribed sinusoidal waveform of the induced secondary voltage can be difficult to
achieve by means of conventional analogue feedback techniques at medium and high
frequencies. Instabilities and auto-oscillations are in fact likely to occur when the frequency is
increased beyond a few hundred hertz. The digital feedback method is, in principle,
independent of frequency and is expected to be immune from auto-oscillatory effects [2]-[4].

In a possible realization of this method, it is assumed that the time functions B(¢) and H(z)
form a parametric representation of the hysteresis loop B(H). Under this assumption, a certain
time dependence of the current in the magnetizing circuit (i.e. H(¢)) automatically defines the
B(z) function.

A computer controlled arbitrary waveform generator is employed to provide the required H(¢)
function. An iterative procedure is devised, where at each ith step the dynamic B(H)
relationship is refreshed by the actual B,(r) and H() functions and is used to calculate the
function H,,.4(¢) at the (i +1)th step. The iteration can be stopped once the prescribed form
factor value 1,111 with a relative tolerance of + 1 % of the induced secondary voltage is
attained.

The so-calculated H(¢) function must be translated into a function Uy(r) to be fed into the
arbitrary waveform source. Uy(t) can be related to H() = N(1) by solving in the following way.

If Rg denotes the total series resistance of the magnetizing circuit and G denotes the gain of
the power amplifier, then the neglecting spurious capacitance effects:

U, :1[W+N1A43<f>j (C.1)
G\ N, dt
where
4B _ a)é sin(awt) (C.2)
dt

Based on the same principle, it is possible to define the associated function B(z), for a given
specimen, to a sinusoidal H(t) waveform and correspondingly calculate the voltage function
Uy(#) to be fed into the source, in order to maintain a sinusoidal magnetizing current.

If the effect of the air flux enclosed between the test specimen and the magnetizing winding
cannot be disregarded, the additional term y_ _L%N&Av_A)@ should be included in
G t

Formula (C.1).
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COMMISSION ELECTROTECHNIQUE INTERNATIONALE

MATERIAUX MAGNETIQUES -

Partie 6: Méthodes de mesure des propriétés magnétiques des matériaux
métalliques et des matériaux en poudre magnétiquement doux, aux
fréquences comprises entre 20 Hz et 100 kHz, sur des éprouvettes

en forme de tore

AVANT-PROPOS

1) La Commission Electrotechnique Internationale (IEC) est une organisation mondiale de normalisation
composée de I'ensemble des comités électrotechniques nationaux (Comités nationaux de I'lEC). L'IEC a pour
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des Spécifications techniques, des Rapports techniques, des Spécifications accessibles au public (PAS) et des
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travaux desquels tout Comité national intéressé par le sujet traité peut participer. Les organisations
internationales, gouvernementales et non gouvernementales, en liaison avec I'lEC, participent également aux
travaux. L'IEC collabore étroitement avec I'Organisation Internationale de Normalisation (ISO), selon des
conditions fixées par accord entre les deux organisations.

2) Les décisions ou accords officiels de I'lEC concernant les questions techniques représentent, dans la mesure
du possible, un accord international sur les sujets étudiés, étant donné que les Comités nationaux de I'lEC
intéressés sont représentés dans chaque comité d'études.

3) Les Publications de I'lEC se présentent sous la forme de recommandations internationales et sont agréées
comme telles par les Comités nationaux de I'lEC. Tous les efforts raisonnables sont entrepris afin que I'lEC
s'assure de I'exactitude du contenu technique de ses publications; I'lEC ne peut pas étre tenue responsable de
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7) Aucune responsabilité ne doit étre imputée a I'lEC, a ses administrateurs, employés, auxiliaires ou mandataires,
y compris ses experts particuliers et les membres de ses comités d'études et des Comités nationaux de I'lEC,
pour tout préjudice causé en cas de dommages corporels et matériels, ou de tout autre dommage de quelque
nature que ce soit, directe ou indirecte, ou pour supporter les colts (y compris les frais de justice) et les
dépenses découlant de la publication ou de I'utilisation de cette Publication de I'lEC ou de toute autre
Publication de I'lEC, ou au crédit qui lui est accordé.

8) L'attention est attirée sur les références normatives citées dans cette publication. L'utilisation de publications
référencées est obligatoire pour une application correcte de la présente publication.

9) L'attention est attirée sur le fait que certains des éléments de la présente Publication de I'lEC peuvent faire
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