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INTERNATIONAL ELECTROTECHNICAL COMMISSION

MAGNETIC MATERIALS -

Part 3: Methods of measurement of the magnetic properties of
electrical steel strip and sheet by means of a single sheet tester

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 redline version of the official IEC Standard allows the user to identify the changes made to
the previous edition IEC 60404-3:1992+AMD1:2002+AMD2:2009 CSV. A vertical bar appears in
the margin wherever a change has been made. Additions are in green text, deletions are in
strikethrough red text.
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IEC 60404-3 has been prepared by IEC technical committee 68: Magnetic alloys and steels. It
is an International Standard.

This third edition cancels and replaces the second edition published in 1992, Amendment
1:2002 and Amendment 2:2009. This edition constitutes a technical revision.

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

a) Annex A was revised. The method of determining the yokes’ lamination resistance was
added to Annex A;

b) Annex B of the consolidated version of 2010 referred to calibration of the SST using the
Epstein method. It was cancelled;

c) Annex B (new), Annex C and Annex D were revised, they are for information only;
d) Annex C was modified taking account of the new situation regarding P and R grades;

e) Annex D was amended by addition of Clause D.4 on the numerical air flux compensation.

The text of this International Standard is based on the following documents:

Draft Report on voting

68/699/CDV 68/710/RVC

Full information on the voting for its approval can be found in the report on voting indicated in
the above table.

The language used for the development of this International Standard is English.

This document was drafted in accordance with ISO/IEC Directives, Part 2, and developed in
accordance with ISO/IEC Directives, Part 1 and ISO/IEC Directives, IEC Supplement, available
at www.iec.ch/members_experts/refdocs. The main document types developed by IEC are
described in greater detail at www.iec.ch/publications.

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 this document 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,

e replaced by a revised edition, or

e amended.

IMPORTANT - The "colour inside" logo on the cover page of this document 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 3: Methods of measurement of the magnetic properties of
electrical steel strip and sheet by means of a single sheet tester

1 Objectandfieldofapplication Scope

This part of IEC 60404 is applicable to grain-oriented and non-oriented electrical steel strip and
sheet for measurement of AC magnetic properties at power frequencies.

The object of this document is to define the general principles and the technical details of the
measurement of the magnetic properties of-magnetic-sheets electrical steel strip and sheet by
means of a single sheet tester (SST).

The single sheet tester is applicable to test specimens obtained from-magnetic sheets-and-strips
of-any-gquality electrical steel strips and sheets of any grade. The AC magnetic characteristics

are determined for sinusoidal induced voltages, for specified peak values of the magnetic
| polarization, for specific peak values of the magnetic field strength and for a specified
frequency.

The measurements are made at an ambient temperature of (23+5)°C on test specimens which
have first been demagnetized.

NOTE Throughout this document, the quantity "magnetic polarization" is used as defined in—EC-60050(901)
IEC 60050-221. In some standards of the IEC 60404 series, the quantity "magnetic flux density" was used.

In order to support the long-term reliability of the performance of this set up and to understand
better the relationship between the Epstein method and the SST method, the informative
Annexes B and C, respectively, have been included.
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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 — Part 221: Magnetic materials and
components

IEC 60404-13, Magnetic materials — Part 13: Methods of measurement of resistivity, density
and stacking factor of electrical steel strip and sheet

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

4 General principles of AC measurements

4.1 General

Clause 4 specifies the general conditions for the determination of AC magnetic properties of
electrical steel strip and sheet at power frequencies by means of a single sheet tester.

4.2 Principle of the single sheet tester method

The test specimen comprises a sample of-magnetic electrical steel sheet and is placed-inside
in the center of two concentric windings:

— an exterior primary winding (magnetizing winding);
— an interior secondary winding (voltage winding).

The flux closure is made by a magnetic circuit consisting of two identical yokes, the cross-
section of which is very large compared with that of the test specimen (see Figure 1).

Care-shall-be-taken-to-ensure-that The temperature changes of the specimen-are shall be kept
below a level likely to produce stress in the test specimen due to thermal expansion or
contraction.
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4.3 Test apparatus
4.3.1 Yokes

Each yoke is in the form of a U made up of insulated sheets of grain-oriented-siicen electrical

steel-or-nickelron-aloy. It shall have a low reluctance and a low specific total loss-net-greater
than—1;0-\W/kg-at-1.5-T-and-50-Hz in the low magnetic polarization region below 0,2 T (see

Annex A). It shall be manufactured in accordance with the requirements of Annex A.

In order to reduce the effect of eddy currents and give a more homogeneous distribution of the

| flux over the inside of the yokes, the-latter yokes shall be made of a pair of wound cut C-cores
or a glued stack of laminations in which case the corners shall have staggered butt joints (see
Figure 1).

The yoke shall have pole faces having a width of 25 mm £ 1 mm.

The two pole faces of each yoke shall be coplanar to within 0,5 mm and the gap between the
opposite pole faces of the yokes shall not exceed 0,005 mm at any point. Also, the yokes shall
be rigid in order to avoid creating mechanical stresses such as twisting, tensioning and
compression in the test specimen.

The height of each yoke shall be between 90 mm and 150 mm. Each yoke shall have a width
of 500%3 mm and an inside length of 450 mm + 1 mm (see Figure 2).

There shall be a non-conducting, non-magnetic support on which the test specimen is placed,
between the vertical limbs of the bottom yokes. This support shall be centered and located in
the same plane as the bottom yoke pole faces so that the test specimen is in direct contact with
the pole faces without any gap. Care shall be taken that in no case the upper surface of the
support is positioned higher than the plane of the pole faces of the bottom yoke.

Windings \

> Yoke

Test specimen
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b) Schematic view of the corner of a yoke with stacked lamination

Figure 1 — Schematic diagrammes of the test apparatus

The upper yoke shall be movable upwards to permlt |nsert|on of the test specimen.-After
; ; - After insertion of
the test specimen, the upper yoke shall be Iowered to close the magnetic circuit and,
simultaneously, the pole faces of the bottom and upper yokes shall be aligned accurately. To
minimize the effects of pressure on the test specimen, the upper yoke shall be provided with a
means of suspension. The suspension of the upper yoke shall allow part of its weight to be
counterbalanced so as to give a force on the test specimen of between 100 N and 200 N.

NOTE The square-shape configuration of the yoke has been chosen in order to have only one test specimen for
non-oriented material. By rotating the test specimen through 90°, it is possible to determine the characteristics in the
rolling direction and perpendicular to the rolling direction.
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Dimensions in millimetres

450

A
LA

25

\i
A

150
90

25

IEC
Figure 2 — Yoke dimensions

4.3.2 Windings
The coil system inside the yokes shall have two windings:

— a primary winding, on the outside (magnetizing winding);
— a secondary winding, on the inside (voltage winding);
The primary (outer) and secondary (inner) windings shall be at least 440 mm in length and shall

be wound uniformly on a non-conducting, non-magnetic and rectangular former. The
dimensions of the former shall be as follows:

— length: 445 mm £ 2 mm;
— internal width: 510 mm = 1 mm;
— internal height: 5702 mm;
— height: <15 mm.

The primary winding can be made up of:

— either five or more coils having identical dimensions and the same number of turns
connected in parallel and taking up the whole length (see Figure 3). For example, with five
coils, each coil can be made up of 400 turns of copper wire 1 mm in diameter, wound in five
layers;

— or a single continuous and uniform winding taking up the whole length. For example, this
winding can be made up of 400 turns of copper wire 1 mm in diameter, wound in one-er

more-layers layer.

{

J

170\ W/ A\ W /AN R/ A\ W /AN
br—for—or—{b

J

IEC
Figure 3 — Diagram of the connections of the five coils of the primary winding

The number of turns on the secondary winding will depend on the characteristics of the
measuring instruments. In any case, the determination of the number of turns of the primary
and secondary windings shall be made with greatest reliability because a mistake would mean

a permanent error. Documents
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4.4 Air flux compensation

Compensation shall be made for the effect of air flux. This can be achieved, for example, by a
mutual inductor M (see Figure 4). The primary winding of the mutual inductor is connected in
series with the primary winding of the test apparatus, while the secondary winding of the mutual
inductor is connected to the secondary winding of the test apparatus in series opposition.

1 M
L]
3 ©
9 . o
| l r

IEC

Key

is the voltmeter that measures the average rectified voltage;
is the voltmeter that measures the RMS voltage;

A is the ammeter that measures the RMS value of the primary current;
Hz that measures the frequency;

W that measures the power;

M is the mutual inductor;

T is the test frame.

Figure 4 — Circuit for the determination of the specific total loss

The adjustment of the value of the mutual inductance shall be made so that when passing an
alternating current through the primary windings in the absence of the test specimen in the test
apparatus, the voltage measured between the non-common terminals of the secondary
windings shall be no more than 0,1 % of the voltage appearing across the secondary winding
of the test apparatus alone. Thus, the average value of the rectified voltage induced in the
combined secondary windings is proportional to the peak value of the magnetic polarization in
the test specimen.

NOTE 1 Alternatively, the air flux compensation can be executed by the numerical method (for details, see Annex D,
Clause D.4).

NOTE 2 In the rest of this document, the term “compensated secondary voltage” is used to mean “voltage induced
in the secondary winding compensated for the effect of air flux”.

4.5 Test specimen

The length of the test specimen shall be not less than 500 mm. Although the part of the test
specimen situated outside the pole faces has no great influence on the measurement, this part
shall not be longer than is necessary to facilitate insertion and removal of the test specimen.

The width of the test specimen shall be as large as possible and at its maximum equal to
the width of the yokes.

For-maximum optimum accuracy, the minimum width shall be not less than 60 % of the width of |
the yokes.
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NOTE 1 Specific restrictions of the dimensions of the test specimens can be defined for special material grades in
the respective product standards for magnetic materials.

NOTE 2 Information about application of the SST to strip samples of 50 mm to 250 mm width: Grain-oriented
electrical steel used for distribution transformer (DT) cores is merchandized in the form of slit coils of 50 mm to
250 mm width cut from the as produced steel strips (parent coils) at the different positions across the original strips.
The slit coils reflect the considerable variation of the material properties corresponding to the position on the original
strip, where they have been cut from. These small strip specimens can be measured using this SST placing them
side by side or with distributed gaps in the SST. In order to obtain a relevant measurement result, a minimum of 60 %
of the 500 mm wide sample space needs to be filled with strips. The test strip samples can be taken successively
from the start or the end of a slit coil. When preparing them taking care would avoid any damage which could influence
the test result. Due to the cutting of the sheet into the small strips, the measured loss of narrow strips will be slightly
increased compared to the original 500 mm.

The test specimen shall be cut without the formation of excessive burrs or mechanical distortion.
The test specimen shall be plane. When a test specimen is cut, the edge of the parent-strip coil

is taken as the reference direction.-Thefollowing-tolerances-are-allowed-for The angle between

the direction of rolling and that of cutting shall not exceed:

+1° for grain oriented steel sheet;
+5° for non-oriented steel sheet.

For non-oriented steel sheet, two specimens shall be cut, one parallel to the direction of rolling
and the other perpendicular unless the test specimen is square, in which case one test
specimen only is necessary.

4.6 Power supply

The power supply shall be of low internal impedance and shall be highly stable in terms
of voltage and frequency. During the measurement, the voltage and the frequency shall be
maintained constant within £0,2 %.

In addition, the waveform of the compensated secondary-irduced voltage shall be maintained
as sinusoidal as possible.-lt-is—preferableto-maintain The form factor of the compensated
secondary voltage shall be maintained to within £1 % of 1,111. This can be achieved by various
means, for example by using an electronic feedback amplifier or by a computational digital
feedback system.

5 Determination of the specific total loss

5.1 Principle of measurement

The-single-sheet-tester test apparatus with the inserted test specimen represents an unloaded
transformer the total loss of which is measured by the circuit shown in Figure 4.

5.2 Apparatus

5.2.1 Voltage measurement

5.2.1.1 Average type voltmeter

The average rectified value of the
compensated secondary voltage shall be measured by an average type voltmeter. The preferred
instrument is a digital voltmeter having an-aceuraey uncertainty of £0,2 % or better.

NOTE 1 Instruments of this type are usually graduated in average rectified value multiplied by 1,111.

The load on the secondary circuit shall be as small as possible. Consequently, the internal
resistance of the average type voltmeter should be at least 1 000 Q/V.

NOTE 2 For the application of digital sampling methods, see Annex D. Documents
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5.2.1.2 RMS voltmeter

A voltmeter responsive to RMS values shall be used. The preferred instrument is a digital
voltmeter having an-aceuraey uncertainty of £0,2 % or better.

NOTE For the application of digital sampling methods, see Annex D.
5.2.2 Frequency measurement

A frequency meter having an-aceuraey uncertainty of £0,1 % or better shall be used.

NOTE For the application of digital sampling methods, see Annex D.

5.2.3 Power measurement

The power shall be measured by a wattmeter having an-aceuracy uncertainty of £0,5 % or better
at the actual power factor and crest factor.

The ohmic resistance of the voltage circuit of the wattmeter shall be at least 100 Q/V for all
ranges. If necessary, the losses in the secondary circuit shall be subtracted from the indicated
loss value, see Formula (3) in 5.3.3.1.

The ohmic resistance of the voltage circuit of the wattmeter shall be at least 5 000 times its
reactance, unless the wattmeter is compensated for its reactance.

If a current measuring device is included in the circuit, it shall be short-circuited when the
secondary voltage is adjusted and the loss is measured.

NOTE For the application of digital sampling methods, see Annex D.
5.3 Measurement procedure of the specific total loss
5.3.1 Preparation of measurement

The length of the test specimen shall be measured with an-aeeuraey uncertainty of £0,1 % or
better and its mass determined within £0,1 %. The test specimen shall be loaded and centred
on the longitudinal and transverse axes of the-test-coil windings, and the partly counterbalanced
upper yoke shall be lowered.

Before the measurement, the test specimen shall be demagnetized by slowly decreasing an
alternating magnetic field starting from well above the—valueto-be measured knee of the
magnetization curve of the test specimen material.

5.3.2 Source-setting Adjustment of power supply

The-source power supply output shall be-adjusted-so-that slowly increased until the average
rectified value of the compensated secondary-restified voltage, |U2| has reached the required
value. This value is calculated from the desired value of the magnetic polarization by means of:

— R. _
Usl=4 L AJ
V2l =42 = (1)
where
@ is the average value of the secondary rectified voltage, in volts;
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f is the frequency, in hertz;

R; is the combined resistance of instruments in the secondary circuit, in ohms;

Ry is the series resistance of the secondary windings of the test apparatus and the mutual
inductor, in ohms;

No is the number of turns of the secondary winding;

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

J is the peak value of the magnetic polarization, in teslas.

The cross-sectional area 4 of the test specimen is given by the formula:

m
A=—— 2
. (2)
where
m is the mass of the test specimen, in kilograms;
/ is the length of the test specimen, in metres;

Pm is the conventional density of the test material, or the value determined in accordance
with [EC 60404-13, in kilograms per cubic metre.

5.3.3 Measurements

j - The primary current shall be checked to ensure that the current
circuit of the wattmeter is not overloaded. If a current-measuring device is included in the circuit,
it shall be short-circuited when the secondary voltage is adjusted and the loss is measured.

After checking that the waveform of the compensated secondary voltage stands within the
required tolerances, the wattmeter shall be read. The value of the specific total-pewer loss shall
then be calculated from the formula:

o [pw G | &
Sf_>'
L N2 Ri Jmlm
~ \2
| pM (UZ) l
PS_PNZ R, |mi, (3)

Where Pg

02 is the-average RMS value of the compensated secondary-rectified voltage, in volts;

Py is the specific total-power loss of the test specimen, in watts per kilogram;
P is the power measured by the wattmeter, in watts;

m is the mass of the test specimen, in kilograms;

Im is the conventional magnetic path length, in metres (/, = 0,45 m);

/ is the length of the test specimen, in metres; Documents
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N4 is the number of turns of the primary winding;
Ny is the number of turns of the secondary winding;

R; is the combined resistance of instruments in the secondary circuit, in ohms.

NOTE-4 Studies have shown that the inside length between the vertical inner faces of the limbs of the yokes is an
appropriate mean value for the effective magnetic path length [, for-different various materials under test and

polarization values [1]1.

5.3.3.2 In the case of non-oriented-material electrical steel, for values of the specific total loss
specified in the product standards for magnetic materials, the reported value of the specific total
loss shall be calculated as the average of the two measurement results obtained for the
directions parallel and perpendicular to the direction of rolling. For other purposes, the values
of the specific total loss parallel and perpendicular to the direction of rolling shall be reported
separately.

5.3.4 Reproducibility of the measurement of the specific total loss

The reproducibility of this method using the test apparatus defined above is characterized by a
relative standard deviation of 1 % (for detailed information on the source of this number see
[2]) for grain-oriented electrical steel sheet and 2 % for non-oriented electrical steel sheet.

6 Determination of magnetic field strength,-exeitation primary current
and specific apparent power

6.1 General

This Clause 6 describes measuring methods for the determination of the following
characteristics:

— peak value of the magnetic polarization J;
— RMS value of the primary current [;;

— peak value of the magnetic field strength H;
— specific apparent power Sg.

NOTE For the application of digital sampling methods, see Annex D. |
6.2 Principle of measurement
6.2.1 Peak value of the magnetic polarization

The peak value of the magnetic polarization shall be derived from the average rectified value
of the-reetified compensated secondary voltage measured as described in 5.2.1.1.

6.2.2 RMS value of the-exeitation primary current

The RMS value of the-exeitation primary current shall be measured by an RMS ammeter in the
circuit of Figure 5.

T Numbers in square brackets refer to the Bibliography. Documents
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V is the voltmeter that measures the average rectified voltage;
A is the ammeter that measures the RMS value of the primary current;
M is the mutual inductor;
T is the test frame.

Figure 5 — Circuit for measuring the RMS value of the-exeitation primary current

6.2.3 Peak value of the magnetic field strength

The peak value of the magnetic field strength shall be obtained from the peak value I of the
primary current. This shall be determined by measuring the voltage drop across a known
precision resistor-R, R as described in 6.3.5 using—a—peak an electronic voltmeter of high

sensitivity indicating the peak value as shown as V, in Figure 6.
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is the voltmeter that measures the average rectified value of the compensated secondary voltage;

is the voltmeter that measures the peak value (or the RMS value, see 6.3.2) of the voltage drop across the non-

inductive precision resistor;

R is the non-inductive precision resistor;

is the mutual inductor;

T is the test frame.

Figure 6 — Circuit for measuring the peak value of the magnetic field strength

6.3 Apparatus

6.3.1 Average type voltmeter

The average type voltmeter shall be in accordance with 5.2.1.1.

6.3.2 RMS current measurement

The RMS value of the primary current shall be measured either by means of an RMS ammeter
of low impedance of class 0,5 or better (see Figure 5), or by using a precision resistor and an
RMS-elecetronic voltmeter described in 5.2.1.2 (see Figure 6, in this case the peak voltmeter is
to be replaced by an RMS voltmeter).

6.3.3 Peak current measurement

The measurement of the peak voltage across the resistor-R, R (see Figure 6) shall be achieved
either by means of an electronic voltmeter of high sensitivity indicating the peak value, or by

means of a calibrated oscilloscope. Documents
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A peak voltmeter having an uncertainty of £0,5 % or better shall be used.

6.3.4 Power supply
The power supply shall be in accordance with 4.6.
6.3.5 Resistor-R, R

The method shown in Figure 6 requires a precision non-inductive resistor R of a value known
to within £6;5 0,1 %.

The resistance value of the resistor R shall not exceed 1 Q in order to minimize the distortion
of the magnetizing voltage and, thus, to facilitate the sinusoidal waveform of the induced
secondary voltage.

6.4 Measuring procedure
6.4.1 Preparation for measurement

The length of the test specimen shall be measured with an-aceuraey uncertainty of £0,1 % or
better and its mass shall be determined with an uncertainty of +0,1 % or better. The test
specimen shall be loaded and centered on the longitudinal and transverse axes of the-test
windings coil. The partly counterbalanced upper yoke shall then be lowered.

Before the measurement, the test specimen shall be demagnetized by slowly decreasing an
alternating magnetic field starting from well above the—valueto-be measured knee of the
magnetization curve of the test specimen material.

6.4.2 Measurement

| In practice, single values or groups of peak values of the magnetic polarization J and the
magnetic field strength (A or H) are determined.

| If the peak value of the magnetic field strength is specified and the peak value of the magnetic
polarization is to be determined, the primary current shall be set to give the relevant magnetic
field strength (see below). Then the compensated secondary voltage of the-single-sheettester
test apparatus shall be read on the average type voltmeter (see 5.2.1.1).

Again, if the peak vale of the magnetic polarization is specified and the peak value of the
magnetic field strength is to be determined, the secondary voltage shall be set to its specified
value as described in 5.3.2.

For the determination of H, the RMS value of the primary current shall be read on the RMS
ammeter according to the circuit of Figure 5 or on the RMS voltmeter according to the circuit of
Figure 6.

For the determination of H, the peak value of the voltage drop across resistor-R, R shall be
read on the peak voltmeter or the calibrated oscilloscope.

6.4.3 Non-oriented material

In the case of non-oriented material, for the peak value of the magnetic polarizatign J at the
peak value of the magnetic field strength H specified in the product standards f ngents
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materials, the reported value of J shall be calculated as the average over the two measurement
results obtained for the directions parallel and perpendicular to the direction of rolling. For
values of J for other purposes and for the measurement of the specific apparent power and the
RMS value of-exeitation the primary current, the values obtained for the directions parallel and
perpendicular to the direction of rolling shall be reported separately.

6.5 Determination of characteristics

6.5.1 Determination of J

6.5.1.1 Peak value J of the magnetic polarization

RV +R2
Ry
where

R . . ,. |
Ro—is-theresistance-of the-secondary-winding—in-ohms;
e R ———

The peak value of the magnetic polarization is given by the formula:

T amga & (4)
where
J is the peak value of the magnetic polarization, in teslas;
I is the frequency, in hertz;
No is the number of turns of the secondary winding;
A is the cross-section of the test specimen, in square metres;
R; is the combined resistance of instruments in the secondary circuit, in ohms;
R, is the series resistance of the secondary windings of the test apparatus and the mutual
inductor, in ohms;
@ is the average rectified value of the compensated secondary voltage, in volts.
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6.5.1.2 Reproducibility of J

The reproducibility of this method using the test apparatus defined above is characterized by a
relative standard deviation of 0,25 %.

6.5.2 Determination of #

The RMS value of the magnetic field strength shall be calculated from the RMS value of the
primary current indicated by the RMS ammeter-according-te in the circuit of Figure 5 or by -the
RMS voltmeter-aceerding-te in the circuit of Figure 6 as described in 6.3.2:

~ Ny -
A=t (5)
lm

where
H is the RMS value of the magnetic field strength, in amperes per metre;
Ny is the number of turns of the primary winding;

Im is the conventional effective magnetic path length, in metres (/,, = 0,45 m);
I, is the RMS value of primary current, in amperes.

NOTE After several groups of corresponding values of .7 and A have been determined, the magnetization curve
of J against A can be drawn.

6.5.3 Determination of 4

The peak value of the magnetic field strength shall be calculated from the-reading peak value
of the primary current Um IR, indicated by the peak voltmeter in the circuit of Figure 6 as
described in 6.3.3:

U, (6)

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

R, is the resistance value of the non-inductive precision resistor R in Figure 6, in ohms;

U, is the peak voltage drop across-R, resistor R, in volts.

NOTE 1 The amplitude permeability is expressed as:

—+1
uH

M, =

NOTE 2 After several groups of corresponding values of 7 and H have been determined, the magnetization curve
of J against A can be drawn.

6.5.4 Determination of Sg

The apparent power is given by:
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N.
Up|e—

S=i1-02-]]:]];:i1-1,111- (7)

where
S is the apparent power, in voltamperes;
U, is the RMS value of secondary voltage of the single sheet tester, in volts.

NOTE The relation (72:1,111-@ is valid only for sinusoidal voltage.

Division of this quantity by the effective mass of the test specimen mg = Im gives the specific
)

apparent power:

s TA111{U |

R v
where
S is the specific apparent power, in voltamperes per kilogram;
/ is the length of the test specimen, in metres;
m is the mass of the test specimen, in kilograms;
my is the effective mass of the test specimen; in kilograms
@ is the average value of the secondary rectified voltage, in volts;
Ny is the number of turns of the primary winding;
Ny is the number of turns of the secondary winding;
Im is the conventional effective magnetic path length, in metres (/, = 0,45 m);
i1 is the RMS value of primary current, in amperes.

6.5.5 Reproducibility of the measurement of the specific apparent power

The reproducibility of this method using the test apparatus defined above is characterized by a
relative standard deviation of 3 % or less.

7 Test report

The test report shall include the following, as applicable:

a) the type and identity of test specimen;

b) the density of material (conventional or as determined in accordance with IEC 60404-13)
c) the length and width of test specimen;

d) the ambient temperature of measurement;

e) the measurement frequency;

f) the peak values of the magnetic polarization or the magnetic field strength;

g) the results of the measurements.
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Annex A
(normative)

Requirements concerning the manufacture of yokes

It is important to ensure that the power loss dissipated by the yokes is stable and small
compared with the total power loss dissipated by the specimen. A power loss of 1 mW/kg at a
magnetic flux density of 40 mT or of 0,1 mW/kg at 10 mT are typical, measured at a frequency
of 50 Hz (see Figure B.1 and Table B.1). Ways in which the loss can become high are short
circuits between laminations in the yokes and uneven distribution of the magnetic flux inside
the yokes. For the measurement of the power loss dissipated by the yokes, a primary and a
secondary winding wound on the yokes or on appropriate formers shall be used. Four sets of
outer primary and inner secondary windings shall be arranged symmetrically on the four vertical
limbs of the yokes and switched in series connection. The number of turns depends on the
configuration of the measurement instruments. As a typical case. the number of 25 turns for
each sub-winding was found to work properly. The windings shall be disconnected when not
used for the yokes’ loss measurement.

During the manufacture of the yokes with stacked lamination, a stress relief annealing of the
cut strips is required. After bonding the material to build the yokes (which shall be done without
application of high pressure), the pole faces shall be machined. Parallelism shall be proven with
an appropriate gauge, and the uniformity of the air gap checked using engineer's blue. Further
grinding in stages using carborundum and diamond paste will probably be necessary until a
uniform distribution of the engineer's blue indicates a sufficiently homogeneous air gap. The
grinding can be carried out by putting the upper yoke in the normal position of use on top of the
bottom yoke and moving it to and fro through a small distance.

With wound cut C-cores corresponding measures shall be taken so that equivalent performance
characteristics are achieved.

The process of grinding causes the metal to flow between laminations and produces short
circuits. It is important to remove this flowed metal by a careful acid etching process using a
non-oxidizing acid (e.g. hydrochloric acid). This consists in rubbing the pole faces with an acid-
soaked cloth until the flowed layer is removed. It is important to carefully-wash-and-neutralize
the-steel neutralize and wash away the acid remaining on the pole faces and between the
laminations.

It is helpful to measure the yoke’s loss before and after grinding and etching to verify that the
loss has been reduced by this treatment.

A thorough check of the inter-laminar insulation of the yokes with stacked lamination shall be
made after pole face etching and cleaning. The electrical resistance of the laminations of the
upper and the bottom yokes shall be measured separately. The resistance of all the 10 sections,
5 cm long each, along the pole faces of the yokes shall be measured using a contact pattern
strip (see, for instance, Figure 3 in [2]) and an ohmmeter with an uncertainty of 1 % or better.
For monitoring that the transition resistance at each contact is negligible, the_resistance
measurements shall be expanded over all groups of two neighbouring 5-cm spﬂ.tloréoeuments
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all section pairs 10 cm in length. The resistance value of the 10-cm section pairs shall agree
within 5 % with the sum of the two resistance values measured separately over the respective
two 5-cm sections. For proper contact, it is recommended to apply a thin strip of slightly
compressible non-conductive material under the contact strip (correspondingly, on top of the
contact strip when measuring the bottom yoke). The measurements can be made at the air gap
of the front side while the rear side air gap shall be equipped with a strip of isolating material.
For the measurements, the upper yoke shall be set down on the lower yoke.

The resistance value of each 5-cm section of both yokes shall be 10 Q at least. This minimum
value was found with the high quality yokes in the series studied in the exercise shown in
Figure 4 of IEC TR 62981:2017 [2]. The resistance measured between the outermost
laminations of the yokes (over the full length of 50 cm) is then 100 Q at least. For the case of
wound cut C-core yokes it is estimated that, correspondingly, the resistance measured between
the outermost laminations shall be again not less than 100 Q:Thus, the outermost eddy current
path encloses the same magnetic flux in both cases of lamination type.

The inspection of the yokes shall be documented by the manufacturer of the measurement set-
up in a detailed record.

NOTE Details of how to measure the resistivity of the yokes’ 5-cm sections are given in IEC TR 62981 [2].

Before use, the yokes shall be carefully demagnetlzed from a magnet|c flux density well above

=0 ; e the knee of the
magnetization curve of the yoke materlal The wmdmgs for the yokes Ioss measurement can
be used for the demagnetizing. The power loss dissipated by the yokes at the magnetic
polarization which would occur inside the yokes during use shall be measured and recorded by
the manufacturer of the SST set-up in the course of the mandatory quality check of the yokes
before delivery.
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Annex B
(informative)

Check and verification of reliable performance of the SST set-up by the
use of reference samples and impact of the loss dissipated in the yokes

The continuous checking of the performance reliability of a SST set-up is recommended to be
properly managed by the use of reference samples. This is particularly relevant with test
specimens of high permeability materials which are most sensitive with regard to performance
alterations of the set-up. It is recommendable that the laboratory has a set of reference samples
to their disposal which represents the properties of the materials the set-up is mostly used for.

It is also recommended to provide reference samples with magnetic properties certificated by
standards laboratories that have taken part to the latest IEC round robin tests [2] and are able
to trace the sample’s magnetic characteristics to the results of that RRT, or by laboratories
having a specific accreditation.

If conspicuous deviation from expected values appear which also are reproduced when applying
a reference sample of known magnetic characteristics, a check of the electrical measuring part
of the set-up should additionally be made using appropriate means, for instance a calibrated
double signal generator delivering certified electrical power values in the relevant measurement
range.

The systematic error of the SST method is formed by the magnetic loss dissipated in the flux
closing yokes (see 4.3.1). Its relative contribution to the measured loss value depends on the
flux density, grade and thickness of the specimen under test and amounts to about 2 % for high
quality electrical steel sheets at 1,7 Tesla. To benchmark this relative to Epstein frames’
performance, it is noted that, roughly, the SST measures the specific total loss too high by 2 %
and the Epstein frame too low by 4 % (see also [2]).

Studies on the performance of three standard yoke systems (Figure 1), two with a stacked
lamination (SST1 and SST3) and one with wound C-cut core lamination (SST2) were made at
the German standard institute PTB [3] in 1990. The measurement results are shown in
Figure B.1 supplemented by Epstein measurements in the upper region made at IENGF by G.
Bertotti [4]. They present the loss dissipated by various yokes systems and corresponding
Epstein measurements in the low flux density region which reflect the situation in the yokes
under test conditions.
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Figure B.1 — Specific total loss vs. peak flux density (after J. Sievert [3] and
G. Bertotti [4]); straight line: Pg « B1-85 approximation (after C. Ragusa).

It can be seen that the three yoke systems, including the wound C-cut core type, show
agreement within a certain statistical dispersion. The Epstein results of corresponding S-type
(c.g.-0.) and P-type (HiB) grain-oriented material are located - also G. Bertotti’s results in the
upper part - a bit below the yokes’ results. Generally it appears that, in the very low flux density
region, the performance of different yokes systems is equalized because the magnetizing
processes are dominated by domain wall bowing without excess loss production as also can be
concluded from the zero Barkhausen noise in that region. These phenomena could also explain
the amazing agreement of performance of a variety of 10 yokes within the IEC RRT (2013/2014)
[2]. Moreover, in line with this picture are the findings reported by SST manufacturers, that
strong loss variation between yokes made of different materials in the 1.0 T to 1.7 T region are
not reflected in the 10 mT region, i.e. the variations in high flux region appear to be not really
relevant to the yokes’ quality under the relevant test conditions.

The measured loss characteristic of yoke loss values for the relevant flux densities allow to
determine the relative contribution of the yokes, py:

Ry
Py =75— B.1
Py (8.1)
where
Py is the power loss dissipated by the yokes under test conditions, in watts;
Pg, is the total loss of the model specimen at 1,7 T, in watts.

Table B.1 shows 5 examples of grades and their relevant quantities under test conditions at
1,7 T using the data given in Figure B.1. They demonstrate the contribution of the yokes to the
measured value of the total specific loss.
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Table B.1 — Loss dissipated by the yokes of a standard SST, determined from the loss
curves measured on 3 yoke pairs as shown in Figure B.1, and relevant quantities
including the relative yokes' contribution, py; exemplified using 5 standard grades

Nominal . Specific . Relative
Steel name Nominal Loss, P_, of Flux density total loss in Total loss in | ¢4 ntribution
! P J, of yokes yokes, P, at
(examples of | thickness of modelling y yokes at ’ of the yokes
grades) specimen, d | specimen at at 1,7 T of 1,7 T of 1.7Tinthe |, = Py/Pg,
17T specimen specimen specimen
mm w T Wikg w (x100), %
M130-30S5 0,30 0,658 0,010 2 0,000 085 0,011 1,7
M100-27P5 0,27 0,456 0,009 2 0,000 068 0,008 8 1,9
M90-23P5 0,23 0,349 0,007 8 0,000 050 0,006 5 1,9
M80-23P5 0,23 0,310 0,007 8 0,000 050 0,006 5 2,1
M70-20P5 0,20 0,236 0,006 8 0,000 040 0,005 2 2,2

The subtraction of the yokes' power loss will effectuate that the result approaches the physical
true value of loss. However, it should be taken into account that the method is afflicted with
considerable indeterminacy due to the imperfectness of the model used at the air gap region
and the difficult measurement condition in the low flux region. The uncertainty of this correction
procedure is estimated to amount to 10 % to 20 % of the correction (error of error).
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Annex C
(informative)

Epstein to SST relationship for grain-oriented steel sheet

NoTE—This Annex C does not form part of the requirements of this document. It is included for
information for those who wish to convert SST values into Epstein values and vice versa. It
should be noted that the determination of the Epstein/SST ratio usually shows a considerable
dispersion from sample-to-sample pair even for identical grades. In fact, this was the reason
for defining an SST method independent from the Epstein method (changing SST(1982) to SST
(1992)).

This Annex C describes the conversion of SST to Epstein values and vice versa in general, i.e.
where only one of the two methods of measurements has been performed. The general validity
of the presented relationships is restricted because it is subject to larger uncertainty of the
conversion due to the statistical scatter through the varying internal stress of the individual
sheet samples and, even more relevant, through the considerable scattering of the Epstein strip
samples preparation with GO materials. The dispersion of the presented relative SST- Epstein
difference results 8P amounts to about +2 % (for the whole range of J) for the specific total loss,
P, from about +2 % (at J=1,3T)to £10 % (at 1,7 T) for the field strength quantities, H, and

from about +5 % (at 1,3 T) to 20 % (at 1,7 T) for the specific apparent power ([5] and [6]). The
dispersion (uncertainty) values are also a rough estimation only because the scatter is not
normally distributed. Thus, to avoid misunderstanding, it was abstained from indicating error
bars in the diagrams.

The relationships were achieved on the basis of Epstein and SST measurements on about-759
740 samples of the most significant S-type grain-oriented grades, supplied by eight different
manufacturers and taken from d|fferent productlon runs. For further detalls see [5] and [6]. —Ihrs

apphy : Th|s study d|d mclude
very few of high permeability (P) grades WhICh did not show speC|f|c performance.

This informative Annex C is not applicable to the new group of R-type domain-refined (RD)
materials for which, after intense discussions on this issue, a specific SST to Epstein conversion
factor F, = 0,925 at J=1,7 T was introduced [7]. Transformer designers report that they also

apply the findings presented in this Annex C to the design of transformers using non domain-
refined P-type materials.

The relationship between Epstein and SST results can be described by-a-factor the relative
differences (in %) &P (for the specific total loss, P) and 6HS (for the magnetic field B@@uments
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and the specific apparent power, S). The conversion of Epstein results, P gpg , Hgpg and S gps,
to SST results, P sq1, Hggt and S g1, can be carried out using the following formulas:

P ssT = Ps Eps * (1 + 0P/100) (C.1)
Ss,ssT = Ss,ePs * (1 + 0HS/100) (C.3)

Correspondingly, the conversion in the reverse direction can be carried out-as-fellews using the
inverse of Formulae C.1, C.2 and C.3 resulting in Formulae C.4, C,5 and C.6:

Ps eps = Ps st/ (1 +0P/100) (C.4)
SS,EPS = SS,SST/ (1 + (SHS/100) (C6)

NOTE The relation between the Conversion Factor 7. and ¢P is given by the formula F, = 1/(1+6P/100).

The-conversionfactors averaged relative differences as determined from the experiments (see
reference [5] and [6]) are shown as rhombus symbols in the diagrams of Figure C.1 for 6P and
Figure C.2 for 6HS. The values for/=., 1,0 T to 1,2 T, were obtained by extrapolation from
the experimental data. The two diagrams also comprise the curve fits to the experimental data
(continuous lines). The relationships representing the curve fits are as follows:

0P =1,46 + 0,242J J 5 (C.7)

0HS = 6,0 + 0,103-J ./ 10 (C.8)

The relative differences as obtained from Formulae (C.7) and (C.8) and the related conversion
factor are presented in Table C.1. As remarked above, the values aim first and foremost at S-
type grain-oriented grades, however, the application to non-domain refined P-grade materials
has also been reported.
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Table C.1 —Epstein-SST-conversion-factors SP-and-8HS SST-Epstein relative
differences 6P and 6HS and the conversion factor F; for conventional grain-oriented
material in the polarization range 1,0 Tto 1,8 T

JJ 5P S5HS F. = 1/(1+8P/100)
T % %
1,0 1,7 6,1 0,983
1,1 1,8 6.3 0,982
1,2 2,1 6,6 0,979
1,3 2,4 7,4 0,977
1,4 2,8 9,0 0,973
1,5 3,3 12 0,968
1,6 4,0 17 0,962
1,7 5,0 27 0,952
1,8 6,0 43 0,943
< A
a 7
S
6 L 4
5
4
oP=1,46+0242 S5
3 /
2
1
O 1 | | | | | | | >
1 1,1 1,2 1,3 1,4 15 1,6 1,7 1,8
JT
IEC
Key

Rhombus symbols = experimental data (values at 1,0 T to 1,2 T were extrapolated using the measured values)

Continuous line = curve fit to the experimental data according to Formula (C.7)

Figure C.1 —Epstein-SST-conversionfactor 8P SST-Epstein relative difference 6P for

conventional grain-oriented material versus magnetic polarization-J J

Full document details: IEC 60404-3 2022 RLV

Documents

Document Sharing Hub


http://avadocuments2026.com/doc/iec-60404-3-2022-rlv
http://avadocuments2026.com/doc/iec-60404-3-2022-rlv

