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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

2022

FOREWORD

International Electrotechnical Commission (IEC) is a worldwide organization for standardization.comy
all|national electrotechnical committees (IEC National Committees). The object of IEC is to promete interng
cofoperation on all questions concerning standardization in the electrical and electronic fields) T.6 this er
in pddition to other activities, IEC publishes International Standards, Technical Specifications|, Technical Rq
Publicly Available Specifications (PAS) and Guides (hereafter referred to as “IEC Publication(s)”).
preparation is entrusted to technical committees; any IEC National Committee interested in the subject deg
may participate in this preparatory work. International, governmental and non-governnierital organizations |
with the IEC also participate in this preparation. IEC collaborates closely with the International Organizat
Standardization (ISO) in accordance with conditions determined by agreement between the two organizati

The formal decisions or agreements of IEC on technical matters express, as nearly as possible, an interna
cohsensus of opinion on the relevant subjects since each technical committee has representation fr
interested IEC National Committees.

IEC Publications have the form of recommendations for international use and are accepted by IEC N
Cdmmittees in that sense. While all reasonable efforts are made te’ ensure that the technical content
Publications is accurate, IEC cannot be held responsible ferthe way in which they are used or fd
miginterpretation by any end user.

In|order to promote international uniformity, IEC National Committees undertake to apply IEC Publig
tragnsparently to the maximum extent possible in their national and regional publications. Any divergence b¢
IEC Publication and the corresponding national orregional publication shall be clearly indicated in the

itself does not provide any attestation of conformity. Independent certification bodies provide conf|
aspessment services and, in some areas, access to |IEC marks of conformity. IEC is not responsible f
sefvices carried out by independent certification*bodies.

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

liability shall attach to IEC or its directors, employees, servants or agents including individual exper
mgmbers of its technical committeesiand IEC National Committees for any personal injury, property dam
other damage of any nature whatsoever, whether direct or indirect, or for costs (including legal fees
expenses arising out of the ‘publication, use of, or reliance upon, this IEC Publication or any othe
Publications.

At{ention is drawn to the NNormative references cited in this publication. Use of the referenced publicati
indispensable for the-carrect application of this publication.

At{ention is drawn to the possibility that some of the elements of this IEC Publication may be the subject of
rights. IEC shall,not be held responsible for identifying any or all such patent rights.
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IEC 60404-3 has been prepared by IEC technical committee 68: Magnetic alloys and steels. It

is an

This

International Standard.

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)

Epstein method. It was cancelled;

c)
d)

e)

The

Full i
the 4

The |

This
acco
at w
desc

A list
can |

The
stabi
spec

-

€

e W

nex B of the consolidated version of 2010 referred to calibration of the SST using the

nex B (new), Annex C and Annex D were revised, they are for information.6nly;
nex C was modified taking account of the new situation regarding P and\R‘grades;

nex D was amended by addition of Clause D.4 on the numerical air flux compensation.

ext of this International Standard is based on the following documents:
Draft Report on vating
68/699/CDV 68/710/RVE

hformation on the voting for its approval can be found in the report on voting indicated in
bove table.

anguage used for the development of thisslnternational Standard is English.

document was drafted in accordance*with ISO/IEC Directives, Part 2, and developgd in
dance with ISO/IEC Directives, Par¥’1 and ISO/IEC Directives, IEC Supplement, avalilable
vw.iec.ch/members_experts/refdocs. The main document types developed by IEQ are
ibed in greater detail at www.lec.ch/publications.

of all parts in the IEC 60404 series, published under the general title Magnetic matelrials,
e found on the IEC website.

tommittee has decided that the contents of this document will remain unchanged untjil the

ity date indicated on the IEC website under webstore.iec.ch in the data related tp the
fic documeént. At this date, the document will be

confirmed,

ithdrawn,

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 stri;L and
sheef for measurement of AC magnetic properties at power frequencies.

The pbject of this document is to define the general principles and the technicall details qf the
meagurement of the magnetic properties of-magnetic-sheets electrical steel strip and shefet by
mearns of a single sheet tester (SST).

This]
a4
fd
fd
by—nf
fd
fd

The gingle sheet tester is applicable to test specimens obtained from-magnetic sheets-and-g$irips
of-anhguality electrical steel strips and sheets of any grade. The AC magnetic characterjstics
are defermined 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
comperents

IEC $0404-13, Magnetic materials — Part 13: Methods of measurement of rresistivity, dgnsity
and §tacking factor of electrical steel strip and sheet

3 Terms and definitions

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

ISO Ind IEC maintain terminological databases foryuse in standardization at the follgwing
addresses:

o |EC Electropedia: available at https://www glectropedia.org/

]
T

O Online browsing platform: available at https://www.iso.org/obp
4 General principles of AC measurements

4.1 General

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

4.2 | Principle of the single sheet tester method

The {est specitmen comprises a sample of-magnetic electrical steel sheet and is placed-ipside
in the centerof two concentric windings:

— ap_éxterior primary winding (magnetizing winding);

— aninterior 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 |nS|de of the yokes the—larttewC yokes shaII be made of a pa|r of wound cut C -cores
. ety (see

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

The {wo pole faces of each yoke shall be coplanar to within 0,5 mm and the gap betweep the
oppogite 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, tensioningl and
compgression in the test specimen.

The height of each yoke shall be between 90 mm and 150 mm:Each yoke shall have a width
of 50p*3 mm and an inside length of 450 mm + 1 mm (see Figuré 2).

NOTElL it is reco
NI+ E—HSFecogh

There¢ shall be a non-conducting, non-magnetic support on which the test specimen is placed,
betwgen 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 qf the
suppprt is positioned higher than the plane of the pole faces of the bottom yoke.

Windings \

Test specimen

A TIPTITTTTTTT 777 77777777, 7 Z’Z"Zf
= TIIIIGITIELIIIETEITIIEIIIIAIIIIINEEIS 2}2‘"@ 7
Y 7 ’4
ninl
LA z;ﬁ
=
L—_—
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Windings
[}
/ e : Yoke
Test specimen o
IEC
a) Cross-section of the SST
|1yl
RER
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IEC

b) Schematic view»ofthe 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
e o ; A ; - After insertipn of
the fest specimen, the upper yoke shall be Iowered to close the magnetic circuit|and,
simultaneously, {He pole faces of the bottom and upper yokes shall be aligned accurately. To
minirize the effects of pressure on the test specimen, the upper yoke shall be provided With a
mears of suspension. The suspension of the upper yoke shall allow part of its weight {o be
counferbalanced so as to give a force on the test specimen of between 100 N and 200 N.

NOTEL_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
&
A
38
r\\}\
A
Te]
N
IEC
Figure 2 — Yoke dimensions
4.3.2 Windings
The ¢oil system inside the yokes shall have two windings:

a

a

primary winding, on the outside (magnetizing winding);

secondary winding, on the inside (voltage winding);

The primary (outer) and secondary (inner) windings shall be at least 440 mm in length and

be w
dime

lg

N

N

=2

bund uniformly on a non-conducting, non-magnetic and rectangular former.
hsions of the former shall be as follows:

ngth: 445 mm £ 2 mm;

ternal width: 510 mm = 1 mm;

ternal height: 5702 mm;

bight: <15 mm.

The primary winding can be(made up of:

TO 0O

B0

ther five or more.coils having identical dimensions and the same number of

Dils, each coil can be made up of 400 turns of copper wire 1 mm in diameter, wound i
yers;

r a singlecontinuous and uniform winding taking up the whole length. For example
inding-¢éan be made up of 400 turns of copper wire 1 mm in diameter, wound in o

lore alrers layer.

shall
The

turns

bnnected in parallel and taking up the whole length (see Figure 3). For example, with five

n five

this
he—or

7\ /A /AN A\ W /A

A\ J \J A\ \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.
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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.

Key

vV, is
V, is
A is
Hz th
W th3
M is
T is

O ©
{

IEC

he voltmeter that measures the average rectified voltage;

he voltmeter that measures the RMS voltage;

he ammeter that measures the RMS value of the primary currént;
t measures the frequency;

t measures the power;

he mutual inductor;

he test frame.

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

alter
appa
wind
of th
comb

the test specimen.

NOTE
Claus

The ’Edjustment of the value of the mutual inductance shall be made so that when passir

g an

atus, the voltage measured between the non-common terminals of the seco
ngs shall be no more than 0,1 % of the voltage appearing across the secondary wi
b test apparatus(alone. Thus, the average value of the rectified voltage induced i
ined secondary_windings is proportional to the peak value of the magnetic polarizati

1 Alternatively, the air flux compensation can be executed by the numerical method (for details, see An
e D.4):

NOTE

ating current through the primary windings in the absence of the test specimen in thI test

dary
ding
h the
on in

hex D,

2\ the rest of this document, the term “compensated secondary voltage” is used to mean “voltage in|

duced

in the

4.5

secondary winding compensated for the effect of air flux”.

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 testspecimen shall be cut without the Tormation of exXCessive burrs or mechanical distoftion.
The fest specimen shall be plane. When a test specimen is cut, the edge of the parent-sttip coil

is taen as the reference direction.-Thefollowing-tolerances-are-allowed-for The angle-betveen

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

+I° for grain oriented steel sheet;
+p° 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 squafe,”in which case oneg test
spec|men only is necessary.

4.6 | Power supply

The power supply shall be of low internal impedanceé *and shall be highly stable in terms
of voJtage and frequency. During the measurementy the voltage and the frequency shgll be
mainfained constant within £0,2 %.

In addition, the waveform of the compensatéd-secondary-induced voltage shall be maintained

as sinusoidal as possible.-lt-is—preferabléto—maintain The form factor of the compengated

secopdary voltage shall be maintained-t@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
feedipack system.

5 Determination of the'specific total loss

5.1 Principle of méasurement

The-$ingle-sheetiester test apparatus with the inserted test specimen represents an unloaded
transformer the tetal loss of which is measured by the circuit shown in Figure 4.

5.2 | Apparatus

5.2.1L - 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.
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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

5.2.2

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

Frequency measurement

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

NOTE,

5.2.3

The iower shall be measured by a wattmeter having an-aceuracy uncertainty of £0,5,% or i

at th

NOTE|

The

ranges. If necessary, the losses in the secondary circuit shall be subtracted from the indi

loss

The

reactance, unless the wattmeter is compensated for its feactance.

If a
seco

NOTE
5.3
5.3.1

The
bette

Eorthe application-of digital-sampling-methods—see-AnnexD
P 4 LaARRE Y

Power measurement

actual power factor and crest factor.
e e . , _
bhmic resistance of the voltage circuit of the wattmeter shall be~at least 100 Q/V f

alue, see Formula (3) in 5.3.3.1.

etter

or all
ated

bhmic resistance of the voltage circuit of the wattmeter shall be at least 5 000 timegs its

current measuring device is included in the«gircuit, it shall be short-circuited whe
ndary voltage is adjusted and the loss is measured.

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

ength of the test specimen-shall be measured with an-aceuraey uncertainty of £0,1
I and its mass determined within £0,1 %. The test specimen shall be loaded and ce

h the

% or
ntred

on the longitudinal and transverse axes of the-testcoil windings, and the partly counterbalanced

uppe

Befo

alterpating magnetic field starting from well above the—value-to-be -measured knee 0

magr

5.3.2

' yoke shall be lowered.

e the measurement, the test specimen shall be demagnetized by slowly decreasirn

etizatian-curve of the test specimen material.

g an
f the

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:

__ Ri _
Uz |= 47N, R+E AJ

1

where

V2]

is the average value of the secondary rectified voltage, in volts;

(1)
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is the length of the test specimen, in metres;

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=—no 2
. (2)
wherp
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\vélue determined in accordance
with [EC 60404-13, in kilograms per cubic metre.
5.3.3 Measurements
5.3.3]1
Cilv'f‘llt O'F the \Alattm ter |s no t ove rloaded_ Tha ammni'nr ehall H'\nn hn eholv't Clrculted anj the
secopdary-voltagereadjusted: The primary\gUrrent shall be checked to ensure that the cyrrent
circult of the wattmeter is not overloaded. lf\a current-measuring device is included in the cifcuit,
it shgll be short-circuited when the secodary voltage is adjusted and the loss is measure(d.
After| checking that the waveform“ef the compensated secondary voltage stands withip the
required tolerances, the wattmeter shall be read. The value of the specific total-pewer loss|shall
then pe calculated from the formula:
owy anfo)? ] &
Py =+
L N2 Ri J mlm
e
P=| P -
S { N, R |ml, (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);
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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.

o
. M . . ’ :
FeCHOCO 10T COHOUTTPHOTT HT tHOoT COUHt o,

5.3.3l2 In the case of non-oriented-material electrical steel, for values of the specifi¢'tota| loss
specified in the product standards for magnetic materials, the reported value of the-specifigtotal
loss |shall be calculated as the average of the two measurement results obtained fof the
directions parallel and perpendicular to the direction of rolling. For other purpoeses, the values
of thg¢ specific total loss parallel and perpendicular to the direction of rolling shall be repprted
sepafately.

5.3.4 Reproducibility of the measurement of the specific total Joss

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

6 Determination of magnetic field strength,“exeitation primary current
nd specific apparent power

[\

6.1 General

This | Clause 6 describes measuring.“methods for the determination of the follqwing
characteristics:

— ppak value of the magnetic p@tarization J;

— RMS value of the primar{ current [;;

— pgak 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.
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IEC 2705/02

he voltmeter that measures the average rectified voltage;
he ammeter that measures the RMS value of the primary current;
he mutual inductor;

he test frame.

Peak value of the magnetic field strength

tivity indicating the peak-value as shown as V, in Figure 6.

< :H:f o

IEC

Figure 5 — Circuit for measuring the RMS value of the-excitation primary curren

peak value of the magnetic field strength shall be obtained from the peak value I g
primary current. This shall be determined by measuring the voltage drop across a k
sion resistor-R, R as deseribed in 6.3.5 using—a—peak an electronic voltmeter of

f the
hown
high
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+ O O,

IEC 2706/02

= m+ ®

IEC

is fhe voltmeter that measures the average rectified value of the conipénsated secondary voltage;

is fhe voltmeter that measures the peak value (or the RMS val@iéy'see 6.3.2) of the voltage drop across thg non-
inquctive precision resistor;

R is fhe non-inductive precision resistor;
is fhe mutual inductor;

is [he test frame.

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

Apparatus

6.3
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.
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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 Figurp 6 requires a precision non-inductive resistor R of a value known

to within £6:5 0,1 %.

The fesistance value of the resistor R shall not exceed 1 Q in order to minimize the distgrtion
of the magnetizing voltage and, thus, to facilitate the sinusoidal wavegform of the induced
secopdary 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
bettef and its mass shall be determined with an wuncertainty of +0,1 % or better. The test
spec|imen shall be loaded and centered on the longitudinal and transverse axes of thg-test
windings coil. The partly counterbalanced upper‘yoke shall then be lowered.

Before the measurement, the test specimen shall be demagnetized by slowly decreasirjg an
alterpating magnetic field starting from»well above the—valueto-be measured knee of the
magrnetization curve of the test specimeh material.

6.4.2 Measurement

In practice, single values .or“groups of peak values of the magnetic polarization J ang the
magnetic field strength (Aor H) are determined.

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

AgaipNif“the peak vale of the magnetic polarization is specified and the peak value df 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 polarization J at the
peak value of the magnetic field strength H specified in the product standards for magnetic
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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

T amga & (4)
wherk
J is the peak value of the magnetic polarization, in teslas;
f 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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.2 Reproducibility of J

The reproducibility of this method using the test apparatus defined above is characterized by a

relati

6.5.2

ve standard deviation of 0,25 %.

Determination of 4

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-according-to in the circuit of Figure 6 as described in 6.3.2:

3
@

NOTE
of J

6.5.3

The
of th
desc

=2y,
lm

the RMS value of the magnetic field strength, in amperes per metre;

the number of turns of the primary winding;

the conventional effective magnetic path length, in metres’(4, = 0,45 m);
the RMS value of primary current, in amperes.

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

Determination of 4

beak value of the magnetic field strength'shall be calculated from the-reading peak
e primary current Um /R, indicated;by the peak voltmeter in the circuit of Figure
ibed in 6.3.3:

the peakivalue of the magnetic field strength, in amperes per metre;
the resistance value of the non-inductive precision resistor R in Figure 6, in ohms;

isthe peak voltage drop across-R, resistor R, in volts.

NOTE

1 The amplitude permeability is expressed as:

—+1
uH

M, =

(%)

curve

alue
6 as

(6)

NOTE 2 After several groups of corresponding values of 7 and H have been determined, the magnetization curve

of J

6.5.4

against A can be drawn.

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.

ot -
NOTE[ TheTeration U,= 1T IU,[ 15 valid only for sinusordal voltage.

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

apparent power:

T 4111-U, N
S, =i=¢ (8)
T om ml,, Ny

a

wherg

S is the specific apparent power, in voltamperes pef 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 theprimary winding;

Ny is the number of turns ofthre 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 feproducibility of this method using the test apparatus defined above is characterized by a
relative standard deviation of 3 % or less.

7 Tlesf 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 limportant to ensure that the power loss dissipated by the yokes is stable and gmall
compared with the total power loss dissipated by the specimen. A power lgss*of 1 mW/kg at a
magnetic flux density of 40 mT or of 0,1 mW/kg at 10 mT are typical, megsured at a frequency
of 5( Hz (see Figure B.1 and Table B.1). Ways in which the loss cap(bécome high are ghort
circults between laminations in the yokes and uneven distribution of\the magnetic flux ipside
the yjokes. For the measurement of the power loss dissipated by\the yokes, a primary gnd a
secopdary winding wound on the yokes or on appropriate formers shall be used. Four sgts of
outernl primary and inner secondary windings shall be arranged\8ymmetrically on the four vefrtical
limbg of the yokes and switched in series connection. Thesxnumber of turns depends on the
configuration of the measurement instruments. As a tyQical case. the number of 25 turrls for
each|sub-winding was found to work properly. The windings shall be disconnected whep not
used|for the yokes’ loss measurement.

Durirlg the manufacture of the yokes with stagked lamination, a stress relief annealing gf the
cut sfrips is required. After bonding the material to build the yokes (which shall be done without
applifation of high pressure), the pole faces shall be machined. Parallelism shall be proven with
an appropriate gauge, and the uniformityoof the air gap checked using engineer's blue. Fyrther
grinding in stages using carborundum*and diamond paste will probably be necessary uptil a
unifofm distribution of the engineér'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 af the
bottojm yoke and moving it te-and fro through a small distance.

With wound cut C-coresteorresponding measures shall be taken so that equivalent performjance
chargcteristics are achieved.

The process of)grinding causes the metal to flow between laminations and produces ghort
circults. It is(important to remove this flowed metal by a careful acid etching process usjng a
non-¢xidizing acid (e.g. hydrochloric acid). This consists in rubbing the pole faces with an jacid-
soakged,cloth until the flowed layer is removed. It is important to carefully-wash-and-neutialize
the-gteéV 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 sections, i.e. over
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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

lamirfations of the yOKes (over the 1ull Teng cm) 1S then at least. € cape of
wour]d cut C-core yokes it is estimated that, correspondmgly, the resistance measure veen
the outermost laminations shall be again not less than 100 Q:Thus, the outermost e@’ rrent
path lencloses the same magnetic flux in both cases of lamination type. (1/(‘[/

The inspection of the yokes shall be documented by the manufacturer of th%gveasurement set-
up inla detailed record.

NOTE| Details of how to measure the resistivity of the yokes’ 5-cm sections are i@ﬁn IEC TR 62981 [2].

ag netlc flux density well above
=0 #e e the knee (f the
magnetization curve of the yoke materlal The wmdmgs fo he yokes Ioss measurement can
be uped for the demagnetizing. The power loss dlssg d by the yokes at the magfnetic
polarjization which would occur inside the yokes durin e shall be measured and record¢d by
the r:ranufacturer of the SST set-up in the course oé& mandatory quality check of the yjokes

o

before delivery. S\Q\

e use, the yokes shall be carefully demagnet|zed from a
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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 th¢ir disposal which represents the properties of the materials the sef-up is mostily u&

i for.

N\
It is 4lso recommended to provide reference samples with magnetic properties ¢ ated by

stang
to trdg
havir

If corn
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perfg

and the Epstein frame too low by 4 % (see also [2]).
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Figure B.1 — Specific total loss vs. peak flux density (af . Sievert [3] and
G. Bertotti [4]); straight line: Pg « B1-85 approximat'e)n after C. Ragusa).
NZ
It caph be seen that the three yoke systems, includingé\e wound C-cut core type,
in

agre¢ment within a certain statistical dispersion. The
(c.g.{0.) and P-type (HiB) grain-oriented material ar
uppef part - a bit below the yokes’ results. General
regiojn, the performance of different yokes syst
procg¢sses are dominated by domain wall bowi ithout excess loss production as also ¢
concluded from the zero Barkhausen noise '%gﬁt region. These phenomena could also e
the amazing agreement of performance of riety of 10 yokes within the IEC RRT (2013/2
[2]. Moreover, in line with this picture\?éthe findings reported by SST manufacturers
stronjg loss variation between yokes made of different materials in the 1.0 T to 1.7 T regio
not reflected in the 10 mT region, \t@ the variations in high flux region appear to be not |
relevant to the yokes’ quality un&g.r he relevant test conditions.

results of corresponding S

appears that, in the very low flux de
s is equalized because the magne

The measured loss charactg’fshc of yoke loss values for the relevant flux densities allg
detefmine the relative c@trlbutlon of the yokes, py:

C)O

N
o)
<</C)

ted - also G. Bertotti’s results ih

show
-type
the
nsity
izing
n be
plain
014)
that
n are
eally

w to

(B.1)

wher
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 t
measured value of the total specific loss.

o the
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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 @
M90-23P5 0,23 0,349 0,007 8 0,000 050 0,006 5 0~ 9
-
M$0-23P5 0,23 0,310 0,007 8 0,000 050 0,006 5 ﬂq/ 2,1
-
MY0-20P5 0,20 0,236 0,006 8 0,000 040 0,005 @]Q‘ 2,2
v V’
o)
The $ubtraction of the yokes' power loss will effectuate that the result prroaches the physical

true
cons
and
proc

Value of loss. However, it should be taken into account that t ethod is afflicted

e difficult measurement condition in the low flux region.Qgi)uncertainty of this corre
dure is estimated to amount to 10 % to 20 % of the co‘r\hg ion (error of error).

O

with

derable indeterminacy due to the imperfectness of the mo eb.lsed at the air gap re¢gion

ction
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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

(199977

@
o L

&
D 4
R

REoR
5

[

a
e
dto—grain-oriented 3 3 id o D
ralatibnehine ic ciithiaect to the laraer tuncertainty ofSthae convarcsion heecause tha ctatiktieal
FeratHphASHPS1S—SUBject—to—thReargerdhceriaiity—oOR{He—CconRversionr,—oecadse—tne—Sstatptcan
scattbr due to-the internal stress  ete of the individual sheet sample_is considerable ! This
scattpr—ade+tothretHerrat—SstesSs—etc—ot—theHhaghdadat—SheetSanpie1S—CoRsigeradie 1S
amounts toabout+2 % (forthe wholeranae of D forthe snecifictotalloss P from about 3 9
HROHHS o aboUt=L—"{HtoHtREe-WHROIeahge- o) e tHe-SPpeciHC o108 S T HOMADOottEo—e
(at- =13 TV to +10 % (3t 1 7 T\ for the field-strenath-auantities - and from-about +5 9% (3t
ot Ho— )01 o—~7/ @t )tortheHe G SHe gt quahltide S+ aRaHoM 3 pDoUtE=oJeo{(at
1537 9
ki - b b

This Annex C describes the conversionnsf SST to Epstein values and vice versa in generg, i.e.
wherg only one of the two methods of measurements has been performed. The general vglidity
of thg presented relationships is, restricted because it is subject to larger uncertainty qf the
conversion due to the statistical;’scatter through the varying internal stress of the indiiidual
sheef samples and, even mafre¥elevant, through the considerable scattering of the Epstein|strip
samples preparation with GO materials. The dispersion of the presented relative SST- Epstein
diffeflence results 6P amaunts to about +2 % (for the whole range of J) for the specific totallloss,
P, flom about +2 %_(at J=1,3T)to £10 % (at 1,7 T) for the field strength quantities, A| and
from jabout +5 % (at™,3 T) to 20 % (at 1,7 T) for the specific apparent power ([5] and [6])} The
dispdrsion (unce€rfainty) values are also a rough estimation only because the scatter is not
normjally distributed. Thus, to avoid misunderstanding, it was abstained from indicating [error
bars [n the.diagrams.

v

The felationships were achieved on the basis of Epstein and SST measurements on abouf-#58

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]. —Ih+s

apphy : ThIS study dld mclude
very few of high permeab|l|ty (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, atter 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-facter the relative
differences (in %) &P (for the specific total loss, P) and HS (for the magnetic field strength, H
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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:

PS,SST = PS,EPS X (1 + 6P/100) (

Ss,ssT = S gps * (1 + 6HS/100)

C.1)

(C.2)

(C.3)

Corrlspondingly, the conversion in the reverse direction can be carried out-as-folows usin

inver

NOTE

The-
refer

5e of Formulae C.1, C.2 and C.3 resulting in Formulae C.4, C,5 and C.6:
PS,EPS = PS,SST/ (1 + 5P/100)

SS,EPS = SS,SST/ (1 + (SHS/100)

The relation between the Conversion Factor F . and JP is giyen by the formula F, = 1/(1+6P/100).

bonversionfactors averaged relative differencesdéas determined from the experiments
bnce [5] and [6]) are shown as rhombus symbels in the diagrams of Figure C.1 for 1

the
(con

Figu%f C.2 for 6HS. The values for-J/=.J 1,0 T to 1,2 T, were obtained by extrapolation

perimental data. The two diagrams also-comprise the curve fits to the experimental
inuous lines). The relationships representing the curve fits are as follows:

OP =1,46 + 0,242-J J5

0HS = 6,0 + 0,103-J ./ 10

g the

C.4)

C.5)

C.6)

(see
P and
from
data

The 1
facto

elativerdifferences as obtained from Formulae (C.7) and (C.8) and the related conve|

rsion
at S-

F.are presented in Table C.1. As remarked above, the values aim first and foremost

rials

type

H ol 2l 1= dhl L I 4 2l H £ a D 2l £
Tamnmmr-uricriitcyu yIaUUO, nmuwcover, LT OPPII\;GLIUII U TiurnmuuTtiant 1oernmicu'1 ylauc LLLI= 1Y

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 01943
S
al7
S
6 L 4
5
4
oP =146 + 0,242 S
3 /
2
1
0 1 | | | | | | |
1 14 1,2 1,3 1,4 1,5 1,6 1,7 1,8
JIT
FC
Key
Rhompus{symbols = experimental data (values at 1,0 T to 1,2 T were extrapolated using the measured valueq)

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
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30 /
25 /

20

. E//
10

IEC

Key
Rhompus symbols = experimental data (values at 1,0 T to 1,2 T were extrapolated using the measured valueq).
Continjuous line = curve fit to the experimental data according to forpiula<(C.8).

Figure C.2 —Epstein-SST-conversionfactor 8HS SST-Epstein relative difference SHfS for

conventional grain-oriented material versus magnetic polarization-J J
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Annex D
(informative)

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

D.1 General

The digital sampling method is an advanced technique that is becommg almost excluswely
i grized
S the

» 100,
test
d uy;

d tions
during the narrow and equidistant time periods each by sample-and-hold gircuits. They are|then
immgdiately converted to digital values by analogue-to-digital converters)(ADC). The data |pairs
sampled over one or more periods together with the specimen afd” the set-up parameters,
provide the complete information for one measurement. This. data set enables computer

The [digital sampling method may be applied to the ,measurement procedures which are
descfibed in the main part of this document. The block.diagram in Figure 4 applies equql/ly to

d by
a commbined system of a data acquisition equipmient and software. The control of the sinugoidal
wavdform of the secondary voltage can alsocbe realized by a digital method. Howevel, the
purp¢se and procedure of this technique are.different from those of this Annex D and arg not
treated here. More information can be found in [8] and [9].

This [Annex D is helpful in understanding the impact of the digital sampling method on the
precision achievable by the methods of this document. This is particularly important begause
ADCcircuits, transient recorders.and supporting software are easily available thus encouraging
one fo build one’s own wattmeter. The digital sampling method can offer low uncertainty, put it
leadq to large errors if improperly used.

D.2 | Technical details and requirements

The principle”of the digital sampling method is the discretization of voltage and time, i.g. the
replacement-of the infinitesimal time interval d¢ by the finite time interval Ar:

1 1
At:—: =

nofon

(D.1)

i
1

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;

Jfs is the sampling frequency, in points per seconds.
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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 [10] and

the sampling frequency, f,, should be greater than twice the higher order harmonic of the input
signal-bandwidth (Nyquist-Shannon condition [10]).

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

R 1 1 T 1 n—1
J= L i 3 || D.2)
TGAT 25 = AJoNpAd =gt ] ‘

The ¢alculation of the specific total loss is carried out by point-by-point multiplication of the up;
and y4; values and summation over one period as follows2:

A 1A
I RNoAp,, njéé 772

ITNATRNARTS
\l }\.‘L =

1 N1 1 i [722 1 N n1
P = Uy (1)U (1) dt -2 | =
e RnNZT[;[O 1()U (1) dt AT RNZnZ 1j42) = Z 27| |D.3)

=
>
0]
=
4%

J i the peak value of the magnetic polarization, in teslas;
iy the specific total loss of the, specimen, in watts per kilogram;

P
T iq the length of the period.-ef'the magnetization, in seconds;
f iq the frequency of the magnetization, in hertz;

Jfs igthe sampling frequency, in points per second,

N, ig the number of\turns of the primary winding;

N, ig the number-of turns of the secondary winding;

N
1)

the cress-sectional area of the test specimen, in square metres;
is ‘the resistance of the non-inductive precision resistor R in series with the primary

HP== H L | A I
|||un|y \DUU 1 IHUIU U’, mr UrIrto,

U, is the voltage drop across the non-inductive precision resistor R, in volts;

2 The peak value of the magnetic field strength and the apparent power can be calculated correspondingly by
using
~ N ~ ~ ]V1 ~
H="1 Uy H=—- Uy
Rl Rnlm
N [1& [1&
and- Sg-= 1 S g2 S uy 2 Sgz——mn—— u
T ImRN2Apm \n STV 0 57 s ZRNZApm 21011 Z, 0uz,”
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U, is the secondary voltage, in volts;

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

j is the index of instantaneous values;

Pm is the conventional density of the test material, in kilograms per cubic metre.

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

Uz is the RMS value of the voltage induced in the secondary winding, in volts.

The pairs of values, Up; and uy;, can then be processed by a computer or, for-real|time

procgssing, by a digital signal processor (DSP) using a sufficiently fast digital multiplier and
addef without intermediate storage being required. Keeping the Nyquist condijtion is pogsible
only where the sampling frequency f; and the frequency f of the magnetization are derived|from

a compmon high frequency clock and thus, have an integer ratio fi/f. In that‘case, U(t) and|Uy(t)

may pe scanned using 128 samples per period with sufficient accuraeyvThis figure is, accofrding
Shannon theorem, determined by the highest relevant frequéncy in the H(t) signal, which
is normally not higher than that of the 41t harmonic [11]. However, some commercial|data
acqujsition equipment cannot be synchronized with the frequeney of the magnetization an(d, as
a corjsequence, the ratio f /fis not an integer, i.e. the Nyquist condition is not met. In that ¢ase,

the seampling frequency must be considerably higher (500 samples per period or more) in prder
to kelep the deviation of the true period length from-~the nearest time of sampled point gmall.
Keeping the Nyquist condition becomes a decisive advantage in the case of higher frequency
applifations (for instance at 400 Hz which is within'the scope of this document). The usg of a

ver, the two voltage channels should transfer the signals without a significant phase [shift.
The phase shift should be small enough so that the power measurement uncertainty spegified
document, namety\0,5 %, is not exceeded. The consideration of the phase shift is more
relevant the lower thie Jpower factor cos(¢) becomes (¢ being the phase shift between the
fundamental components of the two voltage signals). For this reason, the concept of a gingle
chanpel with multiplexer leading to different sampling times for the instantaneous values gf the
two Joltages isqot to be recommended.

Signal conditioning amplifiers are preferably DC coupled to avoid any low frequency phase [shift.
Howevéry DC offsets in the signal conditioning amplifiers can lead to significant errors in the
numerically calculated values. Numerical correction cancelling can be applied to remove such
DC offsets.

D.3 Calibration aspects

The verification of the repeatability and reproducibility requirements of this document make
careful calibration of the measurement equipment necessary. The two voltage channels
including preamplifiers and ADC can be calibrated using a calibrated reference AC voltage
source [13]. In addition, the phase performance of the two channels and its dependence on the
frequency should be verified and possibly be taken into account with the evaluation processing
in the computer. 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.


https://iecnorm.com/api/?name=a4417fb82e4b643a763a3b900626b7fa

IEC 60404-3:2022 RLV © IEC 2022 - 35—

D.4

Numerical air flux compensation

The numerical air flux compensation can be done similar to the principle of mutual inductor

(see,

for instance, [8]).

€ dU4(1)

(D.4)

hvoid

Uy (t)=U. t)—

26 (1) =Uan (-7,
U,.(f) TS The compensated secondary maduced voltage i volts, Q
U,,,(1) is the uncompensated secondary induced voltage in volts; Q}/
C i the value of compensation factor in Ohm seconds; (1/(1/
U, i the voltage drop across the precision resistor R in volts; (19
R, ig the resistance of the non-inductive precision resistor R in series wi&/‘?e primary winding

i ohms. b‘
First) the voltage drop across the precision resistor R, , U4(?), is h@rentiated in a way to
phase shifts and significant noise amplification injected fro e current signal. A pogsible
meth

pd can be a five-point or twelve-point differentiation. «

O

Secohndly, the compensation can be done as shown irérmula (D.4).

The

pdjustment of the value of compensation @r can be made so that, when passirlg an

aIterTating current through the primary windings in the absence of the specimen in the

appa
volta

The
impe

he appearing across the secondary
.\@
humerical air flux compensati \}‘5 advantageous to avoid increases in phase shif
Hance of windings caused % ition of mutual inductor.

S

ing of the test apparatus alone.

QOQ
@ .
OQ‘

D
&

atus, the compensated voltage shall no more than 0,1 % of the non-compensgated

and
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FOREWORD

The International Electrotechnical Commission (IEC) is a worldwide organization for standardizatign.comy
all|national electrotechnical committees (IEC National Committees). The object of IEC is to promete interng
cofoperation on all questions concerning standardization in the electrical and electronic fields) T.6 this er
in pddition to other activities, IEC publishes International Standards, Technical Specifications|, Technical Rq
Publicly Available Specifications (PAS) and Guides (hereafter referred to as “IEC Publication(s)”).
preparation is entrusted to technical committees; any IEC National Committee interested in the subject deg
may participate in this preparatory work. International, governmental and non-governnierital organizations |
with the IEC also participate in this preparation. IEC collaborates closely with the International Organizat
Standardization (ISO) in accordance with conditions determined by agreement between the two organizati

The formal decisions or agreements of IEC on technical matters express, as nearly as possible, an interna
cohsensus of opinion on the relevant subjects since each technical committee has representation fr
interested IEC National Committees.

IEC Publications have the form of recommendations for international use and are accepted by IEC N
Cdmmittees in that sense. While all reasonable efforts are made te’ ensure that the technical content

Publications is accurate, IEC cannot be held responsible fer'the way in which they are used or fd
miginterpretation by any end user.

In|order to promote international uniformity, IEC National Committees undertake to apply IEC Publig
tragnsparently to the maximum extent possible in their national and regional publications. Any divergence b¢
anly IEC Publication and the corresponding national or,regional publication shall be clearly indicated in the

IEC itself does not provide any attestation of conformity. Independent certification bodies provide conf]
aspessment services and, in some areas, access to IEC marks of conformity. IEC is not responsible f
sefvices carried out by independent certification*bodies.

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

Nd liability shall attach to IEC or its direttors, employees, servants or agents including individual exper
mgmbers of its technical committeesiand IEC National Committees for any personal injury, property dam
other damage of any nature whatsoever, whether direct or indirect, or for costs (including legal fees
expenses arising out of the ‘publication, use of, or reliance upon, this IEC Publication or any othe
Publications.

At{ention is drawn to the Normative references cited in this publication. Use of the referenced publicati
indispensable for the-correct application of this publication.

At{ention is drawn to the possibility that some of the elements of this IEC Publication may be the subject of
rights. IEC shall,not be held responsible for identifying any or all such patent rights.
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IEC $0404-3has been prepared by IEC technical committee 68: Magnetic alloys and stegls. It

is an|Intefhational Standard.

This

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

was

edition:

a) Annex A was revised. The method of determining the yokes’ lamination resistance
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.
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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 indicat
the above table.

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

ed in

This |[document was drafted in accordance with ISO/IEC Directives, Part 2, and develoep

ed in

accofdance with ISO/IEC Directives, Part 1 and ISO/IEC Directives, IEC Supplement).available

at wyw.iec.ch/members_experts/refdocs. The main document types developed)by IEQ
descfibed in greater detail at www.iec.ch/publications.

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

are

rials,

The ¢gommittee has decided that the contents of this document wilkfemain unchanged untjil the

stability date indicated on the IEC website under webstore.ie€.ch in the data related t
specf|fic document. At this date, the document will be

-

¢confirmed,
e withdrawn,

-

e¢placed by a revised edition, or

e amended.

b the

contains colours which are considered to be useful for the correct understanding o
contents. Users should therefore print this document using a colour printer.

IMPORTANT - The "colour inside"” logo on the cover page of this document indicates thiat it

f its
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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 Scope

2022
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The measurements are made at an ambient temperature,of’ (23+5)°C on test specimens

have

NOTE
standd

In or
bette
Anneg

2 Normative references

The following documentsqare referred to in the text in such a way that some or all of their co

cons
For
amer

IEC §

IEC §

for measurement of AC magnetic properties at power frequencies.

bbject of this document is to define the general principles and the technicall details g

tester (SST).

ingle sheet tester is applicable to test specimens obtained from_electrical steel strips

pes, for specified peak values of the magnetic polarization/for specific peak values g
etic field strength and for a specified frequency.

first been demagnetized.

Throughout this document, the quantity "magnetic polarization" is used as defined in IEC 60050-221. In
rds of the IEC 60404 series, the quantity "magnetic flux density" was used.

ler to support the long-term reliability, 0f'the performance of this set up and to unders
r the relationship between the Epstein method and the SST method, the inform
xes B and C, respectively, have been included.

itutes requiremepis;of this document. For dated references, only the edition cited ap
undated references, the latest edition of the referenced document (including
dments) applies”

0050-121), 'International Electrotechnical Vocabulary — Part 121: Electromagnetism

0050-221, International Electrotechnical Vocabulary — Part 221: Magnetic materials

comp

bart of IEC 60404 is applicable to grain-oriented and non-oriented electrical steel stri;l) and

f the

urement of the magnetic properties of electrical steel strip and sheet bymeans of a single

5 and

s of any grade. The AC magnetic characteristics are deterniined for sinusoidal induced

f the

vhich

some

stand
ative

ntent
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any

and

opants
OHEHES

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/
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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
two d

— a

- a

The
secti

The {

in the test specimen due to thermal expansion or contraction,

4.3
4.3.1

Each
shall
beloy
Anne

In or
flux g
glued

Figure 1).

The

The {
oppo
be ri
comg

oncentric windings:

N exterior primary winding (magnetizing winding);

h interior secondary winding (voltage winding).

lux closure is made by a magnetic circuit consisting of two identical yokes, the cf
bn of which is very large compared with that of the test specimen.(see Figure 1).

emperature changes of the specimen shall be kept below a level likely to produce st

Test apparatus
Yokes

yoke is in the form of a U made up of insulated sheets of grain-oriented electrical Sti
have a low reluctance and a low specific fotal loss in the low magnetic polarization r

X A.

ver the inside of the yokes,/the yokes shall be made of a pair of wound cut C-cores
stack of laminations iniswhich case the corners shall have staggered butt joints

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

gid in ‘order to avoid creating mechanical stresses such as twisting, tensioning
ression in the test specimen.

The
of 50

est specimen comprises a sample of electrical steel sheet and is placed in the cenfer of

0Sss-

ress

el. It
gion

v 0,2 T (see Annex A). It shall be manufactured in accordance with the requiremerjts of

fer to reduce the effect of eddy currents and give a more homogeneous distribution af the

ora
(see

wo pole facesof each yoke shall be coplanar to within 0,5 mm and the gap betweep the
site pole-faces of the yokes shall not exceed 0,005 mm at any point. Also, the yokes|shall

and

1eight of each yoke shall be between 90 mm and 150 mm. Each yoke shall have a width

0*> 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.
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a) Cross-section of the SST
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b) Schematic view*of-the corner of a yoke with stacked lamination

Figure 1 — Schematic diagrammes of the test apparatus

upper yoke shall be_movable upwards to permit insertion of the test specimen.
fion of the test specimen, the upper yoke shall be lowered to close the magnetic G

nimize the gffects of pressure on the test specimen, the upper yoke shall be provided
ans of suspension. The suspension of the upper yoke shall allow part of its weight
erbalanced so as to give a force on the test specimen of between 100 N and 200 N.

The-square configuration of the yoke has been chosen in order to have only one test specimen fo

orient

After
ircuit

simultaneously; the pole faces of the bottom and upper yokes shall be aligned accurately.

with
o be

I non-

pd\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

Y
A

150
90

IEC
Figure 2 — Yoke dimensions

4.3.2 Windings
The ¢oil 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 shal) be at least 440 mm in length and|shall

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

— lgngth: 445 mm £ 2 mm;
— internal width: 510 mm = 1 mm;
— irternal height: 5_02 mm;
— hgight: <15 mm.

The primary winding can be'made up of:

ther five or morevcoils having identical dimensions and the same number of furns
bnnected in parallel and taking up the whole length (see Figure 3). For example, with five
Dils, each coil.can be made up of 400 turns of copper wire 1 mm in diameter, wound in five
yers;

O 0O 0

Qo

of a single )continuous and uniform winding taking up the whole length. For example)} this
wiinding~can be made up of 400 turns of copper wire 1 mm in diameter, wound in one lpyer.

/AN A\ /AN A

N £ N |

A\ J \J A\ \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.
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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.

® G
{

IEC

V, is the voltmeter that measures the average rectified voltage;

V., is fhe voltmeter that measures the RMS voltage;

A is fhe ammeter that measures the RMS value of the primary currént;
Hz thgt measures the frequency;

W that measures the power;

M is fhe mutual inductor;

T is [he 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
aIterrEating current through the primary windings in the absence of the test specimen in th¢ test
apparatus, the voltage measured between the non-common terminals of the secoIdary
windings shall be no meare than 0,1 % of the voltage appearing across the secondary winding
of thg test apparatus(alone. Thus, the average value of the rectified voltage induced ip the
comblined secondary_windings is proportional to the peak value of the magnetic polarizatipn in
the test specimen.

NOTE|1 Alternatively, the air flux compensation can be executed by the numerical method (for details, see Anpex D,
Claus¢ 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 optimum accuracy, the minimum width shall be not less than 60 % of the width of the yokes.

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.
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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 coil is

taken-as-the reference direction-The Qngln between the direction of rnlling and that of mltting

shall|not exceed:

t+f1° for grain oriented steel sheet;

+p° for non-oriented steel sheet.

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

4.6 | Power supply
The power supply shall be of low internal impedance and“shall be highly stable in terms

of volJtage and frequency. During the measurement, the oltage and the frequency shall be
mainfained constant within 0,2 %.

In addition, the waveform of the compensated :secondary voltage shall be maintaindd as
sinudoidal as possible. The form factor of the“compensated secondary voltage shall be
maintained to within £1 % of 1,111. This capbe achieved by various means, for examp|e 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 flest apparatus with the inserted test specimen represents an unloaded transformer thej total
loss pf 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 tectifiedvatue of the compensatedsecondary vottage—shattbemeasured by an
average type voltmeter. The preferred instrument is a digital voltmeter having an uncertainty of
10,2 % 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.
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.2 RMS voltmeter

2022

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

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

5.2.2 Frequency measurement

A fre

quency meter having an uncertainty of +0,1 % or better shall be used.

E th licati f digital L thod A D
NOTE, a¥d e-applicationo igital-sampling-methods,ses-Annex

5.2.3 Power measurement

The

bower shall be measured by a wattmeter having an uncertainty of £0,5 % pf better 3

actual power factor and crest factor.

The

bhmic resistance of the voltage circuit of the wattmeter shall be at.Jeast 100 Q/V f

ranges. If necessary, the losses in the secondary circuit shall be subtracted from the indi

loss

The

alue, see Formula (3) in 5.3.3.1.

reactance, unless the wattmeter is compensated for its reactance.

If a
seco

NOTE
5.3

5.3.1
The |

current measuring device is included in the ciretif; it shall be short-circuited whe
ndary voltage is adjusted and the loss is measured.

For the application of digital sampling methods, seesAnnex D.
Measurement procedure of the specific total loss
Preparation of measurement

length of the test specimen shall be measured with an uncertainty of +0,1 % or bette

its mass determined within £0¢1;%. The test specimen shall be loaded and centred o

longi
shall

Befo

udinal and transverse @xes of the windings, and the partly counterbalanced upper
be lowered.

e the measurement, the test specimen shall be demagnetized by slowly decreasir

alterpating magnetic-field starting from well above the knee of the magnetization curve g
test gpecimen material.

5.3.2 Adjustment of power supply

The

t the

or all
ated

bhmic resistance of the voltage circuit of the wattmeter<hall be at least 5 000 timegs its

h the

r and
h the
yoke

g an
f the

pbower supply output shall be slowly increased until the average rectified value of the

compensated secondary voltage, |U2| has reached the required value. This value is calculated

from

wher
U,
f

the desired value of the magnetic polarization by means of:

= Rz' _
|Ua|= 4N, R+R AJ

1

e
is the average value of the secondary rectified voltage, in volts;

is the frequency, in hertz;

(1)
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is the combined resistance of instruments in the secondary circuit, in ohms;

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

is the number of turns of the secondary winding;
is the cross-sectional area of the test specimen, in square metres;
is the peak value of the magnetic polarization, in teslas.

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

utual

5.3.3

5.3.3,

is no
circu

After
requi
be c4

Sy
Ipm

is the mass of the test specimen, in kilograms;
is the length of the test specimen, in metres;

is the conventional density of the test material, or the value determined in accord
with IEC 60404-13, in kilograms per cubic metre.

Measurements

1 The primary current shall be checked to ensUre’that the current circuit of the wattn
t overloaded. If a current-measuring devicexis included in the circuit, it shall be g
ted when the secondary voltage is adjusted and the loss is measured.

checking that the waveform of the compensated secondary voltage stands withi
red tolerances, the wattmeter shall-he read. The value of the specific total loss shall
Iculated from the formula:

ﬁ_@ o
N, R

R=|P

ml

i m

e P

is thetRMS value of the compensated secondary voltage, in volts;

isd¢he specific total loss of the test specimen, in watts per kilogram;

(2)

ance

neter
hort-

h the
then

(3)

is the power measured by the wattmeter, in watts;

is the mass of the test specimen, in kilograms;

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

is the number of turns of the primary winding;

is the number of turns of the secondary winding;

is the combined resistance of instruments in the secondary circuit, in ohms.
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NOTE 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 various materials under test and polarization

values [1]1.

5.3.3.2

In the case of non-oriented 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—Reproducibitity-of the-measurement-of- the-specific total-Hoss

The feproducibility of this method using the test apparatus defined above is charactetized
relative standard deviation of 1 % (for detailed information on the source of this.ntmbe

[2]) for grain-oriented electrical steel sheet and 2 % for non-oriented electrical steel sheef.

6.1

Determination of magnetic field strength, primary current
nd specific apparent power

[V

General

This | Clause 6 describes measuring methods for the,  ‘determination of the follg
characteristics:

peak value of the magnetic polarization J;
RIMS value of the primary current [;;

pgak value of the magnetic field strength H;
specific apparent power Ss.

NOTE| For the application of digital sampling méthods, 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
of th¢ compensated secondary voltage measured as described in 5.2.1.1.

6.2.2 RMS value’of the primary current

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

1

by a
r see

wing

alue

Uit of

Numbers in square brackets refer to the Bibliography.
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6.2.3

The peak value of the magnetic field strength shall be obtained from the peak value I g

he voltmeter that measures the average rectified voltage;
he ammeter that measures the RMS value of the primary current;
he mutual inductor;

he test frame.

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

Peak value of the magnetic field strength

primary current. This shall be determined by measuring the voltage drop across a k

preci
indic

is
ing

5ion resistor R as described in 6.3.5 using an‘electronic voltmeter of high sens
hting the peak value as shown as V, in Figure.6:

. M
°© .
~ O
° . .
T
R
I L

IEC

he voltmeter that measures the average rectified value of the compensated secondary voltage;

he voltmeter that measures the peak value (or the RMS value, see 6.3.2) of the voltage drop across th

uctive precision resistor;

f the
hown
tivity

e non-

R is the non-inductive precision resistor;

is the mutual inductor;

T is the test frame.

6.3
6.3.1

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

Apparatus

Average type voltmeter

The average type voltmeter shall be in accordance with 5.2.1.1.
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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 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 (see Figure 6) shall be achieved
either by means of an electronic voltmeter of high sensitivity indicating the peak value, or by

£ Ll tacl HT
mear o Ulhd LdliivTaltCu UoLITMTUoLUPYT.

A peak voltmeter having an uncertainty of £0,5 % or better shall be used.

6.3.41 Power supply

The power supply shall be in accordance with 4.6.

6.3.5 Resistor R

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

The fesistance value of the resistor R shall not exceed™ Q in order to minimize the distgrtion
of the magnetizing voltage and, thus, to facilitate the sinusoidal waveform of the induced
secopdary voltage.

6.4 | Measuring procedure
6.4.1 Preparation for measurement

The length of the test specimen shall be measured with an uncertainty of £0,1 % or bette[ and
its mpss shall be determined with "an’ uncertainty of £0,1 % or better. The test specimen|shall
be lopded and centered on the longitudinal and transverse axes of the windings coil. The partly
counterbalanced upper yoke-shall then be lowered.

Befofe the measurement; the test specimen shall be demagnetized by slowly decreasing an
altermating magnetic-field starting from well above the knee of the magnetization curve gf the
test §pecimen material.

6.4.2 Measurement

In prpctiée) single values or groups of peak values of the magnetic polarization J and the
magneticfield 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 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.


https://iecnorm.com/api/?name=a4417fb82e4b643a763a3b900626b7fa

IEC 60404-3:2022 © |EC 2022 -17 -

For the determination of A, the peak value of the voltage drop across resistor 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 polarization J at the
peak value of the magnetic field strength H specified in the product standards for magnetic
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 the primary current, the values obtained for the directions parallel and
perpéndicular to the direction ot rolling shall be reporied separately.

6.5 | Determination of characteristics
6.5.1 Determination of J
6.5.1}.1 Peak value J of the magnetic polarization

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

A 1 R+R @ @)
4fNpA R,
wherp
J is the peak value of the magnetic polarization, in teslas;
f is the frequency, in hertz;
Ny 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 resistange of the secondary windings of the test apparatus and the mfutual

inductor, in ohms;
@ is the average(rectified value of the compensated secondary voltage, in volts.

6.5.1,.2 Repreducibility of J

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

6.5.2 Determination of A

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

A=, (5)

lm

where

H is the RMS value of the magnetic field strength, in amperes per metre;
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is the number of turns of the primary winding;
is the conventional effective magnetic path length, in metres (/,, = 0,45 m);

is the RMS value of primary current, in amperes.

NOTE After several groups of corresponding values of J and H have been determined, the magnetization curve

of J

6.5.

against H can be drawn.

3  Determination of H

The peak value of the magnetic field strength shall be calculated from the peak value of the

primiry current ljm /R, indicated by the peak voltmeter in the circuit of Figure 6 as describ

6.3.

wherg

3

i the peak value of the magnetic field strength, in ampergs/per metre;
i the resistance value of the non-inductive precision resistor R in Figure 6, in ohms;

is the peak voltage drop across resistor R, in volts:

E[1 The amplitude permeability is expressed as:

u,=—=+1

Hof

NOT
of J

6.5.

The

wherg

S
Uz

NOT

E|2 After several groups of corresponding values of J and H have been determined, the magnetization
hgainst H can be drawn.

4 Determination of Sg

apparent power is given by:

— N.
U2'1

S=I~1-(72~§1=1~1-1,111-
2

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

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

ed in

(6)

curve

(7)

Division of this quantity by the effective mass of the test specimen my = lem gives the specific

app

arent power:

s TA1M1U)N

m_ mlmN2

N
a
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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;

mg is the effective mass of the test specimen; in kilograms

@ is the average value of the secondary rectified voltage, in volts;

N1 isthe numhbar of tuurns of the primgry \AlinHing;

Ny is the number of turns of the secondary winding;

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

6.5.5 Reproducibility of the measurement of the specific apparent power

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

7 Test report

The fest report shall include the following, as applicable!

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

d) the ambient temperature of measureément;

e) the measurement frequency;

f) the peak values of the magnetic polarization or the magnetic field strength;
9)

—

He 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 ypokesForthemeasurement of the powertossdissipated—by theyokes,a primmaryand a
secophdary winding wound on the yokes or on appropriate formers shall be used. Four-sets of
outerl primary and inner secondary windings shall be arranged symmetrically on the fourvertical
limbg 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.af 25 turns for
each|sub-winding was found to work properly. The windings shall be disconnected whep not
used|for the yokes’ loss measurement.

Durirlg the manufacture of the yokes with stacked lamination, a stress relief annealing gf the
cut sfrips is required. After bonding the material to build the yokes (which shall be done without
applifation of high pressure), the pole faces shall be machined. Parallelism shall be prover with
an appropriate gauge, and the uniformity of the air gap checkéd,using engineer's blue. Fdrther
grinding in stages using carborundum and diamond paste‘will probably be necessary uptil a
uniform distribution of the engineer's blue indicates a sufficiently homogeneous air gap| The
grindiing can be carried out by putting the upper yoke inthe normal position of use on top qf the
bottom yoke and moving it to and fro through a smail/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 ghort
circults. It is important to remove this“flowed metal by a careful acid etching process usjng a
non-¢xidizing acid (e.g. hydrochloric-acid). This consists in rubbing the pole faces with an jacid-
soaked cloth until the flowed layeris removed. It is important to carefully neutralize and vash
away| the acid remaining on the‘pole faces and between the laminations.

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

made after pole face etching and cleaning. The electrical resistance of the laminations gf the
upper and. the bottom yokes shall be measured separately. The resistance of all the 10 secfions,
5 cm|long_éach, along the pole faces of the yokes shall be measured using a contact pgttern
strip (€€, for instance, Figure 3 in [2]) and an ohmmeter with an uncertainty of 1 % or begtter.
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 sections, i.e. over
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.

A thgrough check-of the inter-laminar insulation of the yokes with stacked lamination sh%zll be

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
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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 demagnetized from a magnetic flux density well above
the knee of the magnetization curve of the yoke material. The windings for the yokes’ loss
measurement can be used for the demagnetizing. The power loss dissipated by the yokes at

the netic fization which would occur Insi yo Uring USE S € ured and
reconded by the manufacturer of the SST set-up in the course of the mandatory quality~dheck
of the¢ yokes before delivery.
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Annex B
(informative)

2022

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 th¢ir disposal which represents the properties of the materials the set-up is mostly use

i for.

It is @also recommended to provide reference samples with magnetic properties certificated by

stang
to trg
havir

If cor

a refgrence sample of known magnetic characteristics, a check of the\electrical measuring

of th
doub|

range.

The
closi
flux g
quali
perfa

and the Epstein frame too low by 4 % (see also [2]).

Studles on the performance of three.standard yoke systems (Figure 1), two with a stg

lamir
the

Figune B.1 supplemented by Epstein measurements in the upper region made at IENGF

Bertd

Epstein measurements in the low flux density region which reflect the situation in the y

unde

ards laboratories that have taken part to the latest IEC round robin tests [2] and are

able

ce the sample’s magnetic characteristics to the results of that RRT, of by laboratories

g a specific accreditation.

spicuous deviation from expected values appear which also are reproduced when app

b set-up should additionally be made using appropriate means, for instance a calib
e signal generator delivering certified electrical power values/in the relevant measure

lying

part
rated
ment

bystematic error of the SST method is formed by thie magnetic loss dissipated in thg flux

ng yokes (see 4.3.1). Its relative contribution ta’thé measured loss value depends o
ensity, grade and thickness of the specimen under test and amounts to about 2 % for
y electrical steel sheets at 1,7 Tesla. Te benchmark this relative to Epstein frg
rmance, it is noted that, roughly, the SSTimeasures the specific total loss too high by

ation (SST1 and SST3) and one with wound C-cut core lamination (SST2) were ma
5erman standard institute<PTB [3] in 1990. The measurement results are shov

n the
high
mes’
2%

cked
de at
n in
by G.

tti [4]. They present the) loss dissipated by various yokes systems and corresponding

' test conditions.

okes
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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 approximatjon (after C. Ragusa).

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

The mmeasured loss characteristic of yoke loss values for the relevant flux densities allg
detemine the relative contribution of the yokes, py:

Ry
pYy =7—
PSp

show
-type
n the
nsity
izing
n be
plain
014)
that
n are
eally

w to

(B.1)

where
Py is the power loss dissipated by the yokes under test conditions, in watts;
Pgp 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 nribution
. P J, of yokes yokes, P, at
(examples of | thickness of modelling y yokes at ; of the yokes
grades) specimen, d | specimen at at1,7 T of 1,7 T of 1,7 T in the py = 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
M$0-23P5 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
MY0-20P5 0,20 0,236 0,006 8 0,000 040 0,005 2 2,2

The $ubtraction 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

cons|derable indeterminacy due to the imperfectness of the model_used at the air gap rg¢gion

and
proc

e difficult measurement condition in the low flux region. Fhe/uncertainty of this corregction
dure 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

This Annex C does not form part of the requirements of this document. It is include

d 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 conside
dispersion from sample-to-sample pair even for identical grades. In fact, this was the re
for defining an SST method independent from the Epstein method (changing SST(1982) to

rable
ason
SST

(199297

This Annex C describes the conversion of SST to Epstein values and vice versa in genera
wherg only one of the two methods of measurements has been performed. The géneral vg
of thg presented relationships is restricted because it is subject to larger uncertainty g

[, i.e.
lidity
f the

conversion due to the statistical scatter through the varying internal stress |of the individual

sheel samples and, even more relevant, through the considerable scattering.of the Epstein|
samples preparation with GO materials. The dispersion of the presented'relative SST- Ep

diffenence results 6P amounts to about +2 % (for the whole range of J) for the specific total
P, from about +2 % (at J=1,3T)to £10 % (at 1,7 T) for the field-strength quantities, A
fromjabout 5 % (at 1,3 T) to £20 % (at 1,7 T) for the specific apparent power ([5] and [6])
dispgrsion (uncertainty) values are also a rough estimation. only because the scatter i
normfally distributed. Thus, to avoid misunderstanding, it was abstained from indicating
bars [n the diagrams.

strip
stein
loss,

and
The
5 not
error

The felationships were achieved on the basis of Epstein and SST measurements on about 740

samples of the most significant S-type grain:eriented grades, supplied by eight diff
manufacturers and taken from different production runs. For further details see [5] and [6].
study did include very few of high permgability (P) grades which did not show sp
perfgrmance.

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

erent
This
bcific

(RD)
rsion
also

apply the findings presented_in this Annex C to the design of transformers using non domain-

refingd P-type materials.

The felationship between Epstein and SST results can be described by the relative differg
(in %) 6P (for the\specific total loss, P) and 6HS (for the magnetic field strength, A an
speclfic apparent-power, S). The conversion of Epstein results, Pg gpg , Hgpg and S gpg, t0

results, Pg gy Hggt and S g, can be carried out using the following formulas:

nces
0 the
SST

Psgot=Psppgx (1 + 0P/100) c.1)
Ss,s8T = Ss,eps X (1 + 6HS/100) (C.3)

Correspondingly, the conversion in the reverse direction can be carried out 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,SST/ (1 + 5P/100)

(C.4)
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SS,EPS = SS,SST/ (1 + 6HS/100)

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

The values for J 1,0 T to 1,2 T, were obtamed by extrapolatlon from the experim
The two diagrams also comprise the curve fits to the experimental data (continuous li
elationships representing the curve fits are as follows:

0P =1,46 + 0,242 J°

JHS = 6,0 + 0,103 J10

elative differences as obtained from Formulae (C.7) and (C.8) and the related conve
I are presented in Table C.1. As remarked above, the-values aim first and foremost
grain-oriented grades, however, the application toynhon-domain refined P-grade mats
Iso been reported.

le C.1 — SST-Epstein relative differences 6P and 6HS and the conversion factor
for conventional grain-oriented material in the polarization range 1,0 Tto 1,8 T

2022

(C.5)

(C.6)

The averaged relative differences as determlned from the experlments (see reference [5] and

ental
nes).

C.8)

rsion
at S-
brials

Fc

J SR S5HS F. = 1/(1+5P/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
154 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
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oP=1,46+0242 S5
/

1 1.1 1,2 1,3 1,4 1,5 1,6 N 1,8
JIT
FC

Key
Rhompus symbols = experimental data (values at 1,0 T to 1,2 T were extrapo¢lated using the measured valueq)

Continluous line = curve fit to the experimental data according to Formula¢(C:7)

Figure C.1 — SST-Epstein relative difference 6P for conventional
grain-oriented material versus maghnetic polarization J

45

40 /
35 /
30 /
25 /
20
SHS = 6,0 + 0,103 J10 /

15 %
10

Y M

SHS (%)

JIT
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.8).

Figure C.2 — SST-Epstein relative difference 6HS for conventional
grain-oriented material versus magnetic polarization J
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Annex D
(informative)

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

D.1 General

The digital sampling method is an advanced technique that is becoming almost exclusively
appli rized
by the digitalization of the compensated secondary voltage, U,(¢), the voltage drop acress the
non-inductive precision resistor in series with the primary winding (see Figures 4 and-6), {/,(¢),

and the evaluation of the data for the determination of the magnetic properties-of thg test
spec|men. For this purpose, instantaneous values of these voltages having indeX j, Uy, and uy;

respectively, are sampled and held simultaneously from the time-dependent Yoltage fundtions
during the narrow and equidistant time periods each by sample-and-hold gircuits. They are|then
immgdiately converted to digital values by analogue-to-digital converters)(ADC). The data |pairs
sampled over one or more periods together with the specimen afqd’the set-up parameters,
provide the complete information for one measurement. This. data set enables computer
procgssing for the determination of all magnetic properties required in this document.

The |digital sampling method may be applied to the ,measurement procedures which are
descfibed in the main part of this document. The block.diagram in Figure 4 applies equally to
the analogue methods and the digital sampling method; the digital sampling method alloq/s all
functjons of the measurement equipment in Figure4, Figure 5 and Figure 6 to be realiz¢d by
a combined system of a data acquisition equipmient and software. The control of the sinusoidal
waviform of the secondary voltage can alsocbe realized by a digital method. Howevel, the
purp¢se and procedure of this technique are.different from those of this Annex D and arg not
treatgd here. More information can be found in [8] and [9].

This |JAnnex D is helpful in understanding the impact of the digital sampling method on the
precigsion achievable by the methods of this document. This is particularly important begause
ADC circuits, transient recorders.and supporting software are easily available thus encouraging
one fo build one’s own wattrmeter. The digital sampling method can offer low uncertainty, put it
leadd to large errors if improperly used.

D.2 | Technical details and requirements

The principle”of the digital sampling method is the discretization of voltage and time, i.g. the
replacement-of the infinitesimal time interval d¢ by the finite time interval Ar:

1
" fon 7, (D.1)

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;

fs is the sampling frequency, in points per seconds.
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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 [10] and

the sampling frequency, f;, should be greater than twice the higher order harmonic of the input
signal (Nyquist-Shannon condition [10]).

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

The
and 4

n—1
S |
e

a(lgr=— 1 N
Tz <7 277
j=0

sN2A

alculation of the specific total loss is carried out by point-by-point multiplication of th
1; values and summation over one period as follows2:
U

el

the peak value of the magnetic polarization,\in teslas;

T
1 Ny A

— | Uq(t)Us (t)dt —
i o 7 L0000

11’!1

21/ 2~

1}’11

2“21

1
InApm

Ny
RNzi’l

J

a)
-

the specific total loss of the specimen, inwatts per kilogram;

the length of the period of the magnetization, in seconds;
the frequency of the magnetization; in hertz;
the sampling frequency, in peints per second;

the number of turns of the.primary winding;
the number of turns of the secondary winding;

the cross-sectionalarea of the test specimen, in square metres;

ee Figure6);'in ohms;
the voltage drop across the non-inductive precision resistor R, in volts;

the\secondary voltage, in volts;

in

the nuumbhar ~
oo iotT—O

D.2)

e uzj

D.3)

the resistance-of the non-inductive precision resistor R in series with the primary winding

is
is
is
is

02 is

the index of instantaneous values;

the conventional effective magnetic path length, in metres (/,, = 0,45 m);
the conventional density of the test material, in kilograms per cubic metre.
the combined resistance of the instruments in the secondary circuit, in ohms;

the RMS value of the voltage induced in the secondary winding, in volts.

2 The peak value of the magnetic field strength and the apparent power can be calculated correspondingly by

using H=—1

Ny

U1andSS_—ZRN2Ap \/ Z] o \/ 2102/
m

n"m
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The pairs of values, Up; and uy;, can then be processed by a computer or, for real time

processing, by 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 f/f. In that case, U,(t) and U,(f)

may be scanned using 128 samples per period with sufficient accuracy. This figure is, according
to the Shannon theorem, determined by the highest relevant frequency in the H(t) signal, which
is normally not higher than that of the 41t harmonic [11]. However, some commercial data
acquisition equipment cannot be synchronized with the frequency of the magnetization and, as

shift.
cified
in this document, 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 shift between the
fundamental components of the two voltage signals)) For this reason, the concept of a gingle
chanpel with multiplexer leading to different sampling'times for the instantaneous values ¢f the
two oltages is not to be recommended.

Signal conditioning amplifiers are preferably DC coupled to avoid any low frequency phase [shift.
Howgver, DC offsets in the signal conditjening amplifiers can lead to significant errors ip the
numerically calculated values. Numerigal correction cancelling can be applied to remove [such
DC offsets.

D.3 | Calibration aspects

The yerification of the~repeatability and reproducibility requirements of this document make
careful calibration ©f-the measurement equipment necessary. The two voltage channels
inclugling preamplifiers and ADC can be calibrated using a calibrated reference AC voltage
sourg¢e [13]. Inaddition, the phase performance of the two channels and its dependence on the
frequency should be verified and possibly be taken into account with the evaluation procegsing
in the computer. In any case, it would not be sufficient to calibrate the set-up using referlence
samples because that calibration would only be effective for that combination of material] and
meagurement condition.

D.4 Numerical air flux compensation

The numerical air flux compensation can be done similar to the principle of mutual inductor
(see, for instance, [8]).

€ dU4(t)
R dt

n

Upe (t)zUZm (t)_

U,c(t) is the compensated secondary induced voltage in volts;
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U,,(t) is the uncompensated secondary induced voltage in volts;

C is the value of compensation factor in Ohm seconds;
U, is the voltage drop across the precision resistor R in volts;

R, is the resistance of the non-inductive precision resistor R in series with the primary winding

in ohms.

n

First, the voltage drop across the precision resistor R, , U,(¢), is differentiated in a way to avoid

phase shifts and significant noise amplification injected from the current signal. A possible
method can be a five-point or twelve-point differentiation.

Secondly, the compensation can be done as shown in Formula (D.4).

The pdjustment of the value of compensation factor can be made so that, when/passing an
alterpating current through the primary windings in the absence of the specimen in the
apparatus, the compensated voltage shall be no more than 0,1 % of the:n6én-compengated
voltape appearing across the secondary winding of the test apparatus alene.

The pumerical air flux compensation is advantageous to avoid increases in phase shiff and
impefance of windings caused by addition of mutual inductor.
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COMMISSION ELECTROTECHNIQUE INTERNATIONALE

MATERIAUX MAGNETIQUES -

Partie 3: Méthodes de mesure des caractéristiques magnétiques des
bandes et toles magnétiques en acier a I'aide de I'essai sur téle unique

AVANT-FRUOFOS

1) LalCommission Electrotechnique Internationale (IEC) est une organisation mondiale de normalisation_eomjposée
de| I'ensemble des comités électrotechniques nationaux (Comités nationaux de I'lEC). L'IEC a, pour objet de
fayoriser la coopération internationale pour toutes les questions de normalisation dans(les/domaings de
I'électricité et de I'électronique. A cet effet, I'|EC — entre autres activités — publie des Normes”internationales,
dep Spécifications techniques, des Rapports techniques, des Spécifications accessibles au public (PAS) pt des
Gdides (ci-aprés dénommeés "Publication(s) de I'lEC"). Leur élaboration est confiée a desycomités d'étudefs, aux
trgvaux desquels tout Comité national intéressé par le sujet traité peut participer. Les organisations
internationales, gouvernementales et non gouvernementales, en liaison avec I'lEC,yparticipent égalemept aux
travaux. L'IEC collabore étroitement avec I'Organisation Internationale de MNormalisation (ISO), selop des
copditions fixées par accord entre les deux organisations.

2) Lep décisions ou accords officiels de I''EC concernant les questions technigues représentent, dans la mespre du
popsible, un accord international sur les sujets étudiés, étant donné que les Comités nationaux de I'lEC intéfessés
soht représentés dans chaque comité d'études.

3) Lep 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''BC s'assure de I'exactitude du contenu technique de ses publications; I'lEC ne peut pas étre tenue responsable
de|l'éventuelle mauvaise utilisation ou interprétation qui en €st faite par un quelconque utilisateur final.

4) D4gns le but d'encourager I'uniformité internationale, les,Comités nationaux de I'lEC s'engagent, dans tdute la
mgsure possible, a appliquer de fagon transparente les Publications de I'lEC dans leurs publications natipnales
et|régionales. Toutes divergences entre toutessPublications de I'lEC et toutes publications nationales ou
régionales correspondantes doivent étre indiquées\en termes clairs dans ces derniéres.

5) L'IEC elle-méme ne fournit aucune attestation*de conformité. Des organismes de certification indépendants
fodrnissent des services d'évaluation de_tonformité et, dans certains secteurs, accédent aux marques de
cophformité de I'lEC. L'IEC n'est responsable d'aucun des services effectués par les organismes de certification
ingépendants.

6) Tous les utilisateurs doivent s'assurer qu'ils sont en possession de la derniére édition de cette publication|.

7) Audcune responsabilité ne doit etré imputée a I'lEC, a ses administrateurs, employés, auxiliaires ou mandataires,
y ¢ompris ses experts particuliers et les membres de ses comités d'études et des Comités nationaux de|l'lEC,
popr tout préjudice causé.en cas de dommages corporels et matériels, ou de tout autre dommage de gdelque
nafure que ce soit, directe,ou indirecte, ou pour supporter les colts (y compris les frais de justice) et les dépenses
défoulant de la publication ou de I'utilisation de cette Publication de I'lEC ou de toute autre Publication de|l'lEC,

8) L'dttention estattirée sur les références normatives citées dans cette publication. L'utilisation de publigations
référencées(estobligatoire pour une application correcte de la présente publication.

9) L'gttentioniest attirée sur le fait que certains des éléments de la présente Publication de I'lEC peuvent faire |'objet
de|droits_de brevet. L'IEC ne saurait étre tenue pour responsable de ne pas avoir identifié de tels droits de Qrevet.

d Dd
qu'alliages et aciers. Il s'agit d'une Norme internationale.

> tels

Cette troisieme édition annule et remplace la premiere édition parue en 1992,
I'Amendement 1:2002 et I'Amendement 2:2009. Cette édition constitue une révision technique.

Cette édition inclut les modifications techniques majeures suivantes par rapport a I'édition
précédente:

a) I'Annexe A a été révisée. La méthode de détermination de la résistance des bandes des
culasses a été ajoutée a I'Annexe A;

b) I'Annexe B de I'édition consolidée de 2010 faisait référence a I'étalonnage du SST a l'aide
de la méthode Epstein. Elle a été annulée;


https://iecnorm.com/api/?name=a4417fb82e4b643a763a3b900626b7fa

IEC 60404-3:2022 © |EC 2022 - 37 -

c) I'Annexe B (nouvelle), I'Annexe C et I'Annexe D ont été révisées et sont seulement
informatives;

d) I'Annexe C a été modifiée compte tenu de la nouvelle situation concernant les qualités P

et R;
e) I'Annexe D a été amendée par ajout de I'Article D.4 relatif a la compensation numérique du
flux d'air.
Le texte de cette Norme internationale est issu des documents suivants:
Projet Rapport de vote
68/699/CDV 68/710/RVC

Ler
abou

La lapgue employée pour I'élaboration de cette Norme internationale est |'anglais.

Ced

i @ son approbation.

pport de vote indiqué dans le tableau ci-dessus donne toute information sur(lg vote ayant

bcument a été rédigé selon les Directives ISO/IEC, Partie 2, ilCa‘eté développé selgn les

Diredtives ISO/IEC, Partie 1 et les Directives ISO/IEC, Supplément IEC, disponibles [sous

wwwliec.ch/members_experts/refdocs. Les principaux typesde’documents développés par

I'lEC|sont décrits plus en détail sous www.iec.ch/publications:

Une |iste de toutes les parties de la série IEC 60404, publiées sous le titre général Matériaux

magnétiques, se trouve sur le site web de I'lEC.

Le cgmité a décidé que le contenu de ce document'ne sera pas modifié avant la date de stgbilité

indiguée sur le site web de I'lEC sous webstorgdiec.ch dans les données relatives au document

rechgrché. A cette date, le document sera

e rgconduit,

e supprimé,

e rgmplacé par une édition révisée, ou

e amendé.
IMPORTANT —_Le“logo "colour inside"” qui se trouve sur la page de couverture de dette
puﬂlication indique qu’'elle contient des couleurs qui sont considérées comme utiles a[une
bonne compréhension de son contenu. Les utilisateurs devraient, par conséquent, imprimer
cette publication en utilisant une imprimante couleur.
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MATERIAUX MAGNETIQUES -

Partie 3: Méthodes de mesure des caractéristiques magnétiques des
bandes et tdles magnétiques en acier a I'aide de I'essai sur téle unique

1 Domaine d'application

orienttés et a grains non orientés pour le mesurage des caractéristiques magnétiques, en courant

La prl?sente partie de I''EC 60404 s'applique aux bandes et tdles magnétiques en acier.a\gfrains
altermatif aux fréquences industrielles.

Le présent document a pour objet de définir les principes généraux et les details techniques
pour |le mesurage des caractéristiques magnétiques des bandes et téles magnétiques en facier
a l'aige de I'essai sur téle unique (SST, Single Sheet Tester).

L'esdai sur tole unique s'applique aux éprouvettes prélevées a partir de bandes et de [toles
magneétiques en acier de toute qualité. Les caractéristiques magnetiques en courant altefnatif
sont déterminées pour des tensions induites sinusoidales, polr Jes valeurs de créte spécifiées
de I4 polarisation magnétique, pour les valeurs de créte spécifiques de l'intensité du champ
magnétique et pour une fréquence spécifiée.

Les mesurages sont effectués a la température ambiante de (23 + 5) °C sur des éprouvettes
qui opt été au préalable désaimantées.

NOTE| Dans le présent document, la grandeur "polarisation magnétique" est utilisée conformément a la déflinition
de I'lEIC 60050-221. Dans certaines normes de la série1EC 60404, la grandeur "induction magnétique" a été ufjilisée.

Afin de soutenir la fiabilité a long termedes performances de cette configuration et de mieux
compgrendre la relation entre la méthode Epstein et la méthode SST, les annexes informdtives
B et L, ont été respectivement, ajoutées.

2 Références normatives

Les dJocuments suivants sont cités dans le texte de sorte qu'ils constituent, pour tout ou partie
de lgqur contenu, «dés exigences du présent document. Pour les références datées, jeule
I'éditlon citée stapplique. Pour les références non datées, la derniére édition du documept de
référence s'applique (y compris les éventuels amendements).

IEC 60050<121, Vocabulaire Electrotechnique International — Partie 121: Electromagnétisme

IEC 60050-221, Vocabulaire Electrotechnique International — Partie 221: Matériaux et
composants magnétiques

IEC 60404-13, Matériaux magnétiques — Partie 13: Méthodes de mesure de la résistivité, de la
masse volumique et du facteur de foisonnement des bandes et tbles en acier électrique

3 Termes et définitions

Pour les besoins du présent document, les termes et les définitions de I'lEC 60050-121 et de
I'"EC 60050-221 s'appliquent.

L'ISO et I'lEC tiennent a jour des bases de données terminologiques destinées a étre utilisées
en normalisation, consultables aux adresses suivantes:


https://iecnorm.com/api/?name=a4417fb82e4b643a763a3b900626b7fa
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e |EC Electropedia: disponible a I'adresse https://www.electropedia.org/
e |SO Online browsing platform: disponible a I'adresse https://www.iso.org/obp

4 Principes généraux des mesurages en courant alternatif

4.1 Généralités

L'Article 4 spécifie les conditions générales relatives a la détermination des caractéristiques
magnétiques en courant alternatif des bandes et téles magnétiques en acier aux fréquences
industrielles, a 'aide de I'essai sur tdle unique.

4.2 | Principe de la méthode d'essai sur toéle unique

L'éprpuvette, constituée d'un échantillon de téle magnétique en acier, est placée"au centfe de
deux|enroulements concentriques:

c

N enroulement primaire extérieur (enroulement de magnétisation);

c

N enroulement secondaire intérieur (enroulement de tension).

La fermeture du flux est assurée par un circuit magnétique constitué de deux culgsses
identjques dont la section est trés importante par rapport a celle(de I'éprouvette (voir Figufe 1).

Les variations de température de I'éprouvette doivent étre-maintenues a un niveau inférieur a
celui| susceptible de produire une tension dans I'éprouvette par dilatation ou contraction
thermique.

4.3 | Appareillage d'essai

4.3.1 Culasses

Chadue culasse en forme de U est composée de tdles isolées en acier magnétique a grains
orientés. Elle doit présenter une faibleréluctance et de faibles pertes totales spécifiques |[dans
la réﬁion a faible polarisation magnétique, au-dessous de 0,2 T (voir Annexe A). Elle doit étre
fabriquée selon les exigences déell’Annexe A.

Afin fle réduire I'effet des courants de Foucault et d'obtenir une répartition plus homogeéne du
flux § l'intérieur de la culasse, celle-ci doit étre constituée d'une paire de culasses en C coupées
et bgbinées, ou d'un @ssemblage collé de bandes, auquel cas les coins doivent étre a joints
croisgs (voir Figure'1).

Les fpces polaifes de la culasse doivent avoir une largeur de 25 mm = 1 mm.

Les deux\faces polaires de chaque culasse doivent étre coplanaires a 0,5 mm prés, et I'enfrefer
entrg l[es’faces polaires opposées des culasses ne doit dépasser 0,005 mm en aucun point. En
outre, les culasses doivent étre rigides afin d'éviter toute contrainte mécanique telle qu'une
torsion, une tension ou une compression appliquée a I'éprouvette.

La hauteur de chaque culasse doit é&tre comprise entre 90 mm et 150 mm. Chaque culasse doit
avoir une largeur de 5005 mm et une longueur interne de 450 mm + 1 mm (voir Figure 2).

L'éprouvette doit étre placée sur un support en matériau isolant et non magnétique, entre les
branches verticales des culasses inférieures. Ce support doit étre centré et placé dans le méme
plan que les faces polaires de la culasse inférieure, afin que I'éprouvette soit en contact direct
avec les faces polaires sans entrefer. Des précautions doivent étre prises afin que la surface
supérieure du support ne soit positionnée en aucun cas plus haut que le plan des faces polaires
de la culasse inférieure.
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la mige en place de I'éprouvette, la culasse supérieure doit étre abaissée pour fermer le ¢
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parfaitement s'aligner. Afin de réduire le plus possible les effets de pression sur I'éprou
lasse supérieure doit étre équipée d'un systeme de suspension. La suspension
culagse supérieure doit permettre de contrebalancer une partie de son poids afin d'obteni
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Figure 4.~ Schémas de l'appareillage d'essai

lasse supérieure dait étre mobile pour permettre la mise en place de I'éprouvette. A

étique et, simultanément, les faces polaires des culasses inférieure et supérieure dg

sur I'éprouvette comprise entre 100 N et 200 N.

prés
ircuit
ivent
ette,
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Ia configuration carrée de la culasse a été retenue afin de permettre l'utilisation d'une seule éprouvett

 dans

le cas des matériaux a grains non orientés. Par rotation de 90° de I'éprouvette, il est possible de déterminer les
caractéristiques dans la direction de laminage et perpendiculairement a celle-ci.
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Figure 2 — Dimensions de la culasse
Enroulements

ystéeme de bobine qui se trouve a l'intérieur des culasses doit comporter

N enroulement primaire, a I'extérieur (enroulement de magnétisation);

N enroulement secondaire, a l'intérieur (enroulemefit de tension).

nroulements primaire (extérieur) et secondaire(intérieur) doivent avoir une longueur

étique et de forme rectangulaire. Les dimensions du support doivent étre les suivan
ngueur: 445 mm £ 2 mm;
rgeur interne: 510 mm % 1.mm;
. 50
Auteur interne: -2 mm;
Quteur: < 165mm.
pulement primaire peut étre constitué:

deux

d'au
non
es:

ir toute la longueur et reliées en parallele (voir Figure 3). Par exemple, avec cing bo
naque bobine*peut comporter 400 spires de fil de cuivre de 1 mm de diamétre, bob
N cinqg couches;

bit d'Un™ enroulement unique continu et uniformément réparti sur toute la long

Dit de cing bobines/ou plus de mémes dimensions et de méme nombre de spires, rép%zrties

ines,
nées

ueur.

ameétre, bobinées en une seule couche.

arsexemple, cet enroulement peut comporter 400 spires de fil de cuivre de 1 ml[n de
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Figure 3 — Schéma de branchement des cinq bobines de I'enroulement primaire

Le nombre de spires de I'enroulement secondaire dépend des caractéristiques des instruments
de mesure. Dans tous les cas, la détermination du nombre de spires des enroulements primaire
et secondaire doit étre effectuée avec la plus grande fiabilité, car une erreur entrainerait une
erreur permanente.
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4.4 Compensation du flux d'air

L'effet de flux d'air doit étre compensé. Cela peut étre obtenu, par exemple, a l'aide d'une
inductance mutuelle M (voir Figure 4). L'enroulement primaire de l'inductance mutuelle est
connecté en série avec l'enroulement primaire de [|'appareillage d'essai, tandis que
I'enroulement secondaire de Il'inductance mutuelle est connecté en opposition avec
I'enroulement secondaire de l'appareillage d'essai.

A

NI
| |
W

X

M
* v V.
. 1 2
.

IEC

Légerjde

V, es} le voltmétre qui mesure la tension moyenne redressée
V, es} le voltmetre qui mesure la tension en valeur efficace

A es| I'ampéremétre qui mesure la valeur efficace du courant primaire
Hz megsure la fréquence

W megsure la puissance

M es} I'inductance mutuelle

T es}| le cadre d'essai

Figure 4 — Circuit pour la_détermination des pertes totales spécifiques

La valeur de l'inductance mutuelle doit étre réglée de fagon telle qu'en I'absence d'éprouyvette
dans|l'appareillage d'essai,lorsqu'un courant alternatif circule dans les enroulements primaires,
la temsion mesurée entre\les bornes non reliées entre elles des enroulements secondairgs ne
doit pas étre supérieure a 0,1 % de la tension observée dans l'enroulement secondaife de
I'appgreillage d'essaisseul. Ainsi, la valeur moyenne de la tension redressée induite dans les
enroyilements secondaires combinés est proportionnelle a la valeur de créte de la polarisiation
magnétique dans-1'éprouvette.

NOTE| 1 En,variante, la compensation du flux d'air peut étre obtenue par la méthode numérique (pouf plus
d'infoTnations, voir Annexe D, Article D.4).

NOTE 2 Dans la suite du présent document, le terme "tension secondaire compensée" signifie "tension induite dans
I'enroulement secondaire compensé pour l'effet de flux d'air".

4.5 Eprouvette

La longueur de I'éprouvette doit étre d'au moins 500 mm. Méme si la partie de I'éprouvette
située en dehors des faces polaires n'a pas grande influence sur la mesure, cette partie ne doit
pas étre plus longue que nécessaire pour faciliter la mise en place et le retrait de I'éprouvette.

La largeur de I'éprouvette doit étre aussi importante que possible et au maximum égale a la
largeur des culasses.

Pour obtenir I'exactitude maximale, la largeur minimale ne doit pas étre inférieure a 60 % de la
largeur des culasses.
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NOTE 1 Des restrictions spécifiques relatives aux dimensions des éprouvettes peuvent étre définies pour des
qualités de matériaux particulieres dans les normes de produits respectives des matériaux magnétiques.

NOTE 2 Informations concernant I'application du SST aux échantillons de bande de 50 mm a 250 mm de largeur:
I'acier magnétique a grains orientés utilisé pour les noyaux des transformateurs de distribution est commercialisé
sous forme de bobines refendues de 50 mm a 250 mm de largeur, découpées dans des bandes en acier brutes
(bobines méres), en différentes positions sur les bandes d'origine. Les bobines refendues refletent la variation
considérable des caractéristiques du matériau en fonction de la position sur la bande d'origine dans laquelle elles
ont été découpées. Ces petites éprouvettes peuvent étre mesurées a l'aide de ce SST en les plagant c6te a cote ou
a espaces réguliers dans le dispositif d'essai. Afin d'obtenir une mesure pertinente, il est nécessaire de remplir de
bandes au moins 60 % de I'espace d'échantillonnage de 500 mm de largeur. Les échantillons de bandes d'essai
peuvent étre prélevés successivement au début ou a la fin d'une bobine refendue. Lors de leur préparation, prendre
des précautions pour éviter tout dommage susceptible d'influencer le résultat de I'essai. En raison de la découpe de
la tble en bandes de faibles dimensions, les pertes mesurées des bandes étroites sont Iégérement supérieures par
rappo L d Celles de Ia l0le d Uligille ae OUU TTI.

Les |éprouvettes doivent étre découpées sans formation de bavures excessives,ol de
distofsions mécaniques. L'éprouvette doit étre plane. Lors du découpage, la rive-de.la bobine
mére{ est prise comme direction de référence. L'angle entre la direction de laminage et celle de
décoppage ne doit pas dépasser:

t[l° pour les téles en acier a grains orientés;

+pb° pour les tdles en acier a grains non orientés.

Pour|les toles en acier a grains non orientés, deux éprouvettes-doivent étre découpées, ['une
parallélement a la direction de laminage, l'autre perpendiculairement, sauf si I'éprouvette est
carrée, auquel cas seule une éprouvette est nécessaire.

4.6 | Source d'alimentation

La spurce d'alimentation doit avoir une faible impédance interne et une stabilité élevde en
tensipn et en fréquence. Pendant les mesurdges, la tension et la fréquence doivent| étre
mainfenues constantes a 0,2 %.

En outre, la forme d'onde de la tension:secondaire compensée doit étre maintenue fussi
sinugoidale que possible. Le facteur .de forme de la tension secondaire compensée doi{ étre
maintenu a 1,111 £ 1 %. Cela peut@tre réalisé de différentes maniéres, par exemple a ['aide
d'ung amplification électronique-asservie ou d'un systéme numérique de rétroaction par calcul.

5 [Détermination des pertes totales spécifiques

5.1 Principe de mesure

L'appareillage diessai avec I'éprouvette mise en place constitue un transformateur a vide|dont
les pertes totales sont mesurées selon le circuit représenté a la Figure 4.

5.2 | Appareillage

5.21 Mesurage de la tension
5.2.1.1 Voltmeétre de valeur moyenne

La valeur moyenne redressée de la tension secondaire compensée doit étre mesurée a l'aide
d'un voltmeétre de valeur moyenne. L'instrument privilégié est un voltmétre numérique avec une
incertitude de 0,2 % ou mieux.

NOTE 1 Des instruments de ce type sont généralement gradués en valeur moyenne redressée multipliée par 1,111.

La charge du circuit secondaire doit étre aussi faible que possible. Par conséquent, il convient
que la résistance interne du voltmétre de valeur moyenne soit au moins égale a 1 000 Q/V.

NOTE 2 Pour lI'application de méthodes d'échantillonnage numérique, voir Annexe D.
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.2 Voltmetre de valeur efficace

2022

Un voltmetre de valeur efficace doit étre utilisé. L'instrument privilégié est un voltmétre
numérique avec une incertitude de 0,2 % ou mieux.

NOTE

Pour I'application de méthodes d'échantillonnage numérique, voir Annexe D.

5.2.2 Mesurage de la fréquence

Un fréquencemeétre avec une incertitude de 0,1 % ou mieux doit étre utilisé.

NOTE

ourlapplication-de-méthodes Schantilonnage-numériausoir-Annexe-D
=) ' | t d thod d'dchantill A
L 4 - T

5.2.3 Mesurage de la puissance

La pyissance doit étre mesurée a 'aide d'un wattmeétre avec une incertitude de +0,5,% ou n

pour

la valeur réelle du facteur de puissance et du facteur de créte.

La rgsistance ohmique du circuit de tension du wattmétre doit étre d'au.moins 100 Q/V
toutefs les plages. Si nécessaire, les pertes dans le circuit secondaire,doivent étre retrang
des pertes indiquées; voir Formule (3) en 5.3.3.1.

La ré&sistance ohmique du circuit de tension du wattmeétre doitétre au moins égale a 5 00

sareé

lactance, a moins que le wattmeétre ne soit compensé pour celle-ci.

Si un| dispositif de mesure du courant est inclus dans € circuit, il doit étre court-circuité lo
I'ajustement de la tension secondaire ainsi que lors‘du mesurage des pertes.

NOTE
5.3
5.3.1

Pour I'application de méthodes d'échantillonnage numérique, voir Annexe D.
Mode opératoire pour le mesurage des pertes totales spécifiques

Préparation du mesurage

La lopgueur de I'éprouvette doit étre mesurée avec une incertitude de £0,1 % ou mieux
masde déterminée a +0,1 % prés: L'éprouvette doit ensuite étre mise en place et centré

les a

Kkes longitudinal et transversal des enroulements, et la culasse supérieure, partielle

contriebalancée, doit étre abaissée.

Avan

magnétique alternatif’a partir d'une valeur nettement supérieure au coude de la courb
magnétisation dusmatériau de I'éprouvette.

5.3.2 Réglage de la source d'alimentation

La p

hieux

pour
hées

) fois

s de

et sa
e sur
ment

[t le mesurage, 1'éprouvette doit étre désaimantée par une lente diminution d'un champ

e de

lissance d'alimentation doit étre progressivement augmentée, jusqu'a ce que la v

aleur

moyenne redressée de la tension secondaire compensée, |U2|, atteigne la valeur exigée. Cette
valeur est calculée a partir de la valeur souhaitée de la polarisation magnétique au moyen de

la formule:
— R. -
Us|l=4 Ny ——A4J
V2] 2R +R,
ou
|U2| est la valeur moyenne de la tension secondaire redressée, en volts;

f

est la fréquence, en hertz;

(1)
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No
A
J

est la résistance combinée des instruments dans le circuit secondaire, en ohms;

est la résistance-série des enroulements secondaires de l'appareillage d'essai et de

I'inductance mutuelle, en ohms;

est le nombre de spires de I'enroulement secondaire;

est la section de I'éprouvette, en métres carrés;

est la valeur de créte de la polarisation magnétique, en teslas.

La section 4 de I'éprouvette est donnée par la formule:

-~ 3

5.3.3

5.3.3,

wattn
il do
mes\y

Apré
limitg
spéc

ou

Uz e

g m
Ipm

est la masse de I'éprouvette, en kilogrammes;
est la longueur de I'éprouvette, en métres;

(2)

est la masse volumique conventionnelle du matériau a-l'essai, ou la valeur déterminée

selon I'lEC 60404-13, en kilogrammes par métre cubé.
Mesurages

1 Le courant primaire doit étre vérifié afindde s'assurer que le circuit courar

t du

hétre n'est pas surchargé. Si un dispositif de<mesure du courant est inclus dans le circuit,

t étre court-circuité lors de I'ajustement "de la tension secondaire ainsi que lor
rage des pertes.

5 avoir vérifié que la forme d'onde de la tension secondaire compensée se situe dan
s de tolérance exigées, la valeur-du wattmeétre doit étre lue. La valeur des pertes tg
fiques doit alors étre calculée«d’apres la formule:

Ny (Ga) |
N2 R ml

4 m

P=| P

5tda valeur efficace de la tension secondaire compensée, en volts;

Ps r

presente 1es peries otdies speciriques ae reprouvetie, en watls par Kilogramme,

P est la puissance mesurée par le wattmeétre, en watts;

m est la masse de I'éprouvette, en kilogrammes;

est la longueur conventionnelle du circuit magnétique, en métres (Im = 0,45 m);

[ estlalongueur de I'éprouvette, en métres;

N4 est le nombre de spires de I'enroulement primaire;

N> est le nombre de spires de I'enroulement secondaire;

R. est la résistance combinée des instruments dans le circuit secondaire, en ohms.

s du

s les
tales

3)
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