PUBLISHED DOCUMENT 52133;13*3:%’55
Determination of
magnetic loss under
magnetic polarization
waveforms including
higher harmonic
components —
Measurement,
modelling and
calculation methods
=
1Q | X

NO COPYING WITHOUT BSI PERMISSION EXCEPT AS PERMITTED BY COPYRIGHT LAW

YT ASEITT=.
British Standards

Full document details: PD IEC/TR 62383:2006


http://www.avadocuments.com/doc/pd-iec-tr-62383-2006
http://www.avadocuments.com/doc/pd-iec-tr-62383-2006

PD IEC/TR 62383:2006

National foreword

This Published Document was published by BSI. It is the UK implementation
of IEC/TR 62383:2006.

The UK participation in its preparation was entrusted to Technical Committee
ISE/NFE/5, Magnetic alloys and steels.

A list of organizations represented on ISE/NFE/5 can be obtained on request to
its secretary.

This publication does not purport to include all the necessary provisions of a
contract. Users are responsible for its correct application.

This Published Document was ~~ Amendments issued since publication
published under the authority
of the Standards Policy and

Strategy Committee Y Amd. No. Date Comments

on 30 March 2007

© BSI 2007

ISBN 978 0 580 50387 0 Peecuments

Document Sharing Hub

Full document details: PD IEC/TR 62383:2006


http://www.avadocuments.com/doc/pd-iec-tr-62383-2006
http://www.avadocuments.com/doc/pd-iec-tr-62383-2006

PD IEC/TR 62383:2006

TECHNICAL IEC
REPORT TR 62383

First edition
2006-01

Determination of magnetic loss

under magnetic polarization waveforms
including higher harmonic components —
Measurement, modelling and calculation
methods

Reference number
IEC/TR 62383:2006(E)

Documents

Document Sharing Hub

Full document details: PD IEC/TR 62383:2006


http://www.avadocuments.com/doc/pd-iec-tr-62383-2006
http://www.avadocuments.com/doc/pd-iec-tr-62383-2006

PD IEC/TR 62383:2006 -2-

CONTENTS

INTRODUGCTION L.ttt e et e e e e e e e e e e e e e et e et e et e et e e eeannns 4
LS T o oY o 1 R 5
D Lo g F= ) (A= =Y 1= =Yg (o= T 5
3 Principles of MeasUremMENT ... .o e e 5
Tt B 1= o 11 - 1 P 5
3.2  Yokes, windings and test SpeCimen ... ... 6
3.3 POWer @ampPlifier oo 6
3.4 Waveform SYNtheSIZer .. ... 6
2 T B T 1 1T =Y PRSP 6
3.6 Control of secondary VOIAGE .......oouuiiiiiiii e 7
3.7  Peak reading apparatus ..ot 7
3.8 AIr flUX COMPENSAtION . .eei et 7
4 MEaASUNING SY S M Lo e e e 8
Y == T =Y 0 0 =Y o P 8

5.1 Generation of the magnetic polarization waveform including higher
=T 40 o e P 8
5.2 Determination of peak value of magnetic polarization.................coo 9
5.3 Determination of the magnetic polarization ... 9
5.4 Determination of magnetic field strength............. 10
5.5 Determination of the magnetic 10SS.........coiiiiiii i 10
5.6 Plotting the a.c. hysteresis loop including the higher harmonics ............................ 10
6 Example of MeasSUIrEmMENt ... ..o e 10
6.1 Magnetic loss measurement of non-oriented electrical steel sheets....................... 10
6.2 Magnetic loss measurement under stator tooth waveform conditions..................... 11
7  Prediction of magnetic loss including higher harmonic polarization...................co.oone. 15
Tl GENEIAI e 15
7.2 Energy loss separation [14] ... 15
7.3  Neural network method [17]...c.oii e 21
7.4 Modified superposition formula [20]........ccouiiiriiii 23
LG TS TU oo Vo 0 = oY/ 28
Bl O a P Y e e 29

Figure 1 — Block diagram of the measuring system for the measurement of magnetic
loss of electrical steel sheets under magnetic polarization waveforms which include

higher harmoniC COMPONENTS ... ... et e e 8
Figure 2a — Magnetic polarization J(£) ........oooiiiii e 11
Figure 2b — Magnetic field strength H(f) ... 12
Figure 2¢ — AC hySteresiS l00PS . v it 12

Figure 2 — Dependency on the higher harmonic polarization components of the
magnetic polarization J(t) ; magnetic field strength H(t), and a.c. hysteresis loops of
non-oriented electrical steel at a fundamental magnetizing frequency f4 = 60 Hz and a

maximum magnetic polarization j= 1,5 T, and for higher harmonic frequency of
N 12

Documents

Document Sharing Hub

Full document details: PD IEC/TR 62383:2006


http://www.avadocuments.com/doc/pd-iec-tr-62383-2006
http://www.avadocuments.com/doc/pd-iec-tr-62383-2006

-3- PD IEC/TR 62383:2006

Figure 3 — Specific total loss depending on the higher harmonic frequency and higher

harmonic polarization for the non-oriented electrical steel sheet at j= 15T, 13
Figure 4 — B-coil winding positions of stator tooth of a 3,75 kW induction motor to

measure the a.c. hysteresis of the stator tooth depending ontheload ...................... 14
Figure 5 — AC hysteresis loop of the stator teeth of a 3,75 kW induction motor

measured in single sheet teSter .. ..o 14
Figure 6 — Specific total loss of the stator tooth depending onthe load.........................oel. 15

Figure 7 — Examples of experimental dependence of the quantity
Wy =W =W, =W, +W,,. on the square root of frequency in grain-oriented Fe-Si

laminations (thicknNess 0,29 MIM) ... 17

Figure 8 — Energy loss per cycle W and its analysis in a non-oriented Fe-(3wt %)Si
lamination energy loss with arbitrary flux waveform and minor l00pS..........ccocceeeviiiiiiicniinns 18

Figure 9 — Examples of composite experimental (solid lines) and reconstructed

(dashed lines) d.c. hysteresis loops at peak magnetization j= 1,4 T in non-oriented

Fe-(3 wt %) Si laminations (thickness 0,34 mm) generated by the J(¢) waveforms............... 20
Figure 10 — Experimental dependence of the statistical parameter of the

magnetization process ¥V, on the peak magnetization value in the tested non-oriented

Fe-Si lamiNations ... e 20
Figure 11 — Loss evolution with the number of minor loops in a non-oriented Fe-Si

lamination, subjected to controlled constant magnetization rate W) = 4f~(j+2Jm),
With J = 1,4 T aNA 277, % 1,2 T oo 21
Figure 12 — Artificial neuron (also termed as unit or N0des) .........ccooveiiiiiiiiiiii e, 21
Figure 13 — Neural network design topOlOgY .. ... 22
, dJ (1) : , -
Figure 14 — Waveforms of rat H(t)and J(¢#) when higher harmonic polarization
t
LES 3T o [T L= o PPN 24

Figure 15 — Generation of two symmetrical a.c. minor loop measured in zero
polarization region, and in saturation polarization region, of the fundamental hysteresis

loop; magnetization in the rolling direction and perpendicular to the rolling direction............. 25

Figure 16 — Specific total loss P of the combined waves, with harmonic frequency
23f4, depending on the position of a.c. minor loop at maximum magnetic polarization of

1,0 T and of 1,5 T reSpeCtiVelY ... e 25
Figure 17 — Specific total loss depending on the higher harmonic frequency......................... 27
Figure 18 — Constant k, vs. peak value of magnetic polarization ) A 27
Table 1 — NetWOrk deSign .. e e e 22
Table 2 — Error of the specific total loss recalled from the trained neural network

compared with the measured values at 1,6 T (point not used during the training).................. 23
Table 3 — Error of the specific total loss recalled from the trained neural network

compared with the measured values at 1,5 T (point used during the training)........................ 23

Documents

Document Sharing Hub

Full document details: PD IEC/TR 62383:2006


http://www.avadocuments.com/doc/pd-iec-tr-62383-2006
http://www.avadocuments.com/doc/pd-iec-tr-62383-2006

PD IEC/TR 62383:2006 —4-

INTRODUCTION

The specific total loss has to be measured for the design of electrical machines and
classification of electrical steel sheets. During the last 20 years, electrical engineers have
determined the magnetic induction waveforms of electrical machines [1] to [4]"), and
calculated the magnetic power loss under non-sinusoidal waveform of magnetic
polarization [5] to [13]. They designed electrical machines using numeric calculation (FEM,
BEM) and high speed computers, including non-linear and hysteresis properties of magnetic
materials.

Under standard measurement conditions, the specific total loss of electrical steel is to be
measured only under the condition of sinusoidal waveform of the magnetic polarization.
However, the actual magnetic polarization waveforms of the electric machine are almost
always not sinusoidal because of the material behaviour (anisotropy, non-linear B-H
performance in high polarization regions such as the stator tooth of electrical machines),
because of PWM modulated voltage for variable speed motors and because of the layout of
the magnetic circuit and the winding scheme (tooth harmonics).

Specific total loss values obtained by the standard method are not really applicable to an
actual electrical machine design because the specific total loss of ferromagnetic material
cannot be predicted easily due to non-linear and hysteresis effects, but these higher harmonic
polarizations bring about a large increase in magnetic loss.

1) The figures in square brackets refer to the Bibliography. Documents
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DETERMINATION OF MAGNETIC LOSS
UNDER MAGNETIC POLARIZATION WAVEFORMS
INCLUDING HIGHER HARMONIC COMPONENTS -
MEASUREMENT, MODELLING AND CALCULATION METHODS

1 Scope

Nowadays, by computer aided testing (CAT), a.c. magnetic properties of electrical steel
sheets can be measured under various measuring conditions automatically. For example, the
magnetic loss in the presence of higher harmonic frequency components of magnetic
polarization can be measured using the arbitrary waveform synthesizer, digitiser and
computer.

The present standard methods (JEC 60404-2, IEC 60404-3 and [EC 60404-10) for the
determination of specific total loss are restricted to the sinusoidal waveform of magnetic
polarization, and these standards are still important for the characterization of core materials.
However, actual waveforms of magnetic polarization in the electrical machines and
transformers always include higher harmonic polarizations, and nowadays electrical machines
can be designed using numerical methods including higher harmonics. But for these
conditions, there is still no standard testing method.

This technical report reviews methods for measurement of the magnetic loss of soft magnetic
materials under the condition of magnetic polarization which includes higher harmonic
components.

2 Normative references

The following referenced documents are indispensable for the application 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.

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

IEC 60404-3:19929, Magnetic materials — Part 3: Methods of measurement of the magnetic
properties of magnetic sheet and strip by means of a single sheet tester

EC 60404-8, Magnetic materials - Part 6: Methods of measurement of the magnetic
properties of magnetically soft metallic and powder materials at frequencies in the range
20 Hz to 200 kHz by the use of ring specimens

EC 60404-1Q, Magnetic materials — Part 8: Specifications for individual materials — Section 10:
Specification for magnetic materials (iron and steel) for use in relays

3 Principles of measurement

3.1 General

The described method of measurement with the inclusion of higher harmonics is, in principle,
also applicable using the Epstein frame or a ring core as a magnetic circuit. With the Epstein
frame, one should be aware of the particular path length characteristics which are also not
exactly known in the higher frequency range.
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The proposed test apparatus is based on the magnetic circuit of a double U-yoke SST. It can
be considered to consist of the following parts.

3.2 Yokes, windings and test specimen

Each yoke is formed in the shape of a U and is made up of an insulated sheet of electrical
steel or nickel iron alloy. The construction methods of yokes could follow the instructions of
Annex A of |[EC 60404-3. The dimensions of the yokes and specimen are not restricted, but if
the yoke size becomes smaller, the effective magnetic path length leff should be equal to the

inside width corresponding to the procedure given in |JEC 60404-3. It is preferable that the
initial permeability of the yoke should be reasonably constant with frequency up to the
maximum higher harmonic frequency to be measured. Regarding the windings and the test

specimen, it should again be referred to |[EC 60404-3 and, in the case of ring specimens, to
EC 60404-6.

Capacitance and dielectric effects become an issue for higher frequency components. The
dielectric loss should be minimised by careful management of the winding space and
dielectric constants of the formers and wire insulation.

The temperature of the test specimen should be measured at all times. For higher frequency
measurements, the temperature rise becomes a major factor and steps should be taken to
minimize this.

3.3 Power amplifier

The power amplifier shall have low output impedance, and the frequency bandwidth of the
power amplifier should be higher than the highest harmonic frequency to be measured. The
output voltage of the power amplifier should be high enough to magnetize the specimen over
the full higher harmonic frequency range. For details, reference should be made to

IEC 60404-2, |JEC 60404-3 and |[EC 60404-6.

3.4 Waveform synthesizer

An arbitrary waveform can be synthesized by computer programming. The frequency of the
generated wave should be synchronized with the digitiser frequency, and the frequency
uncertainty of the waveform synthesizer shall be better than 0,01 %. The waveform
synthesizer output should allow arbitrary waveforms generated by synthesized digital wave
data. The relative uncertainty of the frequency should be less than 0,01 %.

3.5 Digitiser

For the digitisation of the secondary induced voltage U,(t) and the voltage Ug(t) across the
non-inductive precision resistor Rg which is connected in series with the primary winding to
determine the magnetizing current, a 2-channel digitiser is necessary. The 2 channels must
be sampled simultaneously and then digitised. Following this, the data are recorded in a
memory.

If the length of the period divided by the time interval between the measuring points, i.e. the
sampling frequency ratio fg divided by the magnetizing frequency f,, is an integer (Nyquist
condition), the power integral can be, without mathematical error, be replaced by the
corresponding sum. The sum correctly represents the power integral up to the n"™ harmonic
where 2n is the number of samples per fundamental period. Keeping the Nyquist condition is
possible only where the sampling frequency f; and the magnetizing frequency f,, are
synchronized to a common fundamental clock and thus have a fixed integer ratio.
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In that case, the hysteresis loop must be scanned using a sampling frequency fg higher than
twice the bandwidth of the B- and H-signals,

S5 =2nf,, (1)
where n is the highest harmonic to be measured.

However, the commercial hardware components are not usually synchronized in this way and
the ratio f/f,, is then not an integer. In that case, the sampling frequency must be
considerably higher (for instance 1 024 samples per period) in order to keep the deviation of
the true period length from the closest multiple of intervals of sampled measurements small.

Keeping the Nyquist condition becomes a deciding advantage in the case of higher
frequencies. The use of a low-pass antialiasing filter must be considered in order to avoid
contributions from low-frequency apparent harmonics which do not exist in the measurement
signal. The antialiasing filter must limit the system bandwidth to <f /2.

Regarding the amplitude resolution, with a lower than 12-bit resolution, the digitalization error
can be considerable, particularly for non-oriented material with high silicon content. Thus, at
least a 12-bit amplitude resolution is recommended. Moreover, the two voltage channels
should transfer the signals without a significant phase shift. The phase shift should be so
small that the total uncertainty is not significantly affected.

When magnetic loss is measured under conditions of magnetic polarization which include
higher harmonic components and the higher harmonic amplitude becomes high enough to
produce minor loops, the digital sampling condition for the higher harmonics should also
satisfy the above described sampling conditions.

3.6 Control of secondary voltage
The waveform of the secondary voltage should be controlled to have the required

components. This control can be achieved by feedback techniques using digital or analog
means.

The deviation should be below 1 % for each harmonic component.

3.7 Peak reading apparatus

For the measurement of the peak value of the magnetic polarization, a Miller type analog
integrator and a peak reader should be used with a frequency bandwidth higher than the

highest harmonic frequency f, to be measured.

The peak reader should be able to repeat peak readings at an appropriate time rate.

The uncertainty of the peak reading apparatus should be better than 0,2 %.

NOTE An average type voltmeter may not be used for measurement of the peak value of the magnetic
polarization because the secondary induced voltage may have more than two zero crossing per period.

3.8 Air flux compensation

Air flux should be compensated. This can be achieved by a mutual inductor. 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.
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The adjustment of the value of the mutual inductance shall be made so that, when passing an
alternating current through the primary windings in the absence of the specimen in the
apparatus, the voltage measured between the non-common terminals of the secondary
windings shall be no more than 0,1 % of the voltage appearing across the secondary winding
of the test apparatus alone.

4 Measuring system

The measuring system can be constructed using the components which are described in
Clause 2 . The block diagram of the circuit is shown in Figure 1.

B-Feed back
Arbitrary ) +’[ Power Uz(t) Miller
Ny

. Waveforlm Amplifer . . Intergrator
Synthesizer N No
Peak Reading
Computer |— L " Apparatus
H-Signal Us(l)
2-channel REQ

Digitizer

J-Signal

Components
N, magnetizing winding
N, secondary winding
M mutual inductor
Rs non-inductive precision resistor
Figure 1 — Block diagram of the measuring system for the measurement

of magnetic loss of electrical steel sheets under magnetic polarization waveforms
which include higher harmonic components

5 Measurements

5.1 Generation of the magnetic polarization waveform including higher harmonics

The time dependent magnetic polarization including higher harmonics can be described by

N
J(1)="D J2j+1) SIN[2) + Nyt +6211)] 2)

Jj=0
where
J is a non-negative integer;
N corresponds to the highest harmonic frequency f, ;
wq is the fundamental angular frequency( @y = 2nf;);
J(2j+1) is the amplitude of the (2j+1)! harmonic at the angular frequency @y, =2+ Nay;
A2j+1) is the phase angle. Documents

Document Sharing Hub

Full document details: PD IEC/TR 62383:2006


http://www.avadocuments.com/doc/pd-iec-tr-62383-2006
http://www.avadocuments.com/doc/pd-iec-tr-62383-2006

-9- PD IEC/TR 62383:2006

The synthesized reference voltage U(?) is as follows;

N
U(t) = NpAY (2 +1)@1J 241 COSI(2] + Neont +62.)] (3)
j=0

where
Ny, is the number of turns of secondary winding;
A is the cross sectional area of specimen.

The procedure of setting the desired magnetic polarization follows the following steps.

First the relative amplitudes of fundamental and higher harmonics waves are set, the resulting
peak value of the magnetic polarization is measured and then the gain of the synthesizer is
set so that the required amplitude of magnetic polarization is achieved.

5.2 Determination of peak value of magnetic polarization

The peak value of magnetic polarization j should be measured using a Miller type analogue
integrator and a peak reader. The relation between the peak value of magnetic polarization

and the output voltage UJ of the peak reader is:

_ Nod 5 4
J= "0 (4)

where RC is the time constant of the Miller integrator.
5.3 Determination of the magnetic polarization

The instantaneous value of the magnetic polarization J(i) at the time t = i/nf of the specimen
can be calculated from the secondary induced voltage U,(f) using the following numeric
equation:

13 ~
J(i)= Nod ];[Uz(k)+U2(k+1)]/2 Jo (5)

where

i is an integer;

n is the number of sampling points per period;
f is the magnetizing frequency;

Jo  is the integration constant such that
> J(i)=0 (6)

The peak value of the magnetic polarization J(¢) is identical to the maximum value of J(i).
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