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Welcome to Grenoble

For this 15th edition of the International Workshop on 1&2 Dimensional Magnetic Measure-
ment and Testing, 2DM 2018, we are pleased to welcome you to Grenoble on 24, 25 and 26
September at the new GreEn-ER site of the Grenoble Alpes University community.

Since its first edition in 1991, in Braunschweig - Germany, this international Workshop has
been dedicated to the methods of characterization of magnetic materials in their theoretical and
experimental aspects as well as their application advances.

This Workshop brings together academic and industrial specialists in order to promote and
strengthen the links between fundamental and applied research in the field of magnetic mea-
surements and tests. This biennial event is not intended to compete with major international
conferences; it is above all a place for human-sized meetings and friendly exchanges between
participants. It allows the dissemination of research and development work, with about 60
contributions presented in the form of oral and poster sessions, five keynotes and one plenary
session, arranged in the traditional single plenary session.

We would like to thank the members of the 2DM Steering Committee who provided the
scientific preparation for this event.

Finally, we would like to thank the members of the local organizing committee and the
administrative and technical staff of the G2Elab laboratory and the GreEn-ER site for their
investment in the organization of this event.

We wish you a Workshop rich in scientific and technical exchanges as well as a very pleasant
stay in Grenoble.

Afef KEDOUS-LEBOUC and Nicolas GALOPIN
2DM 2018 Co-Chairs



Organising Committee

The workshop is organized by the MADEA team (Materials, Machines and Advanced Electro-
magnetic Devices) of the Electrical Engineering Laboratory of Grenoble (G2Elab - Grenoble
Alpes University - CNRS - Grenoble INP).

e Afef KEDOUS LEBOUC (co-chair)
e Nicolas GALOPIN (co-chair)

e Hervé CHAZAL

e Olivier GEOFFROY

With the support of the administrative pole of G2Elab

e Catherine VALENTIN
e Lalasoa RAYNAUD

Professional Congress Organiser

e Insight-Outside - www.insight-outside.fr

Honorary Chairman

e Dr. Johannes SIEVERT, Germany

International Steering Committee

e Dr. Carlo RAGUSA (chair), Italy

e Dr. Johannes SIEVERT (honorary chair), Germany
e Dr. Carlo APPINO, Italy

e Prof. Luc DUPRE, Belgium

e Prof. Masato ENOKIZONO, Japan
e Dr. Fausto FIORILLO, Italy

e Dr Afef KEDOUS-LEBOUC, France
e Prof. Yongjian LI, China

e Prof. Anthony MOSES, UK

e Prof. Helmut PFUETZNER, Austria
e Mr. Stefan SIEBERT, Germany

e Prof. Marian SOINSKI, Poland

e Prof. Derac SON, Korea

e Dr. Kiyoshi WAJIMA, Japan

e Dr. Xing ZHOU, China

e Prof. Jian Guo ZHU, Australia '
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Editorial Board

e Dr. Hervé CHAZAL, France

e Dr. Nicolas GALOPIN, France

e Dr. Olivier GEOFFROY, France

e Dr. Afef KEDOUS-LEBOUC, France
e Dr. Carlo RAGUSA, Italy

e Dr. Georgi SHILYASHKI, Austria

e Dr. Johannes SIEVERT, Germany

Scope of the Worshop

This Workshop aims at promoting and strengthening the links between the fundamental and
industrial resarch on magnetic measurement, testing and modelling. The topics of the Workshop
concern:

e fundamental problems, magnetisation processes and domains,

e measurement and modelling of magnetic properties of soft magnetic materials, relevance
of microstructures,

e high frequency magnetic measurements,

e characterisation of permanent magnets and their measurements,

e industrial magnetic measurements and testing, measurement standards,
e non-destructive magnetic testing and bio-electromagnetic testing,

e magnetic sensors,

e two dimensional magnetic metrology,

e magnetostriction, magnetocaloric and anisotropy measurement,

e modelling of magnetic material behaviours (characteristics under scalar and/or vectorial
magnetic excitations including harmonics and DC offset, hysteresis and power losses, cou-
pled phenomena, etc...),

e relevance to applications in electromagnetic devices (transformers, motors, etc...),

e other relevant topics.
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General Informations

Registration and secretariat

The registration desk and the secretariat are located on the ground floor of the GreEn-ER
building from Monday until the last day of the workshop.

Welcome cocktail

A welcome refreshment will be offered at GreEn-ER building on 24 September 2018 during the
reception and registration time (17:30 - 19:30).

Conference dinner

The gala dinner will be held at the restaurant Téléférique. Located in the top of the Bastille,
in the heart of old Grenoble, the panoramic restaurant at 476 meters of altitude offers an
exceptional view overlooking Grenoble and its surroundings.

Appointment is given to all participants at 7:00 pm at the cableway station. Do not forget
the dinner coupon, which will be exchanged for a ticket to access the cableway (round trip) and
the restaurant.

The cableway station is located in the heart of the historic Grenoble, on the Stéphane Jay
quay, on the left bank of the Isere river, at the entrance to the Jardin de Ville. Accessible by
bus and tramway (lines A, B, C1, C3, C4, 17, 40) Victor Hugo station, then simply cross the
Jardin de Ville.

Téléphérique Grenoble-Bastille
Quai Stéphane Jay
38000 Grenoble

GPS coordinates:
45°11° 35”7 N, 5°43’ 34" E

C
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Instructions for presentations

To check the type of your presentation, the title of your session, and the schedule, see the follow-
ing pages of this technical program (also available on the workshop website https://2dm2018.
sciencesconf.org).

To be eligible for journal publication, each paper must be presented by one of the authors.
No-show paper will not be eligible for submission to the Journal of Applied Electromagnetics
and Mechanics (IJAEM) for publication. The authors are expected to revise and submit their
full papers by 15 October 2018 for peer review.

Oral presentations

Each presentation is scheduled for a duration of :

e Regular: 15 minutes + 5 minutes for exchanges and questions.
e Keynote : 25 4+ 10 minutes for exchanges and questions.

e Plenary : 35 + 10 minutes for exchanges and questions.

Thank you in advance to keep the presentation time in order to allow questions and discus-
sions.

The lecture room is equipped with a computer and a video projector.

All presentations must be loaded on the computer of the room before the beginning of the
session and at least 5 minutes before.

It is important to pay attention to the compatibility of the files (ppt, pptx and odp). These
formats (ppt, pptx and odp) are naturally accepted, but require a previous check for their correct
operation. A PDF format is preferred and recommended.

Poster presentations

The poster format is in A0 (84.1 cm x 118.9 c¢m) in portrait mode. No specific template is
imposed. Poster presentations simply consisting of a hard copy of the paper is inappropriate
and will be marked as a No-show paper.

The duration of the poster sessions is 01:30. These sessions are sandwiched between lunch
and a coffee break, which leaves more time for exchanges.

All the materials for the poster sessions will be provided at the reception desk.

Participants are encouraged to install their poster in the morning and remove it at the end
of the day.

X


https://2dm2018.sciencesconf.org
https://2dm2018.sciencesconf.org

Practical Informations

Grenoble, capital of the French Alps surrounded by a spectacular natural landscape, is the
second France’s most important centre of scientific research and high-tech industry after Paris.
University town with several large institutions and research facilities, Grenoble is also known for
its outstanding quality of life, its museums and gastronomy. Host of the 1968 Winter Olympics,
the city center is the focal point for a metropolitan area of over 450,000 inhabitants, including
60,000 students. Surrounded by the mountain ranges of Chartreuse, Vercors and Belledonne,
the city lies on the bank of the river Isere. In Grenoble, you can love city life and wildlife
at the same time, enjoy winter and summer altogether, mountain hikes and contemporary art
exhibitions on a same day, you may strongly support sustainable development and be keen on
archaeology, too.

The venue of the event, at GreEn-ER research center on electrical energy and renewable
ressources, is expected to perfectly serve the organization of an enjoyable and fruitful 2DM 2018.

Grenoble Electrical Engineering
Laboratory
GreEn-ER Building
21 avenue des Martyrs
38000 Grenoble
www.g2elab.grenoble-inp.fr
2dm2018@sciencesconf.org

The GreEn-ER building is easily accessible from tram line B. It is located opposite the
CEA-Cambridge station on the Grenoble Scientific Polygon (presqu’ile scientifique).

Presqu'ile scientifique
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BROCKHAUS

MEASUREMENTS I

Industrial and Laboratory Measuring
Technology for Soft Magnetic Materials

Measuring Unit MPG 200 D

= Core loss tester
= Determination of all magnetic properties
= According to IEC 60404-ff

NEW: FT 600 with
pneumatic drive

Franklin Tester FT 600

= Determination of surface resistance
= Quality control of insulation coating
= According to IEC 60404-11 & ASTM A717-01

EBA Inline Measuring System

= Continuous inline quality control

= Measurement of specific hysteresis loss
and peak induction

= Monitoring and documentation

Rotational Powerloss Tester RPT

= Rotational and ellipsoidal magnetisation

= Axial measurements at various angles
to the rolling direction

= H-coils and B-coils (optional pocket)
measurement method

Measuring Technology for

Hard and Soft Magnetic Materials

Dr. Brockhaus Messtechnik GmbH & Co.KG
Gustav-Adolf-Str 4 - D-58507 Liidenscheid - Germany
Phone: +49 (0) 2351 3644-0 - Fax: +49 (0) 2351 3644-44

measurements@brockhaus.com WWW. B ROC KHAUS.CO M






Test instruments for the
maintenancepf I [Yaddl]
power systems

Megger manufacture safe and powerful electrical test equipment for
the most demanding environments to keep the world moving and the

Power on:

High-voltage insulation resistance testing

Effective and simple relay testing

The most experienced in circuit breaker testing

Worldwide leader in cable diagnostics and cable fault solutions

Widest range of transformer testing products

Providing quality test solutions for low voltage installations

Scan the QR code

to find out more. M eg g er.

Power on







NMIMT

MOVING MAGNET TECHNOLOGIES SA

MOVING MAGNET TECHNOLOGIES

Mechatronic & electromagnetic systems engineering
services

MMT, Mechatronics Innovation supplier

MMT's aim is to provide our customers with the most efficient and
reliable contactless solutions for motion control and drive systems. Our
team of experts is developing innovative solutions for electromagnetic
position sensors, electric motors and direct drive actuators. These
solutions are industrialized by our customers under a license
agreement with the help of MMT's technical support.

Expertise & Innovation in Electromagnetic
Systems

MMT's expertise in electromagnetism can also be utilized as
engineering services. We can offer various services ranging from
simulation, calculation, sizing studies to complete mechanical design,
prototyping and testing of electromagnetic systems based on our
patents but also on public domain structures or on customer specific
solutions.

Technologies

‘«

X

Brushless DC
motors and stepper Direct Drive Magnetic position
motors Actuators sensors

Moving Magnet Technologies S.A. | BESANCON - France | www.movingmagnet.com
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SuperGrid Institute offers a complete
range of services to meet your needs

5R&D Research & Innovation Added value
programs test platforms Services & Expertise

Innovations
& Technology transfer

SuperGrid Institute is a research and innovation center,
federating academic and industrial players.

We are experts in High Voltage DC interconnected with AC networks,
energy conversion, systems and equipment.

We develop technologies for the future power transmission networks. We offer
high value added technologies and services to support our clients’ business.

SuperGﬁd Shaping power transmission

= SuperGrid Institute SAS - 23 Rue Cyprian, BP 1321 - 69611 Villeurbanne CEDEX, France
Institute +33 4 28 01 23 23 - accueil@supergrid-institute.com - www.supergrid-institute.com

Shaping power transmission
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Plenary Lecture

” Measurements and magnets are everywhere: advanced magnetic testing methods as requisites
for physical understanding, progress in standards and materials, and improved applications”

Dr. Fausto Fiorillo

Istituto Nazionale di Ricerca Metrologica-INRIM, Torino, Italy

Dr. Fausto Fiorillo is a physicist. He earned his degree from the University of Torino in
1972. He worked since 1973 as a scientist and since 1995 as Research Director at the Istituto
Elettrotecnico Nazionale Galileo Ferraris, now Istituto Nazionale di Ricerca Metrologica (IN-
RIM), in Torino. He officially retired on January 1, 2012 and is now serving as an associate
scientist at INRIM. His scientific work and interests have been mainly devoted to the properties
of magnetic materials and their measurement, with special focus on magnetization process and
losses. He authored/co-authored some 210 peer-reviewed publications in international scientific
journals, review monographs, and chapters on international series on magnetic materials. He
is the author of the comprehensive treatise “Measurement and Characterization of Magnetic
Materials” (10 Chapters, 647 pages), published by Academic Press-Elsevier, December 2004.
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Measurements and magnets are everywhere: advanced
magnetic testing methods as requisites for physical
understanding, progress in standards and materials,
and improved applications

Fausto Fiorillo

Istituto Nazionale di Ricerca Metrologica-INRIM, 10135, Torino, Italy
ffiorillo@inrim.it

Measurements mean knowledge. No scientific and technological activity can be rationally
pursued without resorting to some kind of well-defined and reproducible measurement. This is
especially true for magnetic materials, where advances in the physical understanding of their
properties and in the variety and efficiency of their applications hang on the development of
solid and innovative measurement techniques. These must relate, in any case, to the rigorous
framework provided by the coherent SI system of units, to which they can be traced through
an unbroken chain of calibrations, ultimately linked to the activity of the National Metrological
Institutes. The appearance of novel physical phenomena and new or improved materials, and
the development of increasingly fast digital methods in measurement control and data
acquisition and handling have brought about new challenges and opportunities in magnetic
measurements. Enhanced measurement methodologies, developed either for basic
investigations or for keeping abreast of new advances in materials and applications, eventually
call for an evolution of the Standards, the tool by which the novel achievements in measuring
methods are transferred to industry, in order to cover, under strict reproducibility requisites,
the broadening demands of the market.

In this communication we shall highlight the physical principles underlying the modern
methodologies employed in the characterization of hard and soft magnetic materials, by
considering both standard measuring approaches to materials of present-day industrial interest
and some recent developments and results ensuing from novel and improved techniques,
namely concerning the investigation of the magnetization process and the magnetocaloric
effect.

The talk will develop, in particular, around the following main topics:

¢ The landscape of present-day IEC standards in magnetic measurements.

e Epstein versus Single Sheet Tester method: the results of a recent IEC-TC68 broad
intercomparison.

e Two-dimensional measurements in magnetic sheets up to saturation. Fieldmetric versus
thermometric measurements.

8 sciencesconf.org:2dm2018:201793
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e Measurements of permanent magnets: the VSM and the Pulsed Field Magnetometer
methods versus the closed-circuit hysteresisgraph method.

e Measurement of magnetic losses in soft magnetic materials from DC to the GHz range.
Fast stroboscopic techniques elucidate the evolution of the domain wall dynamics
versus frequency.

e Calorimetric techniques for the characterization of the magnetocaloric effect on low
Curie temperature materials, for perspective use in magnetic refrigeration.

We shall look, in particular, at the physical insight gained by the application of these techniques,
besides highlighting their technical features and perspectives. While not pretending to provide a
description of the present state of the art in magnetic measurements, the selected examples are
chosen to convey trends and ideas lying behind advances in experimental methods, an indispensable
step on the road to improved materials and applications.

9 sciencesconf.org:2dm2018:201793
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Iron losses in ferromagnetic materials under circular or arbitrary two dimensional magnetization
show a different propagation with regard to the flux density magnitude when compared to iron losses
arising for uniaxial alternating magnetization. Hence, characterisation of iron losses under two di-
mensional magnetization, has become an important topic in electrical machine design due to com-
plex two dimensional flux density loci forming in some parts of rotor and stator laminations. Most
commonly, for iron loss determination under two dimensional magnetization either square shaped
single sheet testers (SST) or round rotational single sheet testers (RRSST) are utilized where, due to
its versatility and speed, the field metric method is frequently applied. With the field metric method,
specific iron losses P, in W/kg are directly calculated from measured loci of field intensity H,(t),
H,(t) and flux density B.(t), By(t) over time, as well as single sheet specimen mass density p
and magnetization period 7. Hence, reasonable accuracy of two dimensional field intensity and
flux density measurement is vital for a precise determination of indeed arising iron losses. This is
particularly important, as for rotational loss measurements, contrary to measurements under alter-
nating magnetization, there is currently no standard defined, making comparison of results obtained
by different laboratories using numerous setups a challenging goal.

The main scope of this paper is the experimental and numerical investigation of achievable mea-
surement accuracy with tangential field intensity search coils (H-coils), using the RRSST setup
presented in Figure 1. Special emphasis is taken on the practical suitability of the H-field extrapola-
tion method proposed in [1] and [2] for local two dimensional field intensity measurement inside the
single sheet. The presented RRSST-setup incorporates four flat tangential field intensity search coils
with their axes oriented along the z- and y-direction illustrated at the top of Figure 2. H-coils are
mounted on an xyz-moveable positioning table with 1 ym resolution below the single sheet speci-
men. This allows for a variation of distance z; and 2z of the search coils as well as the investigation
of tangential field intensity propagation H, ,(z,y, z) at arbitrary positions below the sheet. A di-
rect comparison of measured two dimensional tangential field intensity obtained by conventional
flat H-coils and the extrapolation method can therefore be made. To further investigate the influence
of yoke height h, and singlesheet diameter ds on measurement accuracy while using H-coils with
or without extrapolation, a magnetostatic 2d- and 3d-finite element simulation (FEM) of the test
setup was performed. Subsequently, for verification of the numerically obtained results, a regular
grid of test points below the single sheet surface was defined where field intensity along the x- and
z-direction was measured locally using a precision flux meter with coil probes. As an example, at
the bottom of Figure 2 vertical field intensity component with varying distance from the single sheet
center is shown for a flux density of 1 T and different sheet diameters ds. Measured and simulated
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Figure 1: RSSST Setup. (1) Single sheet Figure 2: Top: Coil Arrangement. (1) Sin-
specimen with B-coils wound through gle sheet specimen, (2) Magnetizing yoke,
holes (2) Toroidal two phase winding (3) (3) H-field search coils mounted on a xyz-
Magnetizing stator with insulation (4) Base moveable table. Bottom: Propagation of
plate with xyz-moveable table. unwanted vertical field intensity compo-
nent H..

results for vertical as well as horizontal field intensity component reveal that practical suitability of
the extrapolation method is highly dependent on the diameter d; of the used test specimen as well
as outline of the yoke. Therefore, care has to be taken to not introduce systematic errors when using
the extrapolation method.

The final paper will give a detailed analysis of the obtained experimental and numerical results
and will further discus their implications on usability of the extrapolation method. Furthermore, the
impact on obtained rotational losses values will be discussed mathematically supported by measure-
ments using the test setup.
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Nd-Fe-B sintered magnets are one of the essential constituent elements of motors. Lowering of
remanence due to the temperature rise (thermal demagnetization) is a significant issue in designing
high-efficiency motors with high power-weight ratio. To reduce eddy-current loss and suppress
thermal demagnetization, a magnet is commonly divided to small segments. Therefore, it is
indispensable to accurately grasp AC loss property and conductivity of the permanent magnet for
the appropriate magnet segmentation [1]. In this study, three kinds of permanent magnets with
different remanence B, and coercivity H. are selected for investigation. For each magnet, two
specimens with alignment directions are prepared. AC loss and conductivity of them are measured.
Furthermore, the influence of magnetization on AC loss and conductivity is examined.

Table 1 shows the dimensions of specimens used. No. means the grade of the prepared
permanent magnet. L and C indicate that the alignment direction is parallel and vertical to the
longitudinal direction of the specimen, respectively. The conductivity of each specimen was
measured by the four-terminal method. Furthermore, to investigate the influence of magnetization
on conductivity, unmagnetized specimens are also measured. To confirm the reproducibility, three
measurements were performed for the same specimen. Fig. 1 shows the measurement results of the
conductivity o for Nos. 1L and 1C, and the error &, which is the relative difference with respect to
the averaged value of measurement results. It seems that the magnetization does not affect the
conductivity. Because the variation in three measurements is within = 0.6 %, this measurement has
sufficient accuracy. Fig. 2 compares the conductivities of three kinds of permanent magnets with
different specifications. The difference in conductivities between them is very small.

AC loss was measured. Size of specimen is 20 mm x 20 mm x 50 mm. Exciting direction is the
longitudinal direction of the specimen. Maximum flux density was controlled at 0.01 T and the
frequency was changed from 50 Hz to 10 kHz. Fig. 3 shows the the frequency dependence of AC
loss W for Nos. 1L and 1C. The alignment direction gives the influence to AC loss. Fig. 4 shows
the results of iron loss separation for No. 1L. It is performed by using the results at 50, 100, and
200 Hz. It is confirmed that the hysteresis loss W,, is extremely smaller than the eddy current loss
W, for magnetized No. 1L. However, W, for unmagnetized No. 1L is not negligibly small.

Although the conductivity of permanent magnet has the anisotropy, it does not depend on the
magnetization. From the fact that unmagnetized permanent magnets have a small W,, W, may
significantly affect loss property for a small-sized permanent magnet having a low magnetization
rate because W, decreases when the specimen size decreases.
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Polymer nanocomposites have attracted much attention due to their outstanding properties and
significant potential application in many fields. However, bulk application is limited due to poor
manufacturing scalability while maintaining organized microstructures [1]. Active assembly of
nanoparticles using magnetic fields is a promising nano-manufacturing method, as it allows control
of alignment direction, is inexpensive, non-damaging, scalable and allows organization of fillers by
inter-particle motions [2]. The formation of magnetic chains into the polymer matrices has
previously been achieved [3] by applying a magnetic field in the range of a few tens to hundreds of
mT. A static magnetic field strength in the range of 80 — 100 mT has been found to be effective in
producing the required alignment of the ferrite decorated graphene nano-particles (GNPs) used in
this research.

This paper describes the development of an automated image capture and magnetic control
system shown in Fig. 1a to study the alignment of coated GNPs in an epoxy matrix. Over the full
curing period, this system can continuously observe using an optical microscrope the alignment
process in an applied magnetic field, providing more accurate information about the behavior of the
magnetic nanoparticles in the epoxy matrix compared to a manual method that only allowed
observation of the sample after the experiment had been conducted.

LabVIEW was used to develop a Virtual Instrument (VI) simultaneous user interface and
program. LabVIEW Vision Acquisition Software (VAS) contains a variety of sub VIs which can
implement the control of any supported camera and Digital to Analog Converter (DAC).

The uncured epoxy was applied to a glass microscope slide. This was held in position between
the magnetic poles on a 3D printed plastic former designed to locate both the electromagnet and the
slide, shown as a schematic drawing in Fig. 1b. A steel C-core with an air gap of 30 mm between
faces of 30 x 30 mm was used to set up the magnetic field across the uncured specimen with a
uniformity sufficient for alignment of the nano-filler clusters [4]. The electromagnet was energized
by a software-controlled power supply unit which allows the user to define the required magnetic
field strength through the LabVIEW V1.

Due to automation of the image capture during the curing process, a large number of curing
conditions could be analysed and examined at any point during the process. Examples of specimens
cured without and with the presence of the applied magnetic field are shown in Fig. 2a and Fig. 2b,
respectively. Further studies are planned to examine the GNP loading, field strength and time with
the aim to identify the optimum conditions for alignment of GNP clusters in the cured material.
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Figure 1a) Photograph of the magnetization system comprising the plastic former, electromagnet
and specimen slide holder located beneath the microscope objective and b) the schematic drawing
of the 3D model of the former, approximate dimensions 165 x 142 x 32 mm.

Figure 2a) Image of specimen with a GNP concentration of 0.5% cured without applied field
showing a random dispersion of nanofillers. b) Specimen cured sample in a magnetic field showing
alignment of ferrite coated GNPs aligned parallel to direction of the applied field.
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Several international research laboratories attempted the round robin measurements of
rotational power loss Py, with the aim of possible standardisation of the measurement method
[1,2]. Majority of the laboratories employed the fieldmetric method, some used the thermometric
technique. The comparison showed discrepancies at the level of tens of percents and thus at the
time the results were deemed to be too unreliable for a standardisation procedure.

High levels of magnetisation could not be achieved with the magnetising yokes used for those
measurements and the scattering of the measurements was not very well understood at the time.

Over the past two decades the computer technology progressed significantly. The data
acquisition devices became less expensive, but also much more sophisticated offering
simultaneous sampling, faster sampling rates and higher resolution. Hence, any inaccuracies
resulting from the data acquisition (and generation) were appreciably reduced [3].

Digital technology also facilitated improvements in digital feedback algorithms, which can
attain better stability and accuracy, as well as speed of control. However, excessive acceleration
should be avoided [4]

The clockwise-anticlockwise (CW-ACW) differences in measured Prot are now much better
understood. Obviously, the results should be averaged from the two directions of rotations [1, 2].
The large CW-ACW differences at high amplitudes of magnetisation were shown to be attributed
to the small angular misalignment between the sensors of flux density B and magnetic field
strength H [5].

Recently, also an explanation for the CW-ACW differences persisting at lower excitation was
also proposed [6]. Such differences can arise because of the non-ideal immunity of H-coils to the
off-axis vector components of H [7]. Some improvements to magnetic shielding offering
possibility of more efficient and more uniform magnetisation were proposed as well [8].

Analysis of all these improvements allows performing an analysis of the likely "optimum"
design for the rotational magnetisation apparatus [4]. A synthesis of such a hypothetical optimum
apparatus is presented in this paper.

It should be noted that most of the concepts referred to in this paper are supported by results
already reported in the literature, with larger samples used in some systems, by using two-phase
round yokes, larger B-coils and larger H-coils [4]. Just five ideas would require further
experimental validation: maximum practical sample size, type of yoke winding (simple or
"sinusoidal"), circular sample positioning (notches/edges), vertical shielding and rigorous testing
of PCB-based H-caoils.

The sample has 20 cm diameter and has trimmed straight edges for precise linear and angular
positioning. The yoke is made similar to a stator of an induction rotor, with two-phase windings,
with quasi-sinusoidal turn distribution. The B-coils can be as large as 150 mm, and their wires can
be accommodated in a groove underneath the PCB-based equally large H-coils. The "vertical”
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shielding can be added around the sample if it was found to be beneficial through experiments
(Fig. 3b).
Hence the hypothetical "optimum" magnetising setup could look as shown in Fig. 1.

Figure 1: Overview of a magnetising apparatus without shielding and with visible straight edges of the
sample (and an optional "vertical" shield).
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1. Introduction

The measurement of high frequency magnetic properties is important in design and performance
optimization of the electrical apparatus, not only in the application of traditional motors and transformers,
but also in emerging power electronics and special motors [1]. With the improvement of the processing
technology of silicon steel materials, the thickness of ultra-thin silicon steel gradually approaches that of
nanocrystalline, making the high-frequency performance of electrical steel sheets greatly improved, and
gradually applied to the field of high-frequency transformers [2, 3]. The optimal design of these
electromagnetic devices is inseparable from the accurate magnetic properties measurement [4]. Therefore,
it is necessary to study the high-frequency rotating magnetic properties of magnetic materials [5]. Utra-
thin silicon steel is selected as the material of the magnetizing circuit instead of the nanocrystalline for
ultra-thin silicon steel is easier to be processed into the desired core shape [6, 7].

2. Methods and Results

The novel 2-D magnetic tester consists of four orthogonal laminated cores, four multilayer excitation
windings, which are wound around the four pairs of orthogonal core-poles. In order to concentrate
magnetic flux density and enhance the excitation field, core poles are shaped into frustum of a square
pyramid, as shown in Fig. 1. To acquire a uniform field, two guarding pieces, which are of the same
material and grain oriented direction as the specimen, are attached on each surface of the specimen. The
magnetic material specimen with B-H sensing structure is placed in the center of the tester, as shown in
Fig. 1.

The comprehensive magnetic properties of the specimen are measured in different excitation models,
with feedback control, harmonics compensation, and automated data processing, as shown in Fig. 2.
More detailed magnetic properties in different frequencies and corresponding core loss features of the
specimen will be presented in the full paper.

Fixing frames || Guarding piec
=
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Fig. 1. The Novel 2-D high frequency magnetization structure. (a) 2-D magnetic properties magnetization

structure. (b) and (c) are two types of laminated “C-type” core, B-H sensing structure
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Fig.2. Ratio of harmonics to fundamental components under rotating magnetic measurement in rolling direction
and tangential direction. (a) rolling direction (b) tangential direction, the rotating magnetic properties measurement
with harmonics compensation method. (a) B loci and (b) H loci.

3. Conclusions

By using the newly designed 2-D magnetic properties tester with feedback control, harmonics
compensation, and automated data processing, comprehensive magnetic properties of the magnetic
material specimen are measured and analyzed. The magnetic properties for the magnetic material
specimen in different directions are obtained, which is rarely studied but important to practical
application.
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The magnetic characteristics of magnetic materials has vector relation on constitube eqation
generally. However conventional hysteresis characteristic is only rolling direction of steel sheet
and is not general characteristics. It is due to orientation, rolling aisotrpy, and crystal anisotropy.
Therefore magnetoc flux density vector B is not paralell to magnetic field strength vector H and
difference phase angle between vect B and vector H, wgich can be definited spacific phase ange
B - In this paper the magnetic characteristic from the viewpoint of the vector relation is reviewed.

Figures 1(a) and (b) show the |B|max-|H|max-OBH curve insted of conventional B-H curve about
non-oriented electrical stel sheet and grain-oriented electrical steel sheet, respectively. This is
possible to know the essence of the magnetic characteristic by showing vector hysteresis property
by the 3D scatter diagram. Especially, handling of Oy is necessary. By being dependent on
time-related phase angle and spatial phase angle, the hysteresis property changes.

Bmax[T]

6 BH[deg] 9 0

6 BH{deg] Hmax[A/m]

(a) Non-oriented electrical steel sheet (b) Grain-oriented electrical steel sheet.

Fig. 1 Vector magnetic charcteristics, |B|yax|H|max-O1 curve

Figure 2 shows the magnetic power loss characteristics as W-0g-|B|max distribution.  The
arbitrary directional dependence of magnetic power loss gives the knowledge which is important
for the design of electrical machinery and apparatus.
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Fig. 2 W-0g-|B|mnax Characteristics

In this workshop, we discuss the point to be watched carefully with the establishment of the

concept of the vector magnetic characteristic.
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Grain-oriented (GO) Fe-Si sheets are often used in high-power rotating machines and in
electrical motors having specific requirements, like synchronous reluctance motors with reduced
torque ripple [1], where the material response along directions different from the rolling direction
(RD) matters, both in terms of magnetization curve and of energy losses. Such response should
also be known for transformers, where the flux deviates from RD in T-joints and corners, besides
forming two-dimensional patterns [2]. But the experiments show that the DC magnetization curves
and hysteresis loops depend in a complex fashion on the angle 8 made by the applied field with
respect to RD in the lamination plane [3]. This effect can be quantitatively interpreted in terms of
evolution of the domain wall processes, passing from the regular displacements of 180° domain
walls for RD-directed field to the unfolding and combination of 90° and 180° domain wall
displacements upon increasing 0 [4]. It has been actually shown that, by relying on Néel magnetic
phase theory and pre-emptive knowledge of the material behavior along TD and RD, one can
predict the normal magnetization curve, hysteresis loop shape, and the quasi-static loss
dependence on the angle 0 in high-permeability GO sheets [4]. It is remarked, however, that, with
the sole exception of RD and TD, the magnetic behavior of the GO alloys not only depends on 6,
but it is also strongly affected by the sample geometry. It is the very same limitation occurring in
the classical measurement of the magnetization curve in cubic single crystals, where defined
crystallographic cutting planes must be identified for the test sample, in order to obtain a fully
flux-closed magnetic circuit [5]. In the present experiments, two sample geometries have been
chosen: 1) Classical 30 mm wide Epstein strips, where the macroscopic magnetization is always
directed with the field, whatever the 0 value, as imposed by a high transverse demagnetizing field;
2) X-stacked 120 mm wide sheets, where the transverse field is negligible and a two-dimensional
macroscopic magnetization process takes place. The strong evolution of the measured DC
magnetic properties with 6 and sample shape have an obvious counterpart in the dynamic
properties, where both classical and excess loss depend on the sheet cutting angle according to
whether Epstein or X-stack configurations are considered [5]. To such evolution, only
phenomenological descriptions have been given so far in the literature [6]. In this work we have
thus investigated the magnetic energy loss versus frequency (1 Hz < f < 800 Hz) and peak
polarization (0.15 T <J, £ 1.4 T) in high-permeability 0.29 mm thick GO sheets, where the field is
applied along angles 6 to RD ranging with 15° steps between 0° and 90°. Experiments have been
performed by means of a calibrated hysteresisgraph-wattmeter, with digitally controlled sinusoidal
induction waveform. The sheet/strip sample is inserted in the 240 mm long gap of a laminated
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Figure 1: High-permeability GO Fe-Si sheets. a) Energy loss measured at 50 Hz versus cutting angle
0 at two J, values in single Epstein strips (solid lines) and X-stacked sheets (dashed lines). b)
Frequency dependence of the energy loss atJ, = 1.4 T for 8 = 0°, 30°, 60°, and 90°. The loss figure
along RD and TD is independent of the sample arrangement (single strip/X-stack).

double-C vertical yoke, endowed with 125 mm x 30 mm pole faces and air-flux compensated
windings. The results shown in Fig. 1, comparing the 50 Hz energy loss vs. 6 at two peak
polarization values and the loss vs. frequency W(f) curves at J, = 1.4 T, provide significant
examples of the large differences arising in the obtained loss figure with the single Epstein strip
and the X-stack configurations for 0 different from 0° and 90°. In the single Epstein strips, the
applied field H, and the transverse demagnetizing field Hy, resulting from a high demagnetizing
factor, compound to activate the 180° and 90° domain wall processes in such a way that the
transverse macroscopic magnetization is negligible and J is always directed along the strip length.
With the X-stacked configuration, Hy = 0 and the magnetization process has a two-dimensional
character. This is reflected in a very different evolution of the magnetic loss W vs. f'in these two
cases and calls for a suitable generalization of the loss decomposition procedure, according to the
Statistical Theory of Losses. In the present work, such a general approach to the dynamic losses is
worked out and a prediction for the loss components for single strips and X-stacked GO sheets as a
function of the angle 6, up to the frequency engendering incipient skin effect, is made.
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In multi-phase power transformers and rotating electrical machines, the rotating magnetic flux
may cause the increase of core losses, leading to local overheating and damage of the equipment.
Nevertheless, the traditional measurement method of magnetic properties for nanocrystalline is ring
specimen method, which is difficult to accurately describe high frequency rotating magnetic
properties of nanocrystalline in engineering practice. The main difficulty to test the magnetic
properties for nanocrystalline at high-frequency is that the core losses of magnetic circuit increase
acutely with the increasing frequency and the influence of high frequency effects [1] [2].

This paper presents a segmented winding with copper foil, which can reduce the influence of
high frequency and distribution capacitance. An equivalent model for the AC resistance of the foil
winding is established, which determines the optimum thickness of copper foil under different
excitation frequency. The method of installing annular ferromagnetic plate to restrain the proximity
effect is proposed, which plays a key role in the establishment of high frequency rotating magnetic
field.

I1. DESIGN OF THE SEGMENTED COPPER WINDING

The 2D magnetic tester with foil winding has several advantages. However, the distributed
capacitance in foil winding has increased compared with copper wire windings. (Although the 2D
magnetic tester with foil winding has several advantages, the distributed capacitance in foil winding
will increase compared with copper wire windings.) Different connection ways between the winding
layers lead to different potential, and then form the different equivalent capacitance [3]. Fig. 1
depicts the simplified mathematical models of (a) single segmented winding and (b) multi-
segmented winding. The analytic expression of equivalent distribution capacitance of single
segmented winding is(takes a form):

c - (n-1)C, (n-1)&S
s T2 T g
the distribution capacitance of segmented winding is analytical calculated as:
_(n-1)C, (n-1)eS

n2q2 r]2qu

multi

where ¢ is the dielectric constant of the winding interlayer insulation medium, S is the average area
of the winding, d is the winding layer spacing, and C1 is the static capacitance of the two layer
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winding with an equivalent area of S. It can be seen that the distribution capacitance of the copper
foil winding can be reduced by increasing the number of winding layers and the number of segments.

I [E— u [ - - - s "
(n-Dwn BT (n-lulgn B0 - ¢ - B (n-1)uin
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{a) (b
Fig.1 Mathematical model of copper foil winding with two different winding modes.

With the increase of frequency, the influence on the current distribution in copper foil produced
by the magnetic field is more and more apparent. Mathematical model of magnetic field intensity of
copper foil winding is shown in Fig.2. (a). Combined the Bessel equation of internal magnetic field
strength H and the boundary conditions, the approximate relation between the AC resistance and the
DC resistance under the influence of skin effect and proximity effect is:

2(p* -1 i i 2(p*-1) g i
R md{coth(md)+ (P3 )tanh(md]D_ﬁ{smhz,ﬁwsmﬂi+ (P )smhﬂ—smﬂ

T g

'de

2 cosh2 —cos2/3 3 cosh S +cos 8

The proximity effect is caused by leakage at the end of copper foil winding. Therefore, how to
control the leakage magnetic field distribution along the axial direction of the winding and reduce
the radial component of the leakage flux at the end of winding is the key to restrain the proximity
effect. In this paper, the method of installing annular ferromagnetic plate at the end of segmented
copper foil winding and between two segments winding to restrain the proximity effect is proposed.
The comparison of the current distribution in segmented winding is shown in Fig. 2 (c), in which
the black portion is the ferromagnetic material. It can be seen that the radial component of the
leakage magnetic field is effectively controlled when the annular ferromagnetic plate is arranged,
and the current distribution in the copper foil winding is more uniform.In conclusion, a segmented
winding with copper foil is designed based on the excitation structure as shown in Fig2. (d).
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Fig.2 (a) Mathematical model of magnetic field intensity of copper foil winding. (b) Optimization curve of
winding thickness. (¢) The comparison of the current distribution in segmented winding without and with
annular ferromagnetic plate. (d) Diagram of segmented winding with copper foil.
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The Halbach magnet has many advantages for high torque density motors [1]. However, the
manufacturing of Halbach magnet is complex and very costly which discourages the use of Hal-
bach magnets. Furthermore, the designs presented in literature uses pre-magnetized sintered NdFeB
magnets to manufacture Halbach magnet. The use of segments not only makes assembly difficult
the airgap flux distribution also deviates significantly from ideal hence, not desirable for the motors.
To overcome above mentioned issue the bonded magnets are good choice to produce Halbach mag-
net. The use of bonded magnets ensures easy manufacturing/assembly ( injection molding) and also
realization of ideal airgap flux distribution can be achieved [2].

In this article characterisation of a commercially available anisotropic MF18P bonded NdFeB
material from Aichi Steel is presented. The extraction magnetometer was used to measure the mag-
netic properties of the sample which can apply field up to 7 T and temperature in the range of 300
K to 800 K ( 27 to 527 °C'). A cube of 3 mm was made and marked in three directions to perform
measurement. More measurement results will be presented in final article.

1 Measurement Results
Anisotropy

Figure 1 shows the demagnetisation of magnet sample in all three direction. It can be seen that
the magnet has very high anisotropy. The direction named Prep 1R has high magnetic field compared
to other axes and is the easy magnetization axis. The other two hard magnetization axes have very
similar magnetic behaviour. The remanence of easy axis is almost 230 % higher than the other two
axes. The anisotropic ratio of the magnet was around 0.42.

Thermal Conductivity

Table 1 presents the thermal measurement performed to find thermal conductivity of the magnet.
It can be seen that the specific thermal conductivity value of the magnet is 1 W.m 1. K ~! for dif-
ferent temperature range. The slight increase in the conductivity is due to the leakage of heat in the
setup.
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Figure 1: Field density in different direction

Table 1: AT at different positions on the magnet and the average thermal conductivity of the magnet

P, Pos1 Pos2 Pos3 Pos4 Average Thermal Conductivity

(W] [K] [K] [K] [K] [K] [ Aen ]
7.00 564 443 479 526 502 1.00
9.92 924 572 597 692 696 1.03
1294 894 743 104 870 887 1.05
2005 13.24 1133 1544 1249 13.12 1.10
2487 1491 1350 1874 1514 1563 1.18

2 Conclusion

The characterisation of the magnet shows that magnet can have high remanence value due to
high anisotropy. The thermal heat conductivity is also stable for different supplied power. In the
final article other measurement results will also be presented.
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Accurate macroscopic measurement of electricalsstequires very specific experimental tools.
Magnetic measurements in one direction can be paeid with the Ring Core Tester or the Epstein
Frame[1], in 2D direction with the Single Sheet Tesigrand in rotational field with the Rotational
Single Sheet TestéB]. Due to the complexity of the magnetic structufesach materials with
domains and walls that change as a function ofwbeking conditions, knowing the electrical
conductivity of the material is a pre-requisitetie magnetic measurement. Electrical measurements
of the electrical conductivity can be performedhitie two or four terminals sensing proceddie
Another method consists in using an eddy curresbgi>| which is inaccurate for materials with a
magnetic structurgs]. Mechanical measurements are of two kinds, thalusan-linear plastic ones
such as the tensile strength testing, and therliglaatic ones such as the vibration testing. Mbst
the time, these measurements are carried out sejyandthout considering the possible couplings
between the phenomena. Equipment that make theumesasnt of the first magneto-electric
couplings, including the relationship between thegmetization and the electrical current, already
exists but mainly for very thin samples dedicatedhe nanotechnologies (see measurements of
microscopic magneto-electric effe¢tg). In non-linear mechanics, we can easily find appses
to measure the impact of a mechanical stress drgontagnetic behavioi3]. We also find
apparatuses that aim at measuring the impact ofmtgmetization onto the strain-stress behavior
through the measurements of the magnetostricti@ete®|. Finally, vibrations and noise are most
of cases measured directly in a product with acogleters, vibrometers and microphones.

In this work, we focus on macroscopic samples cdiblgawith classical experimental tools
(Epstein, ring core, SST and) and study:
1) The impact of the macroscopic magnetization omtheroscopic electrical conductivity,
2) The impact of the macroscopic magnetization omtieehanical stress and vibrations.

The aim of this paper is to optimize the desiga epecific Single Sheet Tester (SST) dedicated
to the magnetic measurements of 150*150 mm sampits two possible field directions. In
parallel, we would like to carry out complementatyysical measurements. While measuring an
average magnetization within the sample, it shdxddpossible to measure: the surface magnetic
field with field sensors, the electrical condudiwwith the two or four terminals sensing method
and the linear mechanical stresses, vibrationgais® with accelerometers, a laser viborometer and
a microphone. This is not possible in the stan&8d. We must adapt the design to have access to
the sample, inside the coils’ opening, with measymvires and other thin sensors (field sensors,
current sensors, accelerometers, laser spot, ..e)aifkgap space between the sample and the coils’
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windings is thus increased and divided in seveadispseparated by small slots. Therefore, we must
design the new windings in order to guarantee dhewing performances:

1) a high enough peak magnetic field onto the samgla apon test (> 5 000 A/m),

2) asmall enough field gradient and difference onvthele sample area upon test (< 0.5 %),

3) a high enough fundamental frequency (f=1000 Hzl wisaturation polarization up to 2T,
knowing the limitations of the generatondl= 26 A, Vimax= 100 V, fax= 20 kHz)

In this paper we suggest using from one to threls tm design the most adapted windings to our
needs. We will use a fast-analytical model to finel wires’ diameter and the number of layers and
turns in both the primary and secondary coils, a@Berical model with the Finite Element Method
(FEM) to define with accuracy the location of edéicin and a 3D model also based on the FEM to
have a referencg 0]. A discrete optimization procedure onto the nundfeiurns and location of
wires will be presented with the fast 2D numericathods. A sensitivity analysis to some key
parameters (magnetic permeability and airgap) bv@lpresented to specify the use limitations. The
accuracy and the sensitivity of the magnetic fidldnd the induction B to the electrical current |
and the voltage V will then be calculated |. Finally, Magneto-mechanical simulations will lead
to an estimation of the induced stresses (magmietiist and Maxwell) to guide the experiments.
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Figure 1: Optimization of primary windings to mirira the field gradient on the sample area upon test
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A. INTRODUCTION

Electrical machine performances are strongly related to electromagnetic properties of ferromagnetic
materials such as Fe-Si steel. When massive magnetic parts are considered, these properties may be
impacted by the manufacturing process, in a heterogeneous way regarding the volume properties. In
that case, the electric and magnetic characteristics of the machine components are different from those
of the raw material [1]. Extensive researches on the interactions between processes, electromagnetic
properties and other material properties have been done, mostly in the case of laminated electrical steel,
but rarely in the case of massive forged steel [2]. Moreover, in our experimental investigations on
manufactured degraded claw poles steel, the extraction of samples from the magnetic part imposes
dimensions that are smaller than the dimensions prescribed in the international standards of magnetic
measurements. Thus, the challenge brought by the current study is the development of a specific
methodology to characterize the electrical conductivity and the magnetic behavior on the same
representative massive parallelepipedic sample extracted from different locations in a claw poles rotor.
Additionally, the impact of grain size, mechanical state and forge fiber on electrical conductivity is
investigated

B. METHODOLOGY

The electrical conductivity measurement is based on the four-point method [3]. The four probes are
arranged on a straight line with 6mm equidistant spacing, the current is imposed flowing through the
outer pair of points and the voltage is measured between the two inner points. To deduce the electrical
conductivity, in a general way, a geometrical correction factor F must be introduced such as:

|
/v\

A

([ A
/ L---)-(----)-(----j/ o-:lj_lSF' (1)
I
i

Figure 1 : Four-point method

where ¢ is the electrical conductivity, | is current, | is the distance between the voltage probes, V is the
voltage, S is the section of the sample and F is the correction factor. In the literature, this factor F is
calculated analytically for specific geometries of samples and positioning of the point probes regarding
the sample edges. Different methods are then proposed, such as the method of images, complex
variable theory, the method of Corbino sources, Poisson’s equation, Green’s functions and conformal
mapping [4]. Yet, in our case, the geometrical hypotheses are not verified as the sample dimensions are
relatively small regarding its thickness. It is then proposed to determine the correction factor from
numerical simulations using 3D electrokinetic field calculation. The model is based on the solution of
the electrokinetic problem solved by the finite element method using the scalar potential formulation.
For different sample dimensions, the current flowing through the external needles of the sensor is
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imposed and the resulting voltage between the internal needles is calculated, so that the correction
factor could be deduced from (1).

The magnetic properties can be measured by the use of a miniaturized single sheet tester (SST) as
in [5]. Based on the first numerical results of 2D Finite Element (FE) simulations of a miniaturized
SST, the magnetic field in the sample will be determined from Hall sensor measurements of the local
tangential field that will be extrapolated on the sample surface. Regarding the magnetic flux density, it
can be obtained from the voltage measurement on a secondary winding placed around the sample in the
region where the magnetic flux is homogeneous. It is planned to perform 3D simulations to validate the
sample dimensions verifying all the constraints for accurate determination of electrical and magnetic
properties.

C. RESULTS AND DISCUSSION

As shown in Figure 2 (a), the correction factor F of the electrical conductivity depends on the
sample dimensions. It increases with the increase of the sample width (w) and thickness (t) and it
decreases when the sample length increases. In this work, the choice of the sample dimensions was
based on the most constraining part of the forged claw poles. These dimensions are 25mm length, 8
mm width, 8mm thickness, and the calculated correction factor for electrical conductivity is 1,0898.
Using this factor, the measurement results of electrical conductivity on samples with variable grain
sizes, mechanical states and forge fiber have been obtained from (1). The Figure 2 (b) presents the
impact of cold plastic deformation on the electrical conductivity. Given the dispersion and the error
related to the measurement system, the three parameters: grain size, plastic deformation and forge fiber
do not seem to have any detectable effect on the electrical conductivity, at least with the proposed
characterization technique. The results of magnetic measurement will be presented in the full paper.
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Figure 2 : (a) Simulated correction factor as a function of sample thickness for different widths (w) and a fixed
length of 25mm. (b) Effect of plastic strain on the electrical conductivity
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The production process of electrical steel sheets (ES) can be carried out in such a way that in
the final product crystals are ordered in rolling direction (RD). I this direction ES displays most
favorable magnetic properties and in directions 55° and 90° appears poor magnetic properties. The
amount of crystals oriented along RD in relation to whole amount of crystals decides about
directional properties of ES. This is usually described by degree of texture being a measure of
amount of crystals oriented along RD in relation to whole amount of crystals. Another way to
describe the directional properties is the anisotropy of magnetic properties e.g. flux density or
anisotropy of specific total loss. Generally, magnetic anisotropy is determined for a given
magnetic parameter at a given value of the abscissa y. For example, the anisotropy of specific total
loss AARSY is calculated for the magnetization angles x = 90° and x = 0° at the flux density

1.5 T. The anisotropy phenomenon play important role in construction of magnetic circuits.

It is overall accepted that the specific total loss Ps consist of three components: hysteresis,
classical and excess eddy current. The frequency dependence of the three components can be
described bertotti model and it can be applied at any angles x to the RD, is seaparated in the
commonly used way as [1]:

P,/ f=C,Bf+C,Bif +C,B¥*f"? )
—_ V)
P/ f Pee/ f Poy/

where: Cy, is the hysteresis loss coefficient, o, is the exponent of flux density, Cee = 72d?(6,0)* is the
classical eddy current loss coefficient under sinusoidal magnetization, Ce is the excess loss
coefficient, p is the resistivity and d is the sheet thickness.

In (1) only classical eddy current specific total loss shows isotropic characters. This is due to
the fact it is calculated for perfectly conducting infinite homogenous plate. The hysteresis and
excess eddy current loss components display anisotropic character. Additionally, both components
show similarity due to their common origin [1, 2]. In Fig.1 are presented experimental data (points)
and fitted using (1) energy loss versus frequency for different magnetizing directions obtained for GO steel
M150-35S grade at Bm = 1.1 T. In this figure the non-linearity of frequency dependence of anisotropy of
specific total loss is visible.

In this paper is presented analysis of frequency and flux density dependence of the anisotropy
of specific total loss. The analysis is performed using novel model of directional properties of
specific total loss based on loss separation approach [3].
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Figure 1: Energy loss per unit mass versus frequency for different magnetizing directions obtained for GO
steel M150-35S grade at Bm=1.1T.
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The development of new electromagnetic designs, such as the improvement of already existing
ones require precise simulation and characterization tools. Recent scientific investigations around
numerical scheme for ferromagnetic devices mainly focus on coupling Space Discretization
Techniques (SDT), Finite Elements Method (FEM), Finite Differences Method (FDM)) to accurate
scalar or vector, dynamic or static hysteresis material laws [1][2]. Such simultaneous resolutions
lead to accurate results, but require huge memory space and simulation times. In [3]-[5], an original
alternative is proposed. In this approach, space discretized technique is replaced by a lump model.
Accurate simulation results on a large frequency bandwidth are obtained due to fractional order
derivative operators. In such models, a fractional derivative of the induction field B multiplied to a
constant p is considered as an equivalent magnetic excitation field Hequ.

a
ot S = H (0= £ (B M

In ferroelectricity, the dielectric spectroscopy (variation of the dielectric properties of a medium
as a function of the frequency) has grown tremendously in stature over the past few years and is now
being widely employed in a wide variety of scientific fields such as fuel cell testing, biomolecular
interaction and microsctructural characterization. The ferroelectric comportment as the frequency is
varying known as the dielectric relaxation gives important information about the material
constitution and about the physical relations describing the polarization behaviour. Dielectric
relaxation is defined as the momentary delay in the dielectric constant of a material. This relaxation
is usually described in terms of permittivity as a function of frequency, which can, for ideal systems,
be described by the Debye equation [6] which for real material is extended to the fractional Cole-
Cole model [7][8].

_he 2)
1+ (iwr)"

Where ¢, is the modulus of the sample permittivity under high frequency excitation, A¢ = &- €
where & is the quasi-static, low frequency modulus of the permittivity, and 7 the characteristic

relaxation time. « is linked to the distribution of relaxation time (0 < a < 1). Plotting the evolution
of the permittivity imaginary part versus its real part leads to the well know semi-circle Cole-Cole

E¥(w) =€ (w) - je"(w) =€, +
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plot characteristic of the material behaviour. By analogy, in [9][10] authors are focusing on magnetic
spectroscopy (also called inductance spectroscopy or magneto impedance) and by plotting variation
of the permeability imaginary part versus real part of the permeability as the frequency is increasing
they obtained semi-circle easy to model with the magnetic equivalent Cole-Cole model.

_Bu 3)

1+ (iwr )’

By analogy, u«» becomes the modulus of the sample permittivity under high frequency excitation,
Au = ps- U where L is the quasi-static, low frequency modulus of the permeability. In the high
amplitude excitation model as in the Cole-Cole model, the dynamic considered from a fractional
contribution as o is non entire. In the final version of this article, we will demonstrate how assuming
harmonic evolution of the magnetic induction field, it is very simple to establish the link between
both models. In this comparison, for both models o remains the same and a relation between t and
p can be set:

H*(w) = p'(w) - ju'(w) = [, +

T = .o “4)

First experimental results performed on a typical soft ferromagnetic material ring seems to
validate our expectations as relatively correct comparison simulations/measures can be obtained by
setting the parameter under weak amplitude Cole-Cole simulations and conserving it for high
amplitude dynamic hysteresis model. The issue with the impedance meter characterization rely on
the resistive term of the coil which depends on the frequency and which has to be removed for each
frequency step of the excitation. A pre-characterisation is done with the wire only and a post
processing treatment is performed to precisely return only the evolution of the real and imaginary
part of the permeability. The other solution we have is to simulate the whole coil including the
frequency dependence of both the electric and magnetic quantities. The first results obtained on a
soft ferromagnetic material are very promising, if they are validated on a larger scale, this will
confirm that the dynamic behaviour of the magnetization processes in soft ferromagnetic materials
that are similar through different scales of amplitude. From a simulation point of view, it also means
that the dynamic behaviour of the tested sample can be characterized under weak amplitude
excitation with the impedance meter and conserved for the simulation of high amplitude dynamic
hysteresis cycles.
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In order to development high efficiency electromagnetic devices such as a motor, it is necessary
to measure detailed magnetic properties of magnetic materials. Vector magnetic properties are well
known as detailed magnetic properties. In the precise measurement of vector magnetic properties
[1] - [2], a measurement method combining the search coil method and H coil method is generally
used. Therefore, the precise measurement method consumes a lot of time and effort to prepare the
measured data. In the search coil method, it is necessary to drill four holes of 0.4 mm in a specimen
of 80 mm square and to wind coils through the holes. The H coil method has to use a double H coil.
The calibrated double H coil is very expensive and difficult to be handled. Otherwise, a Vector B-
H Tester proposed in this paper does not need to wind the search coils and use a double H coil. This
paper presents that the Vector B-H Tester can measure vector magnetic properties and evaluate them
very easily. So, the measured vector magnetic properties can be applied into the hybrid computing
system to develop high performance devices.

Figure 1 shows the measurement system of the Vector B-H Tester. The data collection unit of
the Vector B-H Tester consists of two D/A converters, two A/D converters and two power amplifiers
for the x- and y- direction. A specimen used in the measurement is an 80 mm x 80 mm sheet and
placed at the centre of the excitation yokes as shown in Figure 1. The x-direction is to be along to
the rolling direction. We can generate arbitrary magnetic flux conditions to the steel sheet specimens
with the two-directional excitations. The components of the magnetic flux density vector ,B, in the
x- and y-direction are measured by using the B-coil (search coil) directly wound at the excitation
yokes. The components of the magnetic field strength vector, H, in the x- and y-direction are
measured by using magnetizing current method [3]. The excitation currents in the x- and y- direction
are measured by using shunt resistances (0.5 Q) connected with the exciting coils.

Figure 2(a) shows the loci from the measured flux density and field strength vector, and hysteresis
loops in the arbitrary directions, respectively. The measured specimen was a non-oriented electrical
steel sheet. As shown in this figure, the direction of the flux density vector, B, and field strength
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vector, H, were completely different. Figure 2(b) shows the iron loss distribution in the arbitrary
directions. As shown in those figures, the iron loss was the smallest when 6z = 0°, and the iron loss
increased as @p approaching to 90° because the magnetic anisotropy was affected. The Vector B-H
Tester can evaluate the magnetic properties such as the magnetic anisotropy very easily.

The detailed discussions about the hybrid computing based on measured vector magnetic
properties of electrical steel sheets will be shown in the full paper.
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Figure 2: Measured magnetic properties by V-H Tester.
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It is desirable that the waveform of induced voltage vy of the B-coil is substantially sinusoidal
when magnetic properties of electrical steel sheets are measured. In order to get the sinusoidal oy,

the 1EC standards specifies that its form factor FF should be controlled within 1.11+0.01 [t [2,

However, it is not sufficient because non-sinusoidal waveform can give FF = 1.11. Ideally, the
distortion factor (DF) of v, should be equal to 0. Therefore, this paper discusses the influence of
DF,», on measured magnetic properties of electrical steel sheets.

As a specimen, a non-oriented electrical steel sheet M210-35A5 is selected and excited at 1.8 T
and 50 Hz. Fig. 1 shows a relationship between the convergence criterion DF,p specifiea and the
finally obtained DF,,. Even when the convergence criterion is satisfied at the termination of a
waveform control, the obtained DF,, was slightly different from the specified value because the vy
waveform may change during the averaging process after the termination of waveform control.
Fig. 2 shows DF, of the flux density b. DFy is essentially smaller than DF,, because the influence
of higher harmonics in b can be reduced by integrating vp. Fig. 3 shows DFy, of the magnetic field
strength h. DFy is considerably larger than DF, due to the strong nonlinearity of magnetization
property. Fig. 4 shows a relationship between the maximum magnetic field strength Hm, and
DFb_specified: DFob_specifies Mmay affect the magnetostriction measurement because the change of Hn
is comparatively larger. Figs. 5 and 6 show the differences of the maximum flux density B and
FF between the target waveform and a measured one. If esm and &= are adopted as convergence
criteria for the waveform control, their tolerances should be set at less than 0.05 % to realize the
sufficient DF,u_specified (fOr example, 0.2). Figs. 7 and 8 show the relationship between iron loss W
and DF,_specified, and iron loss corresponding to each component, respectively. Ws at DF,_specified =
0.2 and 1.0 % is nearly equal to each other (difference < 0.1 %). However, when DF,y specified 1S
large (1.0 %), an iron loss calculated from the fundamental component increases compared with
that at DF,y_specified = 0.2 % and those for harmonics become negative.

This paper discusses the influence of the distortion factor of induce voltage of the average flux
density in a specimen on various quantities for magnetic measurements. It is demonstrated that a
sufficiently small tolerance for the distortion factor is required to get reliable magnetic properties.
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It is well known that magnetization curves, hyss&send iron losses in soft magnetic materials
are due to several magnetization reversal processel as the magnetic domains walls pinning,
displacement, bowing, multiplication, fusion, nwaien and the domains magnetic rotation.
Therefore, the shape and size of magnetic domaitigree density, area and mobility of domains
walls have got a significant impact onto the maigrie¢havior, and especially the iron losses
Some dedicated surface treatments have appearsal thi@ end of the 0century to refine the
magnetic structure of textured magnetic matefials’]. Several techniques can be considered: the
ball scribing[4], the CW or pulsed excimer and CO2 laser irradiapoocess , the Nd:Yag
CW or pulsed laser scribing process. Most of laser patterns investigated corresporstrimight
lines perpendicular to the rolling direction in @& SiFe alloys. Control of the process requires to
first optimize the laser parameters (spot sizekpmaver, pulse energy, duration and repetition
frequency, scanning speed, ...) to get any desinéisg lines . Itis then necessary to specify
the optimal lines to maximize the dynamic loss wdigun due to walls motion and by minimizing
the static hysteresis loss increase due to pineffegts but still favoring the walls activation
and nucleation/11]. Most studies are essentially practical with maigneneasurements and
microscopic observations for various laser pararaété]. The theory called micro-magnetisin
can be used to describe the rotation of polarimatighin a wall, including the calculation of the
walls thickness. This method can also be usedgorite the domain wall spacing but for very few
domains and in a perfect crystall| or around small defect$5]. Other authors also experimentally
studied the impact of the surface crystallograpémture onto the magnetic structuié].

In this paper, we focus on a method to help theifipation of the best laser patterns to optimize
later the magnetic performances (magnetic permgalibercive force, power losses). To do so,
we investigate theoretical tool to estimate statdly the impact of a laser scribing or irradiatio
pattern onto the main parameters that define a etegstructure at zero external magnetic field,
with magnetic domains and walls, more especialtydbmains wall spacing.
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A test case study will be proposed and is represkint-ig. 1a.We will consider parallel laser lines
with a line spacing and a magnetic or/and a hdatt&fd zone (widtld andd and depth p and p’).
We make the assumptions that: 1) laser « scrilmegdify very locally the magnetic properties such
that the polarization is greatly reduced inside dffected zone (induced stress, ablation, damage,
...); 2) laser patterns create located closure dosr@imagnetic poles that will define one dimension
of surface magnetic domains due to an energy muaitiain principle. The energies that must be
considered are the magneto crystalline anisotropygy in closure domains and walls, the magnetic
ordering exchange energy in walls and the demagat&in energy due to magneto-static poles. The
calculation of each energy term can be performed famction of material parameters (magnetic
ordering exchange), metallurgical parameters @k&ute and magneto crystalline anisotropy) and
laser process parameters (line spacing, width apthil Then a sensitivity analysisq. 10 can be
carried out to analyze the impact of laser pararsgine spacing d) and magnetic parameters
(domain wall spacing L) on the whole surface enelgysities. This will help us specify the optimal
laser parameters. Finally, additional magnetic plzg@®ns and measurements will be carried out to
correlate the laser scribing process with the mégs#&ucture and the desired magnetic properties.
Magnetic domains observation will be done with MEM technique and the MOKE imaging
technique. The magnetic behavior will be charazgetiwith the SST and the Epstein frames.
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In order to improve the efficiency of motors, it is necessary to obtain iron loss property
accurately M, Therefore, it is an important task to understand the degree of deterioration of the
magnetic property due to the manufacturing process of the stator core. The authors have been
investigating the influence of the number of welding points of the laminated core on the magnetic
property, and it is confirmed that the eddy current loss is proportional to the number of welding
points and the hysteresis loss is not proportional to it (2. In this paper, the iron losses of stator
cores, in which some punched steel sheets are stacked and welded, are measured. These results are
compared to evaluate the influence of difference in welding conditions on the deterioration of
magnetic properties.

We measured five types of specimens. The stack length of these specimens is 25 mm. The
specifications of the specimens and the welding positions are shown in Table 1 and Fig. 1. The
number of welding layers, the welding current and the diameter of welding rod were investigated
as the welding conditions. The measurements were carried out by an exciting current method at 50
and 100 Hz and the measuring range of magnetic flux density is from 0.05 T to about 1.7 T at
intervals of 0.05 T.

Magnetlzmg

Table 1 - Specifications of specimens.

ltem Specimen a b c d e

Number of welding layers

o |o
[ee)
oo
[e)
oo

Number of welding points Welding point
Welding current [A] - | 200 | 200 | 100 | 100
Diameter of welding rod [mm]| - 4 4 4 |26

Fig. 1 — Welding points.
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Fig. 2 shows the measurement results of iron loss. Figs. 3 and 4 show the results of iron loss
separation. It can be seen that these characteristics are significantly different depending on the
welding conditions. Fig. 5 shows the increase ratio of the hysteresis loss and the eddy current loss
with respect to the specimen a.

The deterioration of the magnetic property is dependent on the welding conditions even if the
number of the welding points is equal. The maximum difference in hysteresis loss and eddy
current loss due to welding conditions is about 0.81 W / kg and about 0.084 W / kg at the magnetic
flux density B, = 1.5 T from Figs. 3 and 4, respectively. Therefore, it is considered that differences
in welding conditions have greater effect on hysteresis loss than eddy current loss compared with
the number of welding positions. From Fig. 5, it can be confirmed that the influence of the humber
of welding layers is the largest. In addition, the welding current and the diameter of a welding rod
affect the hysteresis loss characteristics. Therefore, it is expected that the hysteresis loss increases
due to the thermal stress given to the welding part. Regarding the eddy current loss, a large
difference due to welding conditions could not be confirmed compared with the hysteresis loss.
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The Stoner-Wohlfarth (S-W) model is widely used for simulating the magnetic hysteresis
phenomenon primarily due to its strong appeal to physical intuition and vectorial nature. Many
improvements and extensions have been presented based on the conventional S-W model [1]. The
asteroid rule was introduced to directly determine the orientation of magnetization based on the
graphical interpretation. However, these phenomena-based methods are lack of physical background
and difficult to directly apply in the practical engineering calculation.

Bertotti proposed the original concept of elemental operator with biaxial anisotropy and the
corresponding graphical interpretation method, which can be called as wind-rose method [2].
However, similar to the calculation in S-W model, the biaxial operator equilibrium orientation for a
given H can only be deduced numerically, resulting in an implicit relationship between H and M,
and making the computation of macroscopic hysteresis loop a difficult task.

In the proposed model, it is assumed that the magnetic material is composed of interacting
elemental operator which possesses its own biaxial anisotropy and anisotropy coefficient, as
illustrated in Figure 1.
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Figure 1: (a) Elemental operator under the magnetic field, and (b) the wind-rose shape of the biaxial
elemental operator [2].
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Similar to the determination method of S-W particle, the stable orientation of the magnetization
vector in the crystal structure can be obtained by minimizing the energy of the elemental operator.

In the rotating magnetization, if the magnetic field with a fixed magnitude but varying rotation
angle, is applied on the elemental operator, the corresponding magnetization will follows the rotation
but with different rotating angle, as illustrated in Figure 2.

CEK (KT

bttt
T

(®) (b)
Figure 2: The magnetization orientation of the biaxial operator under different rotational magnetic field
when the magnitude of normalized magnetic field is (a) h = 0.272, (c) h = 0.5.

To calculate the bulk magnetic hysteresis, a collection of biaxial elemental operators can be
considered with different easy axis orientations and weights associated to each operator [3].

M (H):_mm(H,H)P(hi,hk)cosadhidhkde 1)

To simulate the magnetic properties of different materials by this model, the different distribution
functions and parameters are needed. Each magnetic material has an optimal distribution function
and parameters, which deliver the best results.
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Abstract — Recently, most powerful FEM programs were developed that predict distributions of
magnetic flux in soft magnetic machine cores with consideration of non-linearity. However, specific
problems arise in cores that exhibit singularities like air gaps, small dimensions complicating the
meshing. The paper proposes a methodology where gap lengths are enlarged by an extension factor
in pre-processing, compensated by an increased gap permeability function in processing. This yields
significant decreases of processing time.

1. Introduction

Soft magnetic machine cores like that of transformers are built from materials of pronounced non-
linearity. For so far numerical modelling by Finite Element Method (FEM), this non-linearity was
usually only considered for the rolling direction (RD) of material. But in recent time, most powerful
FEM programs where developed, like COMSOL Multiphysics, that offer consideration of multi-
directional non-linearity.

In particular in transformer cores, flux distributions are strongly affected by the performance of
overlaps (OLs) of corners and T-joints. Their effective permeability shows distinct decreases for
instants where the induction Bo. in OLs exceeds the so-called critical induction Berit [1]. So far,
this phenomenon was not modelled by means of FEM, due to the a-priori problem that OLs represent
singularities as a basic problem of FEM [2-3]. Their interconnection to bulk elements yields strong
increases of element numbers, as a reason for long processing times Tp. For a significant reduction
of Tp, we present here the basic idea of a simple novel methodology.
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Fig.1. 2D meshing of a three phase, three limb transformer core,
(a) OLs of 15 mm length, according to practice. (b) Artificially extended length of 30 mm.
COMSOL Multiphysics 5.2. was used for establishing the meshing as well as for the modelling.

2. The Methodology at a Simple Example

The basic idea of method is (i) in pre-processing to increase the length of OLs by an extension factor
K, (ii) in processing to compensate this by a multiplication of the permeability function po(Bov) by
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K and (iii) in post-processing to multiply the field Ho, by K.

Fig.1. illustrates the strategy for the case of 2D modelling of a 3-phase distribution core, assuming
a core length of 1 m and OL-lengths Lo = 15 mm. For the latter value, Fig.1a depicts a mesh as
generated for the option "extremely coarse", for a priori reduced Tp. To interconnect the narrow
singularities with the bulk parts of core, a mesh was generated with ca. 3600 elements. Fig.1b shows
the case of an extension factor K = 2, i.e. for doubling the OL-lengths to 30 mm. This favours
interconnection, corresponding to a decreased need of the total number of elements, of just 2200.

B(T) 16

Fig.2. Results of simulation of distribution of induction in the 3-phase transformer core, for the instant of
maximum flux in the R-limb which causes distinct circulating magnetization round the right window. (a) For
overlap length LoL = 15 mm, as being likely in practice. (b) For a length extension factor K = 2 that reduces
processing time, however, reduced resolution leading to a homogenization of the predicted flux distributions.
For the simulations, COMSOL Multiphysics 5.2. was used.

Fig.2 shows the resulting distributions of induction for the modulus B (color-coded) and the
corresponding directions of the vector B (by arrows). The result concerns a nominal induction of
about 1.5 T, considering both non-linear functions pro(Bro) and pro(Bto) (for the transverse
direction). The non-linearity poi(BoLp) Was considered by RD-values up to Berit, followed by
strongly decreased por. Results concern the instant of maximum flux in the R-limb. For the
practically representative value Lo = 15 mm (Fig.2a), the processing time Tp proved to be several
minutes. With expansion of K = 2 (Fig.2b), it was substantially shortened to ca. 20 s. Such high —
but reproducible — differences depend strongly on the assumed constellation of non-linearity.
However, the example illustrates the possibility of hyper-proportional consequences of reduced
element numbers, interpretations being complicated through the black-box character of the applied
FEM program.

With respect to the resulting induction distributions, both results reveal in clear ways distinct
circular regional magnetization round the right window, in connection with strongly inhomogeneous
induction in the middle S-limb. Compared to Fig.2a without extension of OLs, Fig.2b is
characterized by a general tendency of homogenization that can be explained by the lower
resolution, as a consequence of OL-expansion. For smaller core sizes, it should be stressed that the
expansion yields general modifications of flux distributions in the (size-reduced) bulk parts of core.
Further, in general ways, post-processing for presentation of results needs re-dimensioning of OLs.
Field intensities HoL in OLs have to be increased by the applied extension factor K.

In principle, the here used strategy can be used also for 3D-modelling. However, first 3D tests
with consideration of multi-directional non-linearity - including that of overlaps - indicate
processing times of more than one day for the here applied processing tool.
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The eddy current testing (ECT) technique has been developed and applied to monitor the
integrity of the tubing system of nuclear power plants. This technique is quite useful to inspect
paramagnetic tubes. However, its application has been limited to ferromagnetic tubes due to the
short penetration depth of eddy currents in high permeability materials caused by the skin effect
[1]. To overcome this problem, remote field eddy current testing (RFECT) and saturation eddy
current testing (SECT) were suggested. RFECT has a disadvantage that the inner or outer location
of defects cannot be distinguished. Therefore, SECT techniques (full SECT and partial SECT) are
suggested alternatively.

This paper proposes a nondestructive testing method based on the partial SECT technique using
bobbin-type integrated hall sensor (BIHaS) array. As shown in Fig. 1, the sensor probe consists of
permanent magnet and bobbin coil and 15 hall sensors that arranged in the circumferential
direction. The permanent magnet magnetizes the specimen in the axial direction and the bobbin
coil induces the eddy current in the circumferential direction. By using the permanent magnet, the
circumferential directional damage in the ferromagnetic tubes can be inspected easily. Also, the
eddy current is maximized when the crack is perpendicular to the direction of induced current. It
means that the axial directional damage can be inspected easily by using the bobbin coil. Therefore
the partial SECT technique using BIHaS is the most effective NDT method to find damages in
ferromagnetic tubes.

For the present, a BIHaS with the partial SECT has been provided by the root-mean-squared
(RMS) signals to inspect and evaluate the damages in ferromagnetic tubes [1]. However, it has a
limitation to evaluate the damage, that is, the position (inner diameter (ID) or outer diameter (OD))
and the depth. So we propose an improved BIHaS technique which is provided by the impedance
and phase images similar with X-probe. Each hall sensor output separates two lines respectively.
One line of signals are multiplied with 0° phased square wave and integrated. The others are
multiplied with 90° phased square wave and integrated. These processed signals are called as X
and Y data in the conventional ECT. The impedance and phase shift images can be calculated by
the X and Y data of BIHaS. Fig. 2 shows the MSR tubes for the experiments and the experimental
results of the proposed method. Test tube’s ID is 14.1mm, outer diameter OD is 19.1mm, and the
height of pin is 1.3mm. From the tests, the locations of flat bottom holes (FBH) with 10 ~ 100%
W.T were detected without being effected by the tube fins. Also, the quantitative evaluation of the
artificial flaws could be possible by calculating impedance (R) and phase angle (®). More details
will be presented at the conference.
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Figure 1: Configuration of BIHaS combined with a permanent magnet
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Figure 2: Experimental results of flat bottom holes by using BIHaS
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Domain refinement of grain oriented electrical steel has become an industry standard practice
due to the positive effect that it can have on the overall power loss of GOSS materials showing a
decrease in losses of around 10% [1]. Due to the highly anisotropic magnetic behaviour of GOES
and the alignment of the ferromagnetic domains in the rolling direction (RD) a laser-irradiated
line, scribed transverse to the RD is thought to place artificial grain boundaries across the width of
the material and place the regions between the lines under tensile stress [2]. This will lead to a
change in wall and magnetostatic energies and the ferromagnetic domains will reform themselves
between these new boundaries. At the artificially created boundaries, there will be closure domains
that form at 90° to the RD due to energy minimisation requirements that allow a path for the
internal domain magnetic flux to pass, meaning that there is no external field and therefore no
external storage of energy surrounding the domains. The overall effect that this has on the material
if the laser parameters are within certain limits is that the total power loss of the material will
decrease with a likely rise in the magnetostriction. If the power density of the laser is too high
however, the compressive stress regions imparted by the thermal shock of the laser will become
the predominant factor and therefore negatively affect both the overall power loss and the
magnetostriction of the sample.

In this work, the industrial DR process was simulated with low power laboratory laser etching
equipment in order to study the influence of the DR parameters. In this initial part of the
investigation, samples were laser domain refined with line spacing of 20mm, 10mm and 5mm by a
Boxford BGL 350 50W laser at 100 mm/s head speed at laser powers of 6.5W through 9.5W in
0.5W steps and at 7W laser power at head speeds of 75mm/s through 225mm/s. The purpose was
to ascertain if the individual parameters of the laser had differing impacts on the power loss or if
there is a correlation between the total power loss and the total power density of the laser.

Also, a sample of industrially laser domain refined 0.27mm grade GOES material and a sample
of 0.27mm grade material domain refined using the laboratory based Boxford BGL 350 laser
system were imaged Scanning Electron Microscopy (SEM) imaging in order to compare and
contrast the impact that each system had on the surface coating of the material.

The samples were cut from non-domain refined, 500x500mm, 0.27mm thick GOES squares
into 500x100mm samples. Using a Bitter technique domain viewer the samples were imaged then
tested at 150, 125, 100, 75, 65, 50, 40, 30, 20 and 10Hz at 1.5T flux density in order to ascertain
the total power loss before laser domain refinement. This procedure was repeated after each line
spacing had been completed. There were also four samples scribed at the aforementioned line
spacing at 7W and 100mm/s and tested as mentioned as a control group.
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For the SEM imaging a sample of industrial grade 0.27mm GOES with industrial domain
refinement and a sample of 0.27mm GOES with domain refinement by the Boxford system were
cut to a 40x40mm squares. They were wiped with a cleaning agent to remove any excess Carbon
from the surface before being attached to the sample holder by the use of adhesive carbon pads.
They were then placed in a Hitachi TM 3030+ table top SEM and imaged using secondary
electrons at 15kV.
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Fig 1. Graph showing percentage change in total power loss for 20mm, 10mm and 5mm laser line spacing
as compared to no domain refinement as measured at 1.5T and 50Hz.

The line spacing of the laser domain refinement was shown to be the major influence on the
total power loss of the samples tested. However, samples under 600MWs/m? laser power density
showed little change at 5mm line spacing unlike the samples above 600MWSs/m% SEM imaging
found that industrial laser domain refinement had much greater uniformity although the width of
the affected area of the coating was similar at the widest parts of the Boxford BGL 350 laser lines.
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A reliable simulation and design of inductive components requires knowledge of the core mate-
rial’s magnetic properties [1], [2]. Usually no such data is available for medium frequencies, thus
magnetic properties have to be measured. IEC 60404-10 suggests to measure magnetic properties
in a frequency range between 400 Hz and 10 kHz by means of an Epstein frame, which however
requires high apparent power [3]. Furthermore the mean magnetic path length has to be known to
measure the magnetic field strength. Standards such as IEC 60404-10 state a constant length of
940 mm which in reality depends on multiple factors, including frequency and peak flux density.
Therefore errors will inevitably be made [4], [S] [6], [7]. Singe sheet testers, which are not as
popular as Epstein frames, however have some advantages over the Epstein frame [4], [8], [9].

In order to decrease the apparent power demand when measuring Epstein frame sized samples as
well as to reduce systematical errors, an optimized single sheet tester, also called single strip tester
or SStT, has been developed. A similar design as proposed in [10] has been chosen and optimized
for medium frequencies. In this context two yoke materials, ferrite and amorphous alloy, have
been compared. Additionally, three possibilities of measuring magnetic field strength have been
compared: Measurements by means of flat solenoids, called H-coils, measurements using magneto-
resistive sensors [11] as well as the standardized method which utilizes the magnetizing current.

Two prototypes have been designed and built to test and to compare the two different yoke types.
Tests with H-coils were promising, thus they are utilized in the developed measurement system.
Comprehensive simulations as well as tests were conducted to develop an optimal design and layout
of magnetizing and sensing coil as well as the H-coils. The design takes parasitic capacities and
resistances, expected voltage and current levels as well as air flux into account. The developed setup
is shown in figure 1. Detailed results will be included in the full paper.

A bobbin that is able to accommodate a single Epstein frame sized sample has been developed,
figure 1(d-f). The bobbin is manufactured to hold a smaller bobbin for the sense coil, figure 1(d) as
well as four H-coils, figure 1(d). This bobbin is mechanically attached to the single strip tester. The
developed single strip tester allows measurements of Epstein frame sized samples until their thermal
limits are met. Furthermore field strengths and specific losses can be measured without knowing the
mean magnetic path length.

Power amplifiers only provide their maximum apparent power at a given output impedance. To
transform the single strip tester’s impedance close to the amplifier’s optimum impedance, transform-
ers with low parasitic capacity and low losses have been developed as described in [12].
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Figure 1: For medium frequencies optimized single strip tester

Summing up, the developed magnetic tester allows Epstein frame sized samples to be measured
at frequencies as high as the sample’s temperature rise does not exceed the setup’s thermal limits.
Therefore the maximum frequency is no longer limited by the measuring system but by the sample
itself. Now it is possible to measure specific power losses at medium frequencies and also at high
flux densities. For example, figure 2 compares measurements of specific losses of M165-35S in a
modified 17.5 cm-Epstein frame with measurements in the optimized SStT.

specific losses / (W/kg) —
specific losses / (W/kg) —

10-2 | | | | | | | 10—2 | | | | | | |
00 02 04 06 08 1.0 1.2 14 1.6 1.8 00 02 04 06 08 1.0 12 14 16 18
peak flux density / T — peak flux density / T —
(a) Measurement in 17.5 cm Epstein frame (b) Measurement in the optimized SStT

Figure 2: Measurements in an 17.5 cm Epstein frame compared with the optimized single strip tester
(SStT), in both cases M165-35S electrical sheet steel has been measured

As indicated in figure 2, the optimized SStT allows measurements of M165-35S until approx.
50 kHz, whereas the 17.5 cm Epstein frame only allowed measurements at approx. 5 kHz.
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1. Introduction

Soft magnetic composite material (SMC) are widely employed in electrical machines, especially
three dimensional (3-D) magnetic flux machines [1]. The wide application of high voltage direct
current transmission (HVDC) and power electronic equipment have introduced a lot of harmonics,
which make the operating conditions of electrical machines complicated and diversified. The
harmonics will cause core loss increase and local overheating [2]. Therefore, it is necessary to
investigate the effects of harmonics on core loss.

In this paper, a magnetic measurement system with frequency domain feedback control method
is developed. The system can generate non-sinusoidal waveforms consisting of harmonics with
variable orders, contents and phase angles. Core loss measurement of soft magnetic composite
materials (SMC) under both sinusoidal and non- sinusoidal excitations is performed. Harmonic
effects on core loss are investigated, in terms of the harmonic order, content and phase angle. The
frequency domain Bertotti equations are used to predict the core loss and then compared with the
measurements. The applicability of this method for non-sinusoidal waveforms is analyzed and
discussed in detail.

2. Methods and Results

In order to generate an exciting signal with desired harmonic characteristic, a frequency domain
feedback control method is designed and applied in the measurement system. The precision and
repeatability of the measurement depend strongly on the control method.

In order to validate applicability of the Bertotti frequency-domain equation under non-sinusoidal
waveforms, a specific single harmonic is injected to the fundamental waveforms. Initially, B
waveform is controlled to be 1 T at 50 Hz, plus a 0.1 T third harmonic, with the phase angle adjusted
from 0° to 360°. The measured loss and calculated values from Bertotti frequency domain equation
under different phase angles are shown in Fig. 1(a). It is found that the loss follows the sine trend,
running up to maximum at 0° and minimum at 180°. Obviously, the calculated value is constant and
independent of phase angle, which indicates the Bertotti frequency domain equation is no longer
applicable in this case.

Secondly, B waveform is controlled to be 1 T at 50 Hz, plus a third harmonic at 0° phase angle,
with a variable amplitude from 0 T to 0.5 T. Core loss increases as the harmonic content increases,
The measured loss and calculated values under different amplitude are shown in Fig. 1(b). For the
case of a specific phase angle, although the variation of calculated values follows the trend of
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measured losses, large error still exists and demonstrate a fast rising trend with the harmonic
amplitude increasing.
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Fig. 1. Measured and calculated loss with third harmonic component

For the 5th harmonic, the effects of harmonic content on core loss is as same as 3rd, while the
effects of harmonic phase angle on core loss is opposite. That is, for 3rd harmonic, the maximum
loss occurs at 0° and the minimum loss occurs at 180°, while for the fifth harmonic, the maximum
loss occurs at 180° and the minimum loss occurs at 0°. Hysteresis loops are shown in Fig. 2.
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Fig. 2. Hysteresis loops with controlled harmonic order, content and phase angle
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Iron losses and magnetic hysteresis of soft magnaditerials are mainly due to its microscopic
magnetic structures with domains, walls, vorticegd ather with the microscopic magnetic objects
in motion . Behavioral laws have been studied for decadds mitmerous models, able to
reproduce experimental datd. The whole model’s parameters can be relatedystaltographic
(easy axis, grains orientation and texture), metgical (grains size, boundaries and defects) and
magnetic (saturation polarization, domains and svalze and mobility) properties. Materials’
parameters should be intrinsic to the materialfitsethat the local behavioral law associatecho t
magnetic field diffusion equation are supposedascdbe the macroscopic behavior of any sample;
whatever its shape and its size 6]. However, research clearly shows that the maguleticains
size depends on the grain and sample shape, diomanand surface qualify]. Meanwhile, the
walls mobility, bowing, pinning effects and nuclieatare greatly influenced by the magnetic walls
density and area on one side; and by the graindaoies, dislocations and other defects, even at the
surface, on the other sid&. It is thus hard to say that the magnetic propsrdire intrinsic only to
the material. We would like to know if the modetnadescribe the impact of these geometry and
size effects. We are wondering whether two idehtmak alloys with two different shapes,
dimensions or/and surface qualities will require tifferent sets of parameters. The role played by
the sample has been investigated mainly for snaaligles, single domains and permanent magnets.
Some authors have however analyzed the impacte@fample dimensior?] but only on global
measurements (loss or hysteresis). The sample $¢ oficases a thin laminated sheet, it is thus
proposed to analyze the impact of a sheet thickmes®me models’ parameters and to interpret the
results for further investigations.

In this paper, we will focus on two usual models first for iron losses and the second for
hysteresis: the Bertotti loss model and the JilédseAon hysteresis modél . The method
consists in carrying out measurements on sampléde mdh the same GO SiFe alloy but with four
different thicknesses (0.23, 0.27, 0.30, 0.35 mangeveral induction magnitudes and frequencies.
Models are used to identify the variation of partere as a function of the thickness from
experimental data obtained with the Epstein fralfoe each thickness and induction, the whole three
loss coefficients @an be identified at once with the asymptotic areldidinary least square method
procedure applied on the energy per cycle and mémass and squared induction (3Kg?). The
dynamic Jiles Atherton model will be described vathordinary differential equation involving five
parameters that must be identified|. The identification procedure is performed usingtarative
calculation to fit the differential permeabilithe magnetic field or/and the magnetization at sjeci
locations within the cycles measured (coercivigmanence and saturation).

The present paper highlights critical limitatiorfalte models. First, the loss model coefficients
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vary unexpectedly as a function of the inductiod #re thickness (sé€g. 1). Some recent models
solve the first limitation, including a dynamicfievarying with the induction and its first deriixag

. The second limitation would require modelling teiationships between the sample geometry,
texture and surface quality with the magnetic $tmg Even if the static hysteresis parameters show
almost no variation as a function of the thicknéitting correctly the hysteresis cycles also regsi
varying some parameters as a function of the indictais for other similar models4]. A more
critical and general limitation is the dependenéglynamic parameters with the thickness. These
variations show discrepancies with the theory, Whigopardize any physical interpretation of
identifications. It is nowadays necessary to chahgg@arameters when we change the sample shape
or size, even using a simulation software supptsé@ndle different geometries. We thus discuss
investigations on other ways to model soft ferronsig materials using a new physical formulation
that takes the magnetic structure and its senyitivithe geometry and surface quality into account
at the mesoscopic scdiss], that would complete the theory of micro-magnetissable only at the
microscopic scalé
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Abstract — Corners and T-joints of cores of transformers or shunt reactors contain overlaps of
reduced effective cross section of material. Depending on the so-called step number, the “critical
induction” B¢ characterizes the flux density beyond that flux is taken up by air gaps. The present
study shows that in real cores that consist of several packages, Bc is linked with a distinct onset of
off-plane fluxes, in direction normal to the laminations. This means that core operation above Bc is
characterized by disadvantageous, 3-dimensional flux re-distributions.

1. Introduction 120k {oN=1 i B
Transformer cores tend to be stacked from highly V. A fl
grain oriented SiFe that shows high permeability for ! o
the rolling direction. However, corners and T -joints ; 0 '
contain air gaps that represent strongest magnetic or a '
reluctance. To reduce their impact on the global mag- § [linear
netization, industry assembles the core with overlaps Ols &
(OLs) of so-called step-lap, where an individual gap 60 ;
is bridged by N laminations. In [1,2], it was demon-
strated that the step number N corresponds to a well
defined “critical induction” Bc where the bridges are 30
saturated, as a reason for the onset of flux through the
gaps. Recently, this was confirmed also by FEM
modelling [3]. Fig.1 (from [1]) shows the corres- p— e x
ponding increases of OL-excitation for model cores 08 ] 12 16
with mitred OLs as being typical for transformers,
and for linear OLs as arising in shunt reactors.

Our new study revealed that the induction Bcrit has an analogous significance for global flux
distributions in multi-package cores, as used in industry — in particular, for fluxes in normal
direction, as reported in the following.

Figurel, from [1].

2.Experimental
In contrast to earlier measurements on model cores of constant sheet width, this study was made on
a more realistic core of three packages with widths of 15 cm, 11 cm and 8 cm, respectively.
Assembling was made with N = 4 steps. The tendency of circular limbs in connection with semi-
circular yokes was considered by package shifts that cause shifts also of OLs. The core was
magnetized with 50 Hz, with nominal induction values Bnom between 1 T and 1.6 T.

In order to study interactions of the packages, measurements of normal-direction flux density
Bno were made by novel detector band sensors [4, 5]. They consisted of three flat frame-coil
windings of 25 mm mean size, print on a 20 pum thick plastic substrate, by means of an electrical
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paint "Bare Conductive" suspension, to prevent substantial inter-laminar air gaps. The focus of
measurements was put on border regions between the packages, in particular close to OLs. From the
sensor signal, the normal direction induction Bnp(t) was calculated, as an average over the sensor
area.

3.Results
Fig.2 shows an example of results for a yoke region beside the V-elements of the T-joint, between
the packages of 15 cm and 11 cm thickness. We see time courses Bnp(t) for Bnom0f 1 T,1.3 T, 1.4
T,15Tand 16 T.
For low nominal magnetization Bnom =1,the 40
induction Bnp remains under the level of 3 mT
for the whole period of magnetization. As an 30~
interpretation, throughout the core, the OLs do
not attain local saturation, according to B <
Bcrit. The packages operate quite independent 4
from each other, their fluxes remaining within
each package. or
The global flux distribution changes
substantially when we increase Bnom to - and
beyond - the critical induction Berirofca. 1.3T.
In instants of B > Bcrir, the flux tends to avoid
the partly saturated OLs. It bridges the latter by -30
“escaping” to the neighbour package through t (ms)
flux in normal direction. This yields distinct 0 5 10 15 20
instantaneous increases of Bnp up to the level of )
35 mT for Byom = 1,6 T (Fig.2a). Figure 2

BND (mT) I BNOM: 16T
Bnom=15T

Bnom=1.4T

20

-0+

4.Conclusions

The study indicates that the practical relevance of the “critical induction” Bcrit iS not restricted to
the performance of overlaps, i.e. to their excitation and local losses. Rather, Bcrit can be assumed
to influence the cores global flux distribution in significant ways. For Bnom > Bcerit, the packages
get in distinct inter-connection through off-plane fluxes in normal direction. This means that the
core is characterized by complex 3-dimensional flux distributions. As disadvantageous conse-
quences, the levels of flux distortion increase throughout the core, but in particular close to overlaps.
This yields an increase of building factor. But even more, it enhances the audible noise of the core,
as a parameter of rising relevance.
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The permeability [1] and power loss [2] of soft magnetic materials used in electrical machines
can vary considerably when the material is mechanically stressed. Since the active parts of electrical
machines are subject to mechanical stress due to various reasons, e.g. rotational forces, housing
shrink-fitting, thermal strain or magnetic forces, it is important to examine the influence of
mechanical stress under conditions as close as possible to those in the actual applications. In
electrical machines, rotating magnetizations occur in parts of the magnetic circuit subjected to
various mechanical stresses at different directions within the sheet plane . Therefore, a measurement
device, able to generate rotating magnetizations inside a sample, which can be stressed in two
directions, has been developed.

Considering possible designs for rotational single sheet testers [3], different numbers of magnetic
poles and sample shapes are verified. Here, a four pole design is chosen. The basic setup of the
magnetic circuit is shown in Fig. 1. The legs of the cross-shaped sample are clamped to a mechanical
load unit to impress a two dimensional stress state inside the sample. The relation of stress and load
forces in the tested material will be further discussed in the full paper.

/4

Figure 1: Magnetic circuit of the measurement dev
yokes, blue and green: support structure.

In this set-up the sample is magnetized by four yokes constructed with magnetizing coils. Due to
the cross shape, yokes are split into an upper and lower part, with the sample placed in between. The
magnetic circuit is closed by four corner yokes. The flux density inside the sample is measured by
two perpendicular search coils wound through the holes punched in the sample’s center. The field
strength is measured by a system of perpendicular tangential field coils below the sample. Fig. 2
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shows a photograph of the complete constructed measurement system. For controlling the flux
density inside the sample, a period-wise field-oriented control strategy based on [4] is used.
Compared to other rotational measurement devices with an air gap between sample and yoke, the
nonlinearity of the sample material complicates the control task. The control solution to this problem
will be described in detail in the full paper.

In the full paper, measurement results under varying mechanical stress conditions will be
presented. Based on those results, models which consider the effect of two dimensional mechanical
stress on the magnetic properties may be developed and validated in future works.

Figure 2: Overview of the complete prototype measurement system.
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Grain-oriented silicon steel (electrical steel) strip is mainly used for transformer cores to
construct AC magnetic path, its magnetic properties are important in design of transformer. To
measuring the magnetic properties, such as power loss (specific total loss), magnetic polarization
(intrinsic flux density) etc., two IEC standard methods are used in industry, one is Epstein
frame [1], another is SST (single sheet tester) [2]. Both the standard methods are using a
conventional magnetic path length, which is fixed as 0.94 m for Epstein frame and 0.45 m for
standard SST. In literature, studies show it’s existed that a deviation of the real magnetic path
length from conventional one, for the method of Epstein frame [3] and also for the method of
standard SST [4]. For grain-oriented silicon steel, especially high grades of HGO materials with
thinner thickness, the deviation of the magnetic path length can cause evident difference in
measuring values of magnetic parameters such as power loss and magnetic polarization etc. from
the real properties of the materials. This is approved by design engineers of transformer, when they
use the measuring values of Epstein frame or standard SST as magnetic properties of electrical
steel strips in design of transformer, the performance of final transformer constructed by the
electrical steel strips is often better than their expectation.

To investigate on the variation of the real magnetic path length in standard SST and in Epstein
frame, in which the magnetic field strength is calculated from magnetizing current (the M.C.
method), H-coil technique has been used and designed together with standard methods, then the
measuring results can be obtained simultaneously from H-coil and M.C, which gives the
information about the real magnetic path length in standard methods comparing with H-coil.

The construction of the tester with both H-coil and M.C is shown as Fig. 1 for SST, a standard
tester of the vertical double-yoke type has been used with a specimen size of 500 x 500 mm?
according to the IEC standard [2]. To measure the magnetic field strength with H-coil method,
four H-coils connected in series has been mounted in lower yoke and approached 1mm to
specimen as shown in Fig. 1. The total turns area of the four H-coils which have been made is
about 0.4 tm?, then the response of the H-coils is in level of 0.1 mV against 1 A/m of magnetic
field strength in 50 Hz.

540.0
525.0
510.0
85.0 . 850 i _ 850 ) _ 850

_— e

HC B(HC) B(MC) MC

440.0
200.0

} i

specimen -
HC B(HC) B(MC) MC windings former

Figure 1: Configuration of the standard SST with H-coil and M.C, in front and side view.

For Epstein frame, assembling with an Epstein frame according to the IEC standard [1], four H-
coils have been mounted respectively in four winding formers of the Epstein frame as shown
schematically in Fig. 2 for cross-section and side view of one winding former, these four H-coils
have been connected in series. The total turns area of the four H-coils which have been made is
about 0.16 t-m?, then the response of the H-coils is in level of several dozens of micro-volt against
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1 A/m of magnetic field strength in 50 Hz, a critic technique in signal treatment has been used for
this feeble voltage.

- 320 = - 180.0 -
- 30.0 =~

- 100.0 -

 —

HC B(HC) B(MC) MC He B[F‘ICJ BU-:AL“

-5.54

15.5

MG winding g former

Figure 2: Configuration of the Epstein framewith H-coil and M.C, in cross-section and side view.

Two samples of grade M85-23P5 have been tested and the results obtained with SST are as
shown in Table 1. For M.C method, the conventional magnetic path length (I;) has been set from
0.450 m to 0.500 m, comparing with the power loss measured by H-coil, the real magnetic path
length (l,ea) of SST used for M.C can be estimated by linear regression of the data of I, and power
loss or simply by liea = le"(Pm.c/PH-coir). Then different I, has been obtained for different sample
and in different level, for example, |y in 1.7 T is about 0.485 m for sample S1 and is about
0.492 m for sample S2. The values of real magnetic path length (l;e,) of SST used for M.C are not
constants either in different magnetic excitation level or for different sample.

Table 1: The results of the standard SST with H-coil and M.C

Sample | Method | L.(m) P10 (W/kg) P13 (W/kg) P15 (W/kg) P17 (W/kg) J8 (T) J25 (T)
0.450 0.2700 0.4638 0.6291 0.8933 1.8893 1.9563

0.460 0.2645 0.4538 0.6154 0.8750 1.8909 1.9571

s1 M.C 0.475 0.2560 0.4394 0.5958 0.8461 1.8932 1.9581
0.490 0.2482 0.4259 0.5777 0.8202 1.8954 1.9592

0.500 0.2431 0.4173 0.5659 0.8038 1.8968 1.9599

H-coil 0.2471 0.4298 0.5822 0.8282 1.8908 1.9539

0.450 0.2665 0.4568 0.6222 0.8924 1.8779 1.9501

0.460 0.2609 0.4468 0.6087 0.8731 1.8795 1.9512

2 M.C 0.475 0.2527 0.4328 0.5896 0.8455 1.8818 1.9525
0.490 0.2449 0.4195 0.5714 0.8195 1.8840 1.9539

0.500 0.2398 0.4109 0.5600 0.8031 1.8854 1.9548

H-coil 0.2409 0.4174 0.5734 0.8159 1.8834 1.9496

The results corresponded to Epstein frame are expected to be obtained and treated in two
months before the meeting.

The real magnetic path lengths of SST and Epstein frame used for M.C are not constants, the
deviation of the real magnetic path length from conventional one for standard SST and Epstein
frame can cause obvious difference of designating properties for the high grades of HGO electrical
steel materials. Different effects can influence on this physics parameter [5]-[6], H-coil technique
gives a possibility to investigate the problem.
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The modern inducting, transforming, and absorbing devices dedicated for operation under
increasingly wide range of frequencies call for magnetic cores with good wideband response. Smart
nanocrystalline ribbons treated under specific magneto-thermal conditions can exhibit superior
broadband magnetic behavior with respect to Mn-Zn ferrites, the materials of traditional industrial
choice. Because of the very low ribbon thickness (10 — 20 micrometers), the eddy currents are
significantly constrained and low energy dissipation up to very high frequencies is observed in these
alloys, in spite of their metallic character. A narrow experimental window of material
characterization is generally found in the literature. This limitation has so far precluded a thorough
quantitative understanding of the involved microscopic magnetic phenomena and a comprehensive
broadband comparison between ferrite and nanocrystalline properties.

In this communication we present an overview of the broadband magnetic permeability and loss
behavior of sintered Mn-Zn ferrites and amorphous/nanocrystalline ribbons. To meet the
challenging conditions envisaged for applications, we performed extensive fluxmetric
measurements from DC regime up to 10 MHz, spanning a wide region of peak polarization J, values,
in combination with transmission line measurements, by which the GHz region could be approached.
We report on recent progress made in understanding the complex phenomenology of loss and
permeability behavior on such a broad range of frequencies range in all these materials. A
comprehensive interpretative framework, relying on the statistical theory of losses and the related
loss separation concept [1], has been worked out. It is aimed at the theoretical assessment of the
involved magnetization process mechanisms (domain wall displacements and rotations) and the
associated dissipation channels (eddy currents and spin damping).

The rotational process in ferrites and the related energy dissipation by spin damping are predicted
through the Landau—Lifshitz—Gilbert (LLG) equation for spin dynamics under frequency-evolving
distribution of the local anisotropy fields and the ensuing spectrum of resonance frequencies. Eddy-
current losses have a classical character and can be predicted by numerical multiscale variational
approach [2]. They can any case be experimentally separated from the spin-damping losses, because
eddy current-free loss in Mn-Zn ferrites can be obtained in rings of reduced thickness (~ 1 mm).
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The best broadband combination of low losses and high permeability is obtained with the
amorphous/nanocrystalline ribbons endowed with transverse low-value magnetic anisotropy, as
induced by conventional field annealing. These materials provide a highly interesting and
analytically treatable case, because their magnetization process is dominated by rotations and the
ensuing dynamic losses can correspondingly be calculated by recognizing a frequency-dependent
magnetic constitutive equation, obtained as solution of the LLG equation, and applying to it the
electromagnetic diffusion equation. Fig. 1 shows the wideband loss separation performed on a Mn-
Zn ferrite (Fig. 1a) and a nanocrystalline transverse anisotropy Finemet ribbon (Fig. 1b). The
rotational loss contribution W;e s due to spin damping in ferrites is predicted using the Landau—
Lifshitz constant arr = 0.04, while the classical loss term Wit = Wiotsd + Wroteddy 1N transverse
anisotropy tapewound ribbon is obtained for arr, ~ 0.06 and the exchange stiffness constant 4 ~ 2 x
107! J/m. The excess loss Wexc, calculated as Wexe(f) = W(f) — Whysi — Wra(f), follows a law Wexe(f)
19, where 0 < q <1 [3]. The theoretically predicted dynamic behavior of the domain walls, relaxing
beyond a few hundred kHz, is experimentally supported by high-speed magneto-optical in situ
observations of their domain structure [4].
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Figure 1: Broadband magnetic losses measured (a) in a Mn-Zn ferrite ring with two different values of thickness
h and (b) in a 20.5 um thick tapewound nanocrystalline transverse anisotropy Finemet ribbon at a defined J,
level. The measured loss Wexp(f) is decomposed into the quasi-static hysteresis Whyst component and the
dynamic Wexc(f) + Wroteddy(f) + Wrotsd(f) contribution.
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In the design of a magnetic component, the magfietit calculation inside all materials and in
every working condition is often a guarantee of lijyiaThe most accurate methods are the
numerical ones, such as the Finite Element MetBoftware use a physical formulation based on
the Maxwell equations in matter including the mitst electrical conductivityo and magnetic
permeabilityy [1]. It is thus possible to consider the impact ofyeddrrents losses in the field
diffusion into account for any geometry. Severabels are proposed with the aim to include either
the static hysteres|g, 3] and the dynamic oné, 5]. These last require parameters hard to identify
and interpret. They are also non-univocal and retigefield computation less convergent and more
time consuming. To improve the physical interplietabf identifications and try to ease and speed
up the calculations, other authors derive a newggnéormulation involving only univocal
behavioral laws$6], while focusing on the dynamic losses and hysigfes These studies confirm
that the dynamic hysteresis corresponds to exoasfoisses, due to dynamic magnetization reversal
processes within magnetic domalfs 9] and especially to microscopic eddy currents ardihed
magnetic walls in motiofi.0]. Whatever the magnetization mechanism (domairswiidplacement,
bowing, fusion, nucleation and multiplication)idtalways possible to define a dynamic propetrty

involved in the magnetic field damping due to ra@wpic eddy currents ((1) & (2)):
H=u'B+otaB (1)
A=1/\20/n,myS, (2)

Usually, magnetization properties should be intcits the materials, with its electrical resistyvit
o'=48 uQ.cm the saturation polarisatialz=2.1 T, the walls mobilitym, only influenced by the
magnetic walls densitg and are&, on one side; and by the grain boundaries and teéecthe
other side. Changes only occur due to experimeotaditions (field magnitudBmax frequencyf).
Meanwhile, the geometry dependent macroscopic hetwacan be described by the fiet], =
1~ 1B diffusion-like equation (3), coming from the Maxiiheory.

VxVx ((1+04%ud,)Hy) +oud,Hy =0 (3)

The obtained formulation includes both the excess losses due to microscopic eddy currents
and the geometry dependent macroscopic eddy csrrenthis paper, we want to analyze the
thickness{ dependence of the dynamic magnetization propé¢ty. To this extend, we suggest
carrying out magnetic measurements on GO SiFe samyth the Epstein frame for four different
thicknesses{ = 0.23, 0.27, 0.30 and 0.35 nynat low induction magnitudeBmax (from 100 mT to
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800 mT) and several frequencied from 10 Hz to 800 Hz). For each thickness arpegimental
condition Bmaxf), £ and /1 are assumed constant and can be identified at thiacks to the 1D
analytical calculation of two macroscopic obsereabthe apparent magnitude permeability(=
Bma/Hmax [H.m]) and the mean power loss density per unit mBss ¢(/HdB)/p) [W.kg1], yis
the mass density). It is then possible to compheddtal hysteresis cyclesrsushe measurements.
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Figure 1: Identificatiom(Bmaxf) with sinusoidal waveforms as a function of thekhiess(.

B
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Expected results show kig. 1that/ is reduced while increasing both the frequency ted
flux density magnitude.e. the producBmay*f) thanks to domains walls bowing, multiplicatiordan
nucleation processes. The reduction/bfvhile decreasing the thickness is more surprisiot
probably due to some surface anisotropy, demagngttr/and tension effects that naturally refine

the domains structure. Having to change the prigsesith the thickness represents a serious
limitation when using a simulation software suppbsehandle different geometries. It leads us to
investigate another physical formulation that takes sensitivity of magnetic structures to the

geometry and surface quality into accoliri|.
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The magnetocaloric effect (MCE) observed in the La(Fe,Si);3-based alloys in near-room temperature
has been the subject of intensive research due to its potential applications in magnetic refrigeration
[1-5]. Most of publications on the MCE focus on considerations on entropy changes near the Curie
temperature and the possibility to tailor up the properties of different compounds by appropriate
modifications of their chemical composition [2,3,6-10]. However, an interesting issue is also the
examination of power losses [11] and magnetization curves in the vicinity of transition point.

Hysteresis in magnetocaloric materials has recently come into the spotlight of the engineering
community [12]. Most often for modeling purposes the phenomenological Preisach-Mayergoyz model
[13,14] and the description advanced by Jiles and Atherton are used [15,16]. In the present paper we
suggest the use of the T(x) description [17] for modeling magnetization curves near the transition
temperature, cf. Fig. 1.
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Fig. 1. Influence of temperature on the hysteresis loops near the transition point (T, = 300K).

The full text shall consider two versions of the T(x) description, namely the original one, described in
the textbook [17] by model developer, and the more recent modification [18]. The correction
introduced into the original model was aimed at a better representation of reversible magnetization
processes. The structure of fundamental model equation was made similar to the one considered
previously by Gy. Kéadar in his product Preisach model [19,20]. The introduced magnetization
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dependent function R(m) = 1 — m?, which modulates total susceptibility in dependence on instant
magnetization, has been considered by Basso and Bertotti as a direct measure of active domain wall
area during magnetization [21]. An analogous modification introduced previously to the Jiles-Atherton
model allowed one to obtain improved description of minor loops both symmetrical [22] and biased
ones [23]. It is thus expected that promising results might also be obtained for the case of product-T(x)
model.
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Residual stresses inevitably occur in metallic components due to industrial machining or heat
treatment processes. These local micro-residual stresses affect real-life performance of industrial
parts. Measurement and analysis of residual stresses is important for quality assurance and
inspection, as stress affects bearable load and fatigue lifetime over specific failure mechanisms. The
use of micro-magnetic techniques such as the Barkhausen noise evaluation or the incremental
permeability has increased exponentially in the industrial field. The local magnetization processes
are highly dependent on the distribution of the residual stresses and local micro-magnetic
characterization are particularly effective sensing techniques to map the distribution of these residual
stresses. The current industrial use of this micro-magnetic characterization techniques is very
empirical; operators set thresholds of rejection using experimental results. Up to now, accurate
models able to refine these thresholds and to improve the understanding of the phenomena are still
missing. In this article, a model based on the time variations of both the local excitation field H and
the local magnetic induction B is proposed to simulate the Magnetic Incremental Permeability (MIP)
sensor. MIP is defined as the effective permeability for a small alternating field superimposed on a
larger steady field. The MIP is calculated by measuring the minor loop magnetic flux density during
the process of magnetization. Last investigations around ferromagnetic models such as the one we
need for the incremental permeability simulation mainly focus on coupling Space Discretization
Techniques (SDT), Finite Elements Method (FEM) or Finite Differences Method (FDM) extended
with accurate scalar or vector, dynamic or static hysteresis material law [1][2]. For this magnetic
material law, it seems that the best results come from the extension of the quasi-static hysteresis
model (Preisach model [3], Jiles-Atherton model [4]) to dynamic behavior as a result of the
separation losses techniques as proposed by Bertotti [5].

As in a classic MIP sensing techniquecontrolled area is always lower than a few mm?, we can
assume that in this area the material is spatially homogenous. The quasi-static DC excitation field
amplitude is typically 1000 times higher than the AC one. For those two reasons, in the MIP
simulator, the space discretization can be replaced by a lump phenomenological model where B and
H are collinear and linked by a hysteretic material law.

For this material law, we have different options.Firstly, we consider the AC magnetic field
amplitude sufficiently weak that even under high frequency level (50 kHz) the rate dH/dt is lower
than the quasi-static DC field one. In this case, a scalar quasi-static hysteresis contribution is enough.
For this quasi-static contribution again we have different options:

_ A modified Jiles-Atherton model, where the accommodation issue (i.e. it takes many cycles for
a minor hysteresis loop to stabilize) is corrected by assuming the AC field amplitude sufficiently
weak to ignore hysteresis during the minor loop situation. Minor cycles are then treated as a single
slope as it has been done by Y. Gabi & al. in [6]. The Jiles-Atherton model is characterized by 5
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parameters, according to the J-A’s theory each parameter has a physical meaning. In [7] an extended
version of the J-A’s model has been proposed with temperature taken into account, in [8] another
extension has been proposed for the behavior under mechanical stress excitation. These two
extensions are useful for the MIP simulation under such external conditions. The modified J-A’s
model gives correct results for the MIP butterfly loop (variation of the permeability modulus versus
excitation field) but the conservation of the slope forbids variations on the imaginary versus real part
of the complex permeability.

_ A modified “applied H dependent” type model, such as the Preisach model [3] or the dry friction
model [9]. The essential limitation of such models is that they assume that the remanent
magnetization depends only on the applied magnetic field. Hence, when a sample of magnetic
material is cycled between two magnetic fields, the size and shape of the resulting minor
remanence loop predicted by the Preisach model does not depend upon the magnetic state of
the system. This phenomenon called the "congruency property” lead to a MIP butterfly loop limited
to a single anhysteretic curve. Improvements can be done by correcting the model input as proposed:

H,, ()= H()+a.B(1) (0

Where H.y is the effective field and a, a constant of proportionality between the average field

and the magnetization which depends on the shape and the angular dispersion of the particles
in the media. The modified model gives correct simulations results but with these models the
physical interpretations are limited.
Secondly, a dynamic contribution can be added to the quasi-static contribution described previously.
When higher amplitude or frequency levels of the AC component are used, the quasi-static
thresholds are reached and dynamic effects will influence the magnetization behavior. For this
dynamic contribution and as the frequency of the AC component is constant, a simple viscous losses
first order consideration is enough to correctly model this dynamic contribution. In the model the
product of a constant p to the time derivation of the induction field dB/dt is considered as an
equivalent excitation field H [10].

In the extended version of this article every solution will be detailed, comparisons simulations /
measures will be compared and conclusions on the most appropriate simulation methods will be
given.
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In many technical fields metal foams, ferrous powder mixtures, metallic granulates and sintered
materials are used in various parts of production chains. Because of the complex and multi-phase
nature of these products, their magnetic properties typically differ from the characteristics of the
raw materials. If it is not required to describe the magnetic field in all randomly arranged particles
and regions in microscopic detail, the concept of the effective permeability can be used. Generally,
effective material parameters are described by mixing models. In [1] and [2] Sihvola et al. present
mixing rules derived from electrostatic theory, which can be used for magnetic materials under cer-
tain conditions as well. These mixing formulas describe the effective magnetic properties depending
on the volume fractions of the ingredients. However, a huge number of usually unknown parameters
such as particle arrangement, particle size, inclusion shape and local packing density additionally
affect the effective permeability. For example, Fig.1 shows that three different ordered two-phase
mixtures differ in the resulting permeability p.g even if they have the same volume proportions of
the phases. Because of this, a variation in the magnetic behavior of randomly ordered structures
must be expected. Its range and dependency on process parameters and ingredients is important for
the design of magnetic devices and non-destructive magnetic testing methods.

magnetization direction

Hegr1 > Pettr > Heft,3

Figure 1: Two-phase structures with the same volume fraction of a magnetic inclusion phase (gray)
in a non-magnetic background medium (white), but, evidently, different effective permeabilities.

In the present work the random assignment of the permeability is limited to a plane. Along the
third dimension it is assumed that the magnetic properties are constant. A simplified example for
this modeling approach is shown in Fig. 2a. To determine its effective permeability, the model is
converted into an equivalent electrical network according to Fig.2b. Every particle of the structure
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can be represented by an equivalent resistor network including the two resistors Ry o o and
Ry o< py. Of course, the resistors Iy and R; can be nonlinear. The magnetization of the specimen
is modeled by a voltage source Ve, Which generates a current I,,, depending on the resistor
values and their arrangement. Finally, the effective permeability can be determined by using the
relationship ‘;:—j: The extensive calculation of I,,,, is done by the open source electronic circuit
simulator SPICE [3]. For this reason, an algorithm was developed that generates the circuit netlist of
a given model. Because of this very flexible method, the resulting permeability of any structure can
be estimated. Figure 2c illustrates exemplary the results of thousand simulated randomly ordered
mixtures with more than 5000 particles for various compoundings. The aim of the present work is
both an introduction of the novel method to simulate the effective permeability and an evaluation
of the simulated data with measurements of magnetic and non-magnetic powder mixtures. More
details about the simulation algorithms, the experimental setup and a comparison of simulated and
measured permeability of randomly ordered mixtures will be presented in the final paper.

€)) N (b) (c)
magnetization > —+R, =R, 100
By | By |1 g
£ 60
Ko K Ky g
2 40
Ho H Ho £ 2 . l

A 0 0.2 0.4 0.6
— volume fraction
mag Vmag

I

Figure 2: (a) Model of a randomly ordered two-phase powder mixture consisting of nine particles.
(b) The equivalent electrical circuit of the model in Fig. 2a for the permeability analysis with SPICE.
(c) Thousand simulated effective permeabilities of randomly ordered mixtures with a background
medium g = 1 and randomly varied volume fractions of the inclusion phase p; = 1500.
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The magnetic core of electrical machines and transformers are constructed from electrical steel
sheets, which are punched and stacked together. On one hand, the punching process deteriorates the
magnetic properties of the electrical sheets, in terms of permeability and hysteresis losses [1], [2].
On the other hand, the punching burrs at the edges of the sheet might destroy the sheet insulation
layer during the stacking process and produce short circuits between the sheets [3]. Both phenomena
are harmful for the operation of the machines and are challenging to detect and quantify. In this
paper, we present a thermal camera-based measurement method to detect the inter-laminar short
circuits and measure the related power losses. Furthermore, we present a preliminary investigation
on the possibility of measuring local iron losses with the same thermal camera methodology. The
objective of this second part is to assess the detectability of the losses at the damaged, punched edges
of the electrical sheet and their quantification.

For the first part, dealing with the inter-laminar short circuits, we artificially implemented short
circuits between two iron sheets and measured the related losses with a thermal camera through the
initial temperature rise method [4]. Some challenges related to this methodology are explained and
several methods to tackle them are presented. The methodology has also been assessed through
exhaustive numerical simulations [4]. A major challenge of this method consists of estimating the
initial slope of the temperature rise under convective and conductive heat dissipation. We tackled
this by either averaging the slop over some periods or by estimating the heat dissipation effect from
the cooling behaviour of the measured area. The results of these methods can be used in coupled
magnetic and thermal finite element simulations aiming at determining the depth of the lamination
short circuit.

Figure 1 shows the temperature distribution around the inter-laminar short circuit at an instant of
time and the temperature rise at the location of the short circuit. Figure 2 shows the temperature
distribution at the surface of an iron sample when it is magnetized at 1.5 T and 50 Hz and the
corresponding temperature rise averaged over a small area in the middle of the sample.
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Figure 2: Temperature distribution (left) and rise (right) at the surface of a non-oriented iron sample under
sinusoidal magnetization (1.5 T, 50 Hz)
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There is continuing demand on improvement of performance and efficiency of energy
conversion in high-frequency (HF) switch-mode power converters. Magnetic cores of HF
transformers and chokes are exposed to ever more challenging operating conditions. Typical
magnetic measurements standards [1]-[5] are either inadequate or insufficient for generating the
required design information. As a consequence it is difficult to design magnetic cores operating
under such conditions and even more difficult to verify the actual level of performance attained
during industrial manufacturing. Cores designed to operate at 50 Hz can be powered directly from
the mains network if certain safety conditions are met [6], but obviously this approach is very
limited.

The universal modular high power wide frequency range controlled measurement system
(Fig. 1a) represents a much more robust approach to magnetic testing. Large-size magnetic cores
can be tested directly, rather than through the use of smaller-size samples.

Universality is provided because the system is capable of measurements in four different
configurations of samples/cores under test: toroidal, SST, Epstein frame and arbitrary core. These
options allow testing virtually all cores and samples relevant in the HF power industry.

Modularity of the system comes from the way it was designed and assembled. Various sub-
modules can be swapped for different specification, which also aids the universality. There is an
additional module comprising two-beam laser targeted system for precise temperature
measurements of the core or the windings.

High power is provided by a low-DC offset precision linear power amplifier with rated
maximum output power of 8 kW (22 kW pulse), and amplitude capabilities of 120 V and 210 A.

Wide frequency range is provided by such selection of all the components that magnetisation
can be applied and measured from 1 Hz to 100 kHz (with reduced power) or 16 Hz to 50 kHz with
full power.

Control is achieved by utilising state of the art approach for wave shaping of arbitrary
waveforms [5]. The system is capable of controlling the shape of flux density B, polarisation J or
magnetic field strength H. The waveforms can be controlled to be: sinusoidal, triangular,
trapezoidal, arbitrarily assembled from harmonics, generated using 2-level or 3-level PWM, or an
arbitrary waveform can be uploaded from an electronic file (Fig. 1b).

Measurements carried out by the system are automatically logged to an output file, ready for
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access in any spreadsheet software. The measured data includes for each measured point: peak B
or peak J, peak H, full waveform of B or J, full waveform of H, amplitude relative permeability,
specific active power loss per unit mass, specific active power loss per unit volume, total active
power loss, total apparent power loss, remanence B, coercive H, temperature of the sample, form
factor error, THD error, peak amplitude error, RMS values of primary and secondary voltages and
currents, and apparent power supplied by the power amplifier. Full configuration data for the
sample is also stored with the output file.
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Figure 1: Control screen of the universal measurement system (a) and an example of a complex waveform
which can be controlled by the system (b).
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Introduction

Dealing with requirements for modelling and simulating precisely performance of soft
magnetic materials, magnetic measurement must be now conducted under different magnetizing
conditions imposed by waveform, frequency and amplitude of flux density. The well-known
nonlinearity of materials gives rise to a mandatory use of automatic controller in magnetic testing.
Many studies about controllers were published. In [1], Zurek et al. reported an adaptive iterative
feedback solution for 1D, 2D and even 3D measurement using any type of testers for diverse
materials, wide range of frequency and high amplitude of flux density. In [2], the association of an
analog circuit into a digital system helps to reduce 95% the convergence time comparing to results
of [1], but the application range is narrow in terms of frequency (2 Hz to 100 Hz). We propose in
this paper a novel digital controller which has two control loops, one for regulating amplitude and
one for adjusting waveform of flux density based on equivalent circuit of magnetic testers such as
Epstein frame and ring specimens. The adaptive ability and the high convergence speed of this
controller are demonstrated by testing results with various families of materials (non-oriented
SiFe, CoFe and amorphous alloys), diverse waveforms (sinusoidal, triangle, trapeze, user-defined
periodic), wide range of frequency (up to 5 kHz) and high amplitude (up to 90% of the saturation)
of flux density. Its principle and implementation in LabVIEW are also described.

Methodology
For our study, a steady-state digital feedback measurement bench has been built consisting of a
computer-based data acquisition system coupled with a voltage mode power amplifier. The system
corrects iteratively the waveform voltage sent to the primary side of tester to yield the measured
flux density B to its reference By, within an acceptable error.
The tester circuit is mathematically modeled by the following equations:
aB ] ad
V1 = N1Smat qr +Rtot1 N, H + N1Sairtho i
dB dH
UJZ = NZSmatE + NaSairtto dt
Vi, Vo, Ny, N, are respectively primary and secondary winding voltage and number of turns; Sy,
S,ir are section of material and air part inside winding, Ry is total resistance of primary winding.
In steady-state, the relationship of the peak value of these quantities is approximated to be:

()

dB _ _
V1 = NiSmar " o = MiSmaKB = G B @)

Overbar represents the peak value of quantities, K is a proportional constant between dB/dt
and B. The constant G is determined by parameters of tester and waveform of B. A digital PI
controller with a feedforward of the input voltage v; allows the system to reach the amplitude
reference after two to three iterations. This PI controller is presented by the following formula:
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Tk + 1) = 5(k) + K, (Brey — B()) with77(0) = G™* - Broy ©)

K; must be chosen to be lower than G to eliminate the oscillation, in our study, K; = 1-G
At very low or high frequency and at high level of B, the waveform of v, is corrected as follow:

dByes ] dH (k)
vi(k+1) = N1Smat7+Rtot1N_1H(k) + N1Sairlo T (4)
Most of parameters in (4) are required for any system of measurement for the determination of
B and H, except Ryn. Our model-based system provides an online estimation of Ry and thus is
adaptive to many tester and material. In a real system, before applying the formula (4), B and B
are synchronized and H is filtered with a low pass filter. When the convergence conditions are
satisfied at Nth iteration, we must have v;(N) = v;(N —1) and H(N) converges to H,gy, the
waveform of H corresponding to B,. The scheme of the controller is illustrated in Figure 1.
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Figure 1 Block diagram of the control system
Results

Figure 2 shows the solution for the measurement of a thin gauge non-oriented SiFe NOZ20 ring
sample at diverse magnetizing conditions. The measured signal of B tracks closely its reference
with form factor lower than 0.5% for three cases. The primary side voltage v;, in other word the
control signal, is corrected and highly distorted comparing to its initial waveform. More details
about the implementation and the performance of the system will be presented in the full paper.
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Figure 2 Measurement results for a NO20 ring sample at various waveform of B and frequency
Conclusion

A novel measurement system for soft magnetic material has been described. Despite of its
dependence on the equivalent circuit of tester, the system does not require more parameter than
any published systems. Moreover, its volatility allows the testing of various soft magnetic
materials under a wide-range of controlled magnetizing conditions without any change in control
parameters.
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An expanding applicative area for soft magnetic cores in electronics calls for high permeability
and low loss materials over a broad range of frequencies, from DC to several MHz. The high
resistivity and low anisotropy of the Mn-Zn ferrites, in particular, favors good broadband magnetic
behavior and, thanks to low costs and standardized preparation methods, ubiquitous applications
in sensing and power electronics. Important modifications of the soft magnetic properties of the
Mn-Zn ferrites can be induced by addition of oxides, which can act both on the material resistivity
and the magnetocrystalline anisotropy [1]-[2]. It is therefore standard practice, for example, to
introduce CaO and Nb,Os in order to modify the chemistry at the grain boundaries and increase
the related resistivity. With additives like TiO,, SnO,, and CoO and the corresponding substitution
of Fe*" cations with the foreign cations, the phenomenon of anisotropy compensation, where the
negative anisotropy of the Fe®* ions in the octahedral sites is made to combine with
the positive anisotropy of the extra-cations occupying the same sites, is expected to occur [3]. In
this way, the overall magnetocrystalline anisotropy can be reduced, though in a temperature-
dependent fashion. This can eventually lead to reduction of the loss and to increase of
permeability.

In this work we investigated a set of Mn-Zn ferrite ring samples (outside diameter 14.15-14.44
mm, inside diameter 9.15 — 8.86 mm, thickness 4.55 — 5.02 mm), prepared following the
conventional method of solid state reaction, starting from raw pure powders, sintered at 1325°C. In
addition to the fixed doping scheme that included CaO and Nb,Os, Co-enrichment was made by
addiction of CoO, up to 6000 ppm (with 1000 ppm steps). The magnetic losses were measured
from DC up to 1GHz, at different peak polarization values in the temperature range 0°C - 130°C.
The magnetic characterization of the ring samples was performed using a calibrated
hysteresisgraph-wattmeter in the range DC-10 MHz and a transmission line method in the range
100 kHz - 1 GHz using a Vector Network Analyzer (VNA) with a 50 Q coaxial line and brass cell.
The electrical impedance was measured, in the same temperature range, from 200 Hz up to about
10 MHz by the four-wire method. Fig. 1 shows an example of dependence of the real p’ and
imaginary p’’ resistivity components on frequency at different temperatures, measured on a 4000
ppm CoO-doped ring sample. This level of doping is the one leading, at room temperature, to the
minimum loss figure upon the whole investigated frequency range [4]. Analysis of the p’(f) and
p”’(f) behaviors shows that their temperature dependence is mostly related to the corresponding
behavior of the resistivity of the grain boundary layer, which decreases by more than an order of

98 sciencesconf.org:2dm2018:207978



2dm2018 - - Wednesday, September 26, 2018 - 10:15/10:35 (20min)

magnitude on passing from

109 oo T
— Co0 = 4000
—=X [00= 4000 pom

N

N
e
14 I' > \

014 P

—o—0°C
—o=21°C
——50°C
—ir—B85°C
100°C
120°C

PPt (e m)

0.01 4

L dm i o
L1

Frequency (Hz)

Fig. 1: Real p’(f) and imaginary p’’(f)
resistivity dependence on frequency in the
4000 ppm CoO-doped Mn-Zn ferrite ring
between 0° C and 120 °C. The shown
behaviors chiefly relate to the evolution of the
grain boundary resistivity with temperature.
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Fig. 2: Broadband energy loss behaviour at
peak polarization J, = 50 mT and
temperatures between 0 °C and 130 °C in the
4000 ppm CoO-doped Mn-Zn ferrite ring.
The loss becomes quite independent of
temperature beyond a few MHz.

0 °C to 120 °C. Little change is instead found for the intragrain resistivity. It has nevertheless been
shown that eddy currents measurably contribute to the losses only beyond a few MHz in these and
in typical Mn-Zn ferrite samples having similar size [5]. The temperature dependence of the
energy loss W(f) versus frequency shown in the example provided in Fig. 2 is actually engendered
by the corresponding evolution of the magnetic anisotropy. This is verified by estimating the
average anisotropy constant K through the analysis of the permeability versus J, and f and
extracting the contribution provided by the rotational processes, which, for uniform angular
distribution of the easy axes can be expressed as ppc ot =1 + J&213peK. It appears, in any case, that
all the W(f) curves pertaining to different temperatures tend to coalesce beyond a few MHz. It is
shown that at such high frequencies the domain wall processes have completely relaxed and only
rotations survive. Once separated from a possible eddy current contribution, the associated energy
dissipation can be calculated by resorting to the real and imaginary susceptibilities obtained as
solutions of the Landau-Lifshitz equation for the damped motion of the precessing spins and
lumping the effects of the internal effective anisotropy fields Hy, depending on anisotropy and
internal demagnetizing fields, into a suitable distribution function. This implies that the spin
motion resonates across a spectrum of frequencies, corresponding to the distribution of the local
Hy values. It is found, in particular, by fitting the measured rotational loss, that the optimal CoO
doping is associated with narrowest Hy distribution and lowest average effective anisotropy field.
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O.Hubert is mechanical engineer from University of Technology of Compiegne France. He
received his Master Degree in Applied acoustics and materials in 1994 and phD on relation be-
tween plastic deformation and magnetics in 1998. He has been successively associate professor in
University Pierre et Marie Curie (UPMC Paris) and full professor in Ecole Normale Supérieure
de Paris Saclay since 2009. The main theme of his research activities is the development of
constitutive models for phase-change media, either thermo-mechano-chemically induced, like for
shape memory alloys, or electro-magneto- mechanically induced as for ferro / ferri-magnetic
and / or ferroelectric materials. On the one hand, it involves the establishment of experimen-
tal methods for the identification and validation of mechanisms (measurement of deformations,
magnetic measurements, phase change monitoring by XRD) under thermal and / or multiaxial
mechanical loading, and on the other hand the development of modeling tools essentially based
on scaling methods (homogenization, finite elements).
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Our time is characterized by an increasingly intensive use of actuators in extremely large fields
of applications, from the largest to the smallest scales. The miniaturization of these systems adds
new design constraints and requires the development of materials with controlled properties and
robust models. One of the solutions being considered is the use of material exhibiting at least one
strong multiphysic coupling (one of the physic being mechanics). This includes magnetostrictive
materials [1], classical (SMA) or magnetic shape memory alloys (MSMA) [2], piezoelectric
materials, multi-ferroic composite media, etc. One of the modeling challenges is to better describe
the complex interactions observed experimentally (nonlinearity, non-monotony, irreversibly,
dynamic and multiaxial effects etc ...), and to derive constitutive models with sufficient accuracy
and validity range for the considered applications without requiring full field approach
(micromagnetism, phase field) that still remain highly time-consuming. In this communication, the
modeling of materials exhibiting magneto-elastic behavior in a reversible framework is addressed.

Showing the relevancy of scale change requires first going back to the initial foundation of
Gibbs free energy density at the local scale « (J/m®) involving mechanical and magnetic terms.
The variation of Gibbs free energy dg, is function of stress G, and magnetic field H, variations
as control variables (1) (£, is the total strain and B,, the magnetic induction).
dge = —&4:dG, — By.dH,, 1)

Small perturbation hypothesis allows the total deformation &, to be considered as a sum of
different contributions, highlighting some specific couplings between mechanics and another
physic to be defined. In the case of the target materials, classical elastic £ and free deformation
&! associated with magnetostriction are considered leading to:

E,= B+ =C" 5, + &, )

C, is the 4™ order local stiffness tensor. Derivation of the mechanical Gibbs free energy
function involves consequently an integration of magnetostriction over the stress path making its
expression complicated without any other assumption' (3). The magnetic part of Gibbs free energy
is obtained after a Legendre transformation of the Helmholtz free energy density usually expressed
as function of magnetization instead of induction (even function of magnetization) (4) [3].

1= q = G =il =
gtlxwz_go—a:cal:o_a_fﬁ gg:daa 3)

! Numerous authors simplify this expression by removing the pure mechanical part and forgetting
to integrate the second part.
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This expression is using a second order P2, 4™ order P and 6" order P2 tensors as material
dependent whose expressions are strongly correlated to material symmetries and requires
assumptions for simplification. The scaling is relevant for that.

The multiscale model of a representative volume element (RVE) that is proposed involves
domain and grain as subscales (figure 1). Indeed magnetization at the domain scale has a constant
norm equal to the saturation magnetization M. At this scale the magnetostriction can be
considered on the other hand as stress independent, allowing a simplification of the magneto-
elastic coupling energy term gﬁf” as linearly dependent to stress and as a quadratic function of
magnetization (5) [4].

g = —R:E,: 6, = — [F&":d5, = -5, (5)

R is the second order orientation tensor and E,, is the piezomagnetic 4™ order tensor defined by
3 constants in the cubic crystallographic framework and reduced to 2 constants considering
incompressibility. The constitutive behavior is assumed to follow a Boltzmann distribution
allowing a statistical calculation of the domain families’ volume fraction [5]. Localization and
homogenization procedures, homogeneous stress and magnetic field conditions at the grain scale
do complete the scheme. Some examples of applications and relevancy of stress dependent
magnetostriction consideration (morphic effect) [3,6] will be detailed in the full paper.

= I

Domain : Single crystal : Polycrystal :
Domain scale Grain scale RVE

v

Figure 1: Detail of scales involved in the modeling approach
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Non-oriented electrical steels are used to guide and increase the magnetic flux in rotating
electrical machines. Even though the name suggests isotropic magnetic properties due to the random
grain orientation, non-oriented steel grades do have a magnetic anisotropy [1,2]. This anisotropy is
affected by various factors, e.g., anisotropic grain size, residual stress from the manufacturing
process and the crystallographic texture [2]. The dependence of the magnetization behavior on the
crystallographic texture is related to the magnetocrystalline anisotropy of the body-centered-cubic
iron single crystals which require different magnetic fields along the cube edges (easy axes) and the
space diagonal (hard axes) to be magnetized [3].

When general magnetization related topics are discussed or the magnetization curves are
preprocessed for magnetic machines simulations the results are generally based on measurements in
rolling (RD) and transverse direction (TD). For the commonly applied machine simulations
anisotropy is not modeled and the material behavior is only included with curves averaged in RD
and TD. However, as Fig. 1 highlights, the mean value between RD and TD does not include all
magnetization curves and therefore, is insufficient to be used for averaging and a general description
of magnetization behavior in the entire lamination sheet plane. In saturation, the curves converge
because the saturation polarization is determined by the chemical composition of the material. But
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Figure 1: Magnetic and crystallographic anisotropy of a non-oriented M270-50A (a) Magnetization
curves at 50 Hz and (b) volume fraction of texture components.
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Figure 1: (a) A-parameter calculated form the ODF according to [4] and magnetic measurements at
50 Hz and 1.5 T (b) unidirectional SST, (c) rotating magnetic field on a rotational SST.

at high polarizations, here between 1.3to 1.8 T, the influence of crystallographic texture is dominant,
and therefore, the curves of intermediate orientations have to be considered for descriptions of the
magnetization behavior.

In this paper, different approaches to measure and estimate the magnetic anisotropy of three non-
oriented materials (M270-50A, M300-35A, 280-30AP) are compared with respect to the
crystallographic texture of the materials. In Fig. 2, 1-D and 2-D magnetic measurements are
compared to the A-parameter, which can be calculated solely from the orientation distribution
function (ODF) obtained by x-ray goniometry [4]. The magnetic measurements on the unidirectional
single-sheet-tester are performed on 18 samples cut in 5° angles relative to RD, whereas the 2-D
measurements are performed on a rotational single-sheet-tester under a rotating magnetic field. In
the full paper the magnetization at higher flux densities and the magnetic loss will be evaluated.
Both approaches show a good accordance with the crystallographic texture and therefore are a
promising approach to minimize the measurement effort. A substitution of ODF measurements with
magnetic measurements or vice versa is thereby conceivable [5].
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The use of a permendur is one of the hopeful approaches to realize further downsizing and weight
reduction of motors. A permendur has an advantage of the higher saturation magnetic flux density
compared with ordinary electrical steel sheets. However, there are only a few cases where a
permendur is applied to motors as iron core, and the influence of manufacturing process on its
magnetic properties has not sufficiently discussed. In this paper, the change of magnetic properties
due to laminating processing was evaluated by measuring laminated and single sheet specimens of
the permendur [1].

Table 1 shows specifications of specimen and measurement conditions. The stress applied to the
single sheet specimen is +20 MPa, +10 MPa, +7.5 MPa, £0.5 MPa, 0 MPa, where the signs of +
and — mean tensile and compressive stress, respectively.

Table. 1 Specifications of specimen and measurement conditions.

Specimen Length [mm]| Width [mm]| Thickness [mm] [ H detection method | frequency [HZ]
Single sheet (stress application) 360 60 0.2 2 Hcoil method 50. 100
Laminated 90 16 16 Hcoil method '

10 =0 L0 A o
¥ ; ” —/\—: 7.5 MPa :5MPa
0.8 [ - PR 08[-0—:ompa 1 -5 MPa
_ 4 ’ —O—: -7.5 MPa—O—: -10 MPa
3 0.6 AT GG = 06 :-20 MPa—O—: Laminated [ 1T ACHTE
) ]
& =
o 04l R : 10 MPa : 10 MPa > 04
—/\—: 7.5 MPa 1 5MPa
02— SFT ] —O—: 0MPa : -5 MPa 0.2
—O—: -7.5 MPa :-10 MPa
oL i : -20 MPa —O—: Laminated 1 S ! |
10+ 10 102 10 1 0 0.2 0.4 0.6 0.8 1.0
Hy [p.u] Bn [p-ul
Fig. 1. Magnetization property. Fig. 2. Iron ross property.
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Fig. 3. Eddy current loss coefficient. Fig. 4. Hysteresis loss coefficient.

The space factor of the laminated specimen
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L [[O:05T-O—:10T s ahout 96 %. Figs. 1 and 2 show the

Y e 1157 1207 o . .
magnetization properties and iron loss
12 properties of the laminated and the single sheet
=10 specimen under the stress application at 50 Hz.
2038 1 Figs. 3 and 4 show hysteresis loss and eddy
206 3 current loss coefficients of the single sheet

‘ ] i : specimen (0 MPa) and the laminated specimen.
j These coefficients are calculated by using iron
02 —000—-6—000—3o | losses measured at 50 Hz and 100 Hz. Fig. 5
0 ‘ , ; ' shows the stress dependence of iron loss at the
% 20 Melfanica. s(t)ress [,\ﬁ%a] 20 % maximum flux density B, = 0.5, 1.0, 1.5 and
Fig. 5. Stress dependence of iron lossat 50 Hz. 2.0 T
From Fig. 1, a stress from -5 to 0 MPa may
be applied to the laminated specimen. However, from Fig. 2, the iron loss of the laminated specimen
is larger than any other stress application conditions. Although the hysteresis loss coefficient of the
single sheet specimen without stress application is almost the same as that of the laminated
specimen, the eddy current loss coefficient of the laminated specimen is significantly larger. The
cause may be the short- circuit of the surfaces of laminated specimen due to wire-cut electrical
discharge machining after lamination. We performed 3-D analysis of Surface Permanent Magnet
Synchronous Motor (SPMSM) using the measurement results for laminated specimen. In motors
having a wide gap, deterioration of magnetization properties does not significantly affect power
density of motors. From Fig. 5, the iron loss increases as the compressive stress increases and it
decreases as the tensile stress increases. The effect of stress application on operating characteristic
of SPMSM will be reported in the full paper. The above mentioned results were obtained by
collaborative research with IHI on More Electric Aircraft.
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The punching process is based on a shearing phenomenon with a precisely shaped tool. Due to its
cutting speed, it represents the widespread lamination cutting method. However, as any
manufacturing process, it affects the material properties and leads to magnetic behavior
degradation [1]-[2]. Globally, it leads to the decrease of the magnetic permeability and increase of
the iron losses. Several studies have tried to define the impacted zone with different methods.
Results show that punching could impact the material, depending on the cutting parameters, up to
10mm from the cut edge [3]-[4]-[5].

In the case of electrical machines, the width of the stator teeth can be of the same order of
degraded zone by the punching process. Existing studies address the impact of punching on the
magnetic behavior considering normalized characterization devices and the extrapolation of the
results to real application is not necessarily straightforward because the effect of punching depends
highly on the parameters of the process. In this communication, we propose an approach to
characterize the effect of punching on samples collected from the manufacturing line of slinky
stators, which enables to highlight the effect of the process on this specific geometry.

Two types of punched samples are obtained: the first type represents a closed magnetic path
(without airgap), the second one is made from two parts, which represent the upper and the lower
parts of the first sample type. In fact, the slinky stator yoke fabrication is performed in several
steps that allow to extract these two types of samples. Measurements are performed directly on the
samples (Figure 1).

Secondary winding

Primary winding

Figure 1: Punched test Samples and the schematic of the teeth magnetic characterization.

The considered samples can be arranged to form a closed magnetic path but with a non-constant
cross-section. Thus the estimation of the magnetic flux density is not straightforward as it will not
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be homogeneous. Therefore, it is chosen to consider the evolution of the magnetic flux and the
imposed Ampere-turns (NI) in order to evaluate the impact of the process. To estimate the
punching impact, samples with the same geometry and extracted from the same lamination sheet
are obtained using the wire electrical discharge machining (WEDM). This process is known to
have a limited impact on the magnetic behavior and these samples will be considered as a
reference.

In Figure 1, we present the hysteresis loops ®(N-1) corresponding to the single core samples at
50Hz: Punch__C for punched samples and WEDM__C for wire cut samples. It is clear that
punching has a drastic effect on the magnetic properties, a significant degradation of the
permeability is observed. Furthermore, we present in Figure 3 the hysteresis loops at 50Hz
corresponding to the open magnetic circuit (with air gap) samples: Punch__O for punched samples
and WEDM__ O for wire cut samples. As expected, the air gap affects significantly the global
magnetic behavior. Nevertheless, the impact of punching is clearly emphasized when compared
with the wire-cut sample. Thus it is important to quantify the global impact of punching and its
evolution in the presence of air gap.

WEDM_O Flux (Wb)

-175-150-125-100 -75 -50 -2!

Figure 2: Comparison between single core WEDM Figure 3: Comparison between WEDM and punched
and punched samples hysteresis loops at 50Hz. Samples in two parts hysteresis loops at 50Hz.
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Development of electrical motors, which have high efficiency and low loss, are required in the
industrial field and electrical car field. In general, induction machine motors are operating at high
speed rotation. However, core loss in the core of the induction motor increase due to the increment
of the frequency. Therefore, it is important to clarify the factor of the increment of the loss and
develop the new technique to decrease the loss.

Previously, we have been reported the residual stress in the motor core and vector magnetic
properties in non-oriented electrical steel sheets under stress. From these results, it was clear that
not only tensile and compressive stress but also the shear stress in the motor core occur by measuring
the residual stress [1]. In addition, we reported measurement results for vector magnetic properties
under tensile, compressive, and shear stresses. It was clear that the magnetic field strength and
magnetic power loss decrease when tensile, compression, and shear stresses are applied [2]. From
these results, we suggested that the motors with high efficiency and low loss can be developed by
controlling the vector magnetic properties of a non-oriented electrical steel sheet. In this paper, the
effect of frequency on the vector magnetic properties of a non-oriented electrical steel sheet are
investigated under stress.

Fig. 1 shows the loci of the B, H and H° vectors depending on the stress angle & under alternating
magnetic flux conditions with |B|max = 0.1 T and & = 45°. The uniaxial stress condition is o= + 30,
-30 MPa and 6 = 0°, 45°,90°, 135°. The locus of the H means the measured magnetic field strength
vector under the non-stress condition. The magnitude and inclination angle of the H® vector varied
with the stress angle 6. When the excitation direction becomes parallel to the applied stress
direction, the special phase difference of the B and H vector becomes small. In addition, the area
of locus of the H° vector became large because the eddy current increases.

Fig. 2 shows the magnetic power loss Wn, depending on the frequency. The magnetic power loss
increase due to the increment of the frequency. In particular, the magnetic power loss at =30 MPa
and 6; = 45° decrease in comparison with that of the non-stress. When the excitation direction
becomes parallel to the applied tensile stress direction, the magnetic power loss decrease. On the
other hand, the change of the magnetic power loss at o= -30 MPa and 6 = 135° become small in
comparison with that of the non-stress.

From these results, it was clear that not only the magnitude and inclination angle of the locus of
the He vector but also the spatial phase difference changed by applying the stress. In addition is
possible to decrease the magnetic power loss under the high-frequency conditions by applying the
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Figure 2: Magnetic power loss depending on frequency.
parallel tensile stress along the excitation direction.
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The single-sheet tester is always used to test the silicon steel ™. In order to improve the accuracy,
the compensated coil used in [2] is capable of deciding the length of magnetic circuit more precisely.
Meanwhile, the H-coil is gradually applied in the magnetic measurement widely for avoiding the
influence of air-gap F!. In contrast to traditional silicon steel, the amorphous with better magnetic
characteristics become more and more popular. However, the amorphous strip is so thin that the
accuracy of the measuring device withstands stricter requirement. Considering that power electronics
components, e.g. transformers, inductance, are excited mostly by PWM, it is valuable to accurately
measure the magnetic characteristic of the amorphous under PWM excitation. In this paper, we
proposed a measurement system for the amorphous strip under high-frequency PWM excitation.

Two closed magnetic circuits are built in the measurement system shown in figurel, which are
composed of a double-C amorphous yoke, and the tested 25 zm thick amorphous strip. Closed to the
surface of the tested strip, a 1000 turns H-coil is placed so as to measure the magnetic field strength of
the strip. The 100 turns exciting coil, which is connected to the excitation module, is wound on the
secondary outer layer. The induction coil with 300 turns is wounded on the outermost layer to offer the
induction voltage. The frequency of the excitation is controlled by Digital Signal Processor (DSP). In
this work, DC-source is used to supply power to the half-bridge module that provides the alternative
voltage for the exciting coil. By regulating the output of DC-source, we can obtain different voltages of
the induction coil that actually reflect the magnetic flux density of the tested sample based on the
Faraday’s induction’s Law. In addition, two ways are used to acquire the magnetic field strength, the
magnetic circuit method and the H-coil method. Through two methods mentioned above, the influence
of air-gap on magnetic field strength could be detected ¥,

The hysteresis loops under different frequencies and magnetic flux densities are shown in figure2.
By comparing the thickness of the sample with the skin depth under different frequencies, weather the
inhomogeneous distribution of magnetic density should be considered or not can be decided. Based on
the loss separation method, the static hysteresis loss, dynamic loss, and excess loss are calculated
respectively, and the sum of these three kinds of losses are compared with experimental results. The
calculated and measured results will be compared in the full paper, and the results verify the validity of
the measurement system.
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The design and performance analysis of the electrical equipment usually involve the coupling
of electrical, magnetic, thermal, mechanical and other physical fields. With the development of
numerical calculation technology of electromagnetic field and the improvement of computer
performance, the electromagnetic field numerical simulation software has been widely used to
analyze the coupling problem of electromagnetic field, thermal field and mechanical field. The
magnetic properties of magnetic material under work conditions will be influenced by some non-
magnetic factors, such as temperature and stress. However, these characteristics are difficult to be
simulated by the traditional hysteresis models [1].

In this paper, based on the microscopic magnetization mechanisms of magnetic materials, a
hysteresis elemental operator, which contains two easy axes and two hard axes, as shown in Figure
1(a), has been presented [2]. Besides, with the help of the energy minimum principle, as illustrated
in Figure 1(b), the octagonal law which can determine the orientation of the magnetization has
been introduced.
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Figure 1: (a) Elemental operator under the magnetic field, and (b) the stable orientation of the
magnetization and the corresponding energy minimum of the elemental operator.
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By taking into account the differences between the laboratory conditions and the practical
engineering manufacturing and operation, the temperature-depended saturation magnetization,
temperature-depended anisotropy, and stress-depended distribution function are introduced to the
hysteresis elemental operator [3].

K(T)= K(TO)[1+aK (T —TO)] (1)
P(h,h)=N mlw exp[—ziz—(Kz_o_’L:k) J @

With the employment of the Gaussian-Gaussian distribution function and the interaction field, a
temperature and stress dependent hysteresis model is proposed to simulate the magnetic properties
under different temperature and stress conditions.

M(H, T,a) =|[[[m(H,T,0)P(h (o), h (c)) cos &dh;dh,d o 3)
Finally, by comparing the simulation results with the experimental measurement results, as

shown in Figure 2, the effectiveness and viability of this proposed hysteresis model have been
confirmed.
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Figure 2: Comparisons of measured and simulated results of (a) the Siemens 4C65 under 90°C and (b) the
SOMALOY™ 500 under 800Mpa.
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The design of electrical machines requires accurate models for the estimation of locally occurring
iron losses. The Bertotti formulation is the most common approach for the calculation of the
resulting iron-losses with respect to the magnetization frequency f and peak value of the flux density
B [1]. This approach yields results with good accuracy in the range 50 Hz and 1.3 T magnetization.
Due to increasing frequency for the operation of high speed electrical machines, Bertottis’s approach
was adjusted continuously to assure acceptable accuracy over the entire range of magnetizing
frequency and magnetization. One of these models is the IEM 5-parameter formula proposed in [2].
If rotational magnetizations are applied, the measured iron-losses differ significantly from the losses
that can be calculated by the aforementioned unidirectional approaches. These approaches only
consider the resulting iron losses for unidirectional magnetizations and have to be adjusted to allow
the consideration of rotational spatial pathways on the resulting iron-losses. The spatial field-curves
of rotational magnetizations are defined by the peak value By, axis ratio f,, and the displacement
angle of the ellipses main-axis 6 as depicted in Fig. 1.
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Figure 1: Representation of different magnetic flux-loci that can be applied to the specimen by the utilized
measurement system.

The occurring iron losses at different applied flux loci are obtained by measurement s performed on
a rotational single sheet tester (RSST) introduced in [3], and reveal clear deviations from the typical
unidirectional measured behavior. Particularly the decline of losses at high saturations as depicted
in Fig.2 and the increased losses at lower magnetizations can not be recreated by the unidirectional
descriptions. This specific loss behavior at rotational magnetization is caused by the changed domain
wall motions for rotating magnetizations, and depends in its influence on the global loss behavior
on the axis ratio of the respective magnetization and the actual displacement angle of the ellipse 6.
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Measurements at different displacement angles 8 and different axis ratios of the magnetizations and
thus the magnetic anisotropy and its influence on the measured resulting iron losses are examined,
as the transition from uniaxial to rotational loss-behavior.

The prediction of the iron losses under the consideration of these influences will be performed by
the adjustment of the iron loss prediction formula for rotational magnetization as described in [4]:

Pre = Knyst (1 + fax (rhyst - 1)) B* f+ kclngz + kg (Fege — 1) §1'5f1‘5 2

This mathematical formulation of the loss-model will be examined in its suitability to recreate the
measured behavior with respect to the different axis ratios of the rotating magnetizations and their
respective displacement angle 6. Further adjustments on the model and its parameters will be
performed, in order to achieve better accordance with the measurements and an increased scope of
loss-prediction considering the magnetic anisotropy.
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Today, electrical devices that have a magnetic core are analyzed and classified, by considering
their energy efficiency, which depends on the grain-oriented alloy quality and cutting technology.
Due to the metallurgical process, to develop the Goss texture, the magnetocrystalline anisotropy is
induced and it appears in all types of electrical steels. The Goss texture in grain-oriented electrical
steels determines, that an increased number of grains have their [001] easy magnetization axis
oriented parallel to the rolling direction (RD). The hard magnetization axis is placed perpendicular
to the RD, in the case of low magnetic fields and it switches to 55° for the medium and high values
of the magnetic field strength [1].

The magnetic cores of the electrical transformers are cut as sheets, through mechanical
punching technology, which induces usually mechanical stresses and generates a plastic
deformation of the cut edge in the form of a burr [2]. Thus the cutting non-conventional methods
are preferred by the transformer manufacturers in the prototyping production and they lead to
lower energy losses than those in the case of punching. In the paper, grain-oriented MOH samples,
cut through water-jet and travelling wire electro-erosion, are characterized, using a standardized
unidirectional Single Strip Tester. The samples, with an area of 280 mm x 30 mm, were cut at
different angles, from 0° to 90° with a step of 15°. The water-jetting technology is based on high-
pressure water flow that is usually combined with air injected abrasive particles. The cut is made
through erosion, micro-machining effects or dislocating flanks from the material. It results a high
quality of the cut edge on the upper side and burs on the lower side. The cutting speed could be
adjusted, although the process is slow. In the case of travelling wire electrical discharge machining
(WEDM) it is involved a vertical moving electrode, made of different electrically conductive
materials with increased hardness, having a diameter of maximum 0.3 mm. The wire is tensioned,
using a mechanical tensioning device and the possibility of cutting errors is reduced in that way.
The steel is eroded, due the wire movements, and because there is no contact between the sample
and the travelling wire (TW) the induced mechanical stresses are minimized.

Seven angle-oriented samples were magnetically characterized at the industrial frequency of 50
Hz. The normal magnetization curves and the energy losses were determined at imposed values of
the magnetic field strength H ranging from 50 A/m to 10000 A/m, in the case of each angle ¢ and
both cutting technologies. It is well known that grain-oriented silicon iron steels have
orthorhombic symmetry of body centered cubic crystals and the Goss texture (110)[001] samples
could be analyzed with the orientation distribution functions’ (ODF) theory. In [3, 4] it is put in
evidence that any magnetic properties A could be described with a series of ODF parameters as:
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A=A, +§A cos(2i6), where n can be associated with the number of characterized samples. The

i=1

coefficients A, and A; are determined from the experimental data, which are the normal
magnetization curves J(H) or energy loss variations W(H), measured for the samples cut between
0° and 90° with a given step. From previous studies [3]-[6] it is observed that, if the first three
coefficients, experimentally determined from data obtained for 6 of 0°, 45° and 90°, are used, the
low magnetic field strength region, below 100 A/m, cannot be correctly investigated and modelled.
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The classical standard devices used to determine the B-H relationship are Epstein, Single Sheet
Tester (SST) and hysteresis graph set-ups that are based on AC magnetizing current method [1],
presenting the following disadvantages: specific sample shape, uniform magnetic field, time
variable excitation current leading to eddy currents presence. These facts are not found in the case
of DC measurements.

In this paper, a novel laboratory device set-up and a measuring procedure are used, in order to
determine the B-H relationship in magneto-static conditions. The proposed device (Fig. 1) consists
of an “8” shaped magnetic circuit, in which the columns and the horizontal yokes are made from
an isotropic material with negligible remanence (1). The currents feeding the two DC coils (5, 6)
can be adjusted in such a way that the magnetic flux ¢q in the median yoke (2) may be cancelled.
The air-gap (3) on the upper yoke contributes to the procedure stability. On the lower yoke the
analyzed sample (4) can be inserted. The method to determine the static B-H relationship is as
follows: a given DC current value iy is supplied through the coil (6) and the current i, in the coil
(5) is searched until the flux ¢q is null. This operation is repeated, by increasing the value of ij.
Finally, a set of currents (iy, i,) are obtained and are used as input data in an inverse magnetic field
problem.

Using the polarization fixed point method (PFPM) [2], the nonlinear relationship H = F(B) is
replaced by:

B=uH+1 )
and the magnetic polarization | has a nonlinear dependence:
| =B—uF(B)=G(B). @
For each m iteration, the magnetic field is computed, through the following relations:
vxHM = 3;v.8(M —g; (M = 1 (M) 4 (M-1), 3)

where J is the value of the current density and 1 is arbitrary chosen. The Green function method
(GFM) [3] is applied, to solve (3), if the magnetic permeability is considered equal to p.

After the measuring procedure, a set of currents (il(n),ign)) is obtained. The searched I-B (then H-

B) relationship is considered to be a linear piecewise dependence and the slope v of each
segment n is computed, considering that the magnetic flux ¢, through the median yoke is null. The
following equation must be solved:

o0 = d)(v(n+1); il(nﬂ)' ign+1), B(n)j -0, (4
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with respect to V™%, considering that i1(n+1),ign+ ) 80 are input parameters.
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Figure 1: Measuring set-up Figure 2: Dependence of currents Figure 3: B-H relationship obtained

description: 1 - magnetic circuit; 2 - 1,(1;) measured with the proposed  for toroidal and cubic samples
median yoke; 3 - auxiliary air-gap; 4  device for Somaloy 500 cubic
- sample; 5, 6 - DC coils. sample.

In Fig. 2 are presented the (i, i) pairs of currents, in the case of a soft magnetic composite
(Somaloy 500), measured with the developed device. Fig. 3 shows three B-H relationships: one is
obtained after solving the inverse magnetic field problem (red line), another one is obtained on a
toroidal sample using a hysteresisgraph wattmeter (black line) and the third one is obtained
adopting an equivalent magnetic circuit model of the device, which admits uniform magnetic field
distribution (green line). The magnetization curve obtained with the proposed set-up and by
solving the inverse magnetic field problem is in a good aproximation with the one obtained on the
toroidal sample, considered as reference.
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The magnetostriction of electrical steel sheets is a main cause of acoustic noise of electrical
machines. In order to measure the magnetostriction, a single sheet tester (SST) with a strain gauge
has been used [1]. A strain gauge should be directly pasted on a specimen and it leads to low
reproducibility of measured magnetostriction. A SST with yokes (closed magnetic path) is widely
used for the magnetostriction measurement [2]. However, the influence of electromagnetic force
between the yoke and specimen could become a problem when using the closed-type SST. The
purpose of this study is to develop the measurement method for magnetostriction by means of an
open-type SST and a laser Doppler vibrometer (LDV) as a non-contact and highly accurate
method [2].

Fig. 1 shows the dimensions of the coil unit of SST and the schematic diagram of a test
apparatus. Two LDVs individually measure the velocities of two reflecting mirrors placed at
different positions (distance between them: 100 mm) on the surface of the specimen
simultaneously. The magnetostriction is calculated as the difference of displacements obtained by
numerical integration of the velocities. This measurement method does not require clamping of the
specimen. The magnetostriction is evaluated by its amplitude A,., along the direction of applied
AC magnetic field. Rectangular specimens of M90-23P5 (GO) and M250-50A5 (NO) are
measured, in which the rolling direction is parallel to a longitudinal direction of the specimen. The
dimensions of the specimens are 60 mm x 360 mm. The flux density is detected by a B-coil, and
its amplitude By, is controlled from 0.5 T to 1.7 T at intervals of 0.1 T under the sinusoidal flux
condition. Exciting frequency is 50 Hz. Fig. 2 shows the effect of the average number of times on
the amplitude of magnetostriction Ansise COrresponding to the environmental noise. The more the
average number of times increases, the more Anoise decreases. The average number of times is set to
be 500 from the standpoint of measurement time. Anoise is 9.74 x 10°°.

Fig. 3 shows the butterfly loops of GO and NO. In order to examine the influence of each
harmonic component on A, the harmonic components of the measured magnetostriction
waveforms were calculated by using FFT. Fig. 4 shows the relative standard deviation of A,., of
amplitude A, of the each harmonic component. The odd harmonic components tend to have a
larger relative standard deviation than the even harmonic components. Fig. 5 shows the ratio of A,
with respect to App. Their values are less than 0.05 x 102 on the 11th and higher harmonic
components.

The proposed method for measuring the magnetostriction of electrical steel sheets can be
applied to the measurement of relatively small magnetostriction. The magnetostriction waveform
does not have the odd harmonic components theoretically, and the reproducibility of those
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components is low. Therefore, the odd harmonic components should be eliminated as noise. The
influence of the 11th and higher harmonic components of the magnetostriction waveform on A, is

negligibly small.
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Fig. 1. Dimensions of the coil unit of the SST

and schematic diagram of a test apparatus.
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I INTRODUCTION

Permanent magnetic materials have been widely used in rotating electrical machines. The eddy current loss induced by the
fundamental air-gap field is usually neglected, since it rotates in synchronism with the rotor[1]. To improve torque density and
decrease torque ripple, novel PM machines are emerging in which stator coils are wound around consecutive or alternate teeth
with a fraction number of tooth per pole [2]. However, the large number of harmonics caused by slot ripple, inverter [3] will lead
to significant eddy current loss in the magnets, which makes the temperature increase and may cause the thermal
demagnetization [4]. As a result, it is necessary and important to study the eddy current loss in the permanent magnets. Many
analytical models were developed to predict induced eddy current loss, but few has been verified by experiments until now.

In this paper, the eddy current loss of NeFeB sintered magnetic material is measured by using a newly developed closed-
circuit testing equipment, meanwhile the same size simulation model is established by Ansoft to compare with the experimental
results. The behavior of the eddy current loss is investigated at different frequency.

I Measurement System Setup

(A) The Excitation Structure

Fig.1 shows the novel dynamic hysteresis loop tester of permanent magnet material with the frequency up to 1 kHz. The
alternating flux density inside the magnet material is up to 0.2 T, which is large enough for the rotor of various AC machines.

The closed-loop magnetic circuit is composed of the double C-shaped core, flexible excitation windings and the
permanent sample. The excitation C-shaped cores are made of ultra-thin 0.1mm silicon steel, which can work up to 5 kHz. The
permanent samples are made into the cylinder-shaped, which is located in the air-gap between the double C-shaped cores. And
the air-gap between the magnetic poles can be adjusted according to the length of the sample, for the C-shapes is placed on the
slide rail.

The four multi-layer excitation windings are separately wound on the C-shaped cores. And the windings are twisted by
12-turns Litz wire, which can work up to 10 kHz. The power amplifier for the excitation windings is PA5S00 made by
Brockhause Company with the frequency from DC to 20 kHz.

(B) The Sensing Structure

The magnetic flux density sensing coil is directly wounded on the sample, in which number of turns is 6 and area size is
the same as the cross-section of the sample.

As shown in the Fig.2, there are two samples between one air-gap. The area between the two samples is close enough so
that it creates a relatively uniform magnetic field strength area which is measured by the Hall-probe of Bell Gaussmeter 8030.
In the full paper, the electro-magnetism finite element analysis illustrates the distribution of magnetic field strength and flux
density and validates the rationality of our magnetic circuit structure.

III Measurement Results and Discussion

In the measurement system, the eddy current loss and its dynamic hysteresis loop of the permanent magnets can be directly
measured.

(A) Measurement of static magnetic properties

The four permanent magnetic material samples and the magnetic yokes compose a closed circuit. Based on the static
hysteresis loop of permanent magnet, the static working point can be measured and calculated.
(B) Measurement of dynamic magnetic hysteresis loop

Under the alternating current by the flexible excitation winding, the magnetic field inside the permanent magnet is
alternatively changing at the static working point of static demagnetization curve. Fig.3 shows the dynamic hysteresis loop of
the permanent magnet at 50 Hz. The area of hysteresis loop is the sum of the hysteresis loss and the eddy current loss
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according to the Poynting vector theorem. A series of -loss characteristics of permanent magnetic material will present in the
full paper.

IV Conclusion
In this paper, a novel dynamic hysteresis loop and eddy current loss tester of permanent magnetic material was designed. For

the NdFeB material, neglecting the hysteresis loss, the area of hysteresis loop represents eddy current loss. The measurement
results provide the basis for the eddy-current modeling of permanent magnetic materials at different frequency .

01
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4
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Fig.1 The stup of Fig.2 The structure of NdFeB sample Fig.3 Dynamic hysteresis loops of permanent

measurement system. of NdFeB sample and the B sensing coils. magnet under the biased static magnetic field.
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In laboratories, there is a need to measure shape of voltage waveforms of the electrical network.
Most often this is realized by using special instrumental voltage transformers but it has the
disadvantage of working only within limited range of nominal voltage and at nominal frequency.
For voltage that varies in a wide range, it is required in testing or teaching laboratories that
resistive or capacitive voltage dividers are used; alas they do not provide galvanic separation. At
present measurements are realized by oscilloscopes or more often using DAQ cards connected to
computer. Both work with grounded zero connector and direct connections of the measuring
equipment can expose it to damage, as well as it can be dangerous for people operating such
equipment. Improvement of safety can be reached by connecting through an insulating
transformer. In this paper we demonstrate experimentally that the proposed sensor measures
voltage ranging from 10 V up to 240 V provides galvanic separation of testing equipment form
electrical network. Experimental results are also presented.

Proposed voltage sensor

At individual stages of production of electrical devices magnetic material is tested first in
Epstein frame or Single Sheet Tester, next in a form of magnetic core and finally in a complete
device. The middle stage is performed only in a case of small cores. Large cores are usually not
tested due to their mass and required large excitation power, although in special applications this
can be done [1]. To overcome such problem the test system can be powered directly from low
voltage mains network. Measurement of voltage in such case is more difficult due to safety
implications and hence there is necessity for galvanic separation.

For the above mentioned reasons voltage transducer was designed. It consists of a low power
current transformer and current limiting resistors [2], (Fig. 1a). The main advantage of the
proposed voltage sensor, in relation to others sensors, is the inherent galvanic separation and
passive operation not requiring any additional power supply. The proposed sensor is characterized
by high repeatability and high accuracy. The peak voltage error does not exceed +1.5% and if
required it can be calibrated to a much tighter tolerance. The angle error is about +20 min at small
voltages and +10 min for voltage range from 5% to 120%, (Fig. 1b). The voltage sensor was
successfully employed for testing large industrial cores [3]. Cores designed to operate at frequency
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higher than 50 Hz can be tested another test system [1], but obviously this approach is limited by
the power of amplifier.

a) b)
5 - 5 200
AUpear % Ad, min
0 /4 : — 140
electrical network test system S [ / 80
1
-15 -40
o
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to osciloscope or DAQ card 1 10 100 Uers

Fig. 1. Schematic diagram of voltage sensor (a) and its amplitude and angle error (b)
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In this paper, a novel high-frequency rotating magnetic properties tester is designed and modeled to comprehensively measure and
analyze the bi-axial magneto-mechanical characteristics of ultra-thin silicon steel material. The shape of the cores and the specimen in
the tester are concentrated and optimized, which can generate relatively uniform and strong magnetic field in the center of the
specimen. A feedback control algorithm and a harmonics compensation are established to obtain the desired magnetization loci and
improve the measurement precision. Meanwhile, a flexible method of the rotating magnetic properties measurement under bi-axial
stress is proposed, which is verified by mechanical finite element simulation.

Index Terms— 2-D magnetization properties, the bi-axial magneto-mechanical characteristics, feedback control, Ultra-thin silicon

steel Material.

I. INTRODUCTION

Ultra-thin silicon steel Material with high saturation flux
density and low losses under high-frequency is widely applied
in aerospace and power electronic device to fabricate cores of
high-frequency power transformers and electrical machines. In
multi-phase power transformers and rotating electrical
machines, the rotating magnetic flux may cause the increase of
core losses, leading to local overheating and damage of the
equipment. In early 2-D magnetic properties tester, excitation
structure is complex and the fabrication of magnetic core is
difficult. The test result is easy to be affected by the assembly
precision of the magnetic core. The working frequency of the
excitation structure made by silicon steel is low because of the
limitation of the high frequency core losses [1] [2]

In the actual operation of the power transformer and
motor, the stress applied on the material sheet will affect the
magnetic domain arrangement, which means changing the
magnetic properties of the cores [4]. However, bi-axial
magneto-mechanical characteristics can give a deeper insight
into the magneto-elastic coupling, which was rarely reported
in literature.

In this paper, a novel 2-D magnetic properties tester is
designed to measure the bi-axial magneto-mechanical
characteristics. The excitation structure is optimized by
changing the shape of cores and specimen, which can generate
the high frequency rotating magnetic field. Both feedback

control algorithm and harmonics compensation are established.

Il. IMPROVED DESIGN OF 2D TESTER

A. Design of excitation structure

The new magnetization structure in this paper is shown in
Fig.1 (a), two U type cores are made of high performance
ultra-thin silicon steel, which limits the losses and the heating
in cores with the increased of frequency. Each core and
specimen constitutes a magnetic circuit separately without
affecting each other. The physical diagram of the novel
magnetization structure is shown in Fig.1 (b).

The simulation of magnetic field distribution in novel
magnetic circuit structure and in specimen are shown in
Fig.1(c) (d). It can be seen that the magnetic flux distributed
uniformity in two cores. Each core and the specimen
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constitute an independent magnetic circuit and then establish a
standard rotating magnetic field in the center of specimen,
which verifying the rationality of this magnetization structure.

() (d)
Fig. 1. (a) Model diagrams of magnetization structure.
(b) Physical diagrams of magnetization structure.
(c) Diagram of magnetic field intensity vector in magnetic structure
(d)Diagram of magnetic induction strength in specimen

B. The compression-testing system

The model of stress applied devices as shown in Fig.1 (),
which can apply the stress to the sample. The forces in two
orthogonal directions are combined in the center of the
specimen by controlling the magnitude of the stress of four
devices. The stress tensor on the specimen can be calculated
by:

o=[K]-F

where o is the local stress tensor, F is the two direction
force, K is the interacting matrix. The K matrix has non-
diagonal terms, which is calculated by mechanical finite
element analysis.

I11. FEEDBACK CONTROL AND HARMONICS COMPENSATION

A feedback control algorithm for rotating magnetic field are
proposed, as shown in Fig. 2. More detailed introductions for
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harmonics compensation method will be presented in the full
paper. The efficiency and feasibility have been strongly
validated through the waveform control in a 3-D magnetic
properties testing system [5].
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Fig. 2. Control flowchart: (a) feedback control algorithm; (b) harmonics
compensation method.

IVV. CONCLUSION

A novel high frequency rotational excitation structure was
designed to measure the magnetic properties under bi-axial
stress and bi-axial magnetization in this paper. The optimized
magnetic circuit structure was verified by finite element
analysis, which reduces the difficulty of processing and
assembling the cores and improve the accuracy of the testing
system. By optimizing the excitation structure, the bi-axial
stress applied device was designed in coordination with the
high frequency rotational magnetic tester. A feedback control
algorithm and a harmonics compensation are established to
achieve accurately simulation of rotating magnetic field. The
uniformity of the stress and the characteristic matrix of
loading were verified by the mechanical FEA, which is the
foundation of measuring and modeling 2D magneto-
mechanical properties of nanocrystalline material in high
frequency.
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The condenser of a nuclear power plant has two major functions. One is that it condenses and
recovers the steam which passes through the turbine and the other is that it maintains vacuum to
optimize the efficiency. One of the major components of condenser is condenser tubes that consist
of thousands of small tubes, made of titanium, stainless steel, or copper. Condenser tubes that use
seawater as a medium of heat transfer are mainly made of titanium due to their high corrosion
resistance. However, wear may occur between tubes and tube support plates (TSP) due to tube
vibration during long term operations. Thus, for old nuclear power plants, periodic inspections of
the condenser tubes are required.

Since a large number of condenser tubes must be inspected at a limited time, eddy current tests
(ECT) have been applied due to their high speed characteristic. Among various ECT methods, the
nondestructive testing method using cylinder-type integrated hall sensor (CIHaS) array is
particularly suitable for inspecting condenser tubes due to its high reliability and agility [1].
However, this technique has a disadvantage in that a ghost signal, that is, a false signal is
generated during the test. In previous ECT technique, a line of hall sensors among CIHaS are
selected to measure the magnetic flux leakage. In this case, before the sensors pass the flawed
position, the coil’s impedance change is measured due to the large width of the coil, so a ghost
signal is detected.

AC current

\ b)
AC Cylinder coil
AC Bobbin coil
Sensor switching
)

Figure 1: Configuration of improved CIHaS system
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In this paper, the improved nondestructive testing method using a CIHaS array is introduced.
One coil is separated into a bobbin coil and a cylinder coil as seen in fig. 1: a). By operating and
measuring these two coils separately, a ghost signal generated by an unnecessary large area of the
coil can be eliminated. When AC current is applied to the bobbin coil, the sensors can measure the
magnetic flux leakage of the area and detect the defect’s information and location (fig. 1: b)).
Next, applying AC current to the cylinder coil, moving the coil to the detected location, and
switching sensors (fig. 1: c¢)). Through these procedures, it is possible to visualize the defect
locations in real time without any ghost signals.

81%  60% 40% 4-20% 0D 10% ID 20%
I'WH FBH FBH FBH FBH GRV  GRV

19.06 mm O

i
0.89 mm

a)

b)

0.02

Figure 2: Experimental results of artificial flaws by improved CIHaS; a) 6khz b) 15khz c) 30khz

Fig. 2 shows the test specimen and the experimental results. A titanium condenser tube which
has 19.06mm OD, 17.28mm ID, and 0.89mm W.T was used. 25x25 hall sensors were arranged in
the circumferential direction and the axial direction. The current of the coil was fixed to 200mA
and the signals are measure by increasing the frequency to 6, 15, and 30khz. A clear signal
measurement could be obtained in case of high frequency, and all the artificial flaws of the
condenser tube shown in fig. 2. were detected.
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A soft magnetic composites (SMC) core is produced by compressing iron powders. Each
powder has insulation coating. SMC core has the features of excellent shape freedom and
possibility of reduction of eddy-current loss. When SMC is applied to motor cores, the machining
process is required after the compression molding to adjust shape and size. However, it is well-
known that the magnetic properties deteriorate due to the machining process [1]. This is because
the insulation on the surface of the core is destroyed by machining. Therefore, in this paper, we
examined the degree of improvement of magnetic properties by applying acid etching treatment to
a SMC core after machining.

The SMC core investigated in this paper is Somaloy 700 3P manufactured by Hogands AB,
which is molded to a density of about 7.43 g/cm?® with 600 ton press machine and is subjected to
steam treatment. All the faces of core are cut by machining under the conditions of cut amount: 0.1
mm per face, diameter of radius end mill: 4 mm, rotational speed: 10,000 min, and feed speed:
1,000 mint. We try to remove the surface layer of core by applying acid etching treatment (85 %
phosphoric acid HsPO, diluted by 25 %). We performed acid etching treatment with immersion
time of 9, 45, 54, 63, 72, 81 min to the specimen after machining. Then the resistivity p and iron
loss W are measured. We prepare ring specimens in consideration of the final form of use.

Fig. 1 shows the effect of acid etching treatment time on resistivity. It is normalized by the
value of the resistivity of the core without machining. Since the surface layer due to the machining
process is removed by the acid etching treatment, the resistivity increases with the immersion time.
However, in the case where the immersion is continued more than necessary, the normal insulation
coating is broken and the resistivity gets lower.

Fig. 2 shows the comparison of iron loss W property measured at 1 kHz. A digitally-controlled
measuring system [2] is used. The iron losses are normalized by the maximum value of W of the
specimen with no processing. It is confirmed that the iron loss property is almost the same as those
before machining regardless of the immersion time in acid etching.

Fig. 3 shows the results of iron loss separation. The hysteresis loss coefficient ki and the eddy
current loss coefficient k. are obtained by linearly approximating the measured results of W at 50,
100, 500, 1000 Hz. Both coefficients are normalized with the value of k, of the specimen with no
processing at Bm = 1.8 T. Although ky slightly decreases as the immersion time for acid etching
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treatment increases, its change is sufficiently small. On the other hand, it is confirmed that ke is
improved drastically by acid etching treatment after machining and its effect is not significantly
dependent on the immersion time. Therefore, it is possible to remove the deteriorated surface layer
with a relatively short immersion time.
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Fig. 3. Core loss separation.

From the above results, there is a possibility that the eddy current loss coefficient of the SMC
core can be reduced by acid etching treatment within 9 minutes. We plan to investigate the
optimum immersion time to improve the magnetic properties of the SMC core.
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1. Introduction

High frequency switching operation enables to downsize reactors in a PWM inverter. However,
the operation increases loss and temperature of the reactors. In order to design an efficient inverter
with high power density, the reactor loss has to be accurately estimated.

In the PWM inverter, the reactor for AC-filter is excited by a non-sinusoidal voltage, and the
magnetization trajectory on BH-plane has many minor loops. Since the iron loss has been
estimated based on a measured magnetic characteristic under a sinusoidal excitation, the accuracy
of the predicted loss is unsatisfactory for the PWM inverter.

This paper proposes an iron-loss estimation method of the filter reactor for a single-phase PWM
voltage source inverter. In order to improve the accuracy of the loss estimation, the effects of the
flux bias, eddy-current loss coefficients and waveform distortion are investigated. The estimated
result is compared with a measured iron loss of a filter reactor.

2. lron loss estimation method for iron core under PWM excitation

The iron loss for a distorted exciting voltage has been estimated by the sum of hysteresis and
eddy current losses at each frequency, i.e., the effect of the flux bias has been neglected. A method
extracting the minor loop loss from the iron loss under the case in which a single harmonic is
superposed on a fundamental frequency (Figure 1) has been originally proposed [1] and one of the
authors investigated in detail to apply the method to magnetic field simulation [2]. In this paper,
the method is improved for a PWM-excited iron core taking into account the triangle waveform of
the flux density, which includes several harmonics.

As shown in Figure 2, the minor loop is divided into two sections whose durations are Ta.s and
Te-c, respectively. The inverses of those are apparent frequencies, and the loss of each section is
estimated by a half of the loss obtained by a single sheet test at the apparent frequency with a flux
bias whose value is the average flux of the minor loop. The loss of the outline loop is estimated by
the single sheet test applying a sinusoidal excitation voltage without a flux bias at the frequency of
the loop, which is higher than the fundamental frequency of the original hysteresis loop.

Figure 3 shows the test results using a single sheet circuit excited by PW-modulated voltage.
This results shows that the proposed method has a satisfactory accuracy compared with the
conventional method.

3. Conclusions
This paper investigates an iron-loss estimation method of a filter reactor for a single-phase
PWM voltage inverter. The loss of the minor loop is divided into incline and decline parts and
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respective losses are determined by a single sheet test at the harmonic frequency with a flux bias.
The proposed method improves the estimated error from 12 % of the conventional method to 3 %.

15 T v T

15 r Hg 1
i {0
1 1 pm--b-naEs e
1 8
05 0.5 ===r=48r==r=—F7 -
= = 14 —1 6
S + Bop- i
PPy —
0.5 -0.5p---+46 3 -
17
-1 -1[f---18 --r---
39 [ ]
-1.5 5 15 H H H
60 -40 -20 0 20 40 60 60 -40 -20 0 20 40 60 -60 -40 -20 0 20 40 60
h [A/m] h [A/m] h [A/m]
Figure 1: Dividing BH-loop into an outline loop and minor loops.
B,
b b b| Sgc=S,2
B
= +
C
. Spp=S,/2
A
h h
b b : b \
: t : 1 [ 1) !
0 Tag T 0 Tas 2Ty 0 Tgc 2Tpc
Figure 2: PWM-excited flux density waveforms and two sections of a minor loop.
—O— :Measured —[]— : Estimated (proposed method) [ : Estimated (proposed method)
—/\— : Estimated (conventional method) _ A :Estimated (conventional method)
40 T T T T 5 T T T T
1 1 1 1 1 1 1 1
1 1 1 1 1 1 1 1
| 1 | | D’_D'I—Dmu
—_— 1 I 1 1 1 1 1 1
o 30 F----- 1-=-=== Am———— rm————— - [ T -+ + -
3 1 1 1 1 1 1 1
hor] 1 1 1 — 1 1 1 1
E : i i 2 i i i i
§2777 L i Tt § °[77 [ r VT T
] = i i i i i i
1 1 1 1 1 1 1 1
10 F-—---- { deooo o Leeeoo [ 10 |- - - - it b R
i i i i v [ S N
1 1 1 1 1 1 1 1
1 1 1 1 1 1 1 1
0 1 1 1 1 15 1 1 1 1
08 0.9 1.0 11 1.2 1.3 0.8 0.9 1.0 11 1.2 13
Brnax [T] Brnax [T]
(a) Iron loss. (b) Error against measured results.
Figure 3: Measurement and estimatied iron losses under PWM excitation.
References

[1] S. Yanase, H. Kimata, Y. Okazaki, and S. Hashi, “A Simple Predicting Method for
Magnetic Losses of Electrical Steel Sheets under Arbitrary Induction Waveform”, IEEE
Trans. Magn., vol. 41, no. 11, pp. 4365-4367, (2005).

[2] T. Taitoda, Y. Takahashi and K. Fujiwara, “Iron Loss Estimation Method for General
Hysteresis Loop with Minor Loops”, ibid, vol. 51, no. 11, 8112304 (2015).

140 sciencesconf.org:2dm2018:202028



2dm2018 - - Wednesday, September 26, 2018 - 14:00/15:30 (1h30)

Loss model for transformer core under non-

sinusoidal excitation

Zhigang Zhao, Ying Guo, Jia Liu, Saining Yin, Kai Yang

State Key Laboratory of Reliability and Intelligence of Electrical Equipment, Hebei
University of Technology, Tianjin 300132, china

E-mail: zhaozhigang@hebut.edu.cn; 2427519546 @qg.com

Keywords: transformer, distorted magnetic flux, loss separation, loss model.

The loss calculation methods for magnetic materials can basically be divided into three
categories: hysteresis model method, Steinmetz equation (SE) method and core loss separation
method. These methods have matured on core loss calculation under the sinusoidal excitation. Due
to the development of HVDC transmission system, as one of the most important equipment,
converter transformers increase a large number of high harmonics on load current during normal
operation, which results in harmonic pollution and serious threat to power system. Aiming at the
calculation of high harmonic magnetic flux distortion on the total core losses in the transformer, an
engineering approach was introduced in this paper. It’s of great practical signification to study the
calculation of core losses under non-sinusoidal excitation.

The Epstein magnetic characteristic test system can only measure the core lossesi™. The
proportion of the hysteresis loss and the eddy current loss can’t be distinguished. A simplified
Bertotti model as equation (1) was used to obtain separation data on the material of grain-oriented
electrical steel®l,

W, = hfB} + ef?B? (@)
Accordingly, the energy of core loss can be determined by
W, / f = hB; + efB) 2)

By extracting the core losses of 25~400Hz, By, =1.0T, computing W+/f, and diagram the
frequency, the linear regression line can be obtained as shown in Figure 1.According to the above
method, the core loss can be separated by measuring the core loss values under different magnetic
densities as shown in figure 2. Therefore, the model parameters can be obtained by linear fitting.

BF

Figure 1 The core energy Figure 2 Different flux density energy Figure 3 The change of process coefficient
Note that, the construction about power transformer and the Epstein are different, in order to
realize transformer core loss separation, the core process coefficient of equation (3) is introduced.
The variation of the process coefficient with magnetic flux density is shown in Figure 3.
WT
P, xm

B.F = 3)

weight
By using the loss separation model, hysteresis loss and eddy current loss of transformer under the
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power frequency (50 Hz) are determined, as shown in Figure 4

Y

1 15
8

Figure 4 The separation diagram of iron loss

Figure 5 Flux density distortion waveform

With harmonic phase, harmonic content and harmonic order changes, the magnetic waveform
dynamically changes, which affects core loss. Considering the impact of these factors, a correction
factor for hysteresis loss and eddy current loss as equation (4) is proposed in this paper.

N
iZABi,
Bp i=1
2
B
fleddy) = | =+

p

AB,

n

2

(4)

nB,
B,

ol

Therefore, loss mode of transformer under non-sinusoidal excitation can be expressed as (5):

W,(B,) = f(hys) x W,

ys(sin)

(By) + fleddy) x W,gqn(B,)

()

Table 1 gives the measured data of respectively superposing the content of 30% fifth harmonic
with the phases of 0<; 90<and 180< and there is a comparative analysis between measurement and

calculation data. It can be seen that the error is

less than 10%, which meets the accuracy

requirements, so the correctness of loss model is verified. The results can provide reference for core

loss prediction.
Table 1 The core loss of 5th

harmonic with 30%

Phase 0° Phase 90° Phase 180°
Measured Calculated Measured Calculated Measured Calculated
Bi(T)
loss loss loss loss loss loss
(W/kg) (W/kg) (W/kg) (W/kg) (W/kg) (W/kg)
1.0 0.911 0.895 0.890 0.890 0.891 0.848
1.1 1.126 1.099 1.120 1.116 1.096 1.056
1.2 1.368 1.338 1.368 1.352 1.330 1.248
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1.  Introduction

Miniaturization and high frequency have become the development trend of electrical equipment. Because of fine
magnetic properties ,nanocrystalline is replacing the silicon steel gradually and make electrical equipment develop
towards energy saving and efficiency[1,2]. In this paper, the comprehensive magnetic properties of nanocrystalline
under DC bias are tested. The DC magnetization curve of nanocrystalline is calculated based on the experimental
data of induction voltage and excitation current. Based on the measured data and the calculation results of DC
magnetization curve, the hysteresis loop of nanocrystalline is determined under DC bias. The influence of the DC
bias on these curves is analyzed. Combined with core loss models under sine wave excitation, the influences of DC
bias on core loss are studied.The rules of these influence are found from the experimental results.

2. Methods and Results

The test system consist of a signal generator, an am amplifier, ,an oscilloscope,and a PC for interfacing and
calculation.The calculation have been done in MATLAB .As shown in Fig.1. Due to DC flux can not be obtained
directly in the experiment, the B,-H, curve is used to approximate the DC magnetization curve of nanocrystalline
under standard sine excitation (B,, means the maximum of average AC flux density in nanocrystalline. Hy, refers to
the value of H, when B reaches to B,.). When flux density B reaches the maximum time, dB/dt=0, the eddy current
loss of the material is almost zero [3], so it is considered to be reasonable to use this hypothesis under the standard
sinusoidal excitation. Through the following calculation principle, as shown in Fig.2, the DC flux 4¢ of
nanocrystalline is calculated under the same DC bias but different AC operating point. The specific method is as
follows: through the formula (1), the measured voltage U: is integraled. Then the alternating magnetization curve is
obtained which A is not included .pm-i is obtained (i, means that the excitation current when the magnetic flux
reaches the maximum ¢@n) .When excitation current reaches iy, corresponding ¢u is obtained by interpolating DC
magnetization curve. Moreover, through formula (2), the flux density AB is obtained under DC bias. Finally, the
hysteresis loop of nanocrystalline under different DC bias conditions is obtained, as shown in Fig.3 and Fig.4. More
data analysis will be displayed in the full text.

The loss curve of magnetic materials is essential for calculating the model loss by electromagnetic field numerical
method. In this paper, the loss curves of nanocrystalline under different DC bias are obtained through experiment
and calculation, as shown in Fig.7. Loss curve of nanocrystalline changes when DC bias magnetic field changes, and
with the increase of DC bias magnetic field, the loss of nanocrystals has also increased, compared with no DC bias.
When Hy=15A/m, B,=1T,the core loss of nanocrystalline increase about 45% , compared with no DC bias ; when
Hi~=15A/m, B,=0.5Tthe core loss of nanocrystalline increase about 60% , compared with no DC bias. Therefore,
the calculation and analysis of core loss of nanocrystalline under DC bias is of great significance.The influence of
the DC bias on these curves and the core loss calculation model of the nanocrystalline will be discussed in the full
text.

d(ti)z(p(0)+%jot"e(t)dt (1)

AB=— )
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. Conclusions
The measurement of magnetic properties of electrical materials is the key to improve the accuracy of

electromagnetic numerical simulation. In this paper, The hysteresis loop and the loss curve of nanocrystalline under
the different DC bias are studied. The influence of the DC bias on these curves is analyzed and the core loss models
are proposed.
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1. Introduction

Magnetic components, including inverters, high frequency transformers and inductors, perform
the function of energy conversion, galvanic isolation and harmonic filtering in power converters.
The power converters usually work at high frequency (kHz level) in order to reduce volume, which
means that the core loss will be remarkable [1]. Thus, achieving an optimal design of power
converters is based on a good measurement and estimation of core loss. Traditional, three
approaches, including hysteresis models, core loss separation method and Steinmetz equation (SE)
method, are usually adopted to calculate core loss for sinusoidal excitations, among which the SE is
most widely used for its simplicity and practicality. However, note that the magnetic components in
power converters often suffer from nonsinusoidal excitations, such as high frequency square and
rectangular waveforms with variable duty cycle D. Extensive experimental results have shown that
there is quite a difference of core loss between sinusoidal and nonsinusoidal excitations [2], that is
to say, the aforementioned core loss calculation methods are no longer applicable. Recent years,
although many other calculation methods based on SE have been developed for non-sinusoidal
excitations, the accuracy and applicability of these methods have not been well analyzed and
discussed.

In this paper, the core loss calculation formulas for square and rectangular excitations are derived
based on the existing methods, of which the accuracy and applicability are discussed theoretically
and verified experimentally. The results can provide reference for core loss prediction under
nonsinusoidal excitations.

2. Methods and Results

A full-bridge inverter, controlled by DSP, is established to generate square and rectangular
excitations with variable D. The excitations then removes the possible DC component through a
blocking capacitor, thereby exciting the core under test (CUT). The B-H loop measurement method
is selected to estiamte core loss for the copper loss is excluded [3].

The core loss of Finemet nanocrystalline FT-3KS under both square and rectangular excitations,
with D (from 0.05 to 0.95) are measured and compared with the prediction results from above
methods. It is found that the waveform coefficient Steinmetz equation (WcSE) is more applicable
for the case of relatively small harmonics content of H (normal duty cycle region), while the
improved generalized Steinmetz equation (IGSE) has better precision where the harmonics count
(extreme duty cycle region). In addition, the IGSE can better follow the changing trend of core loss
with D and have better frequency applicability than WcSE. The WcSE is proved to be not valid in
low frequency (where the static hysteresis loss dominates). The research results can provide
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reference for core loss prediction under nonsinusoidal excitations.
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Fig. 1 (a) Voltage and current waveforms for square excitations at 10 kHz, when D is 0.3 (up), 0.5(middle) and
0.7(bottom). (b) H waveforms for square excitations with variable D [0.1-0.9], at 10kHz and 0.8T. (c) Core loss
comparison of measurement and estimation under square excitations with D [0.05-0.95], at 10 kHz and 0.8T.
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Fig. 2 (a) Voltage and current waveforms for rectangular excitations at 10 kHz, when D is 0.3 (up), 0.5(middle) and

0.7(bottom). (b) H waveforms for rectangular excitations with variable D [0.1-0.9], at 10kHz and 0.8T. (c) Core loss

comparison of measurement and estimation under rectangular excitations with D [0.05-0.95], at 10 kHz and 0.8T.
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The paper focuses on improving magnetic properties, such as magnetic induction characteristic
B(H) and relative permeability p, in magnetic powder cores (MPC) made of nanocrystalline flakes.
Three main attributes of MPC, which have significant influence on magnetic properties, were
itemized. These are: mass ratio of coarse to fine flakes e [1], size of nanocrystalline flakes d [2]
and value of compaction stress o, which is related to core density [3].

Magnetic powder cores (MPC) contain magnetic granular material, such as ferrite, iron,
amorphous and nanocrystalline material, mixed with binder material, such as polymer, resin or
mineral material [4]. A mixture of magnetic powder and binder is integrated by sintering or
compaction method [5]. Characteristic attribute of MPC is a distributed-air-gap, achieved by
filling free spaces between magnetic particles with binding material. This feature defines the
magnetic characteristics of magnetic powder cores, such as magnetic induction B and relative
permeability p,.
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Figure 1: Relative permeability p, characteristic of MPC with different mass ratio of mass ratio of fine and
coarse (a) and size of nanocrystalline flakes (b)

Figure 1 shows relative permeability p, characteristic of MPC with different mass ratio of
coarse to fine nanocrystalline flakes € (a) and size of nanocrystalline flakes d (b) with magnetic
field H. This magnetic parameter is growth with increase of coarse to fine flakes mass ratio € and
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size of nanocrystalline flakes d. However, smaller sizes of flakes d cause more stable relative
permeability , characteristic with magnetic field H.
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Figure 2: Relative permeability p, characteristic of MPC with different tension o value of press.

Figure 2 shows relative permeability p, characteristic of MPC with magnetic field H for
different values of stress ¢ of hydraulic press. Increasing value of stress o of core compaction
causes higher value of relative permeability . for all range of magnetic fields H. This feature is
strictly related to density of MPC and with higher compaction stress, the mass of core is growing
with unchanged volume.
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Excitation signals in real-life conditions may differ significantly from those prescribed in appropriate
standards e.g. IEC-60404. Prediction of power losses and hysteresis curves under distorted induction
waveforms has thus become an important subject of study for engineers [1,2]. Accurate prediction of distorted
magnetization patterns is important e.g. in geophysical research for characterization of natural samples [3] or
in the analysis of the effects of geo-magnetically induced currents on the working point of large power
transformers [4].

The similarity of magnetization curves has been noticed and described for the first time by E. Madelung [5].
His concepts have been transformed into a number of useful engineering approaches to model first and higher
order reversal curves [6,7]. It should be remarked that some of the aforementioned methods rely extensively
on the hysteresis model used in the analysis.

Among different hysteresis models the Preisach-Mayergoyz description [8] and the formalism advanced by
Jiles and Atherton [9] have attracted a lot of attention. Despite some attractive features of the latter model
(low dimensionality, ease of numerical implementation), the scientific community has become aware that it
required a number of refinements and updates of the values of model parameters in order to model DC-biased
minor loops accurately [10,11].

In order to avoid some problems encountered during previous research we have turned our attention to
another macroscopic hysteresis model, advanced by the Brazilian team GRUCAD [12,13]. Some properties of
the GRUCAD model have been described in detail in the papers [14,15]. In the GRUCAD description the
reversible and irreversible processes are decoupled. The irreversibility is implemented by offsetting the loop
branches along the H-axis from the anhysteretic (truly reversible in thermodynamic sense) curve, given with
Langevin function. There is no need to introduce additional conditions, which are aimed at the modification of
model equations after a field reversal. This description is similar in spirit to some models consistent with the
laws of irreversible thermodynamics, to mention [16, 17]. The model equations are as follows:

H,, =B/ uy—M(cothi—1/ 1) (1)
A= l{(l—a)Han +a£} (2)
a Ho
dH,  Hygleothiy =1/ Ay )+ H), (3)
H: ¥y
H, +6H
a
H=H, +H, (5)

Herein 5:sig1{dB/dt)=i1, whereas a,a, y, Hyg and M are model parameters. Two first equations refer

to the reversible, whereas the third and the fourth one — to the irreversible magnetization processes.

In the present paper we focus on the description of DC-biased loops for self-developed soft magnetic
composite (SMC) cores with the GRUCAD model at low excitation frequency.

We have produced a number of SMC cores from iron powder and suspense polyvinyl chloride at different
proportions of constituent components and for different processing conditions [18]. We have carried out
measurements of their magnetic properties with the use of a computer-aided setup with an additional winding
for introducing DC offset. During modelling we have kept the values of model parameters constant. Modelling
results of a representative DC-biased loop are depicted in Figure 1. The sample under study was made of SMC
with iron grain size from the range (100;150) xm
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Figure 1. An exemplary DC-biased hysteresis loop
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1. Background and motivation

The standard magnetic property data of electrical steel measured by the standard means under
standard condition cannot meet the strict requirements of analysis and design of very large
electrical equipments, usually working under non-sinusoidal, even extreme conditions. In addition,
there has been a consensus among the industrial and scientific communities that the magnetic
material properties are always different from those of assembled magnetic components.
Accordingly the accurate measurement and prediction of the working properties of magnetic
materials and components under the actual operating conditions are in great demand [1]-[2].

This paper aims to establish a smart magnetic measure-bench, including integrated
measurement system and well-designed component-level models, to investigate the magnetic
component behavior under distorted excitations, examine the effect of variation of excitation
condition on magnetic property, and compare the core-based properties with those measured by
Epstein frame[3].

2. Integrated magnetic measure-bench and component behavior modeling

The magnetic measure-bench includes multi-function generator of arbitrary waveforms
(35MHz), 3 sets of power amplifiers (4520A) and boosters (4521A), power analyzer (WT3000E),
and a specially designed DC power supply (SM33P), as shown in Fig.1. Two laminated core
models (C70 and C50) are configured, having the same step-lap joints as the actual transformer
core, and fastened by wooden frame to keep fasten force like to transformer core. Moreover, the
two models have the same construction design except for different length of the limb, i.e., 70cm
for Model C70 and 50cm for Model C50. It is shown that the double core model scheme enables
us to reasonably determine and predict the magnetic properties inside the laminated core [4]-[5].

The harmonic flux density B inside core model can be expressed by (1),

J
B=>B,sin(not +4,) (1)

where o, fundamental angle frequency, n, harmonic order, B, and ¢,, amplitude and phase angle of
n™ hamonic components respectively, J, maximum harmonic order.
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In measurement the harmonic magnetic flux density inside laminated core can be controled.
Based on the Faraday’s law, by means of some simple deduction, the resulting harmonic flux
density in the core and the induced voltage E(t) in the measuring coil meet the following
relationship, as shown in (2),

E(t) = —NSa)BlZJ:nkn cos(nat + ¢,) ¥))

Where N, number of turns of measurement coil, B, fundamental amplidue, S, cross-sectional area
of laminated core, K,=B,/By, corresponds to the n™ harmonic content(%).

A number of magnetic measurement results, including specific loss, exciting power, and B-H
loop, have been obtained under distorted magnetic excitations. Meanwhile, the effect of the
excitation parameters (e.g., harmonic content, order, and phase angle) on non-standard magnetic
properties (e.g., specific loss and exciting power) are also experimentaly investigated. See Fig.2.
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Fig.1 Measuring system and core models Fig.2. Effect of harmonic parameters on specific loss

3. Remarks

The futher model-based magnetic properties under harmonic and/or DC-bias excitations,
regarding the non-uniformity of both specific total loss and exciting power, the distortion of B-H
loop, and the evaluation of building factor [7], will be presented in the full paper.
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Wire-wound H-coils are not completely immune to off-axis vector components of H. The
unwanted sensitivity arises because a wire-wound H-coil has some effective active area in various
directions, as shown in Fig. 1 and analysed in full detail in [1].

In particular, some of the clockwise-anticlockwise differences in rotational power loss typically
encountered with low to medium amplitudes of rotational magnetisation can be caused by this
unwanted off-axis sensitivity [2]. It can be shown that the combined area of such partial active
areas does not depend on the number of turns, but just on the dimensions and wire positioning [1].

This paper proposes a novel concept of an H-coil design with significantly improved immunity
to the off-axis H components. Measurement accuracy in the fieldmetric method [3] with sensors
manufactured in this new proposed way should be significantly improved [4], as far as the off-axis
components are concerned.

retum wire flat former

inactive

active

inactive

active

inactive

Figure 1: Conventional wire-wound H-coil: a) overview of conventional H-coil with definitions of
directions, b) projection along the x axis and the active cross-sectional area, c) projection along the y
direction, d) projection along the z direction; and the proposed novel “ideal" H-coil: €) overview, f) projection
along the x direction, g) projection along the y direction, h) projection along the z direction
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Figure 2: Novel H-coil made on a PCB (a) and the comparison of sensitivities of various H-coils detected
the induced voltage by applying H in the z direction (b)

The novel concept of H-coils presented in this paper offers several exciting performance
parameters:

e significant improvement of immunity to off-axis components of H

e easily implementable extrapolation of H towards the sample surface

o excellent repeatability of parameters between various coils made in the same series
("magnetic angle” vs. "mechanical angle")

o large H-coils (>200 mm) can be easily made

o grooves for multiple B-coil wires can be also provided within the same structure

¢ needle probes for measurement of B can be also accommodated within the same PCB as
the H-coil

e signal amplification can be integrated on the same PCB
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Recently, various kinds of extreme exciting conditions, such as the ac-dc hybrid excitation, are
applied to power transformers, reactors etc, with the development of the HVDC system. The
modeling and estimation of stray-field losses are of increasingly importance in the electromagnetic
design of such devices, and it is challenging to measurement and numerical analysis!l.

The major difficulties of the stray-field loss modeling under ac-dc hybrid condition are: 1)
coming from loss measurements: it is impossible to directly measure the losses in each component;
2) coming from loss analysis: the material’s magnetic property data under the ac-dc hybrid working
conditions are not sufficient for the electromagnetic computationf?. The purpose of this paper is to
investigate the efficient methods to exactly determine the stray-field losses.

In the measurement of the stray-field loss, the obtained total stray-field 10ss Piotar usually includes
two parts, as shown in (1).

P

Ptotal = components+ Pexcitation (1)
Note that, the Pexcitation CONtains the induced eddy current loss due to the leakage flux linked with

coils, as well as the resistive loss, as shown in (2).

Pexcitation = Pr + Peddy (2)
Accordingly, the stray-field loss in the components can be indirectly determined by
Pcomponents: Plotal - Pexcitation (3)

The leakage flux of the exciting coils changes when the magnetic components are removed from
the assembly shield modelst®l. To keep the leakage magnetic field of the exciting coils almost no
changing under two modes of operation, two complementary coils (called the C-coils) are utilized,
which have completely the same specification as the generator coils (E-coils), and are movable in
parallel rails, as shown in Figure 1.

Magnetic Component

— = ———1

Figure 1 Loss measurement with upgraded E-coil and moveable C-coils.
Therefore, the value of Pexcitation Can be expressed as (4).
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Pexcitation = PE?CO”S ;— PC?CD”S (4)

In this paper, the eddy current loss analysis based on the solved 3-D transient electromagnetic
field have been validated based on the extended benchmark models under different excitations.

The measured loss and calculated loss on exciting coil under DC, AC and hybrid excitation is
given in this paper. It has a good agreement between the calculated and measured results can be seen
in Table 1.

To indirectly determine the iron loss in magnetic shielding, the first step is to exactly measure
the total loss of the whole test model, and then calculated the eddy current loss of the exciting coil
based on the transient eddy current field solution, as the second step. According to the results
obtained at the first and second steps and relation (3), the stray-field losses generated in the magnetic
shielding can be determined, as the third step.

The measured total loss of the test model and the calculated results of the loss caused in exciting
coil under different hybrid current excitations, have been obtained, as shown in Table 2.

Accordingly, the contribution of dc component to stray-field loss inside components, referred to
as AP, under hybrid excitation is confidently estimated, see Table 3.

Table 1 Loss in air core exciting coil Table 2 Test model and experiment

Exciting currents (A) Measured  Calculated Loss in

AC DC (:I?)L(:Su(ls\tle)d I\l/cl)esis(uvr\t/a)d '&g (DAC): total loss coil loss component
(50Hz, rms) (W) (W) (W)

0 15 117.82 116.03 20 0 255.90 255.47 0.43

20 0 141.21 141.35 20 10 308.40 307.00 1.40

20 15 365.48 366.43 20 15 375.60 372.91 2.69

Table 3 Contribution of DC stray field loss
Exciting currents (A)  Pcomponents_ac+d  Pcomponents_ac AP

AC DC (W) (W) W)
20 10 1.40 0.97
20 15 2.69 0.43 2.26

It is obvious that when the AC component of the applied exciting current at the same value, the
stray-field loss generated in the magnetic components with hybrid excitation is greater than that with
only AC current, and the contribution of DC to stray-field loss is enhanced along with the increase
of the DC current value.
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Recently, the distorted magnetic flux is widely distributed in the large-scale electrical
equipment, leading to local overheating and damage of equipment [1]. Numerous loss models of
magnetic materials have been presented [2]. Based on the Bertotti loss model [3], an improved loss
model is proposed in this paper, taking the implications of non-sinusoidal multivariate conditions
on iron loss. And the loss data of oriented electrical steels under different excitation, which is
measured by Epstein frame, can be fitted by using the Non-Linear Least Squares Method. The
results show a remarkably good agreement between the calculated results and experimental data
points. The conclusions are of significant theoretical value for further exploring the magnetic
properties of soft magnetic materials under complex excitation environments.

The total loss of magnetic materials under sinusoidal excitation environment is expressed by

Py =P,+P.+P, =k f,Bi+k frB:+k, [ B) 0

Respectively, the correction factors of loss components are given by (2)-(4), where k=0.65,
ABr=Yn/\Bi/B, , as is shown in Figure 1.

F, =1+kAB, (@)
B ., nB, .,
F =2 1B,
X (Bp) > ( 5 ) 3)
B, nB,
F = (2102 n)¥2
exe (Bp) > B ) 4)

Consequently, the total loss of magnetic materials under distorted magnetic flux is provided by
(5), where Kn=knFn, K=kcFe, Kexc=kexcFexe are the modified loss coefficients.

P=P+P+P, =K /B" +K [*B'+K  f"B" (5)
Especially, the study on simultaneous corrections of three components of the total loss under
distorted magnetic field has been infrequently reported in the previous literature.
According to [4], there are grain-oriented silicon steel sheets as specimens (B30P105). The
original measuring platform is adjusted under the non-sinusoidal multivariate conditions, as is

shown in Figure 2.

DSG
Power Amplifier

(NF 4520A)

)
I3
5
=
=
=
Z

Precision power analyzer
(LMG500)

Epstein frame

Figure 1 Typical waveform contained flux reversals Figure 2 Schematic under multivariate conditions
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The Guass-Newton algorithm (G-N) and Levenberg-Marquardt algorithm (L-M) are employed
respectively to determine the uncertain coefficients in (1) and its error, as is shown in Table 1-
Table 2. However, fitting under non-sinusoidal multivariate condition is merely realized with
Isqcurvefit function based on L-M algorithm, as is shown in Table 3.

Table 1 Fitting coefficients of Bertotti loss model Table 2 Error analysis of two fitting schemes

Schemes | knxe3 o kexe5 kexc%€6 Schemes SSE RMSE R-Square
G-N 6.868 142 | 4.579 1.141 G-N 0.6459 0.0898 0.9988
L-M 6.867 142 | 4577 1.140 L-M 0.6457 0.0872 0.9988

Table 3 Fitting coefficients and error of the improved loss model
Scheme Kn (24} K. Kexe
0.0063 1.7349 | 3.8455e-5 3.6186e-7
L-M SSE RMSE R-Square —
2.2849 0.0864 0.9989 —
35r 20%(9=30°) 33 350Hz(9=60°) 235 _a—Fn 20%+250Hz
—&—Fh Fh 2 F —e—Fc
g 2 —e—rc g L5 S face o0
2 —&— Fexc 2 8 T
=% L il
05 J 05 1 05 1 1 1 1 J
150 250 350 3 10 15 20 0 30 60 90 120 150
frequency(Hz) contents(%) phases (° )

(a) Harmonic orders (b) Harmonic contents (c) Harmonic phases

Figure 3 Correction factors under multivariate conditions
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Figure 4 The calculated and measured iron loss behaviors under non-sinusoidal excitation

Especially, the derivation process of the improved loss model and the analysis of loss separation
under different environments are elaborated in the full manuscript.
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In the late 70-ties, Fraunhofer 1ZFP started research on electromagnetic methods (EM), in order
to develop microstructure sensitive NDT techniques for German reactor safety applications [1].
Fraunhofer IZFP has investigated different classical electromagnetic techniques such as
Barkhausen noise, eddy current and more exotic ones such as incremental permeability and
analysis of upper harmonics in tangential magnetic field.

Later, these first investigations led to a combination of 4 different testing methods with focus
on the development and design of robust sensors. This merging offers a multi-parametric
characterization (output of 41 magnetic measuring quantities) and allows studying the tested
material in different depths. This approach avoids calibration problems linked to measuring
disturbances.

Meanwhile a broad range of applications on different parts and components has been reported.
Several equipment variants and a wide range of sensors like MicroMach, 3MA-II [2], 3MA-X8
[3], Magnus, Magnetic Flux Leakage, EMAT, etc. were successfully developed and used to
determine quantitative or qualitative technological parameters and to characterize defects [3-4].

The application of EM NDT technology is linked to the inspection situation and to the targets to
be determined. The target quantities can be local or global values as well as microscopic or meso-
macroscopic information. The use of such EM NDT devices is not only dedicated to the laboratory
inspection, furthermore they can also be adapted into the production environment.

The challenge of EM inline integration is two-fold; material characterization but furthermore
process monitoring and control. The design and the signal processing of these sensors have to
fulfill a series of requirements, defined by the inline environment and the machining process data.
Generally, electronic devices and especially probe heads have to be designed in a robust way, to be
applicable in an industrial manner. In contrast to laboratory conditions, in production facilities
disturbances are always present and have to be identified, described quantitatively and
compensated regarding their influences on the NDT measuring techniques. The sensors have to be
able to withstand conditions in harsh environment like for example in steel plants: elevated
temperature, lift off, vibrations, roller stress (see figure 1).
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Figure 1: 3MA NDT probe head integrated in line production

In order to anticipate to these environmental behaviors, laboratory tests are processed. To
guarantee stable characterization and calibration, the variation of 3MA outputs and signals are
assessed. In this work, a complete inline protocol investigation will be described in detail.
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Abstract - The paper describes novel detector bands for magnetic analyses in laminated machine
cores. About 100 um thick sensors register local distributions of 3D induction components, magne-
tostriction, losses, temperature and vibrations. By “handles”, a band can be positioned in different
core regions, or it can be placed permanently during assembling.

1. Introduction

Referring to a magnetic sensor of minimum effective thickness may yield associations with a so-
called nano-sensor. But according to definition (e.g. [1]), the latter is a sensor that includes nano-
sized components as the active element that may register nano-sized particles. The resulting sensor
element may be mounted on a solid-state substrate or chip, of rather high thickness — typically being
of the order of millimetre.

In contrast to the above sensors, this project aims on sensors of absolute flatness, including also
the electric components for contacts to measurement electronics. Comparing the corresponding
literature, the about 100 um thick “detector bands” (DBs) may represent the thinnest existing sensor
type. In magnetism, such sensors are of interest if physical quantities should be measured in
extremely small air gaps, or if sensor-caused gaps should be avoided. Such a case is given for interior
analyses of laminated machine cores, e.g. of transformers, reactors or generators.

The present paper describes the basic strategy of measurements by means of DBs. Also it
summarizes concepts of sensors for different induction components, losses, temperature variations,
strain (from magnetostriction or forces), and vibration.

2. Concept of Detector Bands

For a summary of novel concept, let us start out from the example of an analysis of local distributions
of in-plane induction By in the interior of a transformer core. Usually (e.g. [2]), smallest holes are
drilled through selected core laminations, and search coils of thinnest wires are arranged. Then, the
laminations are arranged in the core with high effort, carefully preventing breaks of wires and
connections to electronics. As further drawbacks, the procedure is not non-destructive and both-side
inter-laminar air gaps arise, even with thinnest components.

Fig.1 depicts the basis of novel concept. It is based on a DB of typically 4 cm width and 25 cm
length (up to 1 m for large cores). The DB consists of five sections, including two "handles" at the
ends. By means of a novel 2D/3D assembler [3] that combines different print techniques, different
sensors can be arranged at the bands "sensor section™ (SS). The following long "interconnection
section” (IS) mediates printed electric connections to the “clamping section” (CS) that connects to
and from the sensors. As an important feature, the CS remains outside the core which means that
inter-laminar gaps are restricted to less than 100 um height in clamped state.

In core production, bands can be arranged during stacking without handles and remain in the
core. However, the main advantage of design concerns tests in finished model cores, or small distri-
bution cores where flexible re-positioning represents a problem. Here the SS can be positioned in
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successive ways at different locations of the core interior. For insertion to a given layer, the core is
de-clamped, a local gap of about 10 mm height is opened by the end of a long plastic knife - with a
stiff “pull-through wire” (Fig.1) - the SS-side handle is pulled through the core. The two handles
are used for exact positioning (supported by an xy-raster on the DB), and the core is re-clamped for
measurements. In fact, no alternative suggests itself for this — seemingly trivial — procedure.

clamp section (CS) inter-connection section (IS), d,q ca. 50 um

deg Ca. L mm
cgbles to electronics
- P
- 2 N~
g
~ f/\ g - [ /, b
sensor section - handle
(SS) — pull-
dgg <100 pm through

wire
Figure 1: Schematic outline of detector band (DB) arrangements in the interior of a transformer core that
consists of three packages. Notice: One DB is depicted with “handles” for insert.

3. Design of Sensors

The 2D/3D-assembler with up to four print nozzles for conducting or non-conducting print materials

was already applied for the following so far established sensor types:

(a) Sensors for in-plane induction Bip(t), that represent the most complicated sensor type. Following
the novel concept of a tangential induction sensor, Bip(t) is derived from the corresponding
induction Bngr(t) of an incorporated 18 um thick nano-crystalline ribbon with print-on windings.
Though hysteresis complicates exact waveform determination, tests are highly effective [3].

(b) Sensors for off-plane components Bop(t) of induction - They resemble multi-turn frame coils.
Calibration is complicated, since the effective thickness depends on clamping that also affects
the to-be measured term Bop. But comparison tests prove to be highly effective [4, 5].

(c) Thermal sensors for analyses of local losses P or temperature increases ©(t) — They consist of
two layers of conductive suspension, e.g. containing particles of Cu and Ni, as thermo-couples.
So far, the sensitivity is restricted, but sufficient for effective interior analyses.

(d) Sensors for strains &(t) from magnetostriction or magneto-static forces — They exhibit a 30 mm
sized longitudinal meander structure on a 20 pum thick elastic substrate for take-up of local strain.
Problems are calibration and linearity, since effectiveness needs strong core clamping, as being
typical for industrial machines. The sensitivity proves to be unexpectedly high.

As a conclusion, for the first time, quite rapid, non-destructive measurements of induction, losses
and strain in the inner of machine cores are offered by a novel family of detector bands with as little
as about 100 um effective thickness.

Acknowledgement — We thank for support from the Austrian Science Fund FWF (P28481-N30).

[1] J.J.Liou (Ed.). Nano Devices and Sensors. De Gruyter (2016).

[2] F.Marketos, D.Marnay, T.Ngnegueu. IEEE Trans.Mag.48, 1677-1680 (2012).

[3] H.Pfitzner, G.Shilyashki, A.Windischhofer. Int.J.Appl.ElImagn.Mech. 56, 585-593 (2018).
[4] G.Shilyashki, H.Pfiitzner, C.Huber. IEEE Trans.Magn.53, 8400706, 1-6 (2017).

[5] G.Shilyashki, H.Pfiitzner, M.Palkovits, A.Windischhofer, M.Giefing. Sensors 17/12, 2953,
(2017).

165 sciencesconf.org:2dm2018:212281



2dm2018 - - Wednesday, September 26, 2018 - 16:55/17:15 (20min)

Nondestructive testing and evaluation of high pressure
feed water heat exchanger tubes using differential-type
bobbin probes and solid-state integrated GMR sensor
arrays

Sunbo Sim*, Hoyong Lee?, Heejong Lee', and Jinyi Lee!

'Research Center for IT-based Real Time NDT for Nano-Damage Tolerance, Chosun
University, Gwangju, 61452, Korea

E-mail: ssh3842@gmail.com; happybell221@naver.com; jinyilee@chosun.ac.kr

’Department of Defense Science and Technology, Gwangju University, Gwangju,
61743, Korea
E-mail: hylee@gwangju.ac.kr

Keywords: HPFW heat exchanger tube, differential-type bobbin probe, solid-state integrated
GMR sensor.

High pressure feed water (HPFW) heat exchanger is one of the balance of plant (BOP) installed
in a nuclear power plant, which increases the thermal efficiency by preheating the water from the
turbine condenser. The tubes in the heat exchanger are operated in extremely harsh environment
such as high temperature, high pressure, and highly corrosive condition, which makes the frequent
tube failures such as corrosion, erosion, crack, and etc. [1], [2]. Therefore nondestructive
inspections are performed periodically using bobbin probes and rotating pancake coils. The
inspection using bobbin probe is fast and has the capability of easy detection of various type of
defects but it cannot characterize the type and size of the defects. On the other hand, rotating
pancake coil enables the defect characterization but it is slow and low durability.

This paper presents the development and evaluation of non-destructive testing method of high
pressure feed water exchanger tubes using differential type bobbin probes and solid-state
integrated GMR sensor arrays. Defects of the tubes are detected by measuring the impedance and
phase of differential-type bobbin coils and the shape and the size of the defects are measured and
visualized by solid-state integrated GMR sensor arrays. In addition, the quantitative evaluation of
defects is performed through the analysis of Lissajous curves and alternating magnetic field
distributions.

Secondary time various
magnetic field

. . . Induced current
Bobbin coil Primary time various

magnetic field

GMR sensor

Figure 1: Configuration of probes using: a) GMR sensor array, a bobbin coil, b) Current and Magnetic
field direction
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Fig. 1 shows the proposed sensor probe system. The sensor probe consisted of two bobbin coils
and 22 GMR sensor arrays between the coils. The bobbin coils that were powered by an AC
current, induced an eddy current in the circumferential direction of the heat exchanger tube. The
eddy current, which was distorted by the flaw of the tube, produced a secondary alternating
magnetic field around the flaw and the radial component of the magnetic field was measured by
the GMR sensor arrays.
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Fig.2. Experimental results of defects on the HPFW tube by: a) GMR sensor, b) bobbin coils

Fig. 2 shows the one of experimental results of the proposed method. The outer diameter (OD)
and the wall thickness (W.T) of the HPFW tube for tests are 15.87mm and 1.27mm each. In this
case, the artificial flaws with holes of 20~100% of W.T and grooves of 10~20% of WT are
examined. The shapes of flaws were detected through GMR sensors and the depth were figured by
the phase change of the bobbin coil signal.
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Amorphous Ml Sensor

1. Development of the MI Sensor

Amorphous Wire MI Effect Ultra Small Ml Element
Amorphous magnetic metal wire is a The MI Sensor is a practical In 2002, Aichi Steel Corporation
20um diameter FeCoSiB alloy wire in application of the Ml effect. The M developed a micro sized Ml

an amorphous state without effect is when a pulse electric element, utilizing the MEMs
crystalline structure due to its current is passed through an process.

unique production method. amorphous metal wire and the wire

Amorphous wire exhibits ideal soft impedance changes significantly in

magnetic properties and is an response to the strength of the

optimal material for high sensitivity external magnetic field.

magnetic sensors.
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2. Position and Application of the MI Sensor
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De facto Standard Tester to specif
HIGHLIGHTS

e power magnetic component e like powdered core, gapped
e Jow permeable soft ferrite core or stress annealed
magnetic material nanocrystalline tape wound core

Supported by
DIN-Connect

nnnnnn

10ms|=

Voltage range V]
500\ =

Current sange (4]
S00 | =

Bs&T Thyristor Pulse Technology provide grid of mid voltage till 1000 V, can be finally
the highest discharge current among same specified. m

power class to excite the magnetic compo-

nent under text bipolar into saturation the I More info
mostaccurate inductance value for didt meth-

od. Magnetic component, like solide state m Www.powerlosstester.de
transformer, harmonic and sinus filter for DC






U4 INNOVENT e.V.

Technology Development

INNOVENT

INNOVENT is a private non-profit research institute for applied reaearch and develop-
ment in the high tech region Jena/Germany. Applications encompass surface engineering
of glass, metals and plastics, medical engineering, optics as well as microsystems tech-
nology including product and technology development. The institute with over 140 emp-
loyees is initiator and coordinator of networks and alliances, member in numerous expert
panels and organisor of several successful conferences and user forums.

Services of our divisions:

Surface Engineering Primer and chemical Biomaterials
* Plasma processes surface treatment * Biomaterial synthesis

* Flame coating

- Electrochemical processes
* Sol-Gel-coating

- Fluorination

+ Parylene coatings

* Process combinations

X

INNOVENT

* Biological testing

* Bonding agents * Resorbable polymers

- Composite materials

+ Adhesive bonding, vernishing, Elc?nangZke)s(ic?tittlggs
encapsulating

- UVC (VUV) activation : E|eCtrf>Splnnlng |
C i ' + Functional nanoparticles
+ Corrosion protection

Magnetic and optical Analytics and material
systems testing
+ Simulations - Analysis of elements
- Characterization of magnetic - Surface analysis
materials - Dissolution test
* Magn. Nanoparticles « Separation technology
+ Magnetization » Special metrology
- Single crystals / epitaxial films * Failure analysis
* Magneto-optical sensor * Processing, ageing

Contact

INNOVENT e.V. Technology Development

Pruessingstrasse 27 b | D-07745 Jena | Managing Directors: Dr. Bernd Gruenler, Dr. Arnd Schimanski

Phone: +49 36 41 2825-10 | Telefax: +49 36 41 2825-30 | innovent@innovent-jena.de | www.innovent-jena.de







The CNRS in brief

France’s National Center for Scientific Research is a public research institution under the
responsibility of the French Ministry of Higher Education, Research and Innovation.

A pluridisciplinary organization, it covers all scientific disciplines, including the
humanities and social sciences, biological sciences, nuclear and particle physics,
information sciences, engineering and systems, physics, mathematical sciences,
chemistry, Earth sciences and astronomy, ecology and the environment.

An interdisciplinary body, it promotes research at the interface between disciplines.

Each year, the CNRS awards its Gold Medal, the highest scientific distinction in France.
Since 2011, the CNRS Medal of Innovation has been rewarding outstanding research in
the technological, therapeutic, economic and social fields.

132,000

joint research units researchers, engineers
and technicians

The CNRS has a budget of

m -

service units

intramural Institutes* orchestrate
research units the organization’s scientific
policy
%
of units are in partnership with universities, divisions manage
higher education institutions and other the CNRS laboratories
research organizations in the regions

* INSB Institute of Biological Sciences, INC Institute of Chemistry, INEE Institute of Ecology and
Environment, INSHS Institute for Humanities and Social Sciences, INS2I Institute for Information
Sciences and Technologies, INSIS Institute for Engineering and Systems Sciences, INSMI National
Institute for Mathematical Sciences, INP Institute of Physics, IN2P3 National Institute of Nuclear
and Particle Physics, INSU National Institute for Earth Sciences and Astronomy
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