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Estimation of relative Magnetostriction and
Maxwell's forces in stacked Grain Oriented
steel structure

R. Penin, J-Ph. Lecointe, G.

Abstract —Vibrations and noise in transformers core have
two main origins: the Maxwell’s forces, located inthe corners,
and the magnetostriction inside magnetic steel. Iithis paper,
these two phenomena are differentiated and analyzeénd
analyzed using a test bench, which allows comparinghe
vibrations of two different annular structures. In the first case
only the magnetostriction occurs, whereas the sectrcase is
submitted to both the magnetostriction and the Maxwll's
forces.

Index Terms— Magnetic anisotropy, magnetic flux density,
magnetic forces, magnetostriction, soft magnetic nterials,
vibrations.

. INTRODUCTION

Acoustic noise emitted by transformers results froamy
contributions. Indeed the inside core and the Btadt

steels composing the latter are sources of higlceron
for the steel producer and the transformer manufacql].
Two main components can be suspected as the prdblem
noise in such structures: the Maxwell's forces doe
development of attractive and repulsive effectswben
laminations [2] and the magnetostriction due to pheper
behaviour of the electrical steel [3]-[4]. So farhas been a
challenge to separate the influence of these twtofs and
to weight their respective contribution when Gr@riented
(GO) steel is used to build the magnetic circuit.

The corner joints of transformers stand for theanghere

these two phenomena are particularly engaged. Th

correspond to a situation of changing in plane @udof the
plane directions for the magnetic field combined &o
superposition of mixed easy magnetization direstiohthe
steel. To investigate that very question of sepagathe
aforementioned contributions, simplified magnetitictures
build on the basis of stacked GO electrical stagjsr have
been studied.

The first part of the paper presents the phenomeion
magnetostriction and the forces arising betweenstiesets.
The second part describes the test bench. Thetyesud
presented and discussed in the third part. Heriots hre
given for
transformer corner joints.
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.  MAGNETOSTRICTION ANDMAXWELL’S FORCES

The Maxwell's forces are generated by the presarice
magnetic flux across the air gap between the magstdel
laminations. It is particularly the case in thensfrmer
corners because in this area, the magnetic fiedddhahange
direction and, due to the high anisotropy of GOctieal
steel, and so has to cross the air gaps existihgeka the
latter, creating magnetic discontinuities. Indetbé, field can
remain in the same plane or pass from one layanather
depending on permeability situation [5]. Moreovevot
potential sources for Maxwell forces exist: in @affrig. 1b
way 1) due to the distributed air gap of the stap |
arrangement (Fig. 1a) and out of the plane (Figwaly 2)
due to the air gap brought by the insulation lag#insic to
the steel. The present study, according to the spedific
devices, focuses on the second case.

The p pressure corresponding to the Maxwell's forces

interacting between two successive laminations o&n
expressed as follows:

BZ
2,uO

p= (1)

whereB, is the air gap magnetic flux density and

U, =40’ H/mis the vacuum permeability. Expression (1)
%hows that p components contain a prevailing term of

fundamental frequency twice the value of the exicitaone.
This study will be focused on vibrations induced thys
component, the corresponding induced
displacements being tied to the mechanical respohske
structure.
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Fig.1:Joint region in conventional single step &sembling

The Magnetostriction appears during the magnetinadf
the electrical steel. It takes place when the domaave to
rotate to align along the direction of the magnégtd. This
is particularly the case at the transformer joirtteve the
magnetic field concentrates at the inner part ef ¢brners
and makes its magnitude high enough to move lodhky
domains. This applies for the original 180° domadlls and

external



also to all the other 90° domain walls [6].
Magnetostriction is generally expressed as a weati

deformation AI—I which depends on the magnetostrictior

coefficients A,,,and A, , respectively 2x18 and -5x10 for
the case of the GO structure; whdiis the material length
and Al is the change in length.

Let us denotea the anisotropic angle of applied field
which respect to the Rolling Direction (RD) whichllvbe
marked with a bold arrow in the figures. Far from 0° to
55°, the magnetostriction is negative, and so theetsis
contracting. On the other hand, far from 55° to 90, the
magnetostriction is positive and so the sheet ristcdting.
This specificity can be easily visualized thanksthe so-
called “butterfly loop” graphs [7]. Fig.2 shows tHimk
between the magnitude of the relative deformatiohsa
sheet due to the magnetostriction dependingaon The
displacements in the RD have amplitude higher thage in
the Transverse Direction (TD) and no deformatioouad
55°. Since magnetostriction is at constant volurtie
deformation in the outer plane direction is a cousamce of
the in-plane ones; that means that the laminatiesegnts a
deformation according to its thickness [8].

Like Maxwell's forces, prevailing vibration due to
magnetostriction presents a fundamental frequenimetthe
excitation one.
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Fig 2: GO steel sheet variation of the relativengtion/compression

Ill. TESTBENCH

A. Ring structure

The experimental device presented in this papels deith
stacks of rings built with GO electrical steel. Baing of the
stack is shifted from the previous one by a corsfdangle
(Fig. 3). This structure is able to give an imadethe
magnetic behavior of a transformer corner joint miike
Maxwell’s forces in plane are assumed to be nul.
Axial (along z) and radial (along y) vibrationganalysed
in this study considering? =0°andS =90°.
Case of axial vibrations:

*Forf3=0°, there is no reason for the field to move fron

one layer to another since all rings are stackel thieir RD
parallel. In that way no Maxwell's force takes aand the
only possible deformations may be related
magnetostriction.

RD

Fig 3: Stack of shifted rings

*For S=90° between successive layers, deformations will

result from a mix of Maxwell's forces and magnetiasion.
Maxwell's forces are here supposed to be at thakimum.
Case of radial vibrations:

» Radial vibrations are caused, whatever the shifty by
the magnetostrictive effect.

B. Test bench presentation

The experimental device has been designed to maimi
the reliability of the measurements (Fig. 4). Th® tstack
configurations are mounted inside the same frametsire.
The stacks can be rotated around the stackingtidineaxis.
Each stack is made of 174 GO “Power Core C" eleairi
steel sheets of 0,35mm nominal thickness. Insulatio
between sheets is aroundpb® The sheets are clamped
between two non magnetic Bakelite A and B plated an
maintained with threaded rods. The tightening tergpplied
on the nuts can be controlled with a torque wrench.

Holes have been disposed through the bakelite pfate
sensor access in order to record the axial defoomabf the
stacks (Fig.4).The measuremepiints A to A, and B to
B, are presented in Fig. 5a (holes face to face ambared
in the same way).

Fig 4: Vibration analysis system stacks

to
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Fig 5: Axial and Radial measuring points

The spatial reference for the radial measurementhea
RD of the first sheet of the stacks (against thateplA),
which is aligned along the x'x axis of the 1 andch@es
(Fig.5b).

The radial measured point is located with theangle
with respect to this reference.

So for the non-shifted structurg/=0° is in all RD of

sheet’s stack. For shifted structurg=90" correspond of

both RD of odd sheets and TD of pair sheets. Tlo#ation
is provided by a primary 28 turns winding, and atafhs
secondary winding allows measuring the averagedknsity
in the core. Those windings are distributed on lealé of the
structure only (Fig. 4) in order to apply measurdwyices.
The primary winding is supplied with a 50Hz sinudi
voltage provided by an auto-transformer. Hence divices
are submitted to a unidirectional field.
Finally, theB peak flux density in the core is computed
from the secondary voltage through the followingnfala:
V2 @

B=——
n,wS

where V,is the sinusoidal secondary rms voltage wof

angular frequency (frequency f)n, is the secondary
winding turn number ané is the stack cross section.

The measurements have been made under B values o

0.7T, 1.1T and 1.5T.

A Bruél and Kjaer PULSE data acquisition system is

used in association with mono-axial accelerometenrs
measuring the vibrations.

IV. EXPERIMENTAL RESULTS

A. Measurements of axial vibrations

The accelerations of the deformations are presentEd.
6 for the 100 Hz frequency component only for ppiAfl to  °
A4 of the non-shifted structure with B value of T.1
Theoretically, for both configurations, according t
symmetries, points A1 and A3 should present theesaie
vibrations. The same remark can also be done ftpé2
and A4. But, differences between these points aasnred;
this comes from the uncertainty of the placement |
accelerometers. To reduce this, an averaging me@su
values on points 1 and 3 as well as on points 24amés
made for plates A and B. Fig. 7 shows this aveador

X both configurations f=0°and B=90°) denoting, for
o | example, A-A; the averaging concerning measurements

- realized on Aand A
\ 30 -
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Acceleration (m/s%)

Measuring points

Fig 6 : Axial vibrations for plate AB =1.1T)
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Fig 7 : Axial vibrations

It appears that the non-shifted structuf@<0°) presents

higher vibration levels that the shifted one afiarin A;-As
for 1.1T and 1.5T. The higher vibration level fgf=0°

explanation can be as follow:

The Maxwell's forces arising in the case of theftsli
configuration induce a contraction of the interlaani air
gaps which limits the mechanical displacements [9].

The flux density inside the shifted stack is spréada
more homogeneous way, magnetostriction is though
weaker compared to the non shifted configuration.ti@
other hand, this homogeneity leads to more regular
mechanical deformations as it appears in Fig.7b.

Both phenomena (magnetostriction and Maxwell’s dgjjc
can compensate each other at a given frequencythand



can explain the observed vibration differences.

It is interesting to note that, f&=0.7T, the non-shifted
structure has the more important vibrations forragings
A;-Azand B-B3. Indeed, these points correspond where the
flux is in the TD of the sheet. Hence, the magrtetii/e
effect is the highest. For the shifted structuesthvibrations
are the same for all averagings.

B. Radial vibration measurements

For those measurements, the accelerometers megsurin
devices are located on the edges of the stackdddh
y=0°and y =90 (Fig.5b). The results are presented in Fig.
8 for the 100Hz frequency component and for both
LB=0°and S=90°.

Whatever the value of th@ angle is, the radial vibrations
are always due to magnetostriction. For the nofiezhi
setup, the vibration occurring along the RD is leigthan the
one across the TD. This is in accordance with thetter-
fly” loops previously mentioned. Moreover, the shif setup
pretty much identical vibrations for botri=0°and y=90.

Fig. 8 also highlights noteworthy acceleration dtoge
differences. Indeed, for a B value of 0.7T and ffath
y=0°andy=90°, the shifted setup shows respectively
amplitudes that are 27 and 8.3 as weak as in theshifted
one. Nevertheless, the ratio decreases while B evalu
increases: 6.6 and 2.2 for 1.1T and 3 and 0.9%.fF.
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Fig8 : Radial vibrations
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Fig 9: Radial vibrations (quarter of structure)

b) B=90°

Fig 10 : Radial vibrations foB =1.5T



The vibration reaction of the whole structure hésoa
been investigated. For this, an “Operating Deftattshape”
has been performed on one fourth of both stacks.for and
1.5T. For 0.7T, the vibrations were too weak tefiiently
analyzed. The results are presented in Fig8a0°) and
Fig.9b (#=90°) Fig.10a and Fig.10b show the 3D
acceleration of the wholes structures for 1.5T eetipely
for f=0%and 90°. They put in evidence the reaction

differences between the two configurations. The-stufted
stack presents counter-phased vibrations betweeREhand
TD. This is the usual vibration reaction of GO e®n the
other hand, the shifted stack presents in-phaseatidins
between the RD and TD. Moreover, the vibrations for

y =45 are counter-phased.
The phase reference is set fpr=0°and the measured

values corresponding to;AB;, and y=90°, are presented

in Fig.11. As previously mentioned, it can be notlealt the
axial and radial vibrations are in phase on bothpse
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C. Radial deformations

In the previous measures, only the accelerations haen
presented. In this part, the deformations of ttezlst are
considered. In order to determine their nature ctvimeans
contraction or extension, the acceleration andstwndary
voltage are used.
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Fig 12 : Radial displacements alojg=0° and ) =90°



The wave forms of the flux density and deformatibase
been evaluated from formula 3 and 4 respectively.

B(t) = n_ls j v, (t)dt (3)

A1) = [ [a(t)dt? (4)
where a is the acceleration in m/s2. For this evaluatitue,
integration constant igll(t;) =0 at B(ty)=0 T.

The magnetostriction effect value with respecth® B is
presented in Fig. 12 foy=0°and 90°. The non-shifted

setup presents a contraction along the RD andagation
across the TD. This is the case for all the comsilleB

values. Fory=0°, the maximal displacement values of thg7]

shifted configuration are 26 (0.7T), 7 (1.1T), ahd1.5T)
times lower than with the non shifted setup. por90°, the
nature of the displacement has changed: an elamgati the
shifted setup and a contraction for the non-shifiedice.
The amplitude of the displacements are lowered it
shifting. This is the case of the step lap tramsfar joint,
where the GO lamination RD are crossed.

V. CONCLUSION

The measurement results presented in this papeidero
interesting informations about magnetostriction
Maxwell's forces effects. Although, in this studihe in
plane Maxwell's forces at the corner joints of ttep lap
have not been modelled, it seems to give some tontards
explanation for vibration mechanisms inside tramsfer
core, particularly at the joints. Two importantuks can be
extracted from this analysis:

» The first one is that, in this case, both Maxwetbsces
and magnetostriction effects are, concerning vibinat of
same order of magnitude.

» The second one is that & =90 shifting of the sheets

leads to decrease axial and radial vibrations anohs the

generated noise.

The obtained results seem to be interesting andrtise
numerous questions, which will be answered in titeré.
For example, the study of the Maxwell’s forces iang with
proper magnetic circuit. Additional tests will bdsa
performed using a symmetric current excitationaadt of a
voltage one. Moreover, Finite Element simulationt give
information about the flux distribution in the stao order to
propose theoretical statements about the
mechanism.
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