T,
e .

giy, & 5
N\ The INTERNATIONAL CONFERENCE ON ELECTRONICS :
2 A\l A oo & O1L: FROM THEORY TO APPLICATIONS s e‘

”ﬂf i March 05-06, 2013, Ouargla, Algeria E=on= . E

R

An Approach to Design Magnetostriction Phenomena ifrrequency
Domain, Application to an Electrical Motor

A. Boulassel, M. Chebout, and M. R. Mekideche

Département des sciences et de la technologie ragtie d'études et de modélisation en électrotigghen
LAMEL, Université de Jijel, BP 98 Ouled aissa, 1800ijel, Algeria
E-Mails a.boulassel@hotmail.conchebout med@yahoo.fmek moh@yahoo.fr

The method developed in this paper is applied koutaste
Abstract—a method for studies the steady-state deformation displacements of nodes under complex terms cauged b
of induction motors is presented. The approach is ts@d on the influence of magnetic and magnetostriction foraesmn all
use of complex tv_vo-dlmensmnal finite element solians to core of induction motor.
calculate nodal displacements of the motor. Statorcore
displacements as complex term are calculated and slgned. An

application example is provided to demonstrate thanfluence of IIl. THE EXPRESSION OF THE MAGNETIC VECTOR

the magnetostriction phenomena on the stator core. POTENTIAL USING FREQUENCY DOMAIL
Key-Words— frequency domain, magnetostriction, Maxwell's equations applied to a motor sufficienityng,

complex terms, electrical motors, FEM so that the magnetic vector potential has onlyrapmment in

the Oz direction are characterized in the motor by:

l.  INTRODUCTION 0 X(VD x A)+ aa_A -J,=0 ()
HE finite element analysis of steady-state opemnatid ot
electrical machines under sinusoidal is, generatigde
by classical harmonic analysis in term of complaxiables.
This analysis is valid only under the assumptiorcaistant
magnetic permeability; however, motor designers toactly
on relatively simple design rules and assumptionmodel i(va_Aj +i(V6_AJ ~jawoA=-J, )
magnetostriction in rotating electrical machines. rhost  gx| ax ) dy| oy
rotating machines, the stator and rotor are madseatrical
steel, and the windings are installed in slots bmsé¢
structures, the stator magnetic core is formed tagking
their electrical steel laminations (non-conductpayt) with
uniformly slots stamped in the inner circumferentze
accommodate the three distribution stator winding. (1); Ais discretized by finite element and matrix system
Magnetostriction is one of a potential cause ofeaind obtained is then solved to obtain the unkndwn
vibrations [1]. The mechanical deformation also seau
changes in the air-gap and contributes to generatib [S][ﬂA} :{J} ()
harmonics and additional noises [2,3]. Magnetastiricis an
even function [4,5], we can define an analytical delo
depend on the magnetic flux density and quasi-iaddgnt
of applied mechanical stress, the magnetostriatiaterial
characteristic is a function of square of magndticx
density.
We propose to use the magnetic vector potentiah as
complex term due to the frequency domain; the nekigo _ _ _
then used to define the expression of the magrfetic A =Real(A)+jOm(A) (4)
density also in complex term; then, we calculagerttagnetic
and magnetostriction forces from the expressionthef The magnetic flux density is derived from the cofrithe
magnetic flux density; finally, we calculate thect@ of magnetic vector potential as:
nodal displacements which have a two components in

complex terms. B =@(ﬂ) 5)

The following 2D field equation in the frequencyndain
is to be solved:

whereV is the reluctivity of the material it is constamt,
is the pulsation of the frequency is the conductivity of

the material and]g is the known source density. To solve

Where[S] is the magnetic stiffness matrix and the right-

hand side vector of (3) contains the source temsslting
from applied currents density and an induced ctsrethe
solution is the magnetic vector potential and itwistten
under complex term as the real and the imaginamgpa



The term of the magnetic flux density is also \eritunder
complex term as the real and the imaginary parts:

B=Real(B)+jOm(B) (6)

This expression will be used in the expression haf t
deformation (displacement) and also to calculate th

magnetic and magnetostriction forces in the nexagraph.

Ill. MODELLING OF MAGNETOSTRICTION USING

NODAL FORCES

Deformation of magnetostriction is an even functien
we can define an analytic model depend on the ntigfuex

density and quasi-independent on the applied médian

stress, the magneto-elastic model is built from ttrermo-
dynamical approach as in [6], it is defined as

¢(B)=adB)

This last expression is written at the magneticuatin
referential and from the expression of the elatties
assumption from measurement data, where is a cdnsta

Equation (7) is then written by introducing (6)the last
expression under complex term as:

o

=Real(&”)+ jOm(£") (8)
B

The real and the imaginary parts of the deformatibn
magnetostriction are:

{glgeal =a [(Béeal - BI2m) (9)
Efm :a[(BReal |:B|m)
where:
&h., = Real 5”)
£|m=Im£”) (10)
Brea = Redl (E)
B,,, = Im(B)

Because of the magnetic field density is not pakradl the
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where:

B2 [ﬁcosz((é)— 0.5 (& n2(¢)J
1B2 [ﬁs n2(¢)— 0.5 m:o§(¢)J
3B [{cos(¢) Ein(g))

—

&k =qa

X,y,Z

12)

where B, is an expression depends of real and imaginary

parts of the magnetic flux densi@ .

B, Eﬁcosz(¢)— 05 a;anz(¢)j

a B, [ﬁs n2(¢)— 0.5 E¢052,(¢)j
3B, Heos(¢) Csin(g))

U

My y.z

(13)

whereB, an expression is also depends of real and

imaginary parts of the magnetic flux densBy; andgis the

angle between the two referential (Euler’'s angle).

The model of magnetostriction is based on conatéut
laws, which present the interaction between magnetid
elastic properties, the general Hooke’s law istemitas

WB.e)=C e - £#(B)) (1)

In this expressiony is the stress tensdg,is the elasticity

matrix,£ is the elastic strain tensor andc*is the
deformation of magnetostriction tensor.
We need to the expression of deformation, its esgiom

is written as:

=12 o

2 ox oy

x-axis; we can change the referential of the magnet

induction into the global referenti;ﬂo,x, y,z) by using
Euler’'s angles, so we can write (8) in the lastreftial as:

Where U is the nodal displacement vector who has two
componentd), andU, .

The mechanical problem is based on this expression
static case:



div(y)=-F (16)
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IV. APPLICATION AND RESULTS

We apply this numerical model to 2D example, itsists
of designing an electric motor that is cage indwctmotor

where F is the vector of the total forces that applied oftaving two pole pairs (Table I) where analysed, steor

the material (e.g. magnetic and magnetostrictiorcef®,
external applied force).

core is a Fe-Si material. Simulation is consistaudlysing
the influence of deformations (displacements of exd

To solve (16);U is discretized by finite element andbetween stator iron and rotor. Boundary conditiaresset to
matrix system obtained is then solved to obtain theolve the problem; the outer boundary of the machm

unknowrlJ :

[]du}={F} an

where [K] is the mechanic stiffness matrix and the right;g

hand side vector of (17) contains the magneticefdrd™

the magnetostriction forc&# and the external forcek
if we needed.
The mechanical stiffness matrix is given as in [7]:

(kI = [[onTPF[c]PIoN]ae as)

fixed, so the magnetic vector potentials are raflthe outer
diameter of stator. For elastic problem, only &if¢ &nd right
points of side are considered fixed but the rotofrée to
move in the x and y directions.

The mechanical property of the magnetostrictionemiait
considered isotropic; the considered elasticblera is
nonlinear as the deformation depends on the sopfak, it

takes this equatione” =107° (B?for both real and

imaginary parts, this curve fellow the expectedawibur of
Fe-Si material.

The magnetostriction forces equatiéit'is written as:

(FF = [Ion]Pllcllea a9

whereDN a matrix is contains a derivation of the shape
function andP is a permutation matrix.
The vector of magnetic forde™is based on local

TABLE |
PARAMETERS OF THE MOTOR USED FOR THE DESIGN
Parameter Value
Pole pairs 2
Outer Diameter of Stator 151 mm
Outer Diameter of Rotor 110 mm
Number of Nodes in Mesh 8279
Number of Elements in Mesh 16480
Conductivity of slot 5.9x10S/m
Young's Modulus 270 GPa
Poisson’s Ratio 0.3

application of the virtual work principle [8,9]. €ke models
of forces have been calculated on each node afethative
of the magnetic energy with respect to the disprerd
when the magnetic flux is constant.

The solution of the mechanical problem (17) is t

The magnetic vector potential and the displacemecior
are discretized using nodal elements in 2D cada &§.1.
The magnetic potential vector, the nodal forces due
electromagnetism and magnetostriction forces akasgethe
h gisplacements of each node of the mesh geometry are
calculated as a complex terms.

displacement vectod and it is written under complex term
as the real and the imaginary parts:

U =Real(U )+ jOm(U ) (20)

Finally, we need to solve the magneto-mechanical
problem, where the solved variables are the nodaleg of
magnetic vector potential and the nodal values rof t
displacement in x and y directions:

[sld A}={3}

[K][{U}= Fe“}+{|:ﬂ}+{|:mag} (21)

-D.ID u]
Fig. 1. Mesh of electric motor
The distributions of magnetic potential are showirig. 2

01

0.1



AR

e

i k-

_ The INTERNATIONAL CONFERENCE ON ELECTRONICS f . }

f\ 5 & O1L: FROM THEORY TO APPLICATIONS ICED% E
. A G E March 05-06, 2013, Ouargla, Algeria mo F

LT U AR

for the real part and also for the imaginary p#e notice of the magnetic vector potential in imaginary paire
that lines of the magnetic vector potential in rpalt are enclosed across the air-gap and crying a polesaltes are
enclosed behind the air-gap its values are conpliseveen comprises between - 0.0055 A/m and 0.0055 A/m.
- 0.00014 A/m and 0.00014 A/m. We remark also timais
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Fig. 2. Distributions of the real part (left) anddginary part (right) of the magnetic potentiattie studied induction motor
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Fig. 3. Distributions by arrows of nodal forces daeeal part (left) and imaginary part (right)tbé total forces in stator
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Fig. 4. Distributions by arrows of nodal forces doeeal part (left) and imaginary part (right)afly the magnetostriction forces in stator
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Fig. 5. Distributions of real part (left) and imagry part (right) of displacements due to bothtetenagnetism and magnetostriction in all
motor cores
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Fig. 7. Nodal displacements of stator's teeth
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The 3rd comment is that from Fig. 2 the value &f teal
part of the magnetic vector potential is less ttiwat of the
imaginary part.

From Fig. 3, the total forces cause the stator tmetretch
to the inner for the two components of the fordesthis
figure, we present both magnetic and magnetosiridtirces
but these later is note appears clearly, the magfaices
(large arrows) are dominated.

The magnetostriction forces are calculated onlymfro
right-hand side vector of (21) and presented bypvesrin
Fig. 4; the magnetostriction forces cause the istedoe to
shrink, from Fig. 4 it appears clearly a volumects (little
arrows) that are original from magnetostriction ptraena.
The high values of magnetostriction forces areas#id at the
outer diameter of stator and slots successively.

The modulus of nodal displacements in real and inzay
parts is presented as in Fig. 5; Order of nodalldézments
is low compared to that of in static case as in lfgcause of
the decrease of current vector in equation (3).

Fig.6 shows the variations of the real and imaginar

components of the displacements with the radiushef
motor by several angles, the choice of angles Ilsyep of
10° is done so that the curves passed through therceht
the stator’s teeth. These angles varied betweeaxisand
oy too; so at the first quarter of electrical motkris clear

for the two components (real and imaginary partf) g
displacement that the later has a high value fag th

angled = 60°.

Displacement’s order is also low if it compared the
geometry of the motor (e.g. radius of motor) butist
significant at the region of air-gap as in Fig.Gr-gap is
situated between x = 0.110 m and x = 0.111 m; aear
beyond of x = 0.1 m, a heavy change at the dedreedal
displacements in its real and imaginary parts iseoled,
what mean that these later are interesting inrdg#on (e.qg.
study of vibration and noises in electric motor).

Original
deformation) for the two components, real and imagi
parts, are presented in Fig.7. The choice of aht@mmade
that has a great displacement. The nodal displateaiter

deformation is amplified by a factor @510 for the real
part of displacement and by a factor dB[10°for the
imaginary part of displacement.

The contribution of magnetostriction and magneticés
in iron tends to expand the shape of the motohéariner of
the stator and to the outer of the rotor

I. CONCLUSION

and displaced structures (before and after

potential. Through the numerical results, it is yede
understand the acoustic in the induction motor.

Magnetic force in a motor core air gap creates a
deformation in stator teeth with the mode shapeaktuthe
pole number of the stator winding. Numerical coragions
provide coherent results but an experimental coafiion is
not yet available.

In this analysis, equation of displacement is emittin
static case, the inverse effect of magnetostrictiom thermal
deformation and the rotary motion of the rotor aoé taking
into account.

The best analysis is to take into account the g¢isgstem
equation for a mechanical structure who takes awoount
the mass matrix, the damping matrix and the mechhni
stiffness matrix. Also, the best analysis of inéuttmotor is
to resolve the coupled magneto-thermo-mechaniaglipm
who takes into account the general deformation but
complicate experimental curves are requirement.
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