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Comparison of Induction Machine Stator Vibration
Spectra Induced by Reluctance Forces and
Magnetostriction

Koen Delaere, Ward Heylen, Ronnie Belmans, and Kay Hameyer

Abstract—For rotating electric machines, the reluctance forces be enhanced to encompass magnetostriction [5]. A straight-
(Maxwell stresses) acting on the stator teeth are a major cause of forward finite-element method to capture the magnetostrictive
noise emission. Next to the reluctance forces, magnetostriction is @ yeformation that is based upon a thermal stress analogy, has

potential cause of additional noise from electric machines. First, a b ted i 6. The th tical back di
thermal stress analogy is used to introduce magnetostriction in the een presented earlier [6]. € theorelical background 1S

finite-element framework. Next, we present the computation and repeated here briefly and is subsequently used to estimate, for
comparison of the stator vibration spectra caused by these two ef- a 45-kW induction machine:

fects separately, by example of a 45-kW induction machine. More- 1) e relative importance of reluctance forces and magne-
over, two kinds of magnetostriction characteristics of the stator tostriction with respect to stator deformation:

yoke material are compared: a quadraticA(B) curve and aX(B) . ) . L .
curve with zero-crossing around 1.5 Tesla. 2) the impact of using materials with different magnetostric-

. - tive behavior.
Index Terms—Coupled magnetomechanical problems, finite-el- . ] o
ement methods, magnetostriction. The Isotropic magnetostriction curve

A=10"°B? (1)
I. INTRODUCTION

OISE and vibration research has been focusing ®ill be referred to asnagnetostriction type and the isotropic

reluctance forces (Maxwell stresses) as the major cau#ve with zero-crossing around 1.5 tesla (T)
of noise and vibrations in rotating electric machinery. For non-
rotating machinery (transformers, inductors), magnetostriction A=10"%(B* - 04B%) 2)
is the major cause of noise, but also for induction machines,
magnetostriction can be responsible for a considerable p@itl be referred to asnagnetostriction type.2Both kinds of
of the machine’s noise [1], [2]. The simulation of vibratiomagnetostriction occur commonly in electric steels. We confine
spectra induced by reluctance forces has been investiga@etiselves to two-dimensional (2-D) models, but the concepts
extensively using finite-element models, e.g., [3] and [4], whil@troduced here are easily extended to three-dimensional finite-
the simulation of magnetostriction effects has been left asigdement models.
This is partly due to the fact that accurate magnetostriction data
are hard to obtain. The magnetostriction of the yoke material II. THERMAL STRESSANALOGY
also depends on its stress condition, but it is hard to estimate,:or
the stress remaining in the material after a shrink-fit of the yolg—z
into the stator housing. Moreover, it is often difficult to embed”
this kind of material behavior in (existing) finite-element 1
software, although this may be resolved with the advent of felw = (00 —voy) 3)

powerful methods like Preisach material modeling, which can _
where F and v are the Young and Poisson modulus, respec-
tively. When a material with thermal expansion coefficieat
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Fig. 1. The magnetostriction forces distribution (b) representing the stre
caused by (a) magnetostriction due to the magnetic gldonsists of a set of
forces parallel td and a set of forces perpendicularBo

=1

Similarly, the elastic energ¥y/ of a mechanical finite-element
system is determined by thedastic displacement.; and the
mechanical stiffness matrik’

magnetostrictive strain (micron)

U=1ialKa, (6) -2

where again the elastic displacement is not necessarily 3, 1 =
equal to the total displacememntsince the material may exhibit ' flux density BA(T)
thermal or magnetostrictive expansion. The elastic enéfgy

expressed in terms of total displacememtnd magnetostrictive Fig.2. Magnetostrictive material characteristics for isotropic nonoriented 3%
displacementx is SiFe (solid lines, as a function of tensile stress) and anisotropic M330-50A
ms (dashed lines, for rolling and transverse direction).

U= % (CL - anls)TK(a - anls)- (7)
when the magnetostrictive deformation is represented by a set
The next section describes how the magnetostrictive displagé-mechanical forces in the direction of the vecBr there is
ment o, is found, and how this leads to the concept ddiways a set of forces perpendiculamBoto correct this differ-
magnetostriction forces, the latter being the direct equivalent@fce in Poisson modulus (Fig. 1). The above is validolane

thermal stresses (Fig. 1). stressIn a 2-Dplane strainanalysis, the thickness @lirection)
of the material has to remain constant and an additional tensile
Ill. M AGNETOSTRICTIONFORCES z stress needs to be applied in order to obtain= 0. This ad-

For finite-element models, the magnetostrictive displacemdHpts the values (8) to
ans €an be computed on an element-by-element basis. The mid-

point (center of gravity) of the finite-element is held fixed. The Ao =At A

magnetostrictive_ strain of the element is fo_un_d using the ele- Ay =+ X

ment’s flux densityB® and the\( B) characteristic of the mate-

rial. If a set of\(B, o) characteristics are given, one is chosen Ae == A =0 ©)

for the appropriate value of tensile stress. _ ) ) )
wherer is the mechanical Poisson modulus of the material and

A. Isotropic Magnetostriction A= —A/2

For materials with isotropic magnetostriction (Fig. 2), th%
local zy axis of the element are rotated in such a way that the . o o
flux density vectoB coincides with the locat axis. The strains ~ Fig. 2 shows a typical magnetostriction characteristic for

Anisotropic Magnetostriction

Ao and)\y in the local frame are then given by aniSOtrOpiC M330-50A steel (daShed IineS) for rOIIing direction
and transverse direction. As an approximation of the anisotropic
Ao = behavior, the flux density vector is decomposed intB,aand
a B, component in the element’s local axis, arranged so
Ay = = —A/2 that thex axis coincides with the rolling direction, and the
A=A = —A/2 (8) axis with the transverse direction. The rolling direction curve

Arn(B) is then used withB, as input, and the perpendicular
where A = A(B) is the magnetostrictive strain in the direcdirection curveipp(B) with B, as input, giving, forplane
tion of B (z direction) and); is the magnetostrictive strainstress
in the transversg and z directions. Usually, magnetostriction

will leave the total volume and density unchanged [8], so that

A ro(Bz) — App(B,)/2
Ay = Ao = —A.;/2. This volume invariance is equivalent to A
A

rp(By) — Arn(Bz)/2
. = Arn(B2)/2 — Aon(B,)/2. (10)

a magnetostrictive “Poisson modulus” of 0.5, which is bigger
than the mechanical Poisson modulus of about 0.3. Therefore,
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Depending on the actual anisotropic behavior of the materialy@tual work done by a set of external forcés(where vector
more accurate strain description can be used, e.g., taking mpgtential A remains constant)
netostrictive sheak,,, into account [9]. A similar correction as OE oU oW

in (9) can be made for thglane straincase. — =—+4+—=R. (16)
da da da
C. Magnetostrictive Displacement,, The magnetic forces (reluctance forces as well as Lorentz forces
Still working in the localzy axis, the straing.,, A, are now [6]) are found by the virtual work term [10]
c_onv_erted into_ nod_al displacements,, = (a;i,_a;i) con- oW A OM
sidering the midpoint of the elemefi,,,, v,.) as fixed Frag = e = A e dA a7
0
[O‘;z} _ [(xi - xm))"”} i=1,2,3 (11) Whichis valid for linear and nonlinear magnetic systems. The
oy (Ui — Um) Ay ’ o elastic forces as well as the magnetostriction forces are given by

the other virtual work tern®{//8a. First, we write the elastic
energy as the sum of all element contributions

D. Magnetostriction Force$,, U= Z 1 ael)T Keat, (18)
- 2 €. e
The mechanical stiffness matrix© for one element gives, e

after multiplication with the magnetostrictive displacemeft,
of the nodes, the nodatagnetostriction forces

wherei indicates the element nodes with coordindtes ;).

then, usingzg, = a° — «f,,, the partial derivativédU/da be-

comes

=K;,,. (12) ou ANas)t . .
FriaD Sl

e
Frn 5

(19)
Equation (12) has to be performed element by element (using

K*) and not for the whole mesh at once (using the global matrix _ Z K*(a® — at,,) (20)
K). This is because th# different displacements,,,; ;, j = . me

1--- N, due to magnetostriction in th€ elements surrounding
one specific node, shouladbt be summed. Thes# displace-

mentsa,,,, ; should first be converted into magnetostrictiorjncedq,; /da = 1 for constantA. When the feedback of mag-
forces, and then th forces are summed to give the total forcgyetostriction on the magnetic field is neglected, the magnetic

on this node. equation of the magnetomechanical system is just = T,

When the magnetostriction forces for all elements have bégfere 7" is the source term vector. The magnetomechanical
computed, they are summed to give the total magnetistrictighstem then becomes

force distributionF™*s

M 0][A] _ T 22)
F"lS = Z F:;ls' (13) 0 K a o R + an,g + Frn,s

) . _where the second equation is obtained by substituting (17) and
Fig. 1(b) shows the resulting,,, for a square block of material (21) into (16). The system (22) can be solved in a numerically
subject to a homogeneous field; all internal node forces cangghak coupled scheme, first solving the magnetic problem and
Once this distribution is known, the corresponding global dgsen, solving for the mechanical displacement.
formationa,, s of the entire structure due to magnetostriction, is

=Ka— I, (21)

found using the global mechanical stiffness mafix V. MODAL DECOMPOSITION
Kap, = Fpps. (14) The vibration of the stator is governed by
Note that (13) should only be used to fifity,, from «, _, while Mpya+ Cpa+ Ka = f(1) (23)

(14) should only be used to fing,,s from F,,,. Since the global . . .
stiffness matrixX” was used to findi,,,, the influence of ex- wherea(?) is the nodal displacement vector aif¢t) is the

ternal boundary conditions has been taken into account, as v&%ﬂse distribution acting on the stator for a specmc_ rotor posi-
ne, f(t) = f*. M,,, Cp,, andK are the mechanical mass,

as the effect of the shape of the body (e.qg., ring-shaped statd imping, and stiffness matrices. Neglecting dampiilg = 0)

and using the modal decomposition= Pq with P the modal

matrix containing a selected set&f= 30 stator mode shapes,
The total energy® of the magnetomechanical system is thandq the vector of generalized modal coordinates, (23) is trans-

sum of the elastic enerdy and the magnetic enerdy’ formed into [11]

IV. M AGNETOMECHANICAL SYSTEM

E=U+W =1a Kaq+1ATMA (15) Gi +wlq = i), i=1---N (24)

whereM is the magnetic stiffness matrix antlis thez-com- wherew; is the mode’s eigenfrequency. The modes are calcu-
ponent of magnetic vector potential. The mechanical equatilated taking mass and stiffness of both the yoke iron and the
of the magnetomechanical system is found by considering ts@tor coil copper into account. For a given force patitr{in
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modes are composed back into the actual stator displacement
and acceleration spectra using the modal compositienPq.

VI. EXAMPLE: 45-kW INDUCTION MACHINE

Fig. 3 compares the stator acceleration spectra computed for
reluctance forces as well as for the two types of magnetostric-
tion (1) and (2), for the case of a 45-kW induction machine
under normal operation. Fig. 3(a) compares the stator accelera-
tion spectra induced by reluctance forces (dotted line) and mag-
netostriction type 2 (solid line), while Fig. 3(b) compares the
vibration spectrum induced by magnetostriction type 1 (dotted
line) and magnetostriction type 2 (solid line). It can be seen that
the vibrations (and, thu,s also the noise) due to magnetostriction
are considerably smaller than the effect due to reluctance forces,
except for the 100—Hz force component, where they are of the
same order of magnitude. The overall difference between mag-
netostriction type | and Il is small, and is only important for a
few specific modes. The full analysis required 15 hours of CPU
time on a HP-B1000 workstation.

VII. CONCLUSION

Using a thermal stress analogy, a set of magnetostriction
forces is computed that induces the same strain in the material
as magnetostriction does. Using the example of a 45-kwW
induction machine, this magnetostriction force distribution
is compared to the reluctance force distribution with respect
to the resulting stator vibration spectrum for two typical
magnetostriction characteristics.
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