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Modeling of Vector Magnetic Hysteresis of Soft
Magnetic Composite M aterial

Y.G. Guo, J.G. Zhu, H.Y. Lu, Z.W. Lin, J.J. Zhor®H. Wang, and J.X. Jin

Abstract(] Thanksto the unique magnetic properties,
soft magnetic composite (SMC) materials and their
application in electromagnetic devices have achieved
significant development. The typical application
example of SMC is the electrical machine with complex
structure, such as claw pole and transverse flux
machines, in which the magnetic field is basically rotary.
To design and analyze such a device, vector magnetic
properties of the core material should be properly
determined, modeled and applied. This paper presents
the modeling of vector magnetic hysteresis of SMC
based on a Soner-Wohlfarh (S'W) elemental operator. A
phenomenological mean-field approximation is used to
consider the interaction between particles. With the
presented model, the magnetization processes of SMC
under both alternating and rotating fluxes are
numerically simulated. The simulations have been
verified by experimental measurements.

Keywords[] Vector magnetic hysteresis, modeling,
soft magnetic composite.

1. Introduction

and the magnetic field strengtil) is among the basic
properties of magnetic materials. Whé&h and H are
restrained in the same direction, their relatioreduced to
the well-known scalaB-H loop. However, in the 3-D flux
machinesB andH are not aligned. Furthermore, bdsh
andH are rotating an@& lagsH by an angle. In other words,
both the magnitudes and directions of ieand H may
vary, as well as the directional angle differeneeaeen the
two vectors. Therefore, the vector magnetic proggrsuch
as the vectoB-H relation and core loss, under different
vector magnetizations, should also be investigdgd].
Owing to the very complex mechanism of the magnetic
hysteresis, particularly the vector hysteresis,ciwhis not
yet fully understood so far, the development of
mathematical models of magnetization process hebe®n
successful, in particular for the engineering pcact

A huge amount of work has been conducted by various
researchers for modeling the vector magnetic hgsier
Among the noticeable work are: (a) the Stoner and
Wohlfarth (S-W) model that was postulated basedhmn
rotation of magnetic moments of single domain phes
with respect to their easy axes [8]; (b) the ve®ogsaich
model constructed by the superposition of scalas&ch
models [9]; and (c) the combined model that inceoapes
the vector elemental operator of the S-W model thi®

Thanks to their many unique properties such as 3-IPreisach diagram such that the new model has tb®rve

magnetic isotropy, very low eddy current loss, gaEsign
flexibility, and great potential for low cost mgsduction
of electromagnetic devices, SMC (soft magnetic cositp)
materials and their applications have undergoneifgignt
development in the past decade [1]. Typical apptioa
examples include claw pole and transverse flux nmashin
which the flux flows substantially in 3-D space3R,The
conventional laminated electrical steel is not ehlg for
constructing the core of such machines becausdludke

nature of the S-W model while retaining the efficig of
the Preisach model [6,10]. However, the phenomeyiced
modeling of vector hysteresis has long been cettenethe
classical S-W model [6,7] because of the vectouneabf
the model.

This paper presents the modeling of vector magnetic
hysteresis of SMC based on a Stoner-Wohlfarh (S-W)
elemental operator [11]. A phenomenological meafdfi
approximation is used to consider the interactienveen

component perpendicular to the steel plane may ecaugparticles [12]. With the presented model, the mégaton

excessive eddy current loss. The SMC material se¢erbe
an ideal substitute.
The relationship between the magnetic flux dendy
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processes of SMC under both alternating and raatin
fluxes are numerically simulated. The simulatioreveh
been verified by experimental measurements.

2. Vector HysteresisModeling
Based on SW Modd

Vector hysteresis can be defined as vector noniiyea
with the property that past extremum values of tnpu
projections along all possible directions may affedure
values of the output [9]. Therefore, the mathenadticodel
of vector hysteresis should be able to detect & past
extremes of input projection along all possibleediions
and choose the appropriate value of the vector ubutp
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according to the accumulated history.

asteroid, four tangent lines can be drawn, andpessible

The S-W model assumes that a magnetic materiaquilibrium magnetic moment are parallel to the fines

consists of a collection of small particles, eaclthw
anisotropy due to stress, crystal structure, otiglarshape.
Each particle is uniformly magnetized to saturatiorthe
direction of the easy axis, giving a single magndthmain
with momentms which is free to rotate in any direction.
Such a particle is called the S-W particle. Thetiglar
interaction, either due to quantum exchange fomes$o
magnetic dipole-dipole forces, is not considered.

When a magnetic fieldH is applied, the magnetic
moment of an S-W particle rotates to the orientatidnich
results in a minimum energy, as shown in Fig. 1.

The total energy of a single domain with momaent
can be expressed as

E(6,H) =Ksin’ 8- y,m_ e H (1)

whereK is the domain crystal anisotropy constant, #hd
the angle betweemg and the easy axis.

Z
H
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Fig. 1. Rotation ofmg due to an applied field.

The positions of minimum energy can be found by

solving JE(G,H)/d6 =0 for F*E(6,H)/36°>0. It
can be shown that there are two energy minimasifall
field is applied. As the field strength increasdbe
positions of these minima change. Initially, thebanges

making smaller angles with the easy axis, as shbwn
m;and m;. Such a response of a single S-W particle can

be viewed as a vector elemental hysteresis operator

Hp
Hk

H2M2 HK He

-Hk

Fig. 2. Asteroid vector elemental hysteresis operator.

The magnetization in a bulk material is the vesiom
of the contributions of all of the constituent donsai.e.

M :Vi [['m & HpEw)sin@)dyds ()

where

J, [ ptepysing)ayde =1 @

V is the sample volume, anm & ¢) the distribution of the
S-W particles in terms of the spherical coordinéfeg).

In the assumptions of the S-W model, the interactio
between S-W particles and the pinning effects ahaio

are reversible. When the applied field strengtheeds a Wwalls are ignored. In real magnetic materials, hewe
certain critical valueH,, however, one of the energy these effects are important, and should not becotgyl. To
minima becomes unstable, and the domain magnetizati account for the interaction between domains, a fieatli

jumps to the other minimum, which is the global rgye
minimum. This critical point at which the irrevesk
domain rotation occurs is the point of minimum eyyefor

which J?E(8,H)/d¢” =0. Finally we have

213 213 _ 1y 2/3
He +H " =H,

@)

whereH. = H, (taking thex axis as the easy axis) abld =

H,sing+ H.cospare the components &f on the easy axis
of the particle and on the axis perpendicular toglasy axis

respectively, andH, =2K /(y,m,).

Fig. 2 plots the rotation of a single S-W particiere
the asteroid boundary, determined by (2), separtites
reversible and irreversible domain rotation.

It can be shown that the equilibrium positionmf{ is
on one of the lines tangent to the asteroid andipas
through the tip oH. WhenH is outside the asteroid, two
such tangent lines can be drawn, and the equifibriu
magnetization is parallel to that making a smalegle
with the easy axis, as shown by; . WhenH is inside the

S-W model was proposed in Ref. [7] by adding a mean
field term,H.s = H+aM, wherea is a constant feedback
coefficient. This modifies the energy of an arbigrparticle,
and (3) becomes

M =$ [ [ my (& H+aM)p(E @) sing Yydé ()

This macroscopic mean field interaction is qudirely
correct, but requires further adjustments, in patdr, to
the easy axis distribution.

3. Numerical | mplementation

In numerical implementation, the magnetization is
obtained by the vector sum of the magnetic momentsf
an assembly dfl, magnetic particles, as expressed below

NP
M => mg(H+aMm)

i=1

(6)

3.1 1D Alternating Hysteresis
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In the simulation, 1800 S-W pseudo-particles aremg of all particles. The simulation results corresgiog to

uniformly distributed in a plane. The vector maggegion
is computed under an alternating magnetic fieldtation.
Fig. 3 illustrates the hysteresis loopM§i-H, whereMg, is
the component of magnetization aligned with theeml
field. It can be seen that the hysteresis loops lban
modified by adjusting the dimensionless parametér the

various magnitudes ¢ are shown in Fig. 5.

In an isotropic magnetic material, because of the
uniform particle distributionM lags the applieti vector a
constant angle for a given magnitude-bfThe lag angle of
the M versus theéHd magnitude is illustrated in Fig. 6. As
expected, the lag angle bf is nearly zero in the low field

interaction mean field. Although these loops aret noregion where all the changes of magnetic momentéim o

identical, they are very similar in character.

Multiparticle Pn=1800

-1.5

a1
Fig. 3. Hysteresis loops under 1D alternating excitation.

Since the particles are uniformly distributed, ather
components oM are zero, and the vector magnetizatibn
is equal toMg;, in this symmetrical case. This means tiat

andM are collinear and the components may be treated as

scalars. Fig. 4 shows the angular positions ofapglied
field H and the resultant magnetizatibh in the Cartesian
coordinates.
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Fig. 4. Angular positions of alternatinid andM.

In a magnetically anisotropic material, the S-W
particles are not uniformly distributed, adl will not be
aligned with the applied. The position ofM is then
determined by bothl and the particle distribution function.

3.2 2D Rotational Hysteresis

When a rotating fieldH is applied, the magnetization
M can also be calculated by adding the magnetic mtsme

single domain particles are reversible, and the dagle
increases whehl increases. WheH reaches about half of
the anisotropy fieldHy the lag angle increases very quickly
to the maximum, which is nearly 24and then decreases
with the increase dfl magnitude. It can also be seen in Fig.
6 that the lag angle approaches zero whentimagnitude

is larger than the anisotropy fieft.

Rotating Field

Hy/Hk

Hx/Hk
X

-1.2

-1.2-

@)

Vector Magnetisation with Interaction Field (  0=0.1)

()
Fig. 5. Loci of (a) rotating magnetic fieldH, and (b)
magnetizatiorM.
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M lags H angle without interaction field by S-W model

Lag angle

20

10

H/Hk

(1]

Fig. 6. Lag angle versus field magnitude.

(2]

3.3 3D Rotational Hysteresis

When a specified rotating excitation field is apgliin
3D space, the magnetizatidh in the magnetic material
will also rotate in space. The computing algoritloh
magnetization for a bulk magnetic material is dased on
the model of an S-W patrticle.

Fig. 7 illustrates the loci of the rotatithty (marked by +)
and the magnetizatioM (marked by *) of the isotropic
material. A circular rotating field is applied inet plane that
is inclined 30 from the horizontal plane. According to the
calculation, theM component perpendicular to the circular 5]
rotating field plane is cancelled due to the umifor
distribution of the particles. Thus, the magnetic
magnetizatiorM is in the same plane with the field strength
H. The calculation shows that for a normalized fiellcbf
0.6, the magnitude of the normalizktdis 0.82, and it lags
the excitation field for about 20

(3]

(4]

(6]

(7]
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Fig. 7. Loci of a circular rotating fieldd and magnetizatioM in
3D space.

[12] D. L. Atherton,

4. Conclusions

In this paper, the vector magnetization of soft neig
composite material under either an alternating takon
field or a rotating excitation field is evaluateg bsing a
modified S-W model which incorporates a mean irtkoa
1 field into the classical S-W model. The analysisults
would be helpful for deep understanding and modeth
the vector
composite material.

magnetization process of soft magnetic
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