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A New Nonlinear Anisotropic Model for Soft
Magnetic Materials

D. Lin, P. Zhou, Z. Badics, W. N. Fu, Q. M. Chen and Z. J. Cendes

Abstract--An accurate and efficient nonlinear anisotropic
model for soft magnetic materials is developed. In this model, the
cross effects of the magnetic field components in different
principle directions are decoupled by introducing an equivalent
magnitude of the magnetic field in each principle direction based
on an anisotropic characterization of the energy density. Only B-
H curves in the principal directions of the materials — two curves
in 2D or three curves in 3D — are needed to be measured. The
anisotropic behavior of laminations with isotropic or anisotropic
steel is also considered. The model is validated by numerical
experiments and is applied to the 3D finite element analysis of a
synchronous reluctance motor with an axially laminated
anisotropic rotor.

Index Terms—Axially laminated anisotropic (ALA) rotor,
lamination, nonlinear anisotropy, soft magnetic, transient finite
element analysis.

I. INTRODUCTION

HILE anisotropic behavior is often encountered in
electromagnetic devices, current models available to
characterize this behavior are inadequate. In particular,

the accuracy of basic anisotropic models is poor while
attempts to improve the accuracy result in difficult
measurement requirements and complex computational
representations.

One commonly used model is called the elliptical model
[1]. This model derives the permeability of a principal
direction directly from the relevant B-H curve based on the
magnitude of the applied magnetic field. If a 2D magnetic
field with constant magnitude is applied in different
directions, the permeability of each principal direction is
constant and, therefore, the vector of the flux density traces an
ellipse. However, as reported in [3], this model could not
provide a good accuracy.

The co-energy model for grain oriented steels [2] utilizes
the stored co-energy density over the H,-H, plane based on
four B-H curves. Two of the curves correspond to the applied
field in the two principal directions of the 2D plane, and the
other two curves correspond to the B components in tangent
and normal directions to the applied field at 55°. Whenever it
is necessary, the flux density B can be recovered as the
gradient of the co-energy density.
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Another method of modeling grain oriented steel
incorporates a far larger number of magnetization curves [3].
The steel is cut into strips in 10 degree steps with respect to
the rolling direction and tested to get B-H curves in 10
different directions. These curves are then used in the finite
element analysis. Obviously, this method has the following
drawbacks: (i) the difference in the directions of B and H can
not be considered, therefore, the method is only suitable for
problems where the B components orthogonal to H are
negligible; (ii) it is not convenient to obtain B-H curves in so
many directions; (iii) it is difficult to expand the method to 3D
nonlinear anisotropic problems.

In this paper, a novel model is developed for nonlinear
anisotropic soft materials. This model requires only two (for
2D) or three (for 3D) B-H curves in the principal directions.
Such curves may be provided directly by the manufacturers.
Furthermore, lamination effects are also considered in the
model.

1. NONLINEAR ANISOTROPIC MODEL

If a magnetic field is applied in a principal direction in a
nonlinear anisotropic soft material with negligible hysteresis,
the magnitude of the applied magnetic field H and of flux
density B simply follow the relevant B-H curve and the
directions of H and B are the same. However, when H is
applied in any other direction, B and H are no longer parallel.

Based on the fact that the application of the same magnitude
of H in different principal directions will cause different level
of magnetic saturation, the proposed model refers all
components of H to each principal direction. Thus, an
equivalent magnitude of the magnetic field is introduced in
each principle direction to consider both the anisotropy and
the cross effects of other directions due to nonlinearity. The
equivalent magnitudes referred to the x, y and z directions are
computed from

HY = H2 4 (K Hy)? + (Kk, H,)?
HY = (pH)? +H 2 (ko H)P g
Hez :\/(kszx)2+(kzyHy)2+(k,quz)2

For the sake of generality, this model also takes lamination
effects into account. We assume in (1) that the steel is
laminated in the z direction. Further, k,, is introduced to
consider lamination effects as
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where kjam is the stacking factor of the lamination. When the
steel is not laminated (i.e., solid), k., becomes 1. Subscripts
“f” and “a” in (2) stand for the iron and insulation parts of the
lamination, respectively. The coefficients in (1) are defined as

Ky =1/ Ky =W, /W
kxz =1/ kzx =Wrrz1 /Wn: (3)
Ky =1/ Ky =W /W

where the magnetic co-energy densities W, W, and W,

are obtained from the W-H curves based on the magnitude H,
of the applied field H as shown in Fig. 1. The W-H curve in
Fig. 1 is derived by integrating the corresponding B-H curve.
The permeability in each principal direction is obtained in
terms of the corresponding equivalent magnetic field

magnitudes, HY, HY or HZ . In addition, based on (1), (2)
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Fig. 1 Permeability and W-H curve for axis x. For the other two axes, replace x
by yorz.

k.=1.0
¥
Hn = (sz"'Hvz"'sz):uZ
¥
Get Wy, W, W, from Fig.1
¥

Calculate ky, ... from (3)

»

\/
Calculate Hg, HZ, Hs from (1)
1]

Get puy, 4y, i, from Fig.1

— no
Is lamination?

yes
Calculate k,, from (2)

no

K.z converged?

ves y

Calculate s, £4, 1, from (4)

Fig. 2 A simple iterative process to determine k,,,

and Fig. 1, the coefficient k,, is determined by a simple
iterative process, as shown in the flow chart of Fig. 2.

The three components of permeability including lamination
effects are

ty = (L= Kiam ) g + Kiam M i

Hy = (= Kiam ) #1a + I(Iam/“fy (@)
H; = kyz/ufz

and the flux density B is calculated from

B=[u]-H ®)
where [¢] is the permeability tensor
#y 00
[#l=| O wy O] (6)
0 0 4

I1l. IMPLEMENTATION IN FEA

The nonlinear anisotropic material model introduced in the
previous section is incorporated into a finite element Newton-
Raphson iteration scheme where the flux density is computed
from

B =B +[x]-(H-Hy) (7
where By and Hy denote the previous field solution, and
[4]=0B/oH =[Au]+[x]. ©)

Note that [Az] in (8) is a full tensor in general. For
laminations with anisotropic steel, [Az] can be derived as

Aﬁfx 'axbx Ax&‘fx 'axby A/Efx ' axbz
[Aul=A-| Aug -ab,  Aug-aby  Auyg -agb, |+
0 0 0
A;Zifx'cxdx A/ij><'(:><dy Aﬁfx'cxdz
C-|Auyg -cydy  Auy -cydy  Auyg -cyd,
Aﬁfz 'Czdx Aﬁfz 'Czdx Aﬁfz 'Czdz
9)
where
A:Zifx = ﬁfx — Hy
Apty, = tyy — My (10)
A/Ufz =Hy— Hy
L _Hook,  H, oK,
* k, oH,, k,, oH, (11)
L _Hy ok, H, ok,
YT U A v
k,, oH,, k, oH,
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by=0H,/oH,=H,/H,
by =0H,/oH, =H /H, (12)
b,=0H,/0H,=H,/H,
¢, =H,/H;
Cy = Hy/HeZ (13)
¢, :kmuzsz/HeZ
2
dx :Cx/kxz _bxkac
2
dy =cy/ky" —byka (14)
dz :Cz_bzkac
and
Kae = a,Cy /Ky +2,C, /Ky, (15)
A:k|am (16)
I(I
C am (17)

Ltc,” (Mg | )L~ Kiam) /K,
For laminations with isotropic steel, where all coefficients
in (1) are one, we have
ay=a, =k =0

and
dy =c¢4, d, =c,, d, =¢,
Therefore,
2
C”  CCy GG,
~ ~ 2
[Au]l=C-Au; ClCy C,° C.C, (18)
6C, ©C, ¢C°

It can be seen from (8) and (18) that for laminations with
isotropic steel [«] is a symmetric tensor.

IV. VALIDATION

A numerical experiment is set up to validate the proposed
model. A nonoriented electrical steel, Armco M-15 with
stacking factor of 0.95, is tested with a magnetic field applied
in directions 0° (x axis), 55° (relative to the x axis towards the
z axis) and 90° (z axis, i.e., the lamination direction). The
results of the numerical experiment published in [4] are shown
in Fig.3.

The purpose of this simulation is to see how well the
computed results match the experimental data at the critical
direction 55° compared to the numerical experiment data at 0°
and 90° [2], [3]. Since lamination effects are taken into
account in these two curves, the lamination is treated as a
solid steel with kj,, = 1. The computed results of the B
components in tangent and normal directions of H are
compared with the numerical experiment data in Fig. 4. For
the sake of easy comparison, the computed results by the
elliptical model in [1] are also given in Fig. 3. It can be seen
that the proposed model is much more accurate than the

elliptical model.
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Fig. 3 Numerical results applying magnetic field at 0°, 55° and 90° directions
in M-15 non-oriented steel. T and N denote the tangential and normal
directions, respectively.
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Fig. 4 Comparison between the numerical experiment and the computed
results by the proposed model and the elliptical model

V. APPLICATIONS

As an application example, Fig. 5 displays a 400W 4-pole
synchronous reluctance motor with axially-laminated
anisotropic rotors.

For easy material property assignment, it is more
convenient to use a cylindrical coordinate system fixed to the
rotor. In such a case, the lamination direction (the normal
direction) is in the radial direction r as shown in Fig. 5. Due to
the periodic and symmetric conditions, one-eighth of the
arrangement is analyzed.
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Fig. 5 The structure of a 400W 4-pole synchronous reluctance motor with
axially-laminated anisotropic rotor

A three-phase 110V, 60Hz voltage source is applied to the
three-phase winding of the motor, creating a rotating field
with synchronous speed of 1800rpm. The air-gap torque at
rated source voltage varying with the torque angle 6, as shown
in the phasor diagram of Fig. 6, is computed based on the slip
method. Here, the rotor rotates at a speed a little lower than
the synchronous speed. In this example, the rotor runs at
1650rpm. The performance of the motor is analyzed in one
slip period, from 0 to 0.2 second, corresponding to 5Hz slip
frequency.

The computed three-phase input currents are shown in Fig.
7. The current amplitude varies between 2A and 6A,
corresponding to rotor positions when the d axis aligned with
or perpendicular to the rotating field axis, respectively. The d-
axis and g-axis reactances, X4 and x,, can be derived from the
ratio of the winding flux linkage to the winding current at
these two special positions. Table | shows the computed
results of x4 and X. Notice that x4 and X, are nonlinear, and the
values are only valid for a certain condition. The magnetic
field distribution for the x4 computation is shown in Fig. 8.

The computed air-gap torque varying with the torque angle
is shown in Fig. 9. We can see that the torque is not zero when
the torque angle is zero. This is due to the effects of the stator
winding resistance. We can also observe that the computed
torque curve includes harmonics due to the effect of slots at
slip operation. In reality, the curve is smoother because the
average torque is derived over one period at the synchronous
speed. The real torque curve can be obtained by field analysis
at synchronous speed for various torque angles. Of course,
this increases the computation time.
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Fig. 6 The phasor diagram of synchronous reluctance motors
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Fig. 7 Three-phase input current waveforms when the rotor rotates with a slip
of 150rpm

TABLE |. COMPUTED D-AXIS AND Q-AXIS REACTANCES

Xg Xq

77.0 ohms 25.6 ohms
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Fig. 9 Computed air-gap torque varying with the torque angle. The torque
angle varies from 0 to 180 electric degrees as time changes from 0.1 to 0.2s.

VI. CONCLUSION

This paper presents a new nonlinear anisotropic model for
soft magnetic materials. The model requires only two or three
B-H curves in the principal directions depending on whether
we perform the analysis in 2D or 3D. A further advantage is
that these curves are directly available from the
manufacturers. The validation by numeric experiments shows
that the new model is more accurate than the elliptical model
in [1]. Finally, the basic concepts of the nonlinear anisotropic
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material model introduced in this paper can also be applied to
treat the anisotropy of magnetic materials with hysteresis.
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