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We propose an accurate anisotropic vector play model that uses the decomposition of vector shape functions. The parallel and
perpendicular components of the magnetic field H to the magnetic flux density B are independently identified in constructing the
decomposed shape functions. We further propose a method to reconstruct the perpendicular component from the one-dimensional
measurement of the parallel component based on a magnetic energy approach. This method accurately reconstructs the vector
hysteretic properties of silicon steel under alternating and rotating magnetic flux conditions.

Index Terms— Anisotropy, magnetic energy, play model, vector hysteresis.

. INTRODUCTION

ADVANCED magnetic field analyses of three-phase electric
machinery require precise descriptions of the vector
hysteretic property of the magnetic field at junctions of
magnetic flux. The vector play model [1]-[4] is one of the
most accurate and efficient models in representing the vector
hysteretic property of silicon steel sheets.

Using the isotropic vector play model and the anisotropy
matrix, Ref. [4] describes a successful approximation to the
anisotropic vector hysteresis of non-oriented silicon steel
sheets including the elliptic rotational field. In representing the
dynamic vector hysteretic property, the model provides a base
model of the dynamic model [5] or it is applied to the finite
element eddy-current analysis [6]. However, because of the
simple construction of the anisotropy matrix, the
representation may not be highly accurate when the anisotropy
becomes strong. Another drawback of this model is the need to
measure the alternating magnetic property using a 2D or
rotational single sheet tester (SST) [7], where precise
waveform control is needed to maintain the B-vector along its
specified direction.

For an accurate anisotropy representation, this paper
proposes anisotropic shape functions that represent the
perpendicular component of the magnetic field H to the
magnetic flux density B independently of its parallel
component. Based on a magnetic energy approach [8], [9], we
further propose a method to reconstruct the perpendicular
component without its direct measurement using only the 1-D
measurement of the parallel component.

Il. VECTOR PLAY MODEL

From the magnetic flux density B as input, the anisotropic
vector play model provides the magnetic field H as output:
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Fig.1. Vector play hysteron and vector shape function.
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where f is the anisotropic vector shape function, p; is the
vector play hysteron having radius ¢, pZ is the vector p; at the
previous time-point, and Bs is the saturation magnetic flux
density. Ref. [4] proposed a simple form for the shape function,

f(¢ ps(B).B)=W(BIbg)To(c,ps(B)), @)
where W is the anisotropy matrix, ds the azimuth angle of B,
and fo the isotropic vector shape function.
We propose two more accurate representations of the vector
shape function,
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where 6, is the azimuth angle of p, fj and f. are the shape
functions for the parallel and perpendicular component of H to
pe. and ep and ep1 denote the parallel and perpendicular unit
vectors to p; (see Fig. 1). For the anisotropy representation, the
shape functions, (4) and (5), depend on the azimuth angles of
B and py, respectively.
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Fig. 2. Integral domains for the normal magnetization and anhysteretic
curves

The shape functions f; and f. are determined from the

measured parallel and perpendicular components of H = (Hy(B,

6g), HL(B, 6g)) using the identification method for a scalar
play model [10].

I1l. MAGNETIC ENERGY APPROACH

A. Magnetic energy and 2-D magnetic property

The vector components of (Hy(B, 6g), Hi(B, 6g)) are
measured under the alternating flux condition along the 6g-
direction. The measurement of Hi(B) requires the 2-D SST,
where a sophisticated waveform control is required to
maintain B along its specified direction. In contrast, Hy(B, 6g)
can be measured by the conventional 1-D SST or the Epstein
frame using strip samples cut along the 6z directions.

Refs. [8] and [9] proposed a useful method to determine
H.(B, 6s) without its measurement using the magnetic energy.
The magnetic energy density F is defined as

F(B,HB):LE;ﬂ-dB:joEiﬁll(B,aB)dB. ©6)

It is assumed that H and B have no hysteretic relation and that
the integration is independent of the path. Using the magnetic
energy (6), the components of H are given as
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As (7) is derived without hysteresis, it cannot be used directly
to determine f. but can be obtain with a method developed
below via two magnetization curves without hysteresis, the
normal magnetization curve and the anhysteretic curve, to be
applied in (6) and (7)

B. Derivation from normal magnetization curve

The normal magnetization curve is obtained by the
measurement of symmetric B—H loops under the alternating
magnetic flux condition. The play model does not distinguish
the normal magnetization curve from the initial magnetization
curve. For the alternating input of amplitude By, along the Os-
direction, the input B = Bneg) gives

_ (Bm _é,)esn (é, < Bm) (8)
P, (Bneg) —{ 0 (B, <0)
where eg| is the unit vector parallel to B. Assuming (g, 0, 6) =
f1(¢, 0, 0) =0, Hn(Bmegy) = (Hmy, Hmy) is given by
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Fig. 3. Simulated B—H, loops for s = z/6 using the shape functions
(3) and (4), where f, in (4) is identified from measured data.
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From (6) and (9), the magnetic energy density F is represented
as

(10)

F(By.0) = |, Hyy (B.6,)dB
:J‘OBm {[OB f”(g B-¢,0, )dﬁ‘pB )
:.[oBm ﬂf f|\(§vB—§,93)dB}1§

where the integral domain is shown in Fig. 2(a). From (7) and
(11), Hme is given as

Hpny (B, 0g) = f B 00, {j f,(¢.B- §QB)dB}d§ (12)

From a comparison of (10) with (12), f. is estimated as

(11)
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Equation (13) is rewritten as
1 0
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C. Derivation from anhysteretic curve

The anhysteretic curve is obtained by applying the decaying
alternating magnetic flux with biased direct magnetic flux
density Bp. The resultant p;(Bwegy) is given by

p{(BbeB”) = Bbesn ' (15)
Consequently, Ho(Boegy) = (Hpj, HoL) is written as:
BS
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From (6) and (16), F is written as
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IV. SIMULATION RESULTS '\; 12+
We now compare simulation results of the anisotropic g 1}
vector models with the measured static magnetic property for 2 08}
the non-oriented silicon steel sheet JIS: 35A230 under the =
. . . . o 067
alternating and rotational magnetic flux condition. = 04
c 4 r
A. Alternating magnetic flux condition é’ 02 |
Fig. 3 shows simulated B—H. loops using the shape 0 i s -
function (4) for alternating flux with s = z/6, where f. in (4) -0 -5 0 5 10 15 20 25 30
is identified from the measured H.. The shape function (5) is perpendicular components of magnetic field (A/m)
equivalent_ to (4) for the alternating input because 6, = 6).;{. Fig. (b) 65 = 7/3[rad]
4 shows simulated B—H. loops with 8s = #/6 and =/3 using f. Fig. 4. Simulated B—H, loops using the shape function f,
determined from (14) and (20) without using the measured B— determined from magnetic energy using (14) and (20).
H. loops.
The proposed vector model using (4) represents B—-H. loops 350 [ sasured 30 [ asurc
more accurately than the simple model using (3). The shape T o0 sim = T o0 s
function f. identified from the measured H. gives very § 200 %’ 200
accurate B-H. loops. The shape function f. determined from 5 100 5 100
(20) obtains more accurate B-H. loops than f. determined % : %
from (14) Flg 4 Implles that the 2-D aniSOtrOpiC vector 0 0.20.40.60.8 1 1.21.4161.8 0 0.20.40.608 1 1.21.41.61.8
hysteretic property can be reconstructed from the B—-H loops magnetic flux density(T) magnetic flux density(T)
measured with the 1-D SST using the proposed anisotropic (a) 85 = Ofrad] (b) 5 = 7/6[rad]
vector play model and the magnetic energy approach. o0 00
Fig. 5 shows the simulated iron loss per cycle for the o W "'_e%sle”f.rﬁj e X '"_e%s?‘%f[eﬁ
alternating input with 6s = 0, #/6, z/4, /3. This simulated loss S | T S | M
agrees with the measured loss. L L I
5 100 g 100
B. Rotating magnetic flux condition s %
R R N 0 0.20.40.60.8 1 1.21.4161.8 0 0.20.40.608 1 1.21.41.61.8
Figs. 6 and 7 portray the simulated loci of H for the _ _ _ _
clockwise (CW) rotational input of B where the amplitude B, magnetic flux densiy(T) magneti flx density(n
=0.7, 1.0, 1.2, 1.3, 1.4 T; the vector shape functions (4) and () 65 =m/4[rad] _ (@) 05 =m/3[rad]
(5) are used with the shape function f. determined from (20). Fig. 5. Alternating hysteresis loss
The loci of H for rotational inputs of B are reconstructed from f(¢, p.(B), ¢ ) ot Rty “ +f
the B—H loops measured with the 1-D SST. The vector shape f _{ ( 0,(B),6 e }e
function (5) is more accurate than (4) when the amplitude of B H P (B " PR (21)
is small. fis { [ )epu B,
If the measured rotational hysteresis loss is available, it is {f e }e
possible to adjust the simulated rotational hysteresis loss to the L=k “L B R
measured value by decomposing the vector shape function (5), = {fL( Hp)epi ‘€, }eBl
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Fig. 6. Loci of H vector for rotational magnetic flux using (4).

where eg. is the unit vector perpendicular to B. The alternating
property depends on fy and f._1 whereas fj_ 1 and f._j do not
appear for the alternating input because ey egL = ep1- eg) = 0.
The rotational hysteresis loss is affected by f; . and fi 1. To
adjust the rotational loss without affecting its alternating
property, fj_1 is modified to

f* o= I-mea\ B LL_L(' B |)] fH K
. L..(B]) -

where L. 1 and Ly . are simulated losses associated with fj 1
and fi 1, and Lmea is the measured loss. This adjustment
requires the measurement under the rotating magnetic flux
condition using the 2D-SST, where the waveform control is
relatively easy compared with the measurement under the
alternating magnetic flux condition.

Fig. 8 shows the adjusted simulated iron loss per cycle of
JIS:35A230 for the rotational input, which agrees with the
measured loss.

(22)

V. CONCLUSION

The 2-D anisotropic vector hysteretic property can be
reconstructed from the B—H loops measured with the 1-D SST,
using the proposed anisotropic vector play model and the
magnetic energy approach.
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