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Isotropic Vector Hysteresis Represented by
Superposition of Stop Hysteron Models

Tetsuji Matsuo, Member, IEEE and Masaaki Shimasaki, Member, IEEE

Abstract—The present paper first shows that the scalar stop hys-
teron model has the property of equal vertical chords for back-and-
forth input variations of the same amplitude. This property leads
to an identification method of the scalar model. Secondly, identifi-
cation methods are developed for the 3-D and 2-D isotropic vector
models that are constructed by the superposition of scalar stop
hysteron models. Numerical simulations show that these methods
identify the scalar and vector models satisfactorily.

Index Terms—Equal vertical chords, identification method,
isotropic vector hysteresis, stop hysteron.

1. INTRODUCTION

HE STOP hysteron model [1]-[3] can provide the scalar

hysteretic output of magnetic field H from the input
of magnetic flux density B. Since finite element analysis
using magnetic vector potential requires the calculation of
H from B, this model can be an efficient tool for hysteretic
electromagnetic-field analysis. The application of the stop
hysteron model to electromagnetic field analysis, however, re-
quires an efficient and precise vector hysteresis model because
ferromagnetic materials have vector properties [4]-[6].

Some vector stop hysteron models, such as the geometric ex-
tension of the scalar model [1] and the superposition of scalar
models [7], have been proposed. The latter is constructed in the
same way as a vector Preisach model by Mayergoyz [4] and has
been satisfactorily applied to 2-D eddy current analysis [7] as
well as the scalar model applied to 1-D analysis [2]. The fea-
sibility of stop hysteron models for electromagnetic field anal-
ysis, however, has not yet been sufficiently examined. In order to
evaluate the representation ability of the stop hysteron models,
properties of these models should be further investigated and
identification methods, especially for the vector models, must
be developed.

The present paper first shows that the scalar stop hysteron
model has the property of equal vertical chords for back-and-
forth input variations of the same amplitude. This property leads
to an identification method of the scalar model. Secondly, iden-
tification methods are developed for the 3-D and 2-D isotropic
vector models constructed by the superposition of scalar stop
hysteron models. These methods are based on integral equations
similarly to those for the vector Preisach model [4], [8].
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Stop hysteron operator.

Fig. 1.

II. SCALAR STOP HYSTERON MODEL
A. Property of Scalar Stop Hysteron Model

It is assumed that a hysteretic function y = h(z) exhibits
its hysteretic property when || < x5, where z; is a con-
stant. The scalar stop hysteron model describes the hysteretic
characteristics as

y=h@) = [ ans,(@)n M
0
where s, is the scalar stop hysteron given by (2) with height 7
and g; is a single-valued function.
max(min(z — 2%+ s2,7),—n) (n < )
splx) = K 2
@ ={ ’ mm

where z° and s? are the values of = and s, at the previous
time-point. Since h(x) becomes a single-valued function when
|z| > s, 2 is restricted within |2°| < x, .The characteristics
of operator s;, are illustrated in Fig. 1.

Equation (2) implies that gi(n,s,(x)) becomes a
single-valued function of = without hysteresis when 7 = xs.
The hysteretic function (1) can be accordingly divided into an
irreversible part (7 < x5) and a reversible part (7 = x5) as

y=h(z)= /0%091(77, sn(@))dn + G1(x) (€)
where
Gi(z) = /m ms_ogl(m sn(@))dn. )
By defining |
) = 22 g =99
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h(x) is rewritten as

z,—0 sy ()
= / / k1 (1, s)dsdn
0 -7

+ K1(s)ds + h(—x5). (6)
This implies that i(x) is identified by determining «1 (7, s) and
Kl (8) .
Let 2y (a,z) and h_(a, z) be the outputs on ascending and
descending curves, respectively, for a back-and-forth input vari-
ation given by (7) with amplitude (0 < a < z,):

r=u+zo(—a<u<a) @)

where xq(|zo| < |z — al) is an arbitrary dc bias. It is assumed
that the input = has no extrema other than x¢ £ a. The hysterons
of n < a respond in a hysteretic way to this input as

sy(2) = { min(u —n+a,7)  (when increasing) ®

max(u + 71 —a,—n) (when decreasing).

On the other hand, the hysterons of > a respond assingle-
valued operators for this input:

sn(2) =1+ spo ©)

where s,0 = s, (z0) that depends on the past history of the input
prior to the back-and-forth variation.
The vertical difference between iy (a, ) is given by

min(u—n+a,n)
e (a,) = b (a2) // (o
max(u—l—n a,—n)
=Ry( (10)

1(
a, 3) //ﬁl 1 phd'dp (11)

where o = (a — u)/v2, B = (a +w)/V2, o = (n—5)/V2,
B = (n+ s)/v2 (see Fig. 2(a)) and &' (o, 3) = r1(a,u).
The back-and-forth input variations of the same amplitude make
equal vertical chords regardless of the dc bias zg.

s)dsdn

B. Identification of Scalar Stop Hysteron Model

From (11), x1(a,u) for the irreversible part (a < xy) is
obtained as

2R,
dadpf

If (a + B)/V2 = a > x4, Ri(a, B) is defined as
Ri(a, 8) = hy(zg, —2s + V28) — V2a) (13)

(see Fig. 2(b)). By using R; («v, 3) of (11) and (13), K (s) for
the reversible part is determined as

ri(a,u) = wi(a, B) = (12)

h_(zs, 25 —

. 1
H0) =8 5y O

—Ri(a+6,8-68)+Ri(a—675-08)} (14)

s —8)/V2and 8 = (x5 + 5)/V2.

where o = (z
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Fig.2. Integral domain for R;. (a) (a+3)/v2 < x.. ®)(a+3)/vV2 > x,.

C. Numerical Implementation of Identification Method

The identification method can be simply implemented as
follows.
The function (1) in the discretized form is written as

®) =Y Gup(sgu(e)) (15)

where 1, = kas/M (k= 1,..., M, M: number of hysterons),
J1nk 18 a single valued function for s,. The function g1, is
assumed to be piecewise linear as

Gran(s) = Gugn(sk,j-1)

Fk, (s = skj—1)(Skj—1 < 5 < sx ) (16)

where sp ; = —m + jAs(§ = 0,..., k), As = 2z,/M and
Rrj = {01qk(sk,j) — Gingr(sw,j—1)}/As. The ascending and
descending curves for the inputs (7) with the amplitudes a =
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mlk=1,...,M)yield s ;(§ = 1,...,k) as: See (17) at the
bottom of the page. where: See (18) at the bottom of the page.

III. 3-D VECTOR STOP HYSTERON MODEL

A. Identification of 3-D Vector Stop Hysteron Model (1)

An isotropic 3-D vector hysteresis model can be constructed
as a superposition of scalar models [4].

27
y=h(z) = / / ey ohs(eo o - x)sinfdfde  (19)
o Jo

where hg is a scalar hysteretic function and es, , is the unit
vector along the direction (f, ¢). The scalar hysteretic function
hz(x) is given by the scalar stop hysteron model in the same
way as (3) and (6) by

xs—0
/M@=A g5 (17, o))y + Gia(s)
s —0  psy(x) -
- / / ns(n,s)dsdn+ | Ks(s)ds
0 -n —x

+ ha(—=¢) (20)
where
9gs(n, s) dGs(s)
=2=P" K . 21

ra(n,5) = TEEE Ky(s) =SR2
When the input varies along only direction # = 0, the output

is given by

/2
y=nh(z) =27 / hs(x cos 8) cos 8 sin 6d4. (22)
0

When this A(x) has the same characteristics as the scalar func-
tion, the following equation holds.

ho(a,z) — h_(a,x)

/2
= 27r/ {hs4(acos b,z cosb)
0
— hg_(acos@,xcosf)}cosfsinddd  (23)

where N3y (a,x) and h_(a,x) are the values on the ascending
and descending curves of hs(z), respectively, for the back-and-
forth input variation (7). Equation (23) leads to

Ri(a,B) = 27r/ Rs(ccos B, Bcosf)cosfsinfdd (24)
0

A Self-archived copy in
Kyoto University Research Information Repository
https://repository.kulib.kyoto-u.ac.jp

3359

Equation (24) is an integral equation for K3, which is solved
in the same way as [4]:

{2R1( /3)+a6R1 + aaRl}
2m

Ra(o, 8) = (25)

Then x3(a,u) for the irreversible part (¢ < ) is obtained as

82 Rs(a, B)

k3(a,u) = ki(a, B) = 900l

(26)

Equation (26) does not determine K3(s) for the reversible
part (n = x,) that is given by

{8K1(s) + 4 — wmr (. - 0,5)}
27

Ks(s) = 27

The derivation of (27) is given in Appendix.

B. Identification of 3-D Vector Stop Hysteron Model (2)

The back-and-forth input variation of (7) induces the re-
versible response of the hysterons of 7 > a. In order to discuss
the relation of the reversibly responding part of the scalar and
vector hysteresis models, the following function is defined.

ma,u):/%_ gs(m)dn + Gi(u)

xr,—0 U
/ /n sdy+ [ Ki(s)ds

/w_g< Ddn+Gi(-x) (28

where ¢ = 1 or 3. The integral domains for «; and K; are shown
in Fig. 3. In order to give h(x) of (22) the same reversible prop-
erty as the function (1) for the input (7), the following relation
is required.

77/2
Ti(n,s) =2rm / T3(ncos @, scosf)cosfsinfdh.  (29)
0
The solution of (29) for 75 is given by

{2171(777 )+ 778T1 + S[)Tl}

Js

where R3 is given in the same way as R; in (11). I3(n,s) = o (30)
o AU, siga,y) — B (e, sig) — By (ks sij—1) + B (-1, sx—1,5-1)
P = X a7
0, (k=j=0)
Ry s1,5) = S Pt (s Sk,3) — B (s S,5), (1<k<MO0<j<k) (18)
ho(nne, snrg) = (v smj—1), (k=M +1,1<j < M)
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Xgb - ------

.-x sk - -
Fig. 3. Integral domain for 7.
Functions g3(n < xs) and G5 are given by (31) without using

K3 and Kg.

_8T3 (777 8)

g3(n,s) = “on Gs(s) =T3(xs — 0,5).  (31)

If k3 and K3 are needed, use (21) to arrive as the same x3 and
K3 as in (26) and (27) (see Appendix).
IV. 2-D VECTOR STOP HYSTERON MODEL

An isotropic 2-D vector hysteresis model is also constructed
as a superposition of scalar models [4].

y=h(z) = / eshale, - x)de (32)
0

where ho is a scalar hysteretic function and e, is the unit vector
along the ¢ direction. The scalar hysteretic function ho(z) is
given by the scalar stop hysteron model in the same way as (3)
and (20).

The unidirectional characteristics along ¢ = 0 are given by

y=h(z)= / ha(x cos ¢) cos pdy. (33)
0
This has the same characteristics as the scalar function (1) if
ho(x) is reduced from the 3-D hysteretic function as
/2

ha(z) = 2/0

where /i3 for the 3-D function is determined as in the preceding
section. Equation (34) leads to

h(x sin 6) sin? 6d@ (34)

/2
Tr(a,u) = 2/ Ts(asin 6, usin ) sin® §d6 (35)
0

where 73 is given by (30). Functions g, and (G are given from
T> in the same way as g3 and G5 are given from 73 by (31).

IEEE TRANSACTIONS ON MAGNETICS, VOL. 37, NO. 5, SEPTEMBER 2001

1} 'stop — H
Preisach ----- !

h(x)

1F Istop (2-D) —
Preisach ----- ]

h{x)

()

1
-1 05 0 05
X

1 -Inot S)I/mmetlrized — H
symmetrized ----- |

h(x)
h(x)

Fig. 4. Characteristics of identified stop hysteron models. (a) Preisach model,
(b) Identified with (38) (a), (c) Identified with (38) (b), (d) Averaged scalar
model, (e) 2-D vector model and (f) 3-D vector model.

V. EXAMINATION OF IDENTIFICATION METHOD

An example of hysteretic characteristics is given by the clas-
sical Preisach model [4], [6] as

1 phy
x(h):0.05h+/ 1/ X plhy, h_)yn. n_hdh_dhy (36)

where p(hy,h_) is the Preisach distribution function and
7, h_ is the elementary hysteresis operator [4]. The distribu-
tion function is set as

(5000 =027} (175000 F09)7]
(Z1<h_<hy<1) (37
0, (otherwise)

N(h-l-v h—) =

where . is a constant that is determined so as to set as
z(£1l) = =+£1. Fig. 4(a) shows the characteristics of z(h)
(inversely plotted).

The identification of the scalar stop hysteron model by (17)
and (18) is performed to construct the inverse function of x(h).
Two types of inputs of (7) with the amplitudes a = ks /M (k =
1,...,M,zs = 1, M = 40) are examined:

@zg=0,Md)zg=—25+ a. (38)
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Fig. 4(b) and (c) (solid line) show the identified characteristics The solutions of these integral equations for x5 and x4 are
from the inputs with (38) (a) and (b), respectively. These charac-
teristics do not describe the exact inverse of the Preisach model P adr, | BOK,
. . 4k (o, B) + 55 + 55
because the inverse of Preisach model does not have the prop- rat(cr, B) = o ,
erty of equal vertical chords for the inputs of the same amplitude ’ 27
regardless of xg. Negative slopes (dh(z)/dz < 0) are seen in {4“(77’ )+ 772& + 8(3&}
. . . . 8
Fig. 4(b) whereas the asymmetrical inputs with (38) (b) result = 2 i
in the asymmetrical characteristics in Fig. 4(c). The dashed line 4
:’i3(7773)' (41)

in Fig. 4(c) shows the symmetrized characteristics that is given
by symmetrizing <, ;. The solid line in Fig. 4(d) shows the av-
eraged characteristics of Fig. 4(b) and (c) with symmetrization,
which is given by averaging ;. The dashed line in Fig. 4(d)
is given by the Preisach model. The averaged characteristics
closely approximate the inverse of the Preisach model.

From the averaged scalar model, the 3-D and 2-D vector stop
hysteron models are constructed as in Fig. 4(e) and (f) by the
identification method in III-B and IV. These vector models are
satisfactorily identified.

VI. CONCLUSION

It is shown that the scalar stop hysteron model has the
property of equal vertical chords for back-and-forth input vari-
ations of the same amplitude with arbitrary dc bias. By using
this property, an identification method for the scalar model is
proposed. Identification methods, based on integral equations,
are developed for 3-D and 2-D isotropic vector models. These
identification methods are examined by numerical simulations,
where an inverse of the Preisach model is closely approximated.

APPENDIX

The differentiation of (24) with respect to « and /3 gives

/2

w1 (e, B) = 27r/ ry(acos B, 3 cos @) cos® O sin 6d6. (39)

0

The differentiation of (29) with respect to s and 7 leads to

/2
k1(n,s) = 27r/ r3(ncos @, scos ) cos® fsin 0dh. (40)
0

The differentiation of (29) with respect to s leads to
/2
T15(n,s) = 2w / Ts.(ncos B, s cos @) cos? O sin 6df (42)
0

where T;s(n,s) = 9T;(n,s)/ds (¢ = 1,3). The solution of
(42) for T34 is given by

{3Tls(77, 5) + 250 280 }

o (43)

T3s(777 S) =

By substituting n = zs — 0 into (43), (27) is obtained.
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