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Measurement and simulation of vector hysteresis

Abstract. The paper presents a rotational single sheet tester (RSST) which can be used to measure vector hysteresis characteristics inside a
specimen with round shape. The measured hysteresis characteristics in the orthogonal directions presents uniaxial anisotropy. It has been handled
by the Fourier expansion of the measured Everett functions. The Fourier coefficients of the unknown Everett function have been identified by the
modification of a previously implemented algorithm. In the identification task linearly and circularly polarized measured data have been taken into

account.

Streszczenie. Artykut przedstawia obrotowy tester jedno-arkuszowy (RSST), ktéry moze by¢ wykorzystany do pomiaru wektora histerezy w obiekcie
o ksztafcie okraglym. Mierzona w prostopadtych kierunkach petla histerezy posiada jednoosiowg anizotropie. Problem zostat rozwigzany przez
uzycie rozwinigecia Fouriera pomierzonych funkcji Everetta. Wspotczynniki Fouriera nieznanej funkcji Everetta zostaty zidentyfikowane poprzez
modyfikacje zaimplementowanego algorytmu. W zadaniu identyfikacji wzieto pod uwage liniowo i kotowo spolaryzowane dane pomiarowe. (Pomiar i

symulacja wektora histerezy)
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Introduction

Different types of single sheet testers have been
designed and manufactured to measure vector hysteresis
properties of soft magnetic materials [1-10]. The Rotational
Single Sheet Tester with a specimen with round shape
(R-RSST) has been used in this study [9-10].

The Preisach model of hysteresis is the most widely
applied simulation technique to approximate measured
hysteresis curves [11,12]. The vector Preisach model is
able to simulate vector behaviors of the field quantities
inside the materials under test [11], i.e. the phase lag
between the magnetic field intensity vector and the
magnetic flux density vector is depending on the
magnetization state. Either isotropic or anisotropic magnetic
materials can be simulated by the vector Preisach model
[11,13,14].

The identification of the vector Preisach model is a
difficult task which is based on an integral equation and the
Preisach distribution function [13] or the Everett function
[14]. Very accurate results can be reached by the
identification tasks.

However, the rotational properties of the vector
hysteresis models are not always accurate enough. In the
measurements, in the case of rotational magnetic flux
density the magnetic field intensity vector does not follow a
circular shape but a flower-like shape which can not be
simulated by the original models [11,14]. This property is
originated from some anisotropy of the material under test.
The flower shaped magnetic field intensity can be reached
by introducing a parameter which can be identified by
applying some data from rotational measurements [15,16].

In this paper, a new vector Preisach model of magnetic
hysteresis is presented which models accurately the
anisotropic properties of the material as well as the
rotational magnetization process.

The measured vector hysteresis characteristics

The RRSST system is an induction motor, which rotor
has been removed and the round shaped specimen has
been installed in this place. The block diagram of the
measurement set-up can be seen in Fig. 1, the complete
description is presented in [9,10]. The magnetic field inside
the specimen can be generated by a special two-phase
winding. The two orthogonal components of the magnetic
field intensity H(f) or the magnetic flux density B(f) can be
controlled by two independent current generators and an
application developed in the frame of LabVIEW. The two
orthogonal components of H(f) and of B(f) inside the
specimen can be measured by a sensor system.

specimen
(thickness: 1 mm)

Fig.1. The vector hysteresis measurement system

The measured concentric minor loops and the
corresponding Everett functions can be seen in Fig. 2. The
magnetic flux density has been controlled to be sinusoidal,
with preliminarily defined amplitude, to reach as small eddy
current effect as possible. The meaning of Everett function
will be shown in the next section, anyway, the measured
hysteresis curves and the Everett function are identical from
the simulation point of view.

First, the sample has been magnetized in the x, than in
the perpendicular y direction, i.e. linear excitation has been
supplied. The hysteresis characteristics measured in the x
and in the y directions are almost the same as it can be
seen in Fig. 2. The material has small uniaxial anisotropy,
the x direction is the easy axis, and the y direction is the
hard axis. This property has been taken into account. The
material is basically isotropic, but the sample has been
manufactured by a rolling technology, and the rolling
direction is identical with the x direction.

In the followings, the inverse hysteresis characteristics
are applied to build up the vector model, i.e. the input and
the output of the system is the magnetic flux density and the
magnetic field intensity, respectively. This is the reason why
the Everett functions have the unusual shape. Moreover,
the Everett functions are mirrored to the line B=a to
approximate smoother derivatives of the Everett functions
with respect to a and .

The following elliptical interpolation has been supposed
to approximate the smooth angular behavior of the Everett
function [14]:

(1) Fl@.pop) =@ fcos’ p+ FR(a.f)sinp
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where Fy(a,8) and Fy(a.p) are the measured Everett

functions in the x and the perpendicular y directions, i.e.
Fy(a.p)=F(a,.0), and F,(a.B)=F(a.B.7/2). The x and

y directions are represented by the polar angle ¢=0 and
@= 11/2, respectively.

The measured Everett function is m-periodic, and it is an
even function with respect to ¢, i.e.

2) F(a,B,p+m)=F(a,B,p)
and
(3) F(a’ﬂr_(p):F(aaﬂr(p) .

Due to the periodicity of the measured Everett function,
it can be approximated by its Fourier series, which is
presented in the next section.
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Fig. 2. The concentric minor loops and the Everett functions
measured in x and y directions

The vector Preisach hysteresis model

The vector Preisach model is the superposition of scalar
models. First, the implemented scalar model is presented
shortly [14], than the Fourier expansion of the measured
Everett functions, finally the identification task applying the
linearly and circularly polarized measured data is
introduced.

The output of the inverse Preisach model, i.e. the
magnetic field intensity, can be calculated by a double
integral defined over the Preisach triangle [11],

@ H0)=][  ulep)rlapn0)aads,

where y(a,ﬁ’) is the distribution function determined from
measurements, and y(a,f3,B(t)) is the characteristics of
one elementary hysteron, and B(¢) is the magnetic flux
density, i.e. the input of the model. The variables « and g
are called switching fields of the rectangular hysteron.

The realization in (4) results in a time consuming
algorithm because of the operation of the double integral. A
much faster method can be investigated by the use of the
above presented Everett function F(a,), since it is the
double integral of the distribution function. According to this
definition, the output of the model can be calculated by a
sum as [11,14]

K
(5) H(t)= Hax _F(“Osﬂo)“‘ZZ[F(ak:ﬂk—l)_F(ak’ﬂk)] :
k=1

where ¢ and f; are the increasing and the decreasing

sequences of the normalized magnetic flux density inside
the sample and stored by using the staircase line, moreover
ap and py denote the first turning point in the first

magnetization curve and K is the number of stairs in the
staircase line. Hmax denotes the maximum value of the
magnetic field intensity of the model.

Another practical advantage of the Everett function is
the easy measurement of it [11,12,14]. The Everett function
is usually obtained from the measured first order reversal
curves. However the concentric minor loops are applied
here. The Everett function can be calculated as

Ha _Ha
(6) F(a,ﬂ)=Tﬁ,

where H, is the reversal output value of the hysteresis

operator on the first magnetization curve corresponding to
the input value equal to « . The point (a,H,) defines the

peak value of the input as well as the output. The output
Hg,p is according to the input B=/ on the concentric

minor loop starting from the point (a, H,, ).

After measurements, the Everett functions have been
approximated by a tensor product representation of
piecewise cubic Hermite interpolating splines [17].

The vector Preisach model has been constructed as the
superposition of scalar models [11], i.e. the magnetic field
intensity vector has been obtained as a superposition of
continuously distributed scalar models on the two
dimensional plane,

7/2 7/2
(7) H()= j ep Holt)dp = j epB{B,(0)}do.
—-7/2 -z/2

In computer realization, the magnetic field intensity vector
can be approximated by the following sum:
n

®) H()= e, BB, ()20,
i=1
where ¢;=-z/2+(i-1)z/n (Ap=x/n), and n is the
number of directions. It means that the sum in (5) must be
calculated n times.
The scalar magnetic flux density in the direction ¢; can

be calculated from the two components of the magnetic flux
density vector as
9) By =By cosg; + By, sing; .

This results in the well known extension of the scalar
hysteresis models [11]. In front of using (9), the following
projection can be useful [15,16]:
. 1/
(10) B(Pf (w) =B, s1gn(cos goi)|c05(p,~| "
. . . 1/w

+By 51gn(s1n go,-)lsm(pl-l
If the parameter w is equal to 1, the original extension can
be obtained, i.e. the equation (9), however w>1 results in
the model, which can simulate small anisotropic behaviors
in the case of rotational excitation [18].

The two orthogonal components of the magnetic field
strength, the two components of the output of the vector
model, are finally given by

n n
(1) H, :ZH% cosg; , H, :ZH% sing; .
i=1 i=1
The measured Everett function is depending on the
polar angle ¢, and according to (2) and (3), it can be
approximated by its Fourier series [13,14],

104 PRZEGLAD ELEKTROTECHNICZNY (Electrical Review), ISSN 0033-2097, R. 87 NR 3/2011



(12 F(@B.p)= D Fp(@.p)cos2mp).
Here F,(a,p) are the Fourier coefficients [13,14],
F(a,B,0)+ F(a, B,7/2)
(13) Fy(ar, ) =22 N-1
T +2Z_,~=1 F(a.f.9;)

and

F(a,p0)+ ()" F(a, B,7/2)
(14)Fm(a>ﬂ);7 5 N-1

+ Zj:l F(a,p,pj)cos(2mg;)

according to the definition of Fourier coefficients, and the
integration has been approximated by the trapezoidal rule.
The value of N in (13) and (14) is the number of Everett
functions approximated by (1), and Ap=7/2N .

By applying the coefficient in (8) and only the first order
Fourier coefficient from (9), the measured Everett functions

can be approximated with a relative error about 5.107
(this is the maximum value). The applied Fourier
coefficients can be seen in Fig. 3. The coefficient Fy(a, )

has the usual shape, but Fj(a,f) has no got physical
meaning.

Fig. 3. The Fourier coefficients of the measured Everett functions

The representation of the ¢-dependent measured
Everett function by two Fourier coefficients Fy(«,5) and
F(a,p) means that the output of the anisotropic vector

hysteresis model must be the superposition of two vector
hysteresis sub-models according to
F(a,p.9)= Fy(a, B)+ Fi(a, B)cos(2p)  (see (12)). The
Everett function-like coefficients Fy(a,f) and F(a,p)
must be identified by the following scheme.

The identification is based on the following integral
equation [10,11,13]:

(15)
/2

F,(a,B)= J‘cosw cos(2me) E,, (a cosV? (o,ﬂcosl/w o) do,
—-7/2

where E, (a,f) are the unknown Everett functions, which
can be identified by a lengthy algorithm [10]. Here E,,(a,f)
is depending on the value of w which is the parameter
determined by applying measured data of rotational
magnetization process.

According to Fy(e,p) and F(e,B), Ep(a,p) and
E|(a,p) are the two unknown Everett functions. Parameter
w can be different for different m, denoted by w and q if
m=0, and m=1, respectively, resulting two degree of
freedom.

The identification process is the following:
1. Starting with w=1, ¢=1.
2. ldentify E,(a,B) according

3. Simulate some circular magnetization process by
applying the superposition of the two vector hysteresis
characteristics (m=0,1) according to
Eo(a,B)+ Ej(a, f)cos(2¢p) and the parameter w and q in (10).
4. Modify the parameters w and g according to the
difference between the measured and the simulated circular
data. This algorithm is based on the Nelder-Mead Simplex
Method [19]. Step back to 2. until the difference between
measured and simulated circular loops is not small enough.
The optimal value of the parameters are: w=1.1070,
q=1.1786 , the number of directions in one vector model is

n=28.

to (15) by applying

Comparison between measured and simulated data

The identified model has been tested by comparing
measured and simulated data (Fig. 4 and Fig. 5). The
measured and simulated curves are in a very good
agreement in the linear as well as in the rotational
magnetization process.
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Fig. 4. Comparison between measured (solid line) and simulated
(dotted line) hysteresis curves in the x and y directions
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Fig. 5. Comparison between measured (solid line) and simulated
(dashed line) magnetic field intensity when controlling circular flux

density in the counter-clockwise direction

Conclusion

The isotropic vector Preisach model has been modified
by introducing a new parameter w which can be identified
by using measured data from circular magnetization
process. The behavior of the resulting isotropic model is
closer to the real magnetization schemes. Here, a
generalization of this kind of model has been introduced.
The measured Everett functions are different in the different
directions which can be handled by the technique of Fourier
series. Different value of the parameter w has been used in
the case of different Fourier coefficients to reach more
degree of freedom. The new model is able to take the
uniaxial properties into account as well as the rotational
process.
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