POLLACK PERIODICA

An International Journal for Engineering and Information Sciences
DOI: 10.1556/Pollack.1.2006.2.7

Vol. 1, No. 2, pp. 83-97, (2006)

www.akademiai.com

TWO-DIMENSIONAL VECTOR HYSTERESIS
MODEL

Adam SCHIFFER, Amalia IVANYI

Department of Information Technology, Pollack Mihaly Faculty of Engineering
University of Pécs, Rokus u. 2, H-7624 Pécs, Hungary, e-mail: adam@morpheus.pte.hu
Received 6 April 2006; accepted 10 July 2006

Abstract: In this paper a new vector hysteresis model is constructed on the basis of a scalar
hysteresis model. The advantages of the scalar model are its easy identification, past memory
representation and numerical simplicity. The accommodation property of the model comes from
the construction philosophy of the model. The feasibility of the extrapolation is defined by the
turning points. The convenience of this model is its efficiency in reduction of the calculation time.
The model parameters, the modification vector fields, derived from the permeability vector can be
determined from the measured data points. The vector model can approximate the behavior of the
vector hysteresis characteristics of ferromagnetic materials. In this paper the main question of the
vector model, the definition of the initial values of components in the selected directions is
solved.
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1. Introduction

Several approaches to model hysteresis exist, it is not easy to select the most suitable
model for engineering application. Three main types of scalar hysteresis models can be
found in the literature. The Preisach approach is an attractive one because of its wiping—
out property, it has stable minor loops, but for the identification procedure of the model
many experimental data is needed (discretised first order reversal curves (FORC) or
symmetric minor loops) [1,2,3,4,5]. For proper accuracy many measured points are
needed and the prehistory of the material has to be stored the staircase line [6]. On the
other hand some other models like analytical ones are simple, and the output of the
model can be generated quickly, however they approximate the external loop. Third
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type of the hysteresis models are constructed on domain behavior (Stoner—Wohlfart and
the Jiles—Atherton models) [6,7]. In this paper a scalar hysteresis model is constructed
on the basis of a special modification field, determined from the permeability vectors.
The model properties are determined from measured data points. The aim of this
research is to develop a hysteresis model, based on finite number of measured data
points and on the introduced special vector field that is identified as modification vector
field.

The investigated material is structural steel (C19). The specimen is fed with
sinusoidal alternating current of amplitude 7,y =0.4 A and the frequency is f=1 Hz
with respect to the disregarded effect of the eddy currents. The number of turns of the

excitation and the measuring toroidal shape of coils are identical, N = 70. The average
magnetic length of the ferromagnetic ring is 173 mm. The cross—section of the

ferromagnetic core is A4=20mm?2. The measured data and the points on the

descending curves for the identification procedure can be seen in Fig. /. In this paper all
simulations are realized on the basis of these measured data point sets and on the
introduced modification vector field designated from these point sets.
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Fig. 1. A set of points of the measured descending curves

The hysteresis model presented below is introduced by the aid of a modification vector
field ¥, that can be derived from the permeability vectors belonging to the ascending
and the descending measured loops. Introducing this modification vector field the next
point, B(t; + At) on the hysteresis curve can easily be determined from the actual value

of the magnetic field intensity H(¢;) and from the differential permeability
ﬁdlﬁf (H;,B;) as the past local memory representation of the model. So, the hysteresis

characteristic can be determined as

B=J/{H,0B/oH ,¥;(H;,B;)}, (1)
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where 0B/oH = Hgigy 1s the local differential permeability and the vector field

Y¥,(H;,B;) can be determined from the measured ascending and descending first order

reversal curves, where i represents the actual measured point. H is the magnetic field
intensity and B is the magnetic flux density. Without accommodation any measured
data points p(H;,B;) on the hysteresis loop can be achieved from the major loop only

from the direction, defined by the local differential permeability vector

oB
= , 2
Haifi = 3 ety 5os )

which one represents the memory of the hysteresis in this model, because applying
different local differential permeability vectors as the local memory of the hysteresis
model, different output can be achieved.

2. The scalar model

2.1. Identification of the scalar model
Denote fi i (H;,B;):S »>R2 ScR2, S={H,;,B;)i=1-,Z} where Z is the
number of measured points and p(H i,Bi) represents the measured data. From the

measured points of the FORC the local differential permeability vectors [ldlff (H xx,~)

can be calculated along H ., = const lines as
.i‘diﬁ‘(Hxx’Bi)Z(AHxx’ABi)» 3)

where Af; = f; — f;_, specifies the segment of validity. The H, means an equidistant
= k(H pax = Humin )/ K |k, K e N If
Haif (H;,B;) and Haif (H;41,B;,;) values are known the relation between the

inner point along the H axis, so H,,

calculated modification vectors ¥ and the local differential permeability vectors are
Hipl = (Y’i + u; )/ 2 , where from the modification vector ¥ can be determined as
T[(Hi’Bi):(ZAHHI —AH;2AB, _ABi)' “4)

In case if the measured p(H,, B;) are equidistant in H then the vector

max _Hmin)/K (5)

is defined, where K the number of the equidistant points in H . The limiting points are
specified as Hy=-H Hyg =Hg, . Let introduce matrix form to denote the

HeR, H =H,, +k(H

sat»
measured set of the flux density as
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BeR2, By, =B;:3 p(H;.B;), ©
H; eH, ke[O,K]cZ+, ne[l,N]cN,

where N is the number of the FORC. Applying this nomination the % —th rows in B
means the & —th assignment in the matrix form H and the 7 —th column means the n—

th ascending or descending curve. All modification vectors W must also be stored in
the same sequence as above. For the reversal curves from descending ones
H-,B~, ¥, to the positive loops H*,B*,¥; can be defined. To the simulation of

the hysteresis loop at any H ;,B; point any H reH, B};,n € B measured points can

be found as ‘HZ ~H;

= min, B,’;n—B;‘=min, and then ‘PZ(Hk,Bkn) can be
k ’ n ’

determined for (k,n) pairs with * € [+,~]. So the sign * has been defined for positive
and negative reversal curves.

w*R2 5 R2, V¥ (H B, )=k (Hy. By ),
@)

‘H}; —H}k-‘=min, ‘BZ —B;‘:min.
k n

The direction of the change in H can be determined as *=Sign(AH /), while
‘I’*(Hj,Bj) can be interpolated if /7 ; ¢ H”.

If H* contains equidistant elements, AH;,; — AH; = 0, then from the measured values

the modification vector at point of (H;,B;) is
Wi (H,,B;) = (4H 1,248, — AB; ), ®)

Calculating the required B; from the modification vector ¥*,

4B+ :<"”*(Hia3i)[2]+413i)/2a ©)
SO
Bi+1Z(W*(HiaBi)[2]+ABi)/2+Bi~ (10)

By definition ¥*(H ,-,B,-)[2] means the second, ¥*(H ,-,Bi)[l] the first scalar
component of the modification field vector ¥*(H;, B;). The prehistory of the material
is represented by the local ¢ (H l-,Bl-) permeability vector through the tangent of the

curve. Fig. 2 shows the vector representation of the scalar hysteresis model. The
modification field vector ‘I’*(H,-,B,-) is calculated from ﬂdiﬁr(Hi,Bl-) and

Haif (H 41, Bjs1 ) vectors. The measured grid points for the identification can be seen in
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Fig. 1. To the ascending FORC the vector field of the modification vectors, derived
from the measured points is plotted in Fig. 3.
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Fig. 3. The vector ficld of the modification vectors W~ derived from the ascending loops

2.2. Application of the scalar model

In this section the introduced hysteresis model is applied in two cases. First, if the
simulation data set, H has equidistant difference, coincident with the measured data,
and second, if the steps in H are not equidistant and different from the measured

values.
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Generally, if the measured points in H* have equidistant difference, H j € H*, any

B, magnetic flux density can be calculated from B, and from the local measured

i’;y‘f' (H ;B j) and from the determined lI’*(H ;B j)

_ *
By =(w*(e,.8, 2]+ 48, )2+ B;. (11)
Simulating a hysteresis loop if H; H* and 4AH ; Is different from the measured

AH; data then Y’*(H j-Bj )[2] must be scaled with a scalar as

UY’*(Hstj)[z]s 12
By ~(y 'P*(Hj,Bj)[Z]+ABj)/2+Bj.

The scalar 7 can be determined from the simulated AH ; ;,H ;,B; and from the

measured ¥ (H j»B j)[l] values as

AH -
n=— (13)
¥ iHj,Bj I

where 'P*(H j»Bj )[1] can be determined from (7) according to the measured data.

2.3. Turning points

In the last section the model has been specified when the local permeability vectors
ﬁfﬁﬁ (H j»B /) are known. This should be different when the direction of the excitation
H is changing, it means that form up magnetization it turns to down magnetization and
opposite. This is the point on the major loop where the reversal curves start and called
as turning point. In these points the modification value of the field ‘I’*(H B j) is

different from the previous vectors, the modification vectors has to be specified at the
turning point. Otherwise the modification vectors ‘I’*(H Sat,Bsa,) must be calculated
according to (12) and when the excitation is over saturation H ;| > H g, , the vector

field must keep the saturation condition of the hysteresis curve, so the direction of

v (H Sm,Bsa,) must be the same as the local differential permeability vector. For the

exact simulation the turning point has to be specified. If H g H* and
Hin<-H

max » I H j11 > Hp,y the hysteresis loop is in saturation condition,

02B

== -0, (14)
oH2|,,

=t Hmax
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and
]

=ty (15)
oH H=tHmax

If in the model ‘l’*(Hj,-):|Hj+1| > Hpnax then from (11) 4B, = AB;. When the
exciting magnetic field H has local maxima or minima then *=sign(AH i +1) is

changing. The reversal curves are measured from reversal points. Because of at the first
point on the reversal curve 4B, = AH ;;; =0 it means that ‘I’*(H B j) defines the

reversible permeability in that point. This cannot be expressed as a function with respect
to the field intensity because of it depends on the domain configuration that comes from
the material history. As well as in saturation case and in demagnetized state the
direction of the reversible permeability in the ascending, and the differential
permeability in the descending loops are just opposite [6]. Fig. 4 shows the components
¥* of the vector field B on the major loop. The turning points specified above and can
be seen in Fig. 5.
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Fig. 4. Modification vectors ‘I’*(H*,B*) Fig. 5. Turning points of y* (H*,B*)
on the major loop vector fields

Using the turning points the model ensures the behavior on the major loop, so the
simulation data of the hysteresis loop H;,B; must be inside the ascending and

descending major loops. Otherwise when H ; ¢ H *and H j < —Hpax or H ;> Hp,y

these turning point conditions ensure that the model remain in between saturation
condition [8].
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2.4. Validation of the scalar model

Fig. 6 and Fig. 7 show the identification procedure for ‘pinning’ type hysteresis
curves. The discrete points and the calculated positive and negative modification vector
fields can be seen in Fig. 7. The investigated 27ZDKH95 specimen is produced by
Nippon Steel. The dimensions of the measured specimen are 500 mm x 500 mm x
2.5 mm. The measurement has been performed by J. Fuzi, at the Bioelectricity and
Magnetism Laboratory, Vienna University of Technology [9]. Recently the
identification procedure for the modification field is different because there are
concentric minor loops instead of FORC. If the concentric loops can be split into

monotonic ascending and descending curves then the W7 ,'¥; fields can be calculated.

Fig. 7 shows the modification vectors for a ‘pinning’ type hysteresis, determined on the
measured characteristic of Fig. 6.
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Fig. 6. Identification of the model for Fig. 7. The modification vector fields ¥,
pinning type hysteresis and ‘I‘z for pinning type hysteresis

2.5. Properties of the scalar model

After the ¥} modification vector fields are derived from the ascending and

descending curves for the resulted simulation the accuracy of the model is investigated.
Fig. 8 shows the simulated and measured data points under demagnetization excitation
process. It can be seen that the simulated results and the measurement points are very
close. The accommodation property of the hysteresis curve can be ensued from the
property of the real material and the construction philosophy of the simulation based on
measured data, as it can be seen in Fig. 9. Fig. 10 shows the simulation results with 11
reversal curves and the measured values for checking the simulation validity.

It is supposed that without accommodation an inner point p(H j+1:B; +1) can be

achieved from a p(H B /-) point only on one way that can be represented by the local
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differential vector ﬁ;}iﬁr (H j»B j). Using this model and get a p(H j»B j) inner point

the next point p(H j+1:B; +1) can definitely be different if two differential permeability

vectors ﬁ;*jl-ff (H I j) are applied during the simulation as memory representation.

Three different simulation loops can be seen in Fig. /] that shows different behavior of
the hysteresis applying three local differential permeability vectors as memory
representations. In other hand the algorithm is recursive, changing the point of past

p(Hj—z’
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o

2 4 6
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Fig. 8. Simulation results and measurement
data with demagnetization excitation
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Fig. 10. Simulation result and measurement
data
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B j_z) different p(H j+1:B i ) points would be resulted [10].
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Fig. 11. Simulation result of descending
curves with three different vectors

ﬁdiﬁ‘ (H;,B;) as memory
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3. A 2D vector model

In this paragraph the extension of the scalar model for two dimensional vector
representations is introduced. In this case the input of the model is the magnetic field
intensity H and the output is the magnetic flux density B . The excitation vector, H
has a specified direction @ that is different from the direction of B under rotational
excitation. The two field vectors are aligned parallel if the excitation is restricted to a
specified direction in isotropic model, because in this case the scalar hysteresis
characteristic can be obtained.

The introduced vector model, based on scalar hysteresis representation, is defined in
finite number of directions on the 2D plane. In this 2D case the projection space is
[0,27], contrary to the projection of [1], where the space directions has been specified
as [-z/2,+x/2] with respect to the applied field. The projections of the magnetic field

intensity H are determined in each direction as

H,=H:e,, |e,|=cos(p,—-0), (16)
where the direction ¢, € [— T, ﬂ'] can be calculated as
¢, = p-2aP, (17)

where P =2¢g is number of the predefined directions, and ¢ is an odd number,
DE [1,~~-,P] and mod(p,2) =1 [11], [12], [13]. The direction for the excitation vector
H is defined only for the interval (¢, —-0) e [— 2, 7r/2].

Fig. 12 shows the excitation vector H and its projections. H; =0, H, =0,
Hg =0, Hg =0, because of they are outside of the interval [-7/2,7/2].

Using the above definition for projection in p —th directions, there is no vector pair
on the opposite direction, because one scalar hysteresis model is applied for the all the
direction p.If p would be even then there would be two opposite components on the
same direction that is not allowed in the model.

The magnetic flux densities in the specified directions of H , are computed by the

scalar hysteresis model. The vector sum of the resulted flux densities represents the
output of the vector model. As in equation the decomposition of H is unambiguous,

and H , has two projections H , ., H, ,. The unit vectors in direction p is signed as

e, and the decomposition can be realized:
P P
H=|YH,e ,YH,e,|. (18)
p=1 p=1

The origin of the unit vectors satisfies
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§ep:e0, leo| =1, ef = H/|H]|. (19)
p=l1

Using the H, decomposition the magnetic flux density B, in e, direction can be
calculated as B, = H{H p} where H{} denotes the scalar hysteresis model. For the

output the vector model results
P P
B, = pZ:]Bp cos(¢,), B, = pZ:]Bp sin(g,, ), (20)

and finally the angle of B can be calculated as
9=tan~1(B,/B,). 1)

The output vector B calculated from components B, can be seen in Fig. /3.

In the case if @ # 9 or in anisotropic materials, the projection of the magnetic flux
density vector B on the direction @ of the magnetic field strength can be calculated as

BO =|B| cos(@ - 9). (22)

The model can be applied for isotropic and anisotropic materials. The isotropic material
has equal magnetic properties in all directions. The anisotropic material has different
magnetic properties in different directions. There is a direction in which the anisotropic
material should be magnetized in order to achieve optimum magnetic properties. This is
the so called easy axis. In this section an isotropic and anisotropic vector hysteresis
model is introduced in linear and rotating magnetic fields.
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4 5 | 0.6
H4
Hg 0.4r
Al ]
O\ ? H 0.2t
= 3 —
2 o M 5o
e X i)
Al Hy | 021
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X 0.8 L
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Fig. 12. The excitation vector H and its Fig. 13. Calculation of B from its
projections components B;

Pollack Periodica 1, 2006, 2



94 A. SCHIFFER, A. IVANYI

Fig. 14 shows the 2D vector model in linear excitation, where ® = z/4.2 . As it can
be seen from 2D vector model the magnetization vector and the magnetic flux density
vector are parallel in isotropic case. The results of the applied projection in anisotropic
case can be seen in Fig. 15, where is the material is not in the saturation state. First the
ferromagnetic material is magnetized up near to saturation and decreasing harmonically
to the negative saturation value.

0.8
0.6
0.4

o
o> 0.2

< _ -1 -0.5 0, 0.5 1
1 0.5 H /H 0 B /B 0.5 1 |.|X/|.|S : Bx/Bs
X s X s
Fig. 14. Two dimensional isotropic vector Fig. 15. Two dimensional anisotropic vector
model in linear excitation model in linear excitation

In Fig. 16 a behavior of the 2D isotropic, while in Fig. /7 the anisotropic vector model
is presented under anticlockwise rotational magnetic field. The material is magnetized
up near to saturation and after that H is rotated keeping its value constant.

Fig. 16. 2D isotropic vector model in Fig. 17. 2D anisotropic vector model in
anticlockwise rotational magnetic field anticlockwise rotational magnetic field
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As it can be seen the magnetic flux density vector B is delayed with respect to the
direction of the magnetic field intensity vector. There is a time—lag until the B achieves
its periodic equilibrium state. This should be resulted by two properties: first, the initial
value of the B; components that determines the behavior until stabilization. Second, the
accommodation property of the scalar hysteresis model according to its construction on
measured data of real material.

Fig. 18 shows the behavior of the (H7,B7) projection pairs according to the
excitation. In this direction just a minor accommodation can be seen. The resulted

characteristic in the projection direction is a minor loop inside the scalar hysteresis
major loop.

0.8

B[T]

3
H[A/m] 4
Fig. 18. Projection pairs (H 7,87 )

3.1. Definition of initial values

As in the model definition output B in the vector model can be calculated as a
vector sum of B, components. Before an excitation is applied the initial values of

vectors B, are not obvious, because are infinite decomposition for the Bin initial

vector. For instance the decomposition of B™ =0 1is easy if Bg’ satisfies

‘Bg’ =0, the length of the vectors can be selected

— in
8

=B, p.gell-,P].If ‘H’"

from the interval B e [— Brem,Brem] where B,,,, means the remanent magnetic flux
density value. If all initial values of B =0 and |H i"| =0, the simulation starts from

the demagnetization point in every directions. Applying a rotational magnetic field with
constant value in H this point Bg“ =0 and |H i"| =0 cannot be achieved again in

every directions.
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4. Conclusion

In the developed scalar model the differential permeability 4y and the field of the

modification vector ¥* can be obtained from the positive and negative reversal loops.
In spite of its simplicity the model can be prove the accommodation property. Because
of in the practice it is not realistic to measure a large set of reversal curves the
modification vector field W* can be interpolated, but not required, when
* . * * * *
W*(H;,B;):H,; ¢ H*. From |H*,B*,¥*,H; B;,AH; AB;| the next Bj,; can be
determined. Defining the turning points, the extrapolation is possible when
H; ¢ H", ‘H j‘ > H .« - In the model the relations between the field intensity H and
the magnetic flux density B are simulated, however several cases the relations are
defined between the field intensity H and the magnetization M . The identification
steps and the algorithm is similar, because of the magnetic flux density is equal with
B =y, (H +M ) , where g, is the permeability of the vacuum. The relation between

M (H ) and the B(H ) curve the vector field ¥* is proportional to the relation because
of OB/OH = pg(1+0M[6H ).

Using the above—defined scalar model, the vector hysteresis model can be
introduced. The applied hysteresis model has been derived and introduced from a scalar
measurement. In the isotropic vector model a scalar hysteresis model can be applied to
every directions over the 2D plane. Two important problems have been solved in the
introduced vector model the effect of the accommodation property of the scalar model
and the definition of the initial value in the magnetic flux density vectors for every
direction.
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