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Abstract 

The two-dimensional measurements prove that the magnetic hysteresis shows different 
behaviour at rotational magnetic field comparing its properties to the alternating one. In 
this paper these phenomena are investigated from theoretical point of view. It is proved 
that due to the introduced anisotropy tensor the circular polarized rotational magnetic 
induction yields elliptical polarization for both components of the magnetization as well as 
for the M-field patterns. The non-zero value of the off-diagonal elements in the anisotropy 
tensor has influence on the width of the hysteresis loops. It is proved that at small 
amplitude of the circular polarized rotational magnetic flux both the M-field and the 
H-field patterns have elliptical polarization. Increasing the amplitude of the induction 
in the rotational field, at saturation region the H-field patterns have modification in the 
elliptical polarization. 

Keywords: anisotropic magnetic material, rotational field, elliptical polarization of mag­
netization, polarization of H -field. 

Introduction 

Several two-dimensional measurements prove that specimens under rotat­
ing magnetic field show different properties, hysteresis loops and H-field 
patterns, comparing their behaviour under alternating magnetic field [1], 
[2]. In this paper these phenomena are investigated from theoretical point 
of view, and proved that the field locus curves are generated by the elliptical 
polarized H-field patterns in each direction. 

In this paper the magnetic material is modelled with macroscopic pa­
rameters. For the investigation a two-dimensional model is introduced. In 
the alternating field the nonlinear characteristics of the material in both di­
rections are approximated by inverse tangent functions without hysteresis. 
Taking into account the interaction between the magnetization in different 
directions an anisotropy tensor is introduced. Applying rotational magnetic 
field the affection of the anisotropy and the variation of the amplitude in 
the flux are studied, respectively. 
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1. Modelling the N onlinear Characteristics 

To describe the relation between the field intensity H and the flux density 
B in nonlinear magnetic material the 'magnetization' M is introduced 

B = lloH + M(H) , (1) 

where the M = M(H) characteristic is responsible for the hysteresis. In 
this paper the affection of the magnetic material on the induction is sup­
posed to be much more higher comparing to the one of the free space 
(lloH ~ M), so it is neglected in relation (1) 

B~M(M) . (2) 

Introducing a two-dimensional vector model with x,y directions, the vectors 
of the field intensity H, of the magnetization M, and of the induction B 
have different directions. The interaction between the field components and 
the anisotropy of the material is formulated with the anisotropy tensor K 

(3) 

In the model under alternating field the anhysteretic M(H) characteris­
tics in both directions are approximated by inverse tangent functions with 
different parameters 

(4) 

To identify the model the parameters are determined from the initial slope 
and from the point of the characteristic belonging to the highest amplitude 
of the magnetization. For the theoretical investigation the material is se­
lected from the measured samples [3]. The measured maximum values of 
the x and y directed components in the magnetic field and the magnetiza­
tion are 

Hx,max = 400 A/m, Mx,max = 1.4 T, 

(5) 

Hy,max = 1600 A/m, My,max = 1.4 T . 

The measured initial relative permittivities are 

Ilx,r,init = 13263, Ily,r,init = 2652. (6) 
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Fig. 1. The anhysteretic M - H characteristics of the material in x-direction (a), and 
in y-direction (b) under alternating field. 
(a) Mx,max = 1.4 T, Hx,max = 400 A/m, fLx,r,init = 13263 
(b) My,max = 1.4 T, Hy,max = 1600 A/m, fLy,r,init = 2652 
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From the measured values the calculated parameters of the nonlinear char­
acteristics are 

Mox = 0.9833 T, Hox = 59.23 (A/m), 

(7) 

Moy = 1.0140 T, Hoy = 298.2 (A/m) . 

The anhysteretic behaviour of the model (4), approximating with param­
eters (7) in the nonlinear characteristics of the magnetic material (5)-(6), 
are plotted in Fig. 1 until B = lA T is the alternating flux. 

Following the measurement techniques, an X,y directed magnetic flux 
density with sinusoidal variation is applied on the material 

Bx = Bm coswt, By = Bm sinwt . (8) 

Introducing the complex formalism, the components of the applied flux 
result in circular polarized rotational induction 

B B 'B B jwt = x + J y = me . (9) 

2. Anisotropy and Elliptical Polarization 

The first examination deals with the relation between the anisotropy ten­
sor and the rotational magnetic flux density. From the inverse of (3) the 
magnetization vector as well as its components can be superposed from 
clockwise and anti-clockwise rotating flux vectors, resulting elliptical po­
larization 

L{ Bm ( jwt( .) -jwi( 
lV, x = 2.6.11: e 11:21 + J 11:12 + e 11:22 

M Bm ( jwt( .) -jwt( .)) 
- y = - 2.6.11: e 11:21 + J 11:11 + e 11:21 - J 11:12 , (10) 

M = 1\.1x + j lvly . 

The main and the off axes of the ellipses, 'a' and 'b', describing the com­
ponents of the magnetization vector in Fig. 2a-d are determined by the 
elements of the anisotropy tensor, as 

(11) 
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Fig. 2. Elliptical polarization in components of magnetization under rotational field at 
Bm = 1 T 
(a) elliptical polarization in M .. at "11 = "22 = 1.0, "21 = 0.0, curve 1. "12 = 
0.0, curve 2. "12 = 0.5, curve 3. "12 = 1.0 
(b) elliptical polarization in My at "11 = "22 = 1.0, "12 = 0.0, curve 1. "21 = 
0.0, curve 2. "21 = -0.5, curve 3. "21 = -1.0 
(c) elliptical polarization in M .. at "11 = "22 = 1.0, curve 1. "12 = -"21 = 0.25, 
curve 2. "12 = -"21 = 0.75 
(d) elliptical polarization in My at "11 = "22 = 1.0, curve 1. "12 = -"21 = 0.25, 
curve 2. "12 = -"21 = 0.75 
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Fig. 3. Elliptical polarization in the magnetization under rotational field at Bm = 1 T 
(a) elliptical polarization in M at K:1l = K:22 = 1.0, K:12 = 0.1, K:21 = -0.8 
(b) elliptical polarization in M at K:1l = K:22 = 1.0, K:12 = 0.8, K:21 = -0.1 
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while for full polarization, plotted in Fig. 3a-b, the axes and the declination 
to the axis x can be determined as 

a = Brn( )("-22 + "-11)2 + ("-12 - "-21)2+ 

+ )("-22 - "-11)2 + ("-12 + "-21)2»/2~,,- , 

b = Brn( )("-22 + "-11)2 + ("-12 - "-21)2+ 

+ )("-22 - "-11)2 + ("-12 + "-21)2))/2~"- , 

-a = [tan-1(("-12 - "-21)/("-11 + "-22»+ 

+ tan-1 (("-12 + "-21)/("-11 - "-22»l!2 , 

(12) 

where Brn is the amplitude of the applied flux density and ~"- is the de­
terminant of the tensor "-. 

Selecting the main diagonal elements to be unit, in the anisotropy ten­
sor the affection of the off-diagonal elements on the polarization is plotted 
in Fig. 2 under the anti-clockwise rotating flux, Brn = 1 T. The polarization 
in the x, y directed components of the magnetization is plotted in Fig. 2a 
for K.ll = K.22 = 1.0, K.21 = 0.0 and K.12 = 0.0, 0.5, 1.0 parameters, while in 
Fig. 2b the parameters are elected as K.ll = K.22 = 1.0, K.12 = 0.0, K.21 = 0.0, 
-0.5, -1.0. To prove the affection of the off-diagonal elements the previous 
results are plotted for K.ll = K.22 = 1.0, at parameters "-12 = -K.21 = 0.25 
and K.12 = -K.21 = 0.75 in Fig. 2c-d. 

From Fig. 2a-d it can be seen that the main and the off-axes of the po­
larization in Mx and in My are determined by the elements of the anisotropy 
tensor. 

The full polarization for the elements of the anisotropy tensor 
K. = [1.0,0.1, -0.8, 1.0] is plotted in Fig. 3a and for the value of anisotropy 
tensor K. = [1.0,0.8, -0.1, 1.0] in Fig. Bb. 

From the plots it can be seen that the values of the main and off-axes 
do not change with the replacement in the off-diagonal elements. According 
to (12) the main and the off-axes in the polarization, plotted in Fig. Ba and 
in Fig. 3b are a = 1.34 T, b = 0.69 T, while the declinations to the x-axis 
are -aa = 57.110 and -ab = -32.890

, resulting 1!' /2 rotation in the main axis. 
From the figures it can be seen that the interaction between the x, y 

components of the magnetic field yields different rate for polarization in 
the magnetization vector and in its components. 
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Fig. 4. The hysteresis loops generated by the anisotropy under rotational fields at Bm = 

1 T 
(a) M -H loop in x-direction at "11 = "22 = 1.0, "21 = 0.0, curve 1. "12 = 0.25, 
curve 2. "12 = 0.75 . 
(b) M - H loop in y-direction at "11 = "22 = 1.0, "12 = 0.0, curve 1. "21 = 
-0.25, curve 2. "21 = -0.75 
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3. Anisotropy and the Width of the Hysteresis 

The other effect of the interaction between the flux components is the 
variation of the width of the hysteresis with the off-diagonal elements of 
the anisotropy tensor. Under Bm = 1 T anti-clockwise rotating flux the 
hysteresis loops generated by the anisotropy of the material are plotted in 
Fig. 4a for x-directed field components at ~11 = ~22 = 1.0, ~21 = 0.0 with 
~12 = 0.25, 0.75 parameters and in Fig. 4b for y-directed components at 
~11 = ~22 = 1.0, ~12 = 0.0, with ~21 = -0.25 -0.75 parameters. 

From the figures it can be seen that the interaction between the x,y 
components of the magnetic field results magnetic hysteresis for the field 
components in the material characteristics. 

Under Bm = 1 T rotational field the affection of the off-diagonal 
elements on the width of the hysteresis is examined. Selecting the main 
diagonal elements to be unit, over the 0 ::; ~12 ::; 1.0, -1.0 ::; ~21 ::; 0 
domain of the off-diagonal elements, the contour lines for the variation of 
the width in the hysteresis loops generated toward the x and the y directions 
are plotted in Fig. 5a-b and in Fig. 5c-d. 

From the figures it can be seen that modelling the interaction in the 
rotational field with the off-diagonal elements of the anisotropy tensor, its 
variation modifies the width of the hysteresis. 

To the further investigation for the material modelled after the mea­
sured samples [3] the main diagonal elements of the anisotropy tensor are 
selected to be unit, while the off-diagonal elements are determined from 
the width of the hysteresis loops. According to the measured data pub­
lished in [3], the width of the hysteresis loop under Bm = 0.5 T rotational 
flux are Hx = 30 A/m, Hy = 45 A/m. To model the above material 
the selection for the elements of the anisotropy tensor ~11 = ~22 = 1.00, 
~12 = 0.95, ~21 = -0.30 results near the same width in the hysteresis loops 
Hx = 23.36 A/m and Hy = 35.48 A/m under Bm = 0.5 T rotational flux. 

4. Saturation Effect on the Polarization 

To investigate what affection the amplitude of the rotating flux has on the 
H-field locus, first the variation of the width of the hysteresis with the 
amplitude of the applied flux is investigated. 

At the above selection for the elements of the anisotropy tensor, the 
variation of the width fields in the hysteresis loops, Hx, Hy in the x and 
y directed hysteresis, versus the amplitude of the rotational flux is plotted 
in Fig. 6. 
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Fig. 5. Variation of the width of the hysteresis loops with the off-diagonal elements in 
the anisotropy tensor 
(a) Hx field surface over the plane of the off-diagonal elements 
(b) Hy field surface over the plane of the off-diagonal elements 
(c) H x field contour lines 
(d) Hy field contour lines 
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Fig. 6. Variation of the width of the hysteresis loops with the amplitude of the rotational 
flux density a.t 11:11 = 11:22 = 1.0, 11:12 = 0.95, I\::;u = -0.3, 
curve 1. Bz = B(Bm), curve 2. By = B(Bm) 

From the figures it can be seen that increasing either the values of 
the coefficients in the off-diagonal elements of the anisotropy tensor or the 
amplitude in the applied rotational field the width of the hysteresis loops 
toward different directions does not increase without limit. The other effect 
is that increasing the amplitude of the applied rotational field the width 
fields in the x and y directed hysteresis loops approximate the same value 
at saturation region. 

Increasing the amplitude in the rotational flux, the modification of 
the hysteresis curves, and of the H-field locus are plotted in Fig. 7 at 
Bm = 0.5 T, in Fig. 8 at Bm = 1 T, and in Fig. 9 at Bm = 1.3 T under 
anti-clockwise rotating flux. 

To explain the saturation effect, plotted in Fig. 10 at Bm = 1.4 T, 
the nonlinear characteristics are approximated with 'broken lines' without 
hysteresis, and matching at the point given in (5) with the maximum value 
of the applied field 
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7. Field patterns under rotational flux density Bm = 0.5 T 
( a) hysteresis loop in x-direction 
(b) hysteresis loop in y-direction 
(c) H-field locus 
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Fig. 8. Field patterns under rotational flux density Bm = 1.0 T 
(a) hysteresis loop in x-direction 
(b) hysteresis loop in y-direction 
(c) H-field locus 
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Fig. 9. Field patterns under rotational flux density Bm = 1.3 T 
( a) hysteresis loop in x-direction 
(b) hysteresis loop in y-direction 
(c) H-field locus 
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fLi = (dMi/dHi)!Hi=O, 
fLi = (dMddHi)!Hm,i' 

for Mi ~ Mm,i , 
for lvli:::::; Mm,i , 

z = x,y . (13) 

Substituting these characteristics into (3) the H-field locus can be refor­
mulated as 

Hx + jHy = (Mx - li-Iox )/ fLx + j(My - Moy)/ fly , (14) 

where .J.Wx and lWy are responsible for the rotational flux, while fLx, fly 
modify the elliptical polarization. If the amplitude of the rotational flux is 
far from the saturation value of the magnetization, so Mox ,Moy have zero 
values, and Eq. (14) yields elliptical polarized form for the H-field locus. 

If a saturation is supposed in the x-directed H-field, the y-directed 
field, is far from the saturation according to the phase shift between the 
x, y components of the flux, and in spite of the interaction. So, the first 
term in (14) results the saturation value for H x , while the second term 
results a polarization with small amplitude. Repeating the same process in 
y-direction, it results in the saturated value of y-components of H -field with 
small amplitude of polarization [4]. The phase position of these extreme 
fields can be determined from (13). If there is large difference between the 
saturation values of different directions, and the x, y components of the 
flux have 7r /2 phase shift, the extreme values in H-field locus are near to 
the axes of the field components as it can be seen in Fig. 10. 

Conclusion 

Feeding a nonlinear material with rotational flux its characteristics prove 
different properties comparing to the one under alternating flux. 

The rotational flux results hysteresis for anisotropic material, having 
anhysteretic characteristic in alternating field. 

In the material which under rotational flux does not reach the satu­
ration region of the characteristics, the H-field locus follows the elliptical 
polarization of the magnetization patterns. Under rotational flux the sat­
uration effect in any direction yields a strong displacement in the H-field 
patterns resulting modification in the field locus. 
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