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ABSTRACT In this present work, an attempt has been made to improve the shape of hysteresis loops as
well as an accurate calculation of the iron losses under the frequency effect. The inverse Jiles-Atherton
model is extended to describe the magnetization of ferromagnetic material behavior in dynamic regime. A
new formulation of the magnetic effective field is used which consists of modifying the expression of the
excess field to take correctly into account the moving domain walls effect. The new proposed expression of
the effective field allows a good representation of the magnetic hysteresis behavior regarding the frequency
increase. To validate this proposal approaches a measured and modeled hysteresis loops for different

frequencies are compared.

INDEX TERMS Effective field, Excess losses, Frequency effect, Jiles-Atherton Model, Hysteresis, Iron

losses.

I. INTRODUCTION

OR an optimal design of the magnetic cores

constituting  the  essential element in  the
electromagnetic conversion of electrical energy devices, the
correct determination of iron losses is indispensable. These
losses are normally estimated using several approaches
such as Steinmetz's formula [1], Bertotti's loss separation
method [2]-[3], or mathematical hysteresis models [4]. The
diversity of these methods shows the difficulty encountered
in the accurate determination of these losses. In
ferromagnetic materials these losses are represented by the
area of the hysteresis loops. Several approaches are
available for the modelling of ferromagnetic hysteresis. The
Jiles-Atherton model [5], is one of the most popular
models, due to its relative simplicity and physical
backgrounds. The internal magnetic field, i.e. the effective
field [6], plays an important role in the description of
hysteretic behavior in these materials.
Increasing the frequency of the supply voltages causes the
flow of eddy currents induced in ferromagnetic core
material. These induced currents produce an additional
magnetic field, in opposition to the effective field [7].
Moreover; the source of excess losses can be interpreted as
the result of another field also in opposition to the internal
field.
In this work, an attempt has been made to improve the
shape of hysteresis loops and consequently, iron losses
determination under the frequency effect. The inverse Jiles-
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Atherton model is extended to describe the hysteresis loops
of the soft magnetic material in dynamic regime, including
a modification in the effective field. In which the counter-
fields produced by the eddy currents and excess losses, are
given by new expressions. By varying the excess field
expression, the shape and the total losses are immediately
ameliorated. The obtained results are verified on 3% Fe-Si
non-oriented magnetic sheets.

Il. QUASI-STATIC INVERSE JILES -ATHERTON MODEL
The Modified Inverse Jiles-Atherton model (MIJA)
considers the magnetic flux density B as an independent
variable [8]-[9], is given below by equation (1) with

H. and M., are, respectively, the effective field and the
anhysteretic magnetization, the directional parameter o is
taking the value +1 if dB/dt > 0 and -1 if dB/dt < 0.

a, o, ¢, k and the saturation magnetization M; are the five
model parameters which have to be determined from
measured major hysteresis loops.

dM &

= (1)
dB (ks +(1-a)¢&)
with the following complementary relationships :
aM
E=M,—M +kco——* (2.2)

dH,
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H, a
M, =M | coth——— (2.b)

a H,
H,=H+aM (2.0)

2

dm M H

R O ) .d)
dH, a a H,

The magnetic field in the quasi static regime is obtained by

B
H,=—-M 3)

stat
Hy

In this work 3% Fe-Si non-oriented magnetic sheets are used
These sheets are characterized by 0.35 mm thick laminations,
15 mm width and 7650 kg/m3 mass density. The
measurement of the hysteresis loops is performed by using
Epstein frame, this device plays the role of transformer with
primary coils of 640 turns and secondary coils of 320 turns.
The mean length of the magnetic core is 147 mm.

Table I presents these parameters identified in quasi-static
regime (10 Hz, this is the stable lower limit of our generator),
by using the same procedure cited as in [8]. Figure 1 shows
the measured and the modelled hysteresis loops.

TABLE I. Major Hysteresis Loop Parameters

J-A model parameters Quasi-Static values

M; (A/m) 1.19-10°
a (A/m) 56.14
k (A/m) 60.10
a 1.95-10*
c 1.33-10°
15 oy
@® Measured at 10 Hz
1L Modelled at 10 Hz i
0.51 4
£ ol J
m
-0.51 4
AL i
-15t_0® T r r r r
-1500 -1000 -500 0 500 1000 1500

H (A/m)

FIGURE 1. Modelled and measured hysteresis loops

lll. DYNAMIC EXTENSION OF THE MIJA MODEL

94

The MIJA hysteresis model presented above describes
accurately the quasi-static magnetization process of the
domain structure. In the previous research [9], an attempt
was made to include the effect of dynamic regime in MIJA
by adding two reaction fields resulting from eddy currents
and excess losses in the expression of the effective field. This
dynamic model gives acceptable results but the shape of the
hysteresis loop is not well represented. In this work, we
introduce a new expression of the excess losses based on the
viscous-type equation describing the time lag between the
flux density B(?) and the applied field H(z) [10-12] as given
below in equation (4).

14

=——|H(1)-H,,(B)

dt g(B)

4)

The Hsar represents the static hysteresis field calculated using
the quasi-static inverse Jiles-Atherton model given in section
2. v is a parameter for a given material, by varying this
parameter along some parts of the loop we can control the
shape and total loss [12]. //g(B) is called dynamic magnetic
resistivity and g(B) in general is a function of B [10]. The
most prevalent expression of function g(B) is given by [13]

C
g(B)= : (5)

(1-[8()/B,.T)

C:> is constant for given material and Bumax is the maximum
induction reachable in calculations and experiment. Using (4)
and (5) the total field is given as

/v

H(0)=H,, (1) 6 5(5) 2

g(B (6)

The second term in (6) represents the excess field Hexc
expression whose value is proportional to |dB (¢) / dt|" [11].
By using this expression of excess field Hex, the volumetric
energy density dissipated per cycle and per unit volume in
the interval of time A¢ due to excess losses is given as

dB(t)
A

p
" dB
—At
At

g(B)

In other hand, this volumetric energy density is given in [9,
14] by the following expression

(M

At

dB(t)
A

% dB
— At

8
v ®)

w,.=C.|

At

The comparison between (7) and (8) gives an overview of the
value of v. It is clearly visible when g(B) is constant and the
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exponent =2, the two expressions which give the excess
losses coincide perfectly.

The magnetic effective field given by (2.c) is modified by
introducing the effect of the eddy currents and the excess
losses and is given by

a5(1) /

dt

dB(t)

dt

g(8)

+0

©)

H =H+aM-| C
e — 1

1

In this expression the first term is the same as given by (2.c)
in the quasi-static model, the second term presents the
contribution of the induced currents and excess losses. In the
second term C,dB(¢)/dt represents the field caused by
eddy currents reaction.

Where C; is a coefficient related to the physical and
geometrical parameters of material.

The coefficients C; and C: in most cases are not known for
all materials, in such cases, this difficulty is overcome by
identification of these coefficients in dynamic regime.

It has to be noted that the statistical loss-separation theory
proposed by G.Bertotti, [2] does not hold if the skin effect
not negligible.

IV. RESULTS AND DISCUSSION

In the first step the five parameters of Jiles-Atherton model in
quasi-static regime (10 Hz) are identified and they are
presented in Table I. To obtain the coefficients C; and C: in
dynamic regime we use the experimental results of 100 Hz
by minimizing the error between the measured magnetic field
and the modelled one. The stochastic method based on the
genetic algorithm is used. This technical is implemented in
MATLAB software using the GA Toolbox. The objective
function to be minimized is given by

N i _ i 2
A,

Where:

Heas and Hmoa are respectively the measured and the
modelled magnetic field, N is the number of measured points.
Table II, shows the values of the new parameters C; and Co.

TABLE Il. New Dynamic Parameters

Quasi-Static values New parameters

29.10° C1(m/Q)

66-10 C> (A/Q)\2

These new dynamic parameters are obtained by using the
modified effective field expression given by (9) and by
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choosing the exponent v = 2. The dynamic loops are
calculated for the frequencies 50 Hz and 100 Hz are
presented in Figs. 2 and 3. Good agreement is obtained
compared with measurement.

15 ; T T ; .
e Measured
Modelled with =2
1L i
0.51 i
£ oL |
o
-0.5 i
AL -
1.5 c c r c
-1500 -1000 -500 0 500 1000 1500

H (A/m)

FIGURE 2. Modelled and measured hysteresis loops at 50 Hz
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FIGURE 3. Modelled and measured hysteresis loops at 100 Hz

When the frequency is increased more than 100 Hz a
swelling appears on the shape of the measured hysteresis
loops. This swelling becomes more and more visible for
higher frequencies as shown in Figs 4-6. Figs. 4-6, show that
when we use =2, dynamic hysteresis loops modelled for
increased frequency do not fit measured ones.
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To improve the shape of the modelled hysteresis loops we
1.5 — — e . need to modify the value of v along the parts where swelling
* mij:::dwim , appears. The optimal value of the exponent v is given
1L , according to the flowing condition
H
sl : , if [5(B(t))>0and5(B(t))<038 ]
: then v=13 (11)
£ o ]
“ else v=2
-0.51 i
The optimal value when swelling appears is obtained by
4l i using the Pattern Search (PS) in MATLAB Optimization
toolbox.
s oaterdte By using this condition for v, the modelled and measured
-1000 -800 600 -400 -200 H(Af’/ ) 200 400 600 800 1000 dynamic hysteresis loops are quite similar as shown in
m .
Figs.7-9.
FIGURE 4. Modelled and measured hysteresis loops at 200 Hz
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FIGURE 5. Modelled and measured hysteresis loops at 250 Hz FIGURE 7. Modelled and measured hysteresis loops at 200 Hz with v
variable
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FIGURE 6. Modelled and measured hysteresis loops at 300 Hz
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FIGURE 8. Modelled and measured hysteresis loops at 250 Hz with v
variable 1.8 . *
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FIGURE 9. Modelled and measured hysteresis loops at 300 Hz with v
variable

Figure 10, shows the power losses modelled and measured
for various frequencies, and figure 11 shows the difference
between the modelled and measured values. It is clear that
the computed power losses with v variable compared to
experiment give accurate results than those evaluated by
using v=2.

25 E . . E E
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Modelled with  variable /’
----- Modelled with ,_ /
200 v=2 // |
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[0 7
3 724
5 10- 2 1
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:
o v
/”
5 -
0 r T r r r
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Frequency (Hz)

FIGURE 10. Evolution of power losses modelled and measured at different
frequencies
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FIGURE 11. Evolution of the errors between modelled and measured power
losses at different frequencies

V. CONCLUSION

The proposed modification of effective field in dynamic
regime, using modified inverse Jiles-Atherton model, is
applied for the description of either quasi-static or dynamic
magnetization. This modification is based on the introduction
of two additional counter fields caused by eddy currents and
excess losses in the effective field expression. The validity of
the proposed model depends on the exponent v. By using
appropriate value of v in different regions, the shape of the
hysteresis loops is improved. The validity of the model is
applied for 3% Fe-Si non-oriented magnetic sheets and
accurate results are obtained.
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