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Previously, a Chua-type model representing the magnetization characteristics of ferromagnetic
materials was presented for computational analysis and design of magnetic devices. Typical
magnetization characteristics, such as saturation, hysteresis, and aftereffect, have been
reproduced by the model. In this paper, our Chua-type model is derived by means of the
barlike domain walls model. As a concrete example, this model is applied to the computations
of ferroresonance circuits and is compared with those of the experimental results. Agreement
to a considerable extent confirms the validity of this model.

I. INTRODUCTION

With the development of modern high-speed digital
computers, numerical methods became available to calcu-
late the magnetic fields in magnetic devices. In order to cal-
culate the accurate magnetic fields in electromagnetic de-
vices, it is required to work out a model representing the
magnetization characteristics of ferromagnetic materials.

Ferromagnetic materials exhibit various characteris-
tics, e.g., saturation, hysteresis, aftereffect, frequency depen-
dence, magnetostriction, mechanical stress dependence, and
temperature dependence.’ Among these magnetization
characteristics, it must be taken into account the saturation,
hysteresis, aftereffect, and frequency dependence for the
computational analysis and design of electromagnetic de-
vices. A

The models representing magnetization characteristics
may be classified into two-major categories. One is a Prei-
sach-type model, which assumes that each of the magnetic
domains has a rectangular hysteresis loop, and interaction
between domains can be introduced by examining local field
acting on domains.? Even though the Preisach-type model is
based on such simple assumptions, it gives valuable results
that are in agreement with experimental results.> However,
there is an instable problem for which the Preisach’s func-
tion takes a different value depending on the previous path in
the magnetization processes.* This Preisach-type model has
been extended to be used for anisotropic and dynamic mag-
netization processes by Mayergoyz.””’ The other is a Chua-
type model, which has been derived on the purely phenome-
nological behaviors of ferromagnetic materials. The key idea
of the Chua-type model is that a trajectory of flux linkage
against current is uniquely determined by the last point at
which the time derivative of flux linkage changes sign.®
Also, this Chua-type model could be derived by the Fourier
series expansion of the field intensity under the sinusoidal
time varying flux density.” The Chua-type model exhibits
many important magnetization properties, e.g., the presence
of minor loops and an increase in area of the loop with fre-
quency. Subsequently, a Chua-type model has been derived
by considering the static and dynamic behaviors of magneti-
zation. This specific Chua-type model is capable of repre-
senting Rayleigh’s relationship, aftereffect, and iron
loss.!”!" Furthermore, it has been pointed out that one of the
parameters of the Chua-type model is closely related with
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the movement of domain walls, and it has been confirmed
that the frequency dependence, minor loop, and transient
magnetization are satisfactorly reproduced by the Chua-
type model.'>!?

In this paper, the Chua-type model is derived by means
of the barlike domain walls model. As a practical example of
computational analysis based on the Chua-type model, the
behaviors of a series ferroresonance circuit are computed
and compared with those of the experimental results. Agree-
ment to a considerable extent confirms the usefulness of the
Chua-type model.

Il. THE CHUA-TYPE MAGNETIZATION MODEL

As shown in Fig. 1, we consider a barlike magnetic do-
main walls model; then the following relationship can be
established:

B =u,H+ nB, (la)
=, [1 + (nB,/uoH)|H (1b)
=/‘H’ (1C)

where B, B,, H, n, u,, and i are the flux density, saturation
flux density of each domain, field intensity, number of do-
mains in accordance with the direction of external field H,
permeability of air, and permeability of material, respective-
ly. When relationship (1) is measured by first applying the
superposed static and alternating fields, then reducing the
alternating field to zero and observing the flux density, ob-
taining B-H relation becomes a unique characteristic which
isnot affected by the past magnetization histories. This is
known as an ideal or anhysteretic magnetization curve. In
the other words, relationship (1) represents a static magnet-
ization characteristic corresponding to an each of the do-

FIG. 1. Barlike domain walls model.
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main situations when a unique single valued relation
B = uH can be held.

Differentiating (1) with time ¢, it is possible to obtain
the following relation:

dB_ dH _, dn

Ly 2
an)dH on dx
= B )&t  p on ax 2b
('u°+saH a e ar (2)
dH an .
= —— _B — y 2
Bogr V050 (2¢)

where v = (dx/dt) denotes a velocity of magnetic domain
walls motion. Equation (2) means that the magnetization of
ferromagnetic materials accompanies the time variations of
field intensity dH /dt and physical domain movement dx/dt.
In the other words, the induced voltage per unit area dB /dt
is composed of two components: the transformer- and veloc-
ity-induced voltages. Introducing a hysteresis coefficient
5(/m), amagnetic field due to the magnetic domain move-
ment is given by” "’

dB  dH on '
=7, YL =B = . 3
(dt e dt)/s (sax v)/s )

Consideration of a total field intensity due to the static
(1) and dynamic (3) magnetizations yields the following
relation:

1 dB dH\ 1

PR S 4
u dt ~ dt/ s (4a)

=LB+(BS—alv)i, | (4b)
U dx s
or

g fedH 1 1 dB e

s dt u s dt

where the parameters u, u,, and s can be represented as the
single valued functions of B, dB /dt, and dH /dt. The con-
crete examples of these papameters are shown in Fig. 2.
Equation (4) is a Chua-type model.

By means of (2¢) and (4b), an iron loss per unit volume
is given from

Hﬁ:LBQ+BS£”_E( ’E@_+Bsa_”v).
dt pu dt Ox s dt dx
(5)

According to Refs. 1013, a relationship between the hyster-
esis coefficient sin (4¢) and Preisach’s distribution function
¥ is given by
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FIG. 2. (a) Anhysteretic magnetization curve, u=B/H =pu,
+ (nB,/H); (b) reversible permeability, u, = f,(B) =y, + B, (dn/dH),

where B is a bias flux density; (c) hysteresis coefficient,
s=[(dB/dt) — u,(dH /dt))/H = B,(dn/dx) (dx/dt)/H.
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Substituting (6) into (5) yields
dB 1 _dB on K, dn 1
H—=—B—4+B ——° (B — ) —
dat  p dt © dx ‘I’lhL s&xv s )

where the first term on the right-hand side corresponds to a
stored magnetic power; and the velocity v is obviously pro-
portional to an exciting frequency v « fso that the remaining
second and third terms on the right-hand side, respectively,
correspond to the hysteresis loss ( «< /) and eddy current loss

(«f?).

ll. APPLICATION TO A SERIES FERRORESONANCE
CIRCUIT

The circuit containing a nonlinear inductor leads to a
nonlinear phenomena.'*'* As an example of the nonlinear
phenomena, we examined a R-L-C series ferroresonance cir-
cuit. Figure 3 shows a schematic diagram of the R-L-C series
ferroresonance circuits. Application of the Chua-type model
(4c) to the reactor shown in Fig. 3 gives

D D
J (H+‘ii[i)d1=J (-1—B+id—B>dz, (8)
o s dt o \u s dt
where D and dl are the mean length of flux path and infini-
tesimally small distance along the flux path D, respectively.
With 4 denoting a cross-sectional area normal to the flux
path, the right-hand term of (8) can be rewritten by
P 1 dB 1 1 d¢
L(yB+s dt)dl L¢+R,. dt’ ®
where ¢ = AB, L, = uA /D, and R, = s4 /D. Also, the left-
hand term of (8) can be rewritten in terms of the current ;
and number of turns of the coil N as

D .
J <H+‘idl{)d1= i N
o s dt s dt
The relationships among the flux ¢, current /, electrical
resistance r of coil, impressed voltage e, and terminal voltage
e, of capacitor C are given by

i=i(e—ec—Nﬁ>,
r dt

i

(10)

(11a)

(11b)

and

FIG. 3. Schematic diagram of a series ferroresonance circuit.
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TABLE 1. Various constants used in the calculations.

Area normal to the flux path A =0.0001 (m?)
Mean length of the flux path D=0.28 (m)
Number of turns of coil N =900 (turn)
Electric resistance of coil r=6.3(Q)
Capacitance C = 100(uF)

(11c)

d
cZe =i(e—ec —Nﬁ).
dt r dt
By means of (8)—(11b), it is possible to derive the fol-
lowing relationship:

—1\—7(3+#r de)
r

s dr
_ Ny d%
r s dt?
1 N

+_¢+_ec' (12)
L, r

Equations (11¢) and (12) were simultaneously solved
for flux ¢ and voltage e. by a conventional trapezoidal rule
under the various exciting voltages e. The current i was eval-
uated from the flux ¢ and voltage e, by (11a). Various con-
stants used in the calculations are listed in Table 1. Param-
eters i, 1., and s of model (4) were obtained from the Fig. 2.

Figure 4 shows a computed ferroresonance phenome-
non together with an experimental result when an amplitude
modulated voltage e is impressed to the ferroresonance cir-
cuit. :

(N_2 L)iqi Ny, de

r+R,. dt r s dt

Exper iment

Computed
FIG. 4. Ferroresonance phenomenon caused by an amplitude modulated

input voltage; time # 0.1(s)/div; Voltage e: 50(V)/div; Current i: 10
(A)/div; frequency f= 100(Hz).
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FIG. 5. Ferroresonance phenomenon caused by a frequency modulated in-
put voltage; time # 10(ms)/div; Voltage e: 20(V)/div; Current i
2(A)/div; frequency f: 70-20-70 (Hz).

On the other side, when we impress a frequency modula-
ted voltage e to the ferroresonance circuit, then a ferroreson-
ance phenomenon is also observed, as shown in Fig. 5. Both
of the results in Figs. 4 and 5 demonstrate the usefulness of
our Chua-type model for the computational analysis and de-
sign of electromagnetic devices.

1V. CONCLUSION

As shown above, we have derived a Chua-type magneti-
zation model based on the barlike domain walls model. Fur-
thermore, this Chua-type model has been applied to the cal-
culations of ferroresonance phenomenon. As a result, one of
the versatilities of the Chua-type model has been demon-
strated.
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