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The paper presents an advanced modeling technique of ferromagnetic cores, entirely
based on Maxwell’s theory. Our models answer to common modern applications of
electrical engineering. They use nonlinear electrical equivalent diagrams, easy to built
according to the core geometry (including air-gaps) and ferromagnetic material
characteristics. The core model is compatible to be included in the entire circuit model,
being suitable for the time-domain analysis. The circuit analysis provides complete
information on any working parameters of the magnetic core (as the main and leakage
time-domain magnetic fluxes, position and shape of minor magnetizing loops,
instantaneous and mean eddy current losses, dynamic permeabilities, dynamic
inductances, etc.), as well as of other parts of the analyzed circuit.

1. INTRODUCTION

Circuit parts with ferromagnetic cores (as electric transformers, electro-
magnets, reactance or filtering coils, etc.) are capital components for a wide range
of engineering applications. Their rigorous modeling, considering the magnetic
saturation phenomena, the hysteresis and eddy currents, allows an optimal design
of such devices, as well as an accurate analysis of steady state or transient regimes
of any circuit including such nonlinear devices [1].

Many models for nonlinear ferromagnetic cores have been proposed. They are
generally fully analytic models based on certain physical theories like Weiss,
Preisach or Jiles-Atherton, often restricted to particular applications [2—4]. Some
apparently accurate models are inadequate when used in circuit simulation because
of discontinuities which can provoke severe convergence problems and therefore,
alter the simulation results. For many known models used in circuit simulators [5-7],
it is difficult to identify the correct correspondence between the model parameters
and the real device ones.
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The paper use a modeling approach based on electric circuit analogy [1,5-7].
One conceives equivalent nonlinear lumped circuits according to the core geometry
(including air-gaps and leakage paths) and ferromagnetic material characteristics.
The whole circuit (including the core) analysis provides complete information on
all working parameters of the magnetic core (as the main and leakage time-domain
magnetic fluxes, position and shape of minor magnetizing loops, instantaneous and
mean eddy current losses, dynamic permeabilities, dynamic inductances, etc.), as
well as of other parts of the analyzed circuit [8, 9].

2. MODELING OF A FERROMAGNETIC PIECE

The Fig. 1 suggests the modeling of a homogenous magnetic circuit branch,
through an electric voltage controlled nonlinear resistance. The nonlinear function
is formally the same [1] for following relationships:

— @= f(u,,), the fascicular magnetic flux vs. the magnetic force across the
ferromagnetic piece;

— i= f(u), the current vs. the voltage across the nonlinear resistance.
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Fig. 1 — Modeling of a ferromagnetic piece, with ignoring eddy currents.

The rigorous study of transient and steady state harmonic or distorted
regimes requires to complete the simple model of Fig. 1, in order to consider the
eddy currents, their losses and their own magnetic field. One considers a
homogenous piece of ferromagnetic core, crossed by an uniform magnetic field on
the cross section (Fig. 2). The induced electromotive force along the closed loop
I', drawn as an eddy current line, is given by the Faraday’s law

dB
er(t)—_Sr[E} (M

and the elementary eddy current, nearby the loop I is
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where p is the material resistivity and / the length of the piece. If the point O is
located where the eddy current density is equal to zero, the total eddy current

becomes
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Fig. 2 — Cross section of a ferromagnetic piece.

If ¢ is the magnetic flux through the considered ferromagnetic piece, then

i(t)= K-(i—‘fj, (%)

from where

I 1
K=K, ——.
1SS (6)
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The instantaneous losses due to the computed eddy current are

2
[(dB
Hn=kK,—|—|, 7
p(?) zp(dl‘J (7
where
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One defines the equivalent resistance
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associated to the current i, and the losses p . One results

K, p
Ro=-737 (10)
1
Considering the quantities i,, K, R, given above, the simple model of Fig. 1

requires new elements, according to the equivalent diagram of Fig. 3, that includes the
eddy current losses phenomena.

Fig. 3 — Modeling of a ferromagnetic piece, considering eddy current losses.

In this model, the flux derivative is obtained as the voltage across the ideal
unity inductance crossed by a current numerically equal to the magnetic flux,
injected through a unity gain current controlled current source. The equivalent eddy



5 Modeling of nonlinear lossy magnetic cores 407

current is given by a voltage controlled current source with the transfer
conductance G, numerically equal to the constant K, according to eq. (5).
Concrete expressions of the form factors K,, K,, as well as the quantities

G.,i,, p, R, are given in the table 1 for some convenient cases.

Fig. 4 — Modeling of a ferromagnetic piece, considering eddy current losses and their parasitic
magnetic field.

Table 1
Model parameters for some convenient cross sections of ferromagnetic pieces
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Although the model above considers the core losses, it is not yet complete
because it does not consider the parasitic magnetic field produced by the eddy
currents. The magnetic force produced by the equivalent eddy current is given by a
unity gain current controlled voltage source, according to the Ampere’s law, as in Fig. 4.

Therefore, we obtained a proper model for transients and strongly distorted
regimes, as in modern electrical engineering applications.

3. MODEL IMPLEMENTATION

In order to implement the model above, one needs the electric resistivity of
the ferromagnetic material. Since this parameter is not usually available in the
manufacturer’s datasheet, one may using the specific power losses in order to find
the model parameters. The specific power losses included in the datasheet po
[W/kg] are given for a certain frequency f, (state harmonic regime) and a certain
peak value of the magnetic flux density By. It results the average value of power
losses for these operating conditions, corresponding to the considered
ferromagnetic piece

P0:p0y519 (1)

where y is the density of the ferromagnetic material.

One computes the mean power losses, in the same conditions, starting from
eq. (7)

l ! fo 2
—K, — j[ Bs1n2nf0j , (12)
K 0
from where
/
P, =K, -E-2n2fozB§. (13)

The expressions (11) and (13) guide us to the resistivity



7 Modeling of nonlinear lossy magnetic cores 409

22 £2B2
p= K2 .M , (14)
PoYS
the control conductance
K, pov!
e 5 15
K, 2n*f}B; (15)
and the equivalent resistance
2
R (K| 2SiBy (16)
‘ K, poY!lS

For the convenient applications, one obtains:

— circular cylinder (diameter D): G, = _ Aoyl R = m D" fo By,

wD fiB; T 8pyyl
2 2p2
— steel sheet pack: G, :%, R, :_875 Afo By ]
4n aA fy B, 9p,v!

As useful implementation of the above described model, we performed a
SPICE subcircuit (shown in Appendix) which can be included in any time-domain
circuit simulation.

The subcircuit body contains the parameters bound to ferromagnetic material
properties, usually included in datasheets — B,, f,, p,,Y, as well as the nonlinear

first magnetization characteristic B—H given by points. Subcircuit calls contain
geometric parameters only — the cross-section, the length of the core piece and a
constant factor which depends on the above defined form factors; they will be
passed to the subcircuit beside the material parameters. The magnetic reluctances
of air gaps and leakage paths are modeled by linear resistances.

4. EXAMPLES

As first example, using the model of Fig. 4, one builds the lossy nonlinear
characteristic of a ferromagnetic piece having the length of 100 mm and the cross
section of 10 cm’, the specific losses of 2W/kg at 50Hz and 1T. The

magnetization cycle has been simulated and depicted for 50 Hz (Fig. 5a),
respectively 400 Hz (Fig. 5b), the obtained results being proven experimentally.
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Fig. 5 — Example of a lossy nonlinear characteristic modeled to: a) 50 Hz; b) 400 Hz.

As second example, one presents the simple case of an inductor used as series
filter reactor for a rectified current (Fig. 6). The modeling circuit includes the
equivalent circuit of the ferromagnetic core (including air gaps and leakage paths),
as well as the two series connected windings, beside the network and the load.
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Fig. 6 — Series filter reactor.

=
-
=
[
=)
=
o
'g L
S dpdmal Srunmxdrore
= slv-gap Jchirnc r LrELp)
-aD
wliond Filxr LUrseoruxrdeore

- 11D I nducmr Ehichernr-mpl

e 101 18

Time [s]

Fig. 7 — Smoothed load current for three values of the air-gap.
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One searches for the optimal value of the adjustable air-gap in order to obtain
the best smoothing effect. Three distinct results are shown, for three distinct values
of the air gap. Fig. 7 shows the load current and Fig. 8 shows the corresponding
magnetization cycles. Therefore, the optimal solution can be chosen without a
doubt. For comparison, the Fig. 7 shows the load current when the inductor is
missing.
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Fig. 8 — Magnetization cycles of the inductor core for three different values of the air-gap.

5. CONCLUSIONS

The optimal design of ferromagnetic devices aims minimal sizes and
manufacturing costs. In order to attend the mentioned purposes, it requires a
rigourous control of bias points, saturation level, core and copper losses, assuring
at the same time all operating parameters of the whole equipment. In comparison to
the previous approaches, the analytic approximations (often based on empiric
considerations) are avoided and the model feasibility is developed in order to
include it in common time-domain analysis programs, like SPICE. The developed
model is suitable from low to medium working frequencies, including switching
regimes, as in power electronics applications. Some experimental results,
performed for some particular cases, confirm the accuracy and reliability of the
proposed model. Therefore, the paper may be a really useful tool for researchers
and designers.
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APPENDIX

SPICE subcircuit as time-domain model of a ferromagnetic piece. Example.

SUBCKT RELUC 14 {B0=1.0 F0=50 P0=1.3 GAMMA=7650}
V112

B123 I= V(9)*{SFE}

E18023 {1/LFE}

A189BH FCT

MODEL BH_FCT PWL(XY_ARRAY=[-15.0K, -1.73; -10.0K, -1.71;
+-7.0K, -1.664; -6.0K, -1.638; -5.0K, -1.602; -4.0K, -1.56; -3.5K, -1.535;
+-3.0K, -1.5; -2.5K, -1.45; -2.0K, -1.38; -1.8K, -1.34; -1.6K, -1.3;
+-1.4K, -1.24; -1.2K, -1.17; -1.0K, -1.06; -900.0, -1.0; 900.0, 1.0;
+1.0K, 1.06; 1.2K, 1.17; 14K, 1.24; 16K, 1.3; 1.8K, 1.34;

+2.0K, 1.38; 2.5K, 1.45; 3.0K, 1.5; 3.5K, 1.535; 4.0K, 1.56;

+5.0K, 1.602; 6.0K, 1.638; 7.0K, 1.664; 10.0K, 1.71;

+15.0K, 1.73] INPUT DOMAIN=100M FRACTION=TRUE)
FI07V11

L1701H

G16070 {I/K*GAMMA*PO*LFE/(2*SFE*B0"2*F0"2)}

B2 0 5 V=I(V2)*{(K*B0*2*F0*2*SFE)(GAMMA*P0*LFE)}

V256

HI34V21

ENDS
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