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Abstract—In this paper, a methodology to develop SPICE-based
models of complex magnetic devices is presented. The proposed
methodology is based on a reluctance equivalent circuit, which al-
lows the user to study both the magnetic and electric behavior of the
structure under any operating conditions. The different elements
required to implement the reluctance model, namely, constant re-
luctances, variable reluctances, and windings, are implemented us-
ing SPICE behavioral modeling. These elements can thus be used
to build a complete model for any magnetic device. The model-
ing process is illustrated with a particular example for a variable
inductor. Simulations and experimental results are presented and
compared to evaluate the accuracy and usefulness of the proposed
modeling procedure.

Index Terms—Magnetic devices, modeling, SPICE behavioral
modeling, variable inductor (VI).

I. INTRODUCTION

MODELING magnetic devices, such as inductors and
transformers, has been a particularly important topic

in power electronics. The great advances achieved in the last
decades in the power electronics area in terms of miniaturiza-
tion, efficiency improvement, and reliability, would have been
impossible without new magnetic materials, devices, and mod-
eling techniques. Understanding the real behavior of magnetic
devices is a key issue to improve its performance, and that of
the whole power electronics converter. Additionally, in today’s
power electronics applications, more complex magnetic struc-
tures are being employed, such as variable inductors (VIs) and
transformers, saturable inductors and transformers, integrated
magnetics, etc. [1]–[11].
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One of the more accurate and painless ways to study the
behavior of magnetic structures is by using computer simula-
tions. Basically, there are two methods to address this task: 1)
finite elements analysis (FEA) and 2) SPICE-based behavioral
models.

Surely, FEA provides the best accuracy, especially when us-
ing three-dimensional (3-D) models. However, it takes a con-
siderable time to develop a 3-D model of a magnetic device.
Moreover, the simulation time using FEA results very long; it
can take many hours or even days to obtain the final results.
Convergence problems may arise, breaking the simulation and
wasting many hours of time. Any change or improvement in
the model means a new simulation, making the analysis process
quite painful and strenuous. On the other hand, computer simu-
lation based on SPICE-like models results much more friendly;
simulations can be done in seconds or minutes at the most, and
they can easily be used within more complex electrical circuits
or power converters. Of course, accuracy is lower than using
FEA, nonetheless good enough for many applications.

In this paper, a SPICE-based model for computer simulation
of any magnetic structure is presented. The proposed model
is inspired on several models previously presented in the lit-
erature [12]–[17], which employed a reluctance or permeance
equivalent circuit to simulate both the electrical and magnetic
behavior of the magnetic structure. Particularly interesting is
the methodology used in PSIM simulator [17]. However, the
authors have found it too closed to allow the users to attain full
benefit from it. This paper explores a similar methodology based
on a reluctance model in which the reluctances depend on the
magnetic flux level. A variable magnetic permeability, which is
derived from the B–HB − H curve of the magnetic material,
is used to model the change of the reluctance. In this way, the
different elements present in any magnetic structure, such as
variable reluctances, air gaps, constant reluctances, and wind-
ings, will be modeled separately. Thus, they can be used to build
an equivalent circuit of any magnetic structure. The model can
be employed under any operating conditions, including dc and
ac operation in any winding. In addition, the model will be able
to provide electric and magnetic outcomes as voltage, current,
magnetic flux, magnetic flux density, inductance, and so forth.

The original motivation to develop this study has been the
investigation of the behavior of both saturable and controllable
inductors and transformers. These devices have been studied
and employed in power electronics applications for many years
now with encouraging results [1]–[8], [12]–[26]. Particularly,
controllable (variable) inductors are complex magnetic devices
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Fig. 1. Physical structure of a VI implemented in an EE core.

that deal with several windings under ac and dc superposed
operation. In these devices, the reluctance of some sections of
the magnetic material experiences a great variation owing to
the dc component of the magnetic flux, even though the ac
component remains under the saturation level. This makes a
conventional analysis of these devices very laborious, while by
using computer simulations it can be carried out very easily.
Also, computer simulations allow the designer to change core
geometry, magnetic properties, number of turns, air gap length,
current, and voltage levels, etc., making design and redesign
processes extremely straightforward.

In Section II, a review of the VI structure that will be used
as a modeling example is carried out. Section III presents the
modeling of the different elements of the reluctance equivalent
model of a magnetic device. Section IV shows the implementa-
tion of the VI SPICE model using the proposed methodology.
Section V presents simulation and experimental results. Finally,
the conclusions of this study are provided in Section VI. This
paper is a revised version of [27], in which several corrections
and improvements have been made.

II. REVIEW OF THE SELECTED VI STRUCTURE

In this paper, the VI structure based on a double E core, as
shown in Fig. 1, will be employed as an example to illustrate
the use of the proposed modeling technique.

The detailed operation of this device has been presented in
previous literature [5] [7] [8]. A summary of its structure and
operation can be made as follows. A double-E core with a gapped
center arm is used, while no gap is present in the left and right
arms. The main coil is wound on the center arm with a given
number of turns Np , which will implement the main inductor.
Two auxiliary windings are placed on the left and right arms of
the core, with an equal number of turns Ndc and with reversed
polarity, so that the ac voltages generated across them tend
to cancel each other when connected in series. Actually, as
demonstrated in [13], a full cancellation is not possible due
to the nonlinear behavior of the magnetic material B–H curve
around the saturation knee. This is one of the aspects that would
be very difficult to tackle by an analytical study. However, it
is possible to deal with this issue quite straightforwardly by
computer simulation.

Fig. 2. Reluctance equivalent circuit of the VI shown in Fig. 1.

In the VI structure, a dc current is injected through the aux-
iliary windings. This generates a dc flux bias that circulates
mainly through the outer part of the core, because the center
arm is gapped and exhibits a much higher reluctance. On the
other hand, the ac flux circulating through the main winding
splits into the outer arms, as shown in Fig. 1(a). The dc flux is
used to bias the operating point of the magnetic material within
the B–H curve, thus modifying the reluctances and changing the
value of the inductance as seen from the main winding terminals.

This device can be modeled by using the reluctance circuit
shown in Fig. 2. In this circuit, �c , �l , and �r represent the
reluctances of the center, left, and right arms, respectively, and,
in a general case, their values depend on the dc operating point
of the magnetic material, and can therefore be expressed as a
function of the material magnetic permeability. �g represents
the air gap reluctance and can be assumed as a constant.

The other components in the circuit are the voltage sources
Fdc and Fp , which represent the magnetomotive forces (MMF)
created by the auxiliary and main windings, respectively, which
are given by the turns by current product. Next section will
present how the different elements of the reluctance model can
be implemented following the methodology presented in this
study.

III. BASIC ELEMENTS OF THE RELUCTANCE EQUIVALENT

CIRCUIT

The basic elements of a reluctance equivalent circuit are three:
1) constant reluctances, which model an air gap or any other non-
ferromagnetic material used in the core structure; 2) variable re-
luctances, used to model the nonlinear behavior of the magnetic
material of the core; and 3) windings, which model the inter-
action between the electric and magnetic quantities involved in
the behavior of any magnetic device. Once these elements are
independently modeled for computer simulation, they can be
used to implement any magnetic structure model, disregarding
its complexity.

A. Constant Reluctance Model

A constant reluctance is used to model the behavior of a non-
ferromagnetic section of the magnetic device. In the reluctance
equivalent circuit, a constant reluctance is modeled by a resistor,
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whose value is defined as

�0 =
l0

μ0 A0ν
(1)

where l0 , and A0 are the length and section of the constant re-
luctance element, respectively, μ0 = 4π10−7 H/m is the per-
meability of free space, and ν is the fringing coefficient, which
is equal to 1 when the fringing effect is disregarded. However, a
value slightly higher than 1 will usually render a better accuracy.
Note that reluctance units are H−1 .

B. Variable Reluctance Model

A variable reluctance models the nonlinear behavior of the
magnetic material employed in the device. It can be expressed
as

�m (B) =
lm

μd (B)Am
(2)

where lm , and Am are the length and section of the variable
reluctance element, respectively, and μd(B) is the absolute dif-
ferential permeability of the material, expressed as a function of
the magnetic flux density B.

As can be seen in (2), in this type of element, the reluctance is
a function of the magnetic permeability of the material, which in
turn depends on the dc operating point within the material B–H
curve. Therefore, at this point, it is necessary to find a model for
the B–H characteristic of the magnetic material, from which the
permeability can be obtained.

In this study, after testing other possibilities, Brauer’s model
of the B–H curve has been selected [28]–[29]. This model de-
fines the relationship between the magnetic field intensity H
and the magnetic flux density B, by expressing H as a function
of B as

H (B) =
(
k1e

k2 B 2
+ k3

)
B (3)

where k1 , k2 , and k3 are the Brauer’s model constants for each
magnetic material.

For the sake of simplicity, the hysteresis effect is being ne-
glected in this study, as it is usually done in most FEA software.
From (3), it is very simple to obtain the differential permeability
of the magnetic material by differentiation. The result is given in
a closed form in (4). Also, note that (4) is valid for positive and
negative values of B, because the μd(B) curve is symmetrical
with respect to the vertical axis

μd (B) =
dB

dH
=

[
k1

(
1 + 2k2B

2) ek2 B 2
+ k3

]−1
. (4)

As an example, which will also be used to test the proposed
model against experimental measurements, the N87 material
from TDK-EPCOS has been modeled [30]. Brauer’s model co-
efficients were derived from the graphical information given by
the manufacturer’s datasheet [30], obtaining the B–H curve data
points and using a mathematical software for curve-fitting. The
resulting values are shown in Table I. Fig. 3 shows a compari-
son between manufacturer’s datasheet information and Brauer’s
model, both for N87 material at 25°C. With this approximation,

TABLE I
BRAUER’S COEFFICIENTS FOR N87 MATERIAL AT 25ºC

Parameter Value

k1 0.062 Am−1 T−1

k2 42.995 T−2

k3 302.904 Am−1 T−1

Fig. 3. B–H curve of N87 material at 25°C. Comparison between datasheet
information and Brauer’s model.

Fig. 4. Implementation of a variable reluctance in LTspice.

the maximum relative error was obtained at B = 0.3 T and
was calculated as 26%.

Fig. 4 shows the implementation of the variable reluctance
component in SPICE, particularly in LTspice, which is the soft-
ware that has been selected in this study [31]. As can be seen
in Fig. 4, a behavioral voltage source Em is used to imple-
ment a resistive behavior that models the variable reluctance.
The behavioral current source Gmb generates a current equal to
the flux density in the magnetic element, which is transformed
into a voltage at node Bm . The behavioral current source Gmu

generates a current equal to the actual differential permeability
of the magnetic material by implementing (4). Finally, the volt-
age at node um is used in the expression of Em to define the
component reluctance by using (2).

C. Winding Model

A winding model must represent the electrical and magnetic
interaction within the magnetic device structure. Neglecting
losses, the winding model can be expressed as follows:

Fw (t) = Nw · iw (t) (5)
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Fig. 5. Winding model implemented in LTspice.

Fig. 6. EFD25 core dimensions [30].

vw (t) = Nw · d∅w (t)
dt

= Nw Aw
dBw (t)

dt
(6)

where Fw is the MMF created by the winding inside the mag-
netic core, Nw is the winding number of turns, vw and iw are
the winding voltage and current, ∅w and Bw are the magnetic
flux and magnetic flux density in the core, respectively, and Aw

is the area of the core.
Fig. 5 shows the SPICE implementation of the winding

model. A voltage-dependent voltage source EVw is used to
implement the relationship between voltage and flux as given
by (6). The behavioral voltage source EFw is employed in the
magnetic part of the model to generate the corresponding MMF
according to (5). The behavioral current source GVw generates
a current equal to the magnetic flux, which is differentiated with
respect to time by using the inductance Lw with a value equal
to the number of turns of the winding (Nw ) so that (6) can be
implemented. The 1-mΩ resistance placed in series with GVw

is used to avoid convergence issues during simulation.

IV. IMPLEMENTATION OF THE VI MODEL

By using the three basic elements presented in the previous
section, the reluctance equivalent circuit of any magnetic struc-
ture can be implemented for SPICE simulation. In this section,
a model developed for the VI shown in Fig. 1 will be presented.
This particular VI has been used in a previous work for the
controlling of the output voltage in dc–dc resonant converters
[20].

Fig. 6 illustrates the geometric diagram of the EFD25 core,
which is used to calculate the average lengths and sections of the

TABLE II
VI DATA

Core material N87 TDK-EPCOS Air gap length 0.6 mm
Core type EFD25 Estimated fringing

factor (ν )
1.06

Expected inductance
range

1.2 − 4.5μH Central arm
average length (lc)

24.4 mm

Main winding turns
(Np )

6 Central arm section
(Ac )

59.3 mm2

Intended operation
regime

Sinusoidal, 500 kHz Outer arms average
length (l1 )

43.6 mm

Main winding peak
current

6.0 A Outer arms section
(A 1 )

28.7 mm2

Bias windings turns
(Nd c )

65

magnetic paths. Table II gathers the values of all the parameters
related to the VI under study.

Fig. 7 illustrates the complete electrical diagram of the VI
implemented in LTspice. As can be seen, it is divided into two
main parts: magnetic part and electric part.

The magnetic part includes the reluctance model, where the
variable reluctances �l , �c , and �r of Fig. 2 are implemented
through the voltage sources E5 , E3 , and E4 , respectively. The
magnetic flux density and permeability on each arm are calcu-
lated by current sources G5 , G3 (central arm), G8 , G6 (right
arm), and G11 , G9 (left arm). Reluctances Rsl, Rsc , and Rsr

shown in Fig. 7 are used to measure the flux on each arm and
to avoid voltage-loop issues during simulation. Their value of
1 H−1 is very small compared to the other series reluctances
and therefore have no effect on the structure. Voltage source E1
implements the magnetic part of the main winding of the VI,
while voltage sources E7 and E6 implement the magnetic part
of the left and right auxiliary windings, respectively.

The electric part of the model includes the implementation of
the electric part of the three windings of the VI. Thus, sources
E2 , G1 , and L1 implement the behavior of the main winding,
E8 , G12 , and L2 correspond to the right auxiliary winding and
E9 , G13 , and L3 to the left auxiliary winding. Note that some
additional small value resistors (R3 , R6 , R7 , R8 , R13) are
required to avoid voltage-loop and convergence issues.

The circuit shown in Fig. 7 can be employed to perform a dc
transient simulation. Thus, the main winding is supplied with a
1-V dc voltage source with a 10-Ω series resistance. Auxiliary
windings are supplied by using a dc current source with an
output impedance of 100 kΩ. An important point that must be
highlighted is that the auxiliary windings must be supplied with
a dc source with a high output impedance, just as it is done in
a real application. In this way, any interaction of the auxiliary
source on the VI will be avoided.

The behavioral current source G2 is used to calculate the
inductance of the main winding by multiplying the flux of the
main winding by its number of turns and dividing by its current.

The dc operating point simulation (.dc directive in SPICE) of
the circuit shown in Fig. 7 will provide the steady-state values
of all magnetic and electric variables of the VI, including the
inductance value, given as a voltage at node L_SPICE.
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Fig. 7. Complete electrical model of the VI implemented in LTspice.

Fig. 8. Small-signal inductance of the VI. Comparison between simulation and experimental results.
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Fig. 9. Simulations results of the VI model under a dc start-up transient.

Fig. 10. Electric diagram for the simulation of an L–R inverter with VI. The VI is placed across terminals LT1 and LT2 according to the schematic shown in
Fig. 7. Readers can refer to the active content for further details.

V. SIMULATION AND EXPERIMENTAL RESULTS

The first simulation carried out was a dc operating point (.dc)
using the circuit shown in Fig. 7, in which a small current of 0.1
A is injected to the main winding to reach steady state, while
the auxiliary windings carry a dc current of 0.25 A. Fig. 7 itself
shows the simulation results by means of the voltage labels on
each relevant node. As can be seen, the resulting inductance
value is 2.27μH (voltage at node L_SPICE). The magnetic flux
density at central, right, and left arms are obtained as voltage at
nodes Bc, Br , and Bl , giving –638.05 μ T, –391.17 mT, and
392.49 mT, respectively. Therefore, the central arm is operating
with almost zero flux density (origin of the B–H curve), while
the right and left arms are operated at a given dc flux density
level owing to their biasing by the auxiliary windings, and in
opposite direction. The small difference of flux density between
left and right arms is due to the small flux level (0.638 mT)
generated through the main winding, which adds to the left arm
flux density, while subtracts from the right arm’s.

The magnetic permeability of central, right, and left arms is
obtained as voltages at nodes uc, ur , and ul , respectively. The
resulting values are 3.30, 1.070, and 1.033 mH/m, for central,
right, and left arms, respectively. As expected, the permeability
of the central arm is higher because of the lower flux density;
the material of the central arm is operated around the origin of
the B–H curve. On the other hand, the permeability of right and
left arms is lower, because they operate at a much higher flux
density level, within the knee of the B–H curve.

The above-presented simulation under dc operation can also
be used to obtain the small-signal value of the VI inductance
with very fast simulations. This can be done by performing a
dc sweep analysis over the dc bias current source, shown as I1
in Fig. 7. Following this procedure, Fig. 8 shows the simulation
results in comparison with the experimental results obtained
at the laboratory by using an impedance analyzer under small
signal measurement of the inductance at a frequency of 1 kHz.
Experimental results were added into the simulation for the
sake of comparison by using a voltage-controlled source with a
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Fig. 11. Square voltage (top) and output voltage (bottom) of the circuit shown in Fig. 10: (a) simulation and (b) experimental. VI bias current 0.25 A.

look-up table (not shown in Fig. 7). Relative errors of –11% at
0.125-A bias current and +25% at 0.45-A bias current can be
measured.

The difference between simulation and experimental results
can be justified by three causes: 1) tolerances during the mag-
netic material fabrication, producing that the actual material
B–H curve is not exactly the same as that given in the manufac-
turer’s datasheet, 2) the error in the approximation of the B–H
curve by the selected equation, in this case Brauer’s model, 3)
the effect of the leakage flux; the inclusion of a parallel reluc-
tance to model, the leakage flux can render more approximated

results. This effect will also be explored in future works [32]
[33].

As an example, Fig. 9 shows the waveforms obtained from
the same circuit shown in Fig. 7 when a transient simulation
is performed. The inductor voltage and current, and the flux
density inside the three arms of the structure are shown in this
figure. As can be seen, it takes some time to the flux densities in
right and left arms to reach their steady-state values, 50 ns ap-
proximately. This time is related to the dynamic response of the
VI model. In the proposed model, this time is influenced by the
output resistance of the current source that supplies the auxiliary
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Fig. 12. VI voltage (top) and output voltage (bottom) of the circuit shown in Fig. 10: (a) simulation and (b) experimental. VI bias current 0.25 A.

winding and the equivalent inductance seen from the auxiliary
winding. In the example under study, an output resistance of
100 kΩ has been selected in order to have a dynamic response
fast enough so that it can be used up to frequencies of several
hundreds of kilohertz. Nevertheless, this is a point that requires
further investigation. In order to get more accurate results, the
VI and its driving circuit should be dynamically modeled, the-
oretically or experimentally, and the time constant should be
adjusted according to the obtained results. These issues will be
addressed in future works [32] [33].

Fig. 10 illustrates the electrical diagram used for the simu-
lation of a dc–ac converter with VI control. The converter has
an input voltage of 20 V, applying a 10-V peak voltage square

waveform to the L–RL − R circuit. The switches are operated at
500 kHz with 200-ns dead time. The load resistance is 11Ω. In
the following, simulation and experimental results correspond-
ing to this circuit are presented.

Fig. 11 shows the simulation and experimental results cor-
responding to the square wave voltage and the output voltage
across the load resistance for a VI bias current of 0.25 A. Fig. 12
illustrates the voltage across the VI and the output voltage for
the same value of the VI bias current. As can be seen, simulation
and experimental results match well.

Fig. 13 shows the simulation and experimental results corre-
sponding to the VI bias windings. As can be seen, bias windings
reflect voltages with peak values around 100 V. As expected, a
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Fig. 13. Top: total voltage across VI bias windings. Middle: voltage across left bias winding. Bottom: voltage across right bias winding. All of them corresponding
to the circuit shown in Fig. 10. (a) simulation and (b) experimental. VI bias current 0.25 A.

small difference can be seen comparing the voltages of left and
right bias windings. As commented before, this difference is due
to the nonlinear behavior of the magnetic material around the
knee of the B–H curve [13]. However, the difference is higher in
the simulation than in the experiments. This disagreement could
be due to the response of the oscilloscope probe, which could
not be able to follow so high dv/dt. Also, the high-voltage ripple
superposed to the experimental waveform does not appear in
the simulation. This ripple could also appear due to the effect
of the oscilloscope voltage probe or other parasitic elements
not considered by the model. The voltage probe used in these

measurements was a differential voltage probe model 700924
from Yokowaga with 1:100 attenuation selected.

Fig. 14 shows the simulation results from the circuit in Fig.
10 corresponding to the instantaneous flux density in left, right,
and center arms of the structure, and also to the instantaneous
inductance of the VI. All of them are obtained from the cor-
responding nodes in the model. The VI bias current is 0.25 A.
Experimental results are not available for these variables due
to the difficulty of measuring dc levels of flux density inside
a magnetic material. Nevertheless, the simulation results are in
accordance with the expected ones.
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Fig. 14. Simulation results of the circuit in Fig. 10 with the VI bias current of 0.25 A. Top: flux density in each VI arm. Right arm (top), center arm (middle),
and left arm (bot.). Scales: 200 mT/div. 500 ns/div. Bottom: inductance of the VI as obtained from the model. Scales: 1 μH/div, 500 ns/div.

Fig. 15. Comparison between experimental and simulation results. RMS out-
put voltage as a function of the VI dc bias current for the converter shown in
Fig. 10.

Finally, in order to test the possibility of controlling the output
voltage by means of the bias current on the VI, Fig. 15 presents
the simulation and experimental results of the rms voltage in the
load resistance of the circuit in Fig. 10 when varying the dc bias
current of the VI. As can be seen, simulation and experimental
results exhibit a similar curve. Again, the difference between
simulation and experiments can be justified by the error in the
modeling of the magnetic material B–H curve.

VI. CONCLUSION

This paper has presented a modeling technique for magnetic
devices based on SPICE behavioral modeling. The three basic
elements required for developing a reluctance-based equivalent
circuit have been implemented in SPICE. These elements can
easily be integrated in a SPICE library in order to simplify its
use in circuit simulation [33]. It has been explained how by

using these three elements any magnetic structure can be mod-
eled and simulated providing magnetic, electric, and inductance
results. Besides, the proposed modeling technique can be used
under any operating conditions with good accuracy, because
the nonlinear behavior of the magnetic material is taken into
consideration. A modeling example of a VI with an EE struc-
ture has been presented and simulated, showing good approxi-
mation with experimental results. Simulation and experimental
results for a VI-controlled dc–ac inverter have also been pre-
sented. The comparison between simulated and experimental
results rendered good expectancies for the proposed modeling
methodology.

Finally, it must be pointed out that the proposed methodol-
ogy can also be implemented by using mathematical software
packages, which could be used to solve the corresponding set
of equations. The advantage of using a SPICE model resides in
the fact that the model can easily be used to perform complete
simulations including the power converter or other any electric
or electronic circuit in which the VI is intended to operate.
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