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Abstract— In this work, a nonlinear behavioral circuit model
is proposed for air-gapped ferrite-core inductors working up to
magnetic saturation. The model comprises a nonlinear conserva-
tive inductor, with current-dependent inductance, and two linear
resistors, accounting for losses in both the winding and the core.
Two representations are proposed for the nonlinear inductance,
parameterized by both the number of turns and the air-gap
length. The model (in both versions) is identified and validated
through experimental measurements collected on a real buck
converter. Inductor voltages and currents are used for parameter
identification. The obtained results exhibit a good match with
the experimental measurements used for validation purposes.
An example of the application of the model to the design of
a buck converter exploiting partially saturating inductors is also
proposed.

Index Terms— Power inductor, magnetic saturation, gapped
ferrite core, nonlinear circuit model.

I. INTRODUCTION

SWITCH mode power supplies (SMPSs) are typically
equipped with ferrite-core inductors [1], [2], which

often constitute the largest and bulkiest components in the
converters. Therefore, the increasing demand for a higher
power density, especially for automotive and aerospace
applications, requires also smaller (and lighter) inductors.
However, for a given inductance value, the smaller the
magnetic core volume, the higher the number of necessary
turns, and then the magnetization of the core. This leads the
inductor to approach magnetic saturation for smaller current
values. A drawback of ferrite cores is that their permeability -
related to the inductance - quickly drops when the applied
magnetic field exceeds a threshold value [3]. To mitigate this
effect, an air gap is often inserted in the core, which decreases
the overall permeability, thus allowing the inductor to operate
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in its linear region for a wider current range [4]. In commercial
inductors, the gap length is fixed by the manufacturer, whereas
in custom components it can be regulated ad hoc, together
with the number of turns, to achieve the desired inductance
and linearity range. Usually, the air-gap length is very small,
compared to the overall core length, since a wider gap leads to
the so-called fringing effect [5]: the magnetic field lines inside
the gap are not straight, but leak far into the neighboring
areas, possibly intersecting the windings and causing eddy
current losses. This issue can be alleviated by resorting to
distributed air gaps [6], also obtained through iron-powder
cores [7]. Owing to the air gap, it is possible to reduce the
core size of inductors still working in their linear region.

An even higher size reduction could be obtained by using
gapped inductors working in partial magnetic saturation.
Recent works investigate how to exploit saturation to sensibly
increase the power density and, in some cases, also the
efficiency of DC-DC converters [8], [9], [10], [11], [12],
[13], [14] and inverters [15], [16], [17], [18]. A survey on
the application of saturating inductors in power supplies is
given in [19].

Magnetic components can be studied through field simula-
tions, possibly resorting to finite-element analysis, where the
electric and magnetic fields are computed as a function of
time and space. Inductance, power losses, and other modeling
elements can be obtained from these simulations as aggregate
information. In this framework, several models of saturating
ferrite-core inductors with air gap have been proposed [4],
[20], [21]. These techniques require the knowledge of some
geometric and magnetic properties of the component, which
are often undisclosed for commercial inductors.

As an alternative, circuit (behavioral) models can be
obtained, where the component is characterized by relying
only on voltage-current measurements at its terminals. These
models are more suitable to be embedded within circuit
simulators to design, numerically emulate, and control circuits
containing magnetic components, such as power converters.
Several behavioral models of ferrite-core inductors working
up to partial magnetic saturation are available in the literature
[19], [22], [23], [24], [25], [26], [27], [28], [29], [30], [31].
The inductor power losses are also modeled, with different
approaches. However, to the best of the authors’ knowl-
edge, no behavioral models are available that account for the
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Fig. 1. Circuit schematic of the buck converter.

inductance and power loss up to magnetic saturation and are
parameterized by the number of turns and air-gap length. The
main novelty of this work is a behavioral nonlinear circuit
model (in two variants) that accounts for both the air-gap
length and the number of turns. The model is validated for
different operating frequencies, thus substantially generalizing
the preliminary analysis proposed in [32].

In both versions (called model 1 and model 2), the model
parameters are identified starting from a limited set of voltage
and current measurements obtained on a buck converter, where
the inductor voltage turns out to be a square wave with a
specific period, amplitude, and duty cycle. The circuit model is
composed of a nonlinear conservative inductor and two linear
resistors, that capture the power losses of the real inductor.
The two variants differ in how the nonlinear inductance of
the conservative inductor is modeled: model 1 is mainly
based on a physical approach and requires the knowledge of
some geometrical parameters such as the core section area
and mean magnetic path length; model 2 is derived from
model 1, but is based on a black-box approach [33], where
no geometrical features are required. The obtained results
show a good matching with the experimental measurements,
even those not used for training purposes, for different air-gap
values, number of turns, and SMPS operating conditions.

The proposed models can be easily included in circuit
simulators and can be an effective tool to design, numerically
emulate, and control high-power-density SMPSs exploiting
air-gapped ferrite-core inductors working up to partial satura-
tion. An example of how these models can be used for SMPS
design purposes is included.

The paper is organized as follows: Sec. II describes the
adopted experimental setup, Sec. III details the two proposed
models. The obtained results are shown in Sec. IV, before
drawing some conclusions in Sec. V.

II. EXPERIMENTAL SETUP

In this work, we consider a real buck converter, whose
circuit schematic is shown in Fig. 1, which comprises a
metal-oxide-semiconductor field-effect transistor (MOSFET),
a diode, an output LC filter, and a resistive load. The MOSFET
is controlled using a pulse width modulation (PWM) tech-
nique, producing a square wave signal with period T and
duty cycle D ∈ [0, 1]. In ideal conditions (no losses), the
average steady-state converter’s output voltage is vout = Dvin .
In real conditions, the average output voltage will be lower,
due to power losses on both the semiconductor devices and
the passive components (mainly the inductor).

Two IRF250P225 MOSFETs (by Infineon) are used to
implement the converter leg shown in Fig. 1. The control
signals are sent from a dSpace control platform to the converter

Fig. 2. Magnetic core with an air gap.

Fig. 3. Experimental setup.

through optical fibers. The output capacitor and resistor have
capacitance C = 40 µF and resistance R = 4.5 �, respec-
tively. The inductor is composed of two U-shaped ferrite-cores
(P-material) OP-49925-UC [34] (see Fig. 2), combined to
form a ring of dimensions 101.6 mm × 114.2 mm. The mean
magnetic path length is ℓ = 308 mm and the section area is
A = 645 mm2. To create the inductor, a copper wire of 1 mm
in diameter and 3.5 m in length is wound around one side
of the core, by creating a winding with n turns. An air gap
of length g ≪ ℓ is obtained by inserting several sheets of
paper between the two halves of the core, on both sides. The
experimental setup is shown in Fig. 3.

The parameters of the proposed circuit models are identified
only based on steady-state measurements of the inductor
voltage v and current iL , obtained with n = {20, 25, 30}

and g = {0.2, 0.4, 0.6, 0.8, 1} mm.1 The data are measured
using a Hioki CT6862-05 AC/DC current sensor and a Pico
Technology 100 MHz differential voltage probe connected to
a 500 MHz, 12-bit Lecroy MDA805A oscilloscope. This setup
ensures proper acquisition accuracy. For each combination of
n and g, the inductor is connected to the buck converter and
three different PWM frequencies are applied: f = {20, 35, 50}

kHz. For each of them, the input voltage vin and the PWM
duty cycle D are changed within ranges [10, 100] V and
[0.5, 0.7], respectively, thus obtaining 7 different operating
conditions characterized by different current biases and ampli-
tudes, spanning from the linear region to the partial magnetic
saturation. Therefore, a total of 147 datasets

{
v̂(k)(t j ), ı̂ (k)

L (t j )
}

is available, with k = 1, . . . , 147, j = 1, . . . , N (k)
s , where N (k)

s
is the number of samples in the k-th dataset and t j = ( j−1)Ts ,
with sampling time Ts = 20 ns. As an example, Fig. 4 shows

1For n = 20 and 25, used for model validation, we collected measurements
only for g = 0.4 mm.
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Fig. 4. Measurements of inductor voltages (top panels) and currents (bottom
panels) with n = 30, g = 0.4 mm, and f = 35 kHz. Raw (colored curves)
and filtered (black dashed curves) data. The insets show voltage and current
for an interval of 1.5 µs after switching.

the 7 inductor voltages (top panel) and currents (bottom panel)
obtained for n = 30, g = 0.4 mm, and f = 35 kHz. For small
current values, the inductor works in its linear region; as the
current increases, the inductor approaches magnetic saturation,
which causes the typical cusp-like shapes, visible in the higher
curves in the bottom panel. Notice that the current has a
DC bias and significant high-frequency oscillations occur for
about 1.5 µs after the switching times, both on the voltage and
current measurements (see the insets in the figure). Since these
oscillations would affect the model identification, voltages
and currents are filtered, thus obtaining the dashed curves in
the figure. The maximum measured converter output power
was about 1 kW. For the k-th dataset, the instantaneous and
average power are evaluated as p̂(k)(t j ) = v̂(k)(t j ) ı̂ (k)

L (t j ) and

⟨ p̂(k)
⟩ =

1
N (k)

s

∑N (k)
s

j=1 p̂(k)(t j ).

In all cases, due to the large size of the inductor core,
we did not experience any current thermal drift, even when the
inductor operated in saturation for a long time. Therefore, the
temperature is not considered in this work, and the proposed
models are valid only when the effects of the temperature are
negligible.

III. NONLINEAR MODEL OF THE
FERRITE-CORE INDUCTOR

Typical B-H loops at 25◦C and 100◦C of the P-material
composing the ferrite core are shown in Fig. 5, with gray and
black solid lines, respectively.

A. Linear Region
For low values of B and H , the material can be assumed

to be linear. In these conditions, we consider sinusoidal fields
B(t) = AB cos(ωt + θB) and H(t) = AH cos(ωt + θH ), with
angular frequency ω, amplitudes AB and AH and phase θB
and θH , respectively. Their corresponding phasors are defined
as Ḃ = ABe jθB and Ḣ = AH e jθH , whereas the complex
permeability is [35], [36]

µ =
Ḃ
Ḣ

=
AB

AH
e− j (θH −θB )

=
AB

AH
cos(θH −θB)− j

AB

AH
sin(θH − θB)≜µ′

− jµ′′. (1)

Fig. 5. Typical B-H loop of the P-material at two different frequencies. The
red dashed curve is the component B′, whereas the blue and green segments
evidence the slopes of the curve for small and large values of H , respectively.

Fig. 6. Equivalent circuit model of the ferrite-core inductor.

The complex relative permeability is µr =
µ
µ0

=
µ′

µ0
− j µ′′

µ0
=

µ′
r − jµ′′

r , where µ0 is the vacuum permeability. Therefore,

Ḃ = µ0(µ
′
r − jµ′′

r )Ḣ = µ0µ
′
r Ḣ − jµ0µ

′′
r Ḣ ≜ Ḃ ′

+ j Ḃ ′′.

(2)

Phasor Ḃ ′ is in phase with Ḣ , whereas Ḃ ′′ has a phase shift due
to losses. In the time domain, this means that B(t) is the sum
of a term B ′(t) proportional to H(t) and a term B ′′(t), related
to H(t) through a differential equation, leading to a phase
shift. The magnetic flux across the core section (of area A)
can also be written as φ(t) = A[B ′(t)+B ′′(t)] ≜ φ′(t)+φ′′(t),
by assuming field B to be uniform.

B. Nonlinear Region
In the linear region we have B ′(t) = µ0µ

′
r H(t). By increas-

ing H , the relationship between B ′ and H , shown as a dashed
red curve in Fig. 5 for the case at 100◦C, becomes nonlinear.
We define the differential permeability µd(H) =

1
µ0

d B′

d H , i.e.,
the slope of this curve.2 For low values of H , µd = µ0

d ,
in the order of magnitude of 103, for the considered core
(blue segment in Fig. 5). The differential permeability drops
to about 1 in deep saturation (green segment in Fig. 5).
We model the ferrite-core inductor with the circuit shown in
Fig. 6 [32]. The model is composed of a conservative nonlinear
inductor with current i and nonlinear differential inductance
L(i; n, g) (parameterized by the number of turns n and the
air-gap length g) and two linear resistors with resistance
Rs and Rp. As the magnetic flux φ′ is proportional to B ′

and the inductor current i depends on H , the differential
inductance L(i; n, g) =

d(nφ′)
di is related to the differential

permeability µd . The classical conservative inductor model
with constant inductance allows reproducing only the linear
B ′-H behavior (blue segment in Fig. 5). This is clearly

2Notice that, in the linear region, the differential permeability coincides
with the relative permeability.
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Fig. 7. Frontal section of a portion of the core with the air gap. The field
lines of the flux density B are shown in blue.

inadequate when the inductor works in partial saturation.
The nonlinear conservative inductor allows reproducing the
flux φ′ (corresponding to B ′), whereas the resistors model
both winding and core losses, thus leading to the whole flux
φ = φ′

+ φ′′, also including the winding losses. In particular,
Rs is the DC resistance of the windings and Rp accounts
for the magnetic losses, causing part of the current iL not to
contribute to the generation of flux in the inductor. In addition,
the presence of the resistance Rp causes the losses of the
circuit to vary with the frequency of the applied voltage v.
By considering v and iL as the descriptive variables, the model
equations are

di
dt

= −
Rs Rp

L(i; n, g)(Rs + Rp)
i +

Rp

L(i; n, g)(Rs + Rp)
v

iL =
Rp

Rs + Rp
i +

1
Rs + Rp

v.

(3)

This model allows obtaining numerically the inductor current
iL for any assigned v, for different values of n and g.

Two different models are proposed, for the nonlinear induc-
tance L(i; n, g), described in the following subsections.

C. Model 1 (Physics-Based)

Let Hg , B ′
g , and φ′

g be the magnetic field strength, flux
density, and magnetic flux inside the air gap.

Due to the fringing effect, the magnetic field tends to bend
outside, in the air gap region (see Fig. 7), by crossing a
surface of area Ag > A. A practical rule to model this effect,
suggested in [37] for g ≪ ℓ and g2

≪ A, is to consider
Ag = (1+αg)A, being α a positive tuning parameter that can
be related to the physical dimensions of the core. According
to Gauss’s law, the magnetic flux crossing the surface (with
area A) inside the core is equal to the magnetic flux crossing
the surface (with area Ag) inside the gap, i.e., φ′

= φ′
g . This

leads to B ′ A = B ′
g Ag and B ′

g = B ′ A
Ag

=
B′

(1+αg)
. Therefore,

when the inductor works in its linear region, H =
B′

µ0
dµ0

and Hg =
B′

g
µ0

=
B′

(1+αg)µ0
. According to Ampere’s law

(Ch. 4 of [35]), it follows that

i(B ′
; n, g) =

1
n

[
H(B ′)ℓ + Hg(B ′)g

]
= (4)

=
1
n

[
B ′

µ0
dµ0

ℓ +
B ′

(1 + αg)µ0
g

]
. (5)

We define an equivalent gap

g̃(g) =
g

1 + αg
< g. (6)

Fig. 8. Parameter setting: ξ
(1)
1 = 2000, ξ

(1)
2 = 1, ξ

(1)
3 = 10,

ξ
(1)
4 = 100Am−1, and n = 30. (a) Differential permeability µd vs magnetic

field H ; (b) B′ vs H ; (c) L(i; n, g) vs µd , for and g̃ = 0 mm (blue),
g̃ = 0.1 mm (orange), and g̃ = 0.2 mm (yellow); (d) L(i; n, g) vs i , for
the same gap values.

An experimental validation of the Eq. (6) is provided in
Appendix A. The differential inductance is defined as

L(i; n, g) =
d(nφ′)

di
=

n2 Ad B ′

d B′

µ0
dµ0

ℓ +
d B′

µ0
g̃

=
n2 Aµ0µ

0
d

ℓ + g̃µ0
d

. (7)

We want to generalize this formulation to include magnetic
saturation. Let us first define the function

γ (z; ξ) = ξ2 +
ξ1 − ξ2

2

{
1 −

2
π

arctan
[
ξ3

(
|z|
ξ4

− 1
)]}

(8)

where ξ = [ξ1, ξ2, ξ3, ξ4], ξ1, . . . , ξ4 > 0, ξ1 > ξ2. This
function assumes the values ξ1, ξ2, and ξ1+ξ2

2 for |z| ≪ ξ4,
|z| ≫ ξ4, and |z| = ξ4, respectively. Moreover, ξ3 controls the
slope of the curve for |z| = ξ4, being dγ

dz

∣∣∣
|z|=ξ4

= −
(ξ1−ξ2)ξ3

πξ4
.

In this first modeling approach, we consider µd(H) =

γ (H ; ξ (1)), where ξ (1) denotes the parameter vector for
model 1. Since, due to saturation, µd ≊ 1 for large values
of H , we fix ξ

(1)
2 = 1. A curve µd(H) for a given parameter

set (see figure caption) is shown in Fig. 8 (a). Without the
air gap, the differential inductance L(i; n, g) is proportional
to µd , therefore this model comes down to the one proposed
in [38] and exploited in many other works [22]. In the presence
of an air gap, however, the differential inductance assumes a
different shape, depending on both n and g.

The magnetic induction B ′ can be obtained as

B ′(H) =

∫ H

0
µ0µd(h)dh (9)

where the integral can be computed either analytically, even if
the resulting expression is quite long, or numerically. In any
case, we can obtain a look-up table (LUT) with a vector of
samples of H and the corresponding values of B ′; in this work
we use 1000 points. As shown in Fig. 8 (b), the function B ′(H)

is bijective. Therefore, its inverse H(B ′) does exist and can
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be evaluated through the available LUT. Equation (5) can be
recast, in the nonlinear region, as

i(B ′
; n, g) =

1
n

[
H(B ′)ℓ +

B ′

µ0
g̃
]

. (10)

The current i is a bijective function of B ′, parameterized by n
and g. Its inverse B ′(i; n, g) can be obtained through the LUT,
for different values of n and g. The differential inductance (see
Eq. (7)) can be recast as

L(i; n, g) =
n2 Ad B ′

d H
d B′ d B ′ℓ +

d B′

µ0
g̃

=
n2 Aµ0µd(H)

ℓ + g̃µd(H)
. (11)

L depends nonlinearly on µd (for g > 0), as shown in
Fig. 8 (c) and µd depends in turn on H , and therefore on
i , n, and g. The curves L(i; n, g) are shown in panel (d) for
different values of g.

By summarizing, model 1 depends on 4 parameters, namely
ξ

(1)
1 , ξ

(1)
3 , ξ

(1)
4 , and α, and assumes that the magnetic path

length ℓ and core section area A are known.

D. Model 2 (Black-Box)

By looking at the plots in Fig. 8 (d), we can approximate
these curves through the function γ defined in Eq. (8).
Therefore, with model 2, we assume:

L(i; n, g) = γ (i; ξ (2)(n, g̃)) (12)

where ξ
(2)
1 (i.e., the inductance for small currents) decreases

with g, and ξ
(2)
4 (i.e., the value of i such that the inductance

is about one half of the nominal inductance) increases with g.
More precisely, we consider:

ξ
(2)
1 (n, g) =

n2

c1g̃ + c2
(13)

ξ
(2)
2 (n) =

n2

c3
(14)

ξ
(2)
4 (n, g) =

c4g̃ + c5

n
(15)

Parameter ξ
(2)
3 does not depend on n and g. The derivation of

these expressions is detailed in Appendix B. Model 2 depends
on 7 parameters: c1, . . . , c5, ξ

(2)
3 , and α. Different from

model 1, which is mainly based on the physics of the inductor
and requires the knowledge of some geometrical parameters,
model 2 is completely behavioral and none of its coefficients
has a direct physical meaning.

IV. RESULTS

A. Model Identification

The whole inductor model contains the 4 (7) parameters of
model 1 (model 2) and the resistances Rs, Rp. All these 6 (9)
model parameters are collected in a vector x and the differ-
ential inductance can be expressed as a function L(i; n, g, x).
The model behavior can vary with the frequency due to its
structure.

The optimal vector x∗ is identified by exploiting a sub-
set K of the experimental measurements described in Sec. II,

TABLE I
OPTIMAL PARAMETERS

Fig. 9. Differential inductance L vs i for model 1 (continuous lines) and
model 2 (dotted lines).

Fig. 10. Left panel: g̃ as a function of g; right panel: parameters ξ
(2)
1 and

ξ
(2)
4 as function of g for three different values of n. These curves are obtained

with model 2.

with sampling time Ts , and solving the following nonlinear
optimization problem,

min
x

1
|K|

∑
k∈K

1

N (k)
s

N (k)
s∑

j=1

∣∣∣i (k)
L (t j ; x) − ı̂ (k)

L (t j )

∣∣∣
ı̂ (k)
L (t j )

, (16)

where |K| is the cardinality of the set K, ı̂ (k)
L is the measured

current in the k-th dataset, and i (k)
L is the current obtained by

solving system (3) (sampling the solution with step Ts), with
parameter vector x and input v = v̂(k), with the values of
n and g corresponding to the k-th dataset.

Both models 1 and 2 are fitted by solving the optimization
problem through a genetic algorithm, using the MATLAB
function ga with default options [39]. The training set K com-
prises datasets obtained with n = 30, g = {0.2, 0.6, 1} mm,
and f = {20, 50} kHz. Specifically, for each combination of

This article has been accepted for inclusion in a future issue of this journal. Content is final as presented, with the exception of pagination. 



6 IEEE TRANSACTIONS ON CIRCUITS AND SYSTEMS—I: REGULAR PAPERS

Fig. 11. Relative error ei for all the datasets for model 1 (blue) and model 2 (orange). Mean (dot), maximum (upper bar), and minimum (lower bar) error
across all amplitudes.

n, g, and f mentioned above, measurements with the smallest
and largest current amplitudes, as well as two intermediate
amplitudes, are included, resulting in |K| = 24 datasets (out
of 147 available) used to train the model. The resulting optimal
parameters (vector x∗) are listed in Table I.

Fig. 9 shows the nonlinear inductance L(i; n, g) obtained
with model 1 (solid curves) and model 2 (dashed curves),
for different values of n and g. As expected, as g increases
or n decreases, the nominal inductance becomes smaller and
the saturation occurs for higher current values. Notice that
different combinations of n and g may lead to curves (e.g.,
the green and purple ones) with about the same nominal
inductance but a different current range for the linear region.
The difference between models 1 and 2 lies mainly in the
shape of the function around the knee between the linear
and nonlinear regions. The relationship between g̃ and g (see
Eq. (6)) for model 2 is shown in the left panel of Fig. 10. Due
to flux fringing, it appears that for a real gap of g = 1 mm,
the effective gap reduces to about g̃ = 0.75 mm. The
right panel shows instead how parameters ξ

(2)
1 (left axis) and

ξ
(2)
4 (right axis) vary with g, for different values of n. Notice

that increasing the gap over a certain value does not affect
ξ

(2)
1 significantly.

B. Model Validation

To validate the accuracy of the model, simulations are
performed by integrating system (3) with v = v̂(k), ∀k, i.e.,
the voltage measurements in all available datasets, with the
optimal parameters. The resulting estimated current for the
k-th dataset is i (k)

L (t j ; x∗), whereas the average power loss

is ⟨p(k)
⟩ =

1
N (k)

s

∑N (k)
s

j=1 v̂(k)(t j )i
(k)
L (t j ; x∗). To measure the

accuracy of the models we define the relative percent error
on the current as

e(k)
i = 100

1

N (k)
s

N (k)
s∑

j=1

∣∣∣i (k)
L (t j ; x∗) − ı̂ (k)

L (t j )

∣∣∣
ı̂ (k)
L (t j )

(17)

and the relative percent error on the power loss as

e(k)
p = 100

∣∣⟨p(k)
⟩ − ⟨ p̂(k)

⟩
∣∣

⟨ p̂(k)⟩
(18)

For each available value of n, g, and f , there are 7 datasets
characterized by different current biases and amplitudes.
Fig. 11 shows the minimum, maximum, and average errors ei
among these 7 datasets, for each triplet (n, g, f ) and with
model 1 (blue) and 2 (orange). The average error is represented
by dots whereas the minimum and maximum values are the
edges of the vertical segments. The two proposed models
exhibit comparable accuracy, with model 2 performing slightly
better than model 1. The mean and maximum current errors
are always below 1.4% and 3.7%, respectively. We recall that
measurements obtained with n = {20, 25}, g = {0.4, 0.8} mm,
and f = 35 kHz have not been used for model training, which
testifies the good generalization capability of the models.

The minimum, maximum, and average errors ep are shown
in Fig. 12 (same kind of plots as in Fig. 11). Again, the two
models exhibit similar performances. The mean error is always
below 15%, whereas the maximum error exceeds 15% only
for g = 0.2 mm and f = 20 kHz. In the worst case, however,
the measured and estimated average powers are 6.01 W and
4.24 W, leading to an absolute error of 1.77 W.

Fig. 13 shows the measured (and filtered) and estimated
(with model 2) currents for some operating conditions; the
related errors ei and ep are reported in each panel (black
for model 2, gray for model 1). Panels (a)-(c) show currents
obtained with the inductor operating in its linear region,
whereas panels (d)-(i) are related to a partially saturating
behavior. Panels (h) and (i) correspond to the operating con-
ditions with the worst error ei and ep, respectively. Notice the
good match between estimations and measurements in almost
all conditions. The results obtained with model 1 (omitted for
brevity) are very similar, as also evidenced by similar error
values.

C. Application of the Model to SMPS Design

Proposing an optimization algorithm for the optimal design
of power converters exploiting partially saturating inductors
is out of the scope of this paper. However, we want to
show through an example how the proposed model can be
an effective tool to accomplish this task. To this aim, we
implemented the buck converter shown in Fig. 1 in Simulink,
by exploiting the Simscape Electrical library, where the
inductor is modeled through the circuit shown in Fig. 6,
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Fig. 12. Relative error ep for all the datasets for model 1 (blue) and model 2 (orange). Mean (circle), maximum (upper bar), and minimum (lower bar) error
across all amplitudes.

Fig. 13. Measured (blue curves) and estimated (black dashed curves) currents (with model 2) in 9 different operating conditions. The triplet (n, g, f ) for
each panel is: (a) (30, 0.2 mm, 50 kHz), (b) (30, 0.6 mm, 35 kHz), (c) (30, 1 mm, 20 kHz), (d) (25, 0.4 mm, 35 kHz), (e) (30, 0.4 mm, 50 kHz), (f) (30, 0.8 mm,
35 kHz), (g) (30, 1 mm, 20 kHz), (h) (20, 0.4 mm, 20 kHz), (i) (30, 0.2 mm, 20 kHz).

with model 1. We set the following operating conditions:
vin = 100 V, D = 0.4, R = 5 �, f = 35 kHz. The converter’s
average output voltage and power are about 40 V and 320 W,
respectively, whereas the average inductor current is 8 A.
We performed different simulations by changing the values of
n and g and, for each of them, we computed the current ripple
1i at steady-state, as shown in Fig. 14. For each curve, when
the gap exceeds a given value, the inductor always operates
in its linear region and, as expected, the ripple - which is
inversely proportional to the inductance - grows monotonically
with g. For lower gap values, the inductor operates in partial
saturation, and the ripple decreases until reaching a minimum
value. By assuming that the design specifications impose a
ripple lower than 30% of the average inductor current (about
2.4 A, see the black dashed line in the figure), it appears that
all combinations of n and g leading to curve points below
the black line are feasible design choices. We now focus on
points A and B, such that 1i is 20% of the average inductor
current, obtained with the lowest n and g = 0.36 mm and
0.73 mm, respectively. The corresponding inductor currents
are the blue (point A) and orange (point B) curves in the left

Fig. 14. Current ripple 1i as a function of g, for different values of n. The
black dashed line marks the ripple threshold.

panel of Fig. 15. The right panel shows the related inductance
L(i; n, g) (thin lines) and the portion of the curve spanned
by the current (thick lines). The same ripple can be obtained
with the inductor either partially saturating (point A) or fully
in its linear region (point B). The average power estimated by
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Fig. 15. Steady-state current iL (left panel) and inductance L under operating
conditions A (blue curves) and B (orange curves).

Fig. 16. Current ripple 1i as a function of ℓ. The black dashed line is the
ripple threshold.

Fig. 17. Inductance L̂ based on measurements (blue dots), values of
L estimated by applying Eq. (7) (orange circles), and values of L estimated
by applying Eq. (7) with α = 0 (black crosses).

the model is about 8.11 W, in both points A and B, namely
about 2.53% of the converter output power.

By fixing n = 20 and g = 0.4 mm and by varying the
magnetic path ℓ between 300 mm and 800 mm, a similar ripple
behavior is obtained, shown in Fig. 16. This behavior can be
better understood by looking at Eqs. (10) and (11), where
it appears that increasing g or ℓ has qualitatively the same
effect. The proposed model has not been validated on data
for different values of A and ℓ, therefore, Fig. 16 has only a
qualitative meaning. Also in this case, both points C and D
are feasible design choices. Here point C corresponds to an
inductor with a magnetic path ℓ 2.4 times shorter than for
point D. This means that if the saturating inductor is used,
the converter’s power density is increased. The section area A
could be considered as a further design parameter.

Even if this analysis is only partial, as many other effects
should be considered (i.e., the dependence of the working tem-
perature on the core size, the switching and conduction losses
of the semiconductor devices, and other converter operating
conditions), it provides an insight into the potentialities of the
proposed model from a design perspective.

V. CONCLUSION

In custom-made ferrite-core inductors, tuning the number of
turns and the air-gap length allows for shaping the behavior
of the inductance versus current. In this work, two behavioral
inductor circuit models are obtained, in which the inductance
depends on current, air-gap length, and number of turns. The
models have been identified and validated by resorting to
measurements on a real buck converter and proved to be
accurate for different air-gap values, number of turns, and
SMPS operating conditions. Model 1, based on physics, relies
on 6 parameters and assumes that the core area and length are
known. This model, once properly validated, possibly allows
also including the core area and magnetic path length as design
parameters. Model 2, fully black-box, needs 3 more parameters
but achieves slightly better accuracy and does not require
a priori knowledge.

Exploiting inductors in partial saturation allows increasing
the power density of switching converters. In this framework,
the proposed models can be embedded into a circuit simulator
to mimic the behavior of a power converter, also when the
inductor approaches magnetic saturation, for different values
of air gap length and number of turns. This is particularly
useful to optimally design custom inductors, by selecting
the proper gap length and number of turns, to meet the
converters’ specifications. The model can even be used
within optimization tools for optimal converter design, in the
presence of inductors working in their nonlinear region.
Moreover, the model-based control (such as model predictive
control [40], [41]) of switching converters including inductors
working in partial saturation needs behavioral models like the
one proposed in this paper.

APPENDIX A
EXPERIMENTAL VALIDATION OF EQ. (6)

To validate Eq. (6), we performed some additional mea-
surements by applying (directly to the inductor terminals)
small-amplitude sinusoidal voltages at 20 kHz, so that the
component works in its linear region. We kept n = 30 turns
and changed the air gap length g from 0.2 to 2 mm. Based
on the applied inductor voltage v(t) = V cos(ωt + φv) and
corresponding current iL(t) = I cos(ωt +φi ), we estimated its
impedance as Z( jω) = R̂+ jωL̂ ≜ V

I e j (φv−φi ), thus obtaining
the inductance L̂ . We computed L through Eq. (7), by fitting
parameters µd and α to L̂ . The optimal parameter values for
this experimental setting turn out to be µd = 1750 and α =

294 m−1. Fig. 10 shows L̂ (from measurements) as blue dots
and L (from Eq. (7)) as orange circles. If the fringing effect is
not considered (α = 0), Eq. (7) provides the inductance values
shown as black crosses, which are less and less accurate as
g increases. The above values of µd and α are slightly different
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from the ones listed in Tab. I, which have been obtained based
on all measurements with different input waveforms, number
of turns, and frequencies. The good matching between L̂ and
L confirms that the model correctly accounts for the fringing
effect.

APPENDIX B
DERIVATION OF THE PARAMETERS OF MODEL 2

We recall that, for model 2, L(i; n, g) ≊ ξ
(2)
1 for i → 0.

Starting from Eq. (11), for H → 0 (then, i → 0), µd ≊ ξ
(1)
1 ;

then,

ξ
(2)
1 (n, g) =

n2 Aµ0ξ
(1)
1

ℓ + g̃ξ
(1)
1

=
n2

c1g̃ + c2
(19)

with c1 ≜
ξ

(1)
1

Aµ0ξ
(1)
1

and c2 ≜ ℓ

Aµ0ξ
(1)
1

. On the contrary,

L(i; n, g) ≊ ξ
(2)
2 for large values of i . If H (and then i) are

large, µd ≊ 1, then

ξ
(2)
2 (n) =

n2 Aµ0

ℓ + g̃
≊

n2 Aµ0

ℓ
= n2c3 (20)

since ℓ ≫ g, with c3 ≜ µ0 A
ℓ

.

Term ξ
(2)
4 is the current value such that L

(
ξ

(2)
4 ; n, g

)
=

L̄(n, g) = 0.5
(
ξ

(2)
1 (n, g) + ξ

(2)
2 (n)

)
≊ 0.5ξ

(2)
1 (n, g), since

ℓ ≫ g and ξ
(1)
1 ≫ 1. The inductance L̄(n, g) is obtained for

µd = µ̄d(g), which can be derived by substituting L̄(n, g) in
the left-hand-side of Eq. (10):

µ̄d(g) =
0.5ξ

(1)
1 ℓ

ℓ + 0.5ξ
(1)
1 g̃

. (21)

It appears that if g = 0 then L̄(n, g) corresponds exactly to
the mid value of the permeability

(
µ̄d = 0.5ξ

(1)
1

)
, obtained

for H̄ = H̄0 and B̄ = B̄0 (see Fig. 8, top panels). As g
increases, µ̄d decreases, leading to an increment of both H̄
and B̄. For sufficiently small values of g, µ̄d remains in
the high-slope part of the µd(H) curve in panel (a), which
implies small deviations of H̄ and even smaller deviations
of B̄, that approaches saturation. Then we can write H̄ =(

1 + a g̃
G

)
H̄0 and B̄ = (1 + b g̃

G )B̄0, with a, b ≪ 1 and G is
the maximum considered gap, so that g

G < 1. By substituting
these terms in Eq. (10), we obtain ξ

(2)
4 (n, g), i.e., the value of

the current that brings to L̄(n, g):

ξ
(2)
4 (n, g) =

1
n

[(
1+a

g̃
G

)
H̄0ℓ +

(
1 + b

g̃
G

)
B̄0G
µ0

g̃
G

]
(22)

=
1
n

[
bB̄0G
µ0

(
g̃
G

)2

+

(
aH̄0ℓ

G
+

B̄0G
µ0

)
g̃
G

+ H̄0ℓ

]
(23)

which is a quadratic function of g̃. Since g̃
G < 1 and the

coefficient of the quadratic term is much smaller than the
coefficient of the linear term (b ≪ 1), we can consider

ξ
(2)
4 (n, g) =

c4g̃ + c5

n
(24)

with c4 ≜ aH̄0ℓ
G2 +

B̄0
µ0

and c5 ≜ H̄0ℓ.
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