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Summary

Switch-mode power supplies (SMPSs) are widely exploited to interface electri-

cal energy sources to motors and other electrical loads. Inductors are usually

the biggest and heaviest components in SMPSs, limiting their overall power

density. Therefore, there is an increasing interest in designing SMPSs with

partially saturating inductors, because this significantly reduces their weight

and size, thus increasing power density. This paper provides a review of

nonlinear behavioral models (based on easy-to-measure quantities) of the

inductance, power loss, and temperature rise of inductors working, at least

partially, in magnetic saturation. This survey discusses the pros, cons, and

ranges of validity of these models, with a glimpse at their application to SMPS

simulation, design, monitoring, and control.
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1 | INTRODUCTION

The European Green Deal1 aims at achieving a reduction of greenhouse gases emission in 2030 of at least 50%, com-
pared to 1990, and reaching zero net emissions by 2050. Transportation accounts for a quarter of the EU's greenhouse
gas emissions, and it is estimated that to pursue the EU's targets, a 90% reduction in transport emissions (road, rail, avi-
ation, and waterborne) is needed by 2050. Therefore, electrification of transport is a priority. In the last decade, the
availability on the market of mild-hybrid,2 full-hybrid, plug-in hybrid, and full-electric cars has grown exponentially,3

from small city-cars to big sport utility vehicles (SUVs). In more electric aircrafts, the hydraulic and pneumatic systems
are replaced by electric devices4 and the research is moving towards all-electric airplanes, where also the propulsion
system becomes electrical.5

In this context, switch-mode power supplies (SMPSs) interfacing batteries, motors, and other electrical loads are
widely exploited.6 SMPSs convert input power at a given voltage and current level to output power at a different voltage
and current level, by storing energy in capacitors and inductors, converting that energy into packets using semiconduc-
tor switches, and then releasing packets to the output. Achieving a high power density (defined as the ratio between
power and volume) is of paramount importance in the automotive and aerospace fields since smaller and therefore ligh-
ter converters contribute to lowering the overall vehicle power consumption,4,5,7-9 and size can be an issue especially in
small vehicles. The reduction of inductor size is crucial also in other contexts, for example, for electromagnetic interfer-
ence filters10 or magnetic energy harvesters.11

Inductors are usually the biggest and heaviest components in SMPSs,12 limiting the overall power density. As well
known, a current flowing through the inductor wire induces a magnetic flux across the windings. For sufficiently low

Received: 16 July 2021 Revised: 23 August 2021 Accepted: 8 September 2021

DOI: 10.1002/cta.3147

This is an open access article under the terms of the Creative Commons Attribution-NonCommercial-NoDerivs License, which permits use and distribution in any

medium, provided the original work is properly cited, the use is non-commercial and no modifications or adaptations are made.

© 2021 The Authors. International Journal of Circuit Theory and Applications published by John Wiley & Sons Ltd.

Int J Circ Theor Appl. 2021;1–33. wileyonlinelibrary.com/journal/cta 1

https://orcid.org/0000-0002-2000-6851
https://orcid.org/0000-0002-0753-7017
https://orcid.org/0000-0003-4958-074X
mailto:marco.storace@unige.it
https://doi.org/10.1002/cta.3147
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://wileyonlinelibrary.com/journal/cta


currents, the flux can be assumed to be proportional to the current through a constant coefficient (the inductance),13

which is the main parameter describing the inductor. However, over a certain current threshold, magnetic core satura-
tion occurs, causing the flux to increase much more slowly. In other words, the inductance decreases as the current
increases. Reducing the core size without modifying the inductance requires adding more windings, which in turn
implies that the core starts saturating at lower current values.

Saturation is traditionally avoided in the SMPS design because a decrease of the inductance implies an increase of
the current ripple and, therefore, of temperature and power loss. Moreover, the classical linear inductor model, where
the inductance is constant, can no longer be applied, making the SMPS design and simulation much more involved.
However, in 2012, Milner and Rinc�on-Mora14 verified experimentally that SMPSs can exploit smaller saturating
inductors, with a limited loss in efficiency. In particular, they verified that a 3.3 � 3.3 � 1.0 mm 3 ferrite-core inductor
with a nominal inductance of 1 H and rated for a 1.6-A current (Coilcraft LPO3310) can properly work in saturation
with a current up to 2.1 A. Compared to the smallest nonsaturating inductor with a rated current of 2.1 A, the LPO3310
allows achieving a 50% area reduction, a 65% volume reduction with only a 2.7% increase of the peak power loss. Con-
cerns about the use of saturating inductors are successively demystified by several works by Femia et al,15-19 showing
through theory and experiments that saturation is not always a problem, but it is rather a solution if it is properly
modeled and the SMPS is designed accounting for its effects.

Inductor saturation and power loss can be modeled by resorting to physics-based electromagnetic models,20-24

which are accurate but unpractical, since they require the knowledge of geometrical and physical properties of the
inductor, not always disclosed for commercial devices, and involve electric and magnetic fields. The work by Milner
and Rinc�on-Mora motivated the development of behavioral inductor models able to estimate the inductance, power
loss, and temperature rise based on easy-to-measure electrical variables. Tens of models have been developed in the last
decade, with their own pros and cons and ranges of validity. A previous survey25 focuses on about 10 behavioral
inductance models. This paper provides a much wider description and critical discussion of inductance, power loss, and
temperature behavioral models, showing how they are exploited for SMPS simulation, design, monitoring, and control.

The increasing interest in this topic is witnessed by two other recent surveys by Di Capua et al18 and Kaiser and
Duerbaum.26 The former discusses the effects of inductor saturation on the SMPS operation, whereas the latter presents
a review on the application of power supplies with saturating inductors in the automotive, aerospace, battery charging,
lighting, and photovoltaic fields, by pointing out the reasons why saturation is exploited.

This survey is organized as follows. The general concepts about nonlinear power inductors and buck/boost con-
verters are summarized in Sections 2.1 and 3, respectively. Sections 4 and 5 list the main behavioral inductance and
power loss models suitable for saturating inductors, whereas Section 6 is focused on the application of these models for
SMPS simulation, design, monitoring, and control. Finally, some conclusions are drawn in Section 7.

2 | BASIC CONCEPTS

Inductors are passive two-terminal electrical components realized by winding a conductive wire around a core
(Figure 1A). According to the Ampère–Maxwell law, when a current i flows through the wire, fields H (magnetic field

FIGURE 1 Example of toroidal inductor (A) and its circuit symbol (B) [Colour figure can be viewed at wileyonlinelibrary.com]
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strength, measured in [A m�1]) and B (magnetic flux density, measured in [T]) are generated within the core. Let Φ be
the flux of field B across the windings. According to the Maxwell–Faraday equation, a time variation of this flux induces
an electromotive force which tends to generate a current opposite to the impressed one i, in order to contrast the flux
variation (Lenz's law). This results in a voltage across the inductor terminals

v¼ dΦ
dt

, ð1Þ

with the reference directions shown in Figure 1B. In the following, we will denote as H and B the magnitude of the
fields, without considering their direction, as the fields are aligned in the common case of isotropic materials.

The relationship between fields B and H depends on the core material. For paramagnetic materials (e.g., air), B is
proportional to H through a scalar (in case of isotropic material) coefficient μ referred to as magnetic permeability,

B¼ μH: ð2Þ

Permeability can be expressed as μ¼ μrμ0, where μ0 ¼ 4π �10�7Hm�1 is the permeability of the vacuum, whereas μr
(dimensionless) is the relative permeability, which for paramagnetic materials is slightly larger than 1. In ferromagnetic
materials (e.g., ferrite), for a given field H, the induced field B is orders of magnitude higher than for paramagnetic
materials, but the relationship between the two fields is strongly nonlinear (Figure 2), exhibiting a temperature-
dependent hysteresis loop which is traveled counterclockwise. The shape of the loop depends on the considered
material and its fabrication process.

If a (say positive) field H is applied to the material and then brought back to zero, the field B does not return to zero,
meaning that the material has been magnetized. A negative field H must be applied again to demagnetize the material.
The strength of the demagnetization field is referred to as coercitivity. For the design of a permanent magnet, it is
desirable to have a wide hysteresis loop (high coercitivity). By contrast, for inductor cores, the hysteresis represents an
undesired nonlinear effect, which also increases the power loss (see Section 5), being the area of the hysteresis loop
proportional to the dissipated energy. Therefore, soft (i.e., with low coercitivity) magnetic cores are usually exploited,
which are characterized by a narrow hysteresis loop. Examples of soft materials are ferrite, iron powder, amorphous, or
nanocrystalline alloys.

Another relevant effect that can be noticed by looking at Figure 2 is saturation: if the field H is increased (decreased)
above a certain value, the field B increases (decreases) very slowly, as for paramagnetic materials. This behavior can be
noticed also in the first magnetization curve (Figure 3A), which is obtained starting from zero fields and by increasing
the H field. In this case, the relative permeability μr is a function of the field H, as shown in Figure 3B.

The differential permeability,

FIGURE 2 Relationship between B and H in the N27 ferrite material, provided by TDK Electronics Design Tool27 at 25�C (blue line)

and 100�C (red line) [Colour figure can be viewed at wileyonlinelibrary.com]
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μdðHÞ¼ dB
dH

, ð3Þ

is shown in Figure 3C. For ferrites, the differential permeability quickly decreases as H overcomes a threshold. Other
materials, for example, made of iron powder, exhibit a smoother decrease of μd.

The permeability μ strongly depends also on the core temperature T. For example, for ferrite cores, as the tempera-
ture increases, the core starts saturating at lower values of H. Therefore, both relative and differential permeability start
dropping at lower values of H. Notice that for low values of H, where the slope μd of the magnetization curve is almost
constant, the ferromagnetic material approximately behaves like a linear medium and the temperature dependence is
negligible.

Finally, in the case of sinusoidal field H, the permeability is a complex function of its frequency. At low rates, there
is an algebraic relationship between H and B. When the frequency increases above a certain threshold (which depends
on the material), B is no longer able to follow H instantaneously. This induces a phase shift between H and B, which
causes an enlargement of the hysteresis loop and an increase in the power loss. Figure 4 shows the real part of μr versus
the excitation frequency for a ferrite material. It is evident that, at frequencies above 1 MHz, the permeability drastically
drops.

FIGURE 3 First magnetization curve (A), relative permeability (B), and differential permeability (C) of the N27 ferrite material at 25�C

(blue lines) and 100�C (red lines). Data are obtained from the TDK Electronics Design Tool27 [Colour figure can be viewed at

wileyonlinelibrary.com]

FIGURE 4 Relationship between the real part of μr and the frequency f for the N27 ferrite material, provided by TDK Electronics

Design Tool27 [Colour figure can be viewed at wileyonlinelibrary.com]
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When a wire is wounded around a magnetic core, an inductor is created, where the field H is proportional to the
inductor current, whereas the magnetic flux is proportional to the field B. Therefore, the relationship between B and
H corresponds to an analogous relationship between flux Φ and current i. Figure 5, for instance, shows the relationship
between Φ and i, measured on a Coilcraft DO3316T-103 ferrite-core inductor at different core temperatures T2 > T1.
Notice the similarity with the B-H curves shown in Figure 3A, where the slope of the curve is initially high and
decreases as H increases. By applying Equation (1), we obtain

v¼ dΦ
dt

¼ dΦ
di

di
dt

¼LðiÞdi
dt
, ð4Þ

where L(i) is the differential inductance (simply referred to as inductance in the remainder of the paper), which is
related to the differential permeability μd, as illustrated in the following example. Let us consider a cylindrical inductor
with n turns, length l and radius r, with l � r. In this case, it is easy to obtain that H¼ n

l i (Ampère–Maxwell law) and
Φ¼Bnπr2. Therefore,

LðiÞ¼ dΦ
di

¼ nπr2dB
l
ndH

¼ n2πr2

l
dB
dH

¼n2πr2

l
μdðHÞ: ð5Þ

In other words, L(i) is proportional to the differential permeability of the core material, through some geometric
properties of the inductor. Being related to the permeability, the inductance L(i) turns out to be qualitatively similar to
the function shown in Figure 3C and depends also on the core temperature and the working frequency. Moreover, the

FIGURE 5 Φ versus i hysteretic curves measured on a Coilcraft DO3316T-103 ferrite-core inductor at different core temperatures T2

> T1

FIGURE 6 Relationship between B and H in a ferrite core28 with (dashed curve) and without (solid curve) air gap
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inductance can be assumed to have a constant value Lnom (nominal inductance) only if the current remains below a
given threshold (depending on temperature). By looking at Equation (5), it appears that Lnom is proportional to the
square of the number of turns. Moreover, for a fixed value of i, an inductor with a higher number of turns will generate
stronger fields H and then B, meaning that the core will saturate at lower current values. Therefore, for a given core, an
inductor with a higher number of turns has a higher nominal inductance but starts saturating at lower current values.
The value of the current where saturation begins also depends on the permeability of the material. The higher the per-
meability, the lower the field H (and therefore the current) leading to the saturation of B. Usually, in commercial
ferrite-core inductors, an air gap is inserted in the core, to decrease the overall permeability, thus allowing the inductor
to operate in its linear region for a wider current range. Figure 6 shows the relationship between B and H in a ferrite
core28 with (dashed curve) and without (solid curve) air gap.

2.1 | Power inductors

Inductors are used for several applications, in particular, radio frequency systems, power electronics, electromagnetic
interference filtering, and transformers. The focus of this survey is on power inductors, which are usually characterized
by soft ferromagnetic cores, as they need to store a large amount of energy with power loss as low as possible. Consider
two inductors (A and B) with the same core material, characterized by its magnetization curve. Inductor A has a larger
core size (i.e., radius r) and a lower number of windings n compared to inductor B, but the inductance of the two com-
ponents is the same. This is possible since, from Equation (5), it appears that L is proportional to both r 2 and n 2. For
the same value of i, inductor B (smaller) generates a higher field H (proportional to n), which implies that the core of
inductor B will saturate for lower current values. Therefore, for a bigger core, we can assume with acceptable accuracy
that L¼Lnom for a wider range of current. This is the reason why power converter manufacturers tend to use bulky
inductors.

Power inductors are key components in SMPSs, as they mainly determine the current ripple and power loss. In
order to exploit smaller inductors working in partial saturation, accurate models of the inductance and power loss are
necessary to design, simulate, monitor, and control power converters. The characterization of the material in terms of
magnetization curve, provided by some manufacturers,29 is not practical to this aim because fields H and B are not
easily measurable on circuits and the relationship between these fields and the inductor voltage and current depends
on several geometric properties of the inductor, which are often not provided, at least for commercial inductors. The
manufacturers' datasheets do not always provide a full inductor characterization in the saturation region (as it is tradi-
tionally avoided in the inductor functioning), and whenever it is provided, it is usually obtained by applying to the
inductor small-amplitude sinusoidal signals, which are very different from the signals that are applied to the inductor
(e.g., square waves). These nonsinusoidal signals contain several harmonics, which may affect the permeability, as
discussed above. All these aspects motivated the need to develop accurate inductor models, based on easy-to-measure
quantities, providing a reliable estimate of both the inductance and the power loss. SMPSs are assumed to work in a
limited range of frequencies; therefore, the dependence of the permeability on the field rate is not taken into account.
These models are usually identified by applying to the inductor realistic voltage profiles and can be exploited in circuit
simulators. The models can be possibly embedded in digital circuits (microcontrollers or FPGAs) for SMPS online moni-
toring and control.

3 | SWITCH MODE POWER SUPPLIES

Power inductors are commonly employed in transformers (as coupled inductors), chokes, filters, and power converters,
in particular SMPSs. The simplest topologies, used to identify and validate the majority of the nonlinear inductor
models, are the buck and boost converter, whose circuit diagrams are shown in Figure 7, panels (A) and (B),
respectively.

The buck (boost) converter converts a DC input voltage vin into a lower (higher) DC output voltage vout. Both archi-
tectures exploit an inductor with voltage v and current i, an output capacitor, one diode with voltage drop vd, and an
MOS transistor operating as a switch, usually driven by a pulse-width modulation (PWM) signal with frequency f and
duty cycle d. The output current is iout, whereas RL and Rmos denote the inductor parasitic resistance (representing the
DC winding loss, described in Section 5.1) and the MOS resistance during the ON state, respectively.

6 OLIVERI ET AL.



Figure 8 shows few periods of some typical steady-state waveforms for both converters for a constant value of the
inductance L. The starting time, period and duty cycle of the kth PWM cycle are tk, ΔTk, and dk � (0, 1), respectively,
as shown in the bottom panel of Figure 8. We assume that the input voltage and output current are constant (at values
vin, k and iout, k, respectively) within the kth PWM cycle. This is reasonable, as they vary much more slowly than the
PWM signal (typical values of the PWM frequency are indeed between 104 and 106 Hz). The SMPS operating condition
during the kth PWM cycle is determined by vin, k, iout, k, ΔTk, and dk, which are assumed to be known or easily measur-
able. We also define the following time intervals:

T ON
k ¼ t �ℝ : tk ≤ t< tkþdkΔTkf g, ð6Þ

T OFF
k ¼ t �ℝ : tkþdkΔTk ≤ t< tkþ1f g: ð7Þ

In other words, for t � T ON
k , the PWM signal is high (ON phase) and the transistor conducts current, whereas for

t � T OFF
k , the PWM signal is low (OFF phase) and the transistor does not conduct.

During the ON phase, the inductor stores part of the electrical energy provided by the voltage source, which is then
released to the load during the OFF phase. We assume that these converters always work in continuous conduction

FIGURE 7 Circuit diagram of a buck (A) and boost (B) DC-DC converter

FIGURE 8 Typical steady-state waveforms of i, vout, v, and PWM signal, from top to bottom, respectively [Colour figure can be viewed

at wileyonlinelibrary.com]
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mode (CCM), namely, the inductor current i is always strictly positive. Under this assumption, the SMPS state
equations are as follows:

• buck converter

di
dt

¼ vin,k�ðRLþRmosÞi� vout
L

dvout
dt

¼ i� iout,k
C

8>><
>>: for t� T ON

k ,

di
dt

¼�vd�RLi� vout
L

dvout
dt

¼ i� iout,k
C

8><
>: for t � T OFF

k , ð8Þ

• boost converter

di
dt

¼ vin,k�ðRLþRmosÞi
L

dvout
dt

¼�iout,k
C

8>><
>>: for t � T ON

k ,

di
dt

¼ vin,k�RLi� vd� vout
L

dvout
dt

¼ i� iout,k
C

8><
>: for t� T OFF

k , ð9Þ

where L is, in general, a function of current and temperature for the reasons explained in the previous section.
If the parasitic resistances are neglected and the inductance is constant, at steady state, within the kth PWM period,

the inductor current is a triangular wave with mean value ık and ripple Δik, the inductor voltage v is a square wave
assuming values vONk and vOFFk , whereas the output voltage oscillates ripple around a DC value vout,k. The SMPS provides
an ideally constant output voltage, therefore the capacitance C is chosen as a compromise between low ripple (high
capacitance, according to Equations 8 and 9) and fast transient response (low capacitance).

If the inductor operates in partial saturation, the inductor current waveform assumes a cusp-like shape, as shown in
Figure 9, where i is shown for different values of the converter output current iout. This happens because, in the ON
state, the inductor voltage is almost constant and the inductance decreases as the current increases, which implies
(according to Equation 4) that also the time derivative of the inductor current increases. The same phenomenon
happens in the OFF state.

At steady state, the inductor is characterized by a mean power loss p, which is responsible for a core temperature
rise Trise with respect to the ambient temperature Tamb. The temperature rise is related to the thermal dissipation char-
acteristics of the specific component, often simply modeled through a thermal resistance30 Rth,

Trise ¼Rthp: ð10Þ

Therefore, the core temperature T can be expressed as

FIGURE 9 Time evolution of i during one PWM period, for different values of iout [Colour figure can be viewed at wileyonlinelibrary.

com]
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T¼TambþTrise: ð11Þ

The steady-state power loss and temperature are determined by the SMPS operating condition and environmental
factors, such as the ambient temperature. When one of the SMPS operating conditions (e.g., supply voltage or load cur-
rent) changes, the inductor current (as well as the other electrical quantities) reaches a new oscillating steady-state
value, after a fast electrical transient, usually lasting few PWM cycles (see Figure 10, bottom panel). If, for example, the
new values of the mean current and/or ripple are higher than the previous ones, the inductor power loss is also higher
and the core temperature starts rising until reaching a new steady-state value. This thermal transient is much slower
than the electrical one and can last up to tens of minutes, depending on the thermal characteristics of the inductor. A
dynamical dependence of the temperature rise on the power loss can be adopted to mimic this behavior,31

RthCth
dTrise

dt
þTrise ¼Rthp, ð12Þ

being Cth a thermal capacitance.
When the temperature increases, the differential permeability, and then the inductance, decreases (see Figure 3C). This

causes a slow increase of the current ripple, as shown in Figure 10. This phenomenon is much more evident when the
inductor works in partial saturation, as clearly shown also in the thermal analysis performed by Scirè et al.32 As described
in detail by Vitale et al,31 the increase of the ripple leads in turn to a further increase of the temperature, resulting in a pos-
itive feedback, which may cause a thermal collapse of the inductor, in the absence of protection systems.

In conclusion, in response to a change in the SMPS operating conditions, the electric variables undergo both a fast
electric and a slow thermal transient. Therefore, the SMPS can be considered as a slow-fast system.

4 | INDUCTANCE MODELS

In this section, several inductor nonlinear behavioral models are surveyed, which express the inductance as a function
of the inductor current and other thermal or electrical quantities. For all models, the inductance is expressed as

FIGURE 10 Inductor current in response to a step change of the output current. The slow thermal transient is visible in the top panel,

whereas the fast electric transient is enlarged in the bottom panel [Colour figure can be viewed at wileyonlinelibrary.com]
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Lði;ξ,xÞ, ð13Þ

where i is the inductor current, ξ is a parameter that is assumed to remain constant during the PWM cycle (i.e., the core
temperature), and x is the vector of the model coefficients to be identified.

Table 1 summarizes the main characteristics of the models described in the following, by indicating the kind of math-
ematical function, the number of coefficients, the specific parameter ξ, the adopted fitting strategy (see Section 4.1), the
nature of the resulting optimization problem (quadratic programming [QP] or nonlinear programming [NLP]), and the
specific circuit used for measurements. Figure 11 shows the “shape” of the L versus i curve for some relevant models.

In order not to unnecessarily complicate the notation, the same symbols may have a different meaning in different
models.

Polynomial models
Simple polynomial models33,34 express the inductance as

Lði;xÞ ¼
XN
n¼0

cni
n, with x¼ ½c0,…,cN �: ð14Þ

Scirè et al35 add a dependence on the core temperature T by expressing the inductance as

Lði;T,xÞ¼
X3
n¼0

ð1þanTÞin, with x¼ ½a0,…,a3� and ξ¼T: ð15Þ

TABLE 1 Comparison between nonlinear behavioral inductance models, with the indication of the kind of mathematical function, the

number of coefficients, the specific parameter ξ, the adopted fitting strategy, the nature of the resulting optimization problem, and the circuit

where measurements are taken

Model Function No. coeff. ξ Fitting Opt. problem Circuit

Özkan and Hava33 Polyn. 4 – L-based, Equation (30) QP VSC

Lullo et al.34 Polyn. 6 – L-based, Equation (29) QP Buck

Scirè et al.35 Polyn. 4 T L-based, Equation (29) QP Boost

Mastromauro et al.36 Polyn. 4 – – – Inverter

Di Capua et al.37 Polyn. 2–3 – Φ-based QP Buck

Burrascano et al.38 MLP 10 – L-based (datasheet) NLP –

Di Capua and Femia15 Atan 6 T L-based (datasheet) NLP Buck

Oliveri et al.39 Atan 7 iout Φ-based NLP Buck

Oliveri et al.40 Atan 5 p Φ-based NLP Buck

Stoyka et al.41 Double atan 16 T L-based NLP Buck

Burrascano et al.42,43 Hammerstein n.a. – – – –

Oliveri et al.44 PWA 2n + 1 p Φ-based NLP Buck

Mastromauro et al.36 PWA 3 – – – Inverter

Mariethoz et al.45 PWA 2 – – – Buck

Bizzarri et al.46 Atan (dynamical) 7 iout i-based NLP Boost

Lodi et al.47 Atan (dynamical) 6 p i-based NLP Boost

Lodi et al.48 PWA (dynamical) 6 p Φ-based NLP Boost

Stoyka et al.49 Atan (family) 5 T L-based (datasheet) NLP –

Lodi et al.50 Atan (family) 5 p Φ-based NLP Boost

10 OLIVERI ET AL.



A plot of the resulting L versus i curve is shown in Figure 11A.
Local linear and quadratic inductance models37 are valid only for a small current swing about a bias value. The

inductance is represented locally as in Equation (14) with N ¼ 1 (linear models) or N ¼ 2 (quadratic models). Several
models, each with a different coefficient vector x, are identified for different SMPS operating conditions leading to a
small current ripple around different bias values. Figure 11B shows examples of linear local models.

A temperature-independent polynomial model based on Volterra expansion is also proposed by Mastromauro
et al.36

Neural models
Polynomial models are fast to evaluate, also through embedded circuits, but they are valid only for a limited current
range (see Figure 11A,B). On the contrary, neural models can ideally shape any function and can therefore reproduce
the whole L versus i curve, at the cost of higher computation complexity. Burrascano et al38 exploit a multilayer per-
ceptron (MLP) network to approximate the inductance. The MLP is composed of one input node, a single hidden layer
with M neurons with threshold Θj and weight wj and a single output neuron which linearly sums its inputs through
weights αj, j¼ 1,…,M. The inductance is therefore expressed as

Lði;xÞ¼
XM
j¼1

αjψ wji�Θj
� �

, with x¼ ½α1…αM ,w1…wM ,Θ1…ΘM �, ð16Þ

where ψðzÞ¼ ð1þ e�zÞ�1 is the sigmoid function.

Arctangent models
A model able to reproduce the whole L-vs.-i curve of ferrite-core inductors15,39,40 is based on the following function:

FIGURE 11 Inductance vs. current curves of different models: (A) polynomial model,35 (B) local linear models,37 (C) arctangent

models,15,39,40,46,47 (D) PWA model,44 (E) double arctangent model,41 (F) family models.49,50 The arrows indicate how each curve moves as

the core temperature increases. Each color corresponds to a different linear model, fitted to a specific operating condition (panel (B)) or to a

different inductor in the family (panel (F)) [Colour figure can be viewed at wileyonlinelibrary.com]
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Lði;ξ,xÞ ¼ LlowþLhigh�Llow

2
1� 2

π
atanfσðξÞ½i� I ∗ ðξÞ�

� �
: ð17Þ

This function, plotted in Figure 11C, reflects the behavior of the differential permeability shown in Figure 3C.
Parameters L high and L low are the horizontal asymptotes of the curve, I ∗ is the abscissa of its inflection point, and σ con-
trols the slope of the curve at i¼ I ∗ . In particular, Di Capua et al15 consider ξ¼T (core temperature) and express
σðTÞ¼ ðαTþβÞ�1 and I ∗ ¼ γTþδ. The coefficient vector is therefore x¼ ½Lhigh,Llow,α,β,γ,δ�.

The core temperature is often difficult both to measure and to predict if the geometric and magnetic properties
of the inductor are not known, as it often happens for commercial inductors. For this reason, some variants
of the arctangent model rely on quantities that are easier to measure. Oliveri et al39 consider ξ = iout, σ
constant and

I ∗ ¼
αi2outþβioutþ γ, if iout > Ith,

αI2thþβIthþ γ, if iout ≤ Ith:

(
ð18Þ

The parameter vector is therefore x¼ ½Lhigh,Llow,σ,α,β,γ, Ith�. The SMPS output current iout is easy to measure and is
a known input in the SMPS simulator. Yet, this model is valid only for fixed values of the other SMPS operating
conditions.

This model can be generalized40 by considering ξ¼ p and I ∗ ¼ αpþβ, being x¼ ½Lhigh,Llow,σ,α,β�. The mean induc-
tor power loss p is also easy to measure, as it depends on the inductor current and voltage. Different operating condi-
tions lead to different power losses; therefore, this model can be applied for a wider range of SMPS operating
conditions. However, parameters α and β depend on the thermal characteristics of the system, and therefore, they may
vary if the ambient temperature or the SMPS containing the inductor change.

The arctangent model (17) is used as starting point to model ferrite-core inductors with a stepped air gap41 (shown
in Figure 12), which allows achieving a controlled decrease in inductance at large current values.51,52

In this case, the inductance is modeled as a double arctangent, shown in Figure 11E:

Lði;T,xÞ¼ Llow,1þLhigh,1�Llow,1

2
1� 2

π
atanfσ1½i� I ∗1 ðTÞ�

� �
þ ð19Þ

þLlow,2þLhigh,2�Llow,2

2
1� 2

π
atanfσ2½i� I ∗2 ðTÞ�

� �
, ð20Þ

FIGURE 12 Ferrite core with stepped air gap
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where all parameters are affine functions of the core temperature: Llow,j ¼ a1jTþb1j,Lhigh,j ¼ a2jTþb2j,
σj ¼ a3jTþb3j, I ∗j ¼ a4jTþb4j, for j¼ 1,2. Coefficient vector is therefore x¼ ½a11,a12,a21,a22,a31,a32,a41,a42,b11,
b12,b21,b22,b31,b32,b41,b42�.

Hammerstein models
The evaluation of an arctangent function can be complex and time-consuming for low-cost embedded digital circuits.
Therefore, Burrascano et al42,43 propose approximating the arctangent function through a Hammerstein model, whose
general structure relating the output y to an input x is shown in Figure 13. Terms Hj(f ) represent transfer functions of
linear dynamical systems. The model parameters are obtained through a pulse compression identification technique,
that requires applying an input chirp signal to the system. Either a current42 or a voltage43 is applied to an arctangent
inductor model, to obtain the approximating Hammerstein model. Such signals, however, are difficult to apply to a real
inductor installed on a converter.

PWA models
The main drawback of the arctangent model is its computational complexity, especially for embedded circuits. Oliveri
et al44 propose a piecewise-affine (PWA) formulation of the inductance,

Lði;p,xÞ¼ f PWAði� I ∗ ðpÞÞ≜ f PWAði0Þ, ð21Þ

where I ∗ ðpÞ¼ αp and f PWA(i0) is a continuous PWA function, shown in Figure 11D. Function f PWA is uniquely defined
by N ordered knee points i0n,n¼ 1,…,N and by the values f PWA

n at these points. The coefficient vector is
x¼ ½i01,…, i0N , f PWA

1 …f PWA
N ,α�. The evaluation of the PWA model is more than one order of magnitude faster compared to

the evaluation of the arctangent model, on a low-cost microcontroller.
Moreover, if v and p are constant, the differential equation (4) di

dt¼ v
Lði;p,xÞ has an analytical solution and the inductor

current can be computed analytically, based on the inductor voltage.
Simple PWA inductance models are also proposed by Mastromauro et al36 and Mariethoz et al.45

Dynamical models
The arctangent and PWA models depending on iout or p implicitly consider the effect of the temperature on the
permeability, as different values of iout or p lead to different core temperatures at steady state. However, since this

FIGURE 13 General structure of the Hammerstein model
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relationship is only valid at thermal steady state, these models cannot be applied during thermal transients. This draw-
back is overcome by dynamical models,46-48 where parameter I ∗ becomes the state variable of a dynamical system. A
linear first-order system, whose time constant τ is chosen in order to mimic the slow temperature evolution, proved to
be sufficiently accurate,

τ
dI ∗

dt
¼ I ∗∞� I ∗ ðtÞ: ð22Þ

In this case, I ∗ and therefore L depend explicitly on time. The steady-state value I ∗∞ is defined as46

I ∗∞ðioutÞ¼ αi2outþβjioutjþ γ, ð23Þ

or47,48

I ∗∞ðpÞ¼ αpþβ, ð24Þ

being α, β, and γ model parameters. The resulting value of I ∗ is used in Equation (17)46,47 or in Equation (21).48

Family models
Inductors of the same family share the same magnetic core and differ for the number of turns n in the windings, which
determines their nominal inductance Lnom.

A normalized version of the arctangent model can be used for all inductors in a given family.49,50 The inductance of
the jth inductor of the family is expressed as49

Ljði,T,xÞ¼ Lnom,jc1þ
Lnom,j�Lnom,jc1

2
1� 2

π
atan c2XjðTÞ i� 1

XjðTÞ

� �� 	� �
ð25Þ

or50

Ljði,p,xÞ¼ Lnom,jc1þ
Lnom,j�Lnom,jc1

2
1� 2

π
atan c2

ffiffiffiffiffiffiffiffiffiffiffi
Lnom,j

p
i� c3ðpÞffiffiffiffiffiffiffiffiffiffiffi

Lnom,j
p

 !" #( )
: ð26Þ

Stoyka et al49 consider ξ¼T and XjðTÞ¼ γjTþδj. Coefficients c1 and c2 are common to all inductors within the fam-
ily, whereas coefficients Lnom, j, γj, and δj are specific for each single inductor. Lodi et al50 consider instead ξ¼ p, and
c3ðpÞ¼ αpþβ. Coefficients c1, c2, α, and β are common to all inductors within the family. The only specific coefficient is
the nominal inductance Lnom, j of the specific inductor, which is always available in the manufacturer datasheet. Some
L versus i curves for different inductors of the same family are shown in Figure 11F. As already explained in Section 2.1,
the higher the inductance (i.e., the number of turns), the lower the current value from which the inductance starts
decreasing.

4.1 | Model fitting

The identification of the parameters of a given model is performed through the solution of an optimization problem,
whose cost function J(x) is based either on measurements or datasheet information,
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x¼ argmin
x

JðxÞ: ð27Þ

Measurements are usually performed directly on the SMPS the inductor is mounted on so that the models are identi-
fied based on the real inductor current and voltage waveforms. We denote as ı̂kj and v̂kj the samples of the inductor cur-
rent and voltage, respectively, measured at times tkj in the kth PWM cycle (see Figure 14), with j�J and k�K, being
J and K two sets of indices. We also assume that the value of the parameter ξ¼ ξk in the kth PWM cycle is known.

To properly identify the models, measurements should be taken for different SMPS operating conditions. A useful,
yet expensive, tool that allows accomplishing this task automatically is the MADMIX53 device, embedding a buck con-
verter whose inductor can be easily changed, to characterize different components.

The majority of models described above are identified through one of the following fitting strategies, based on least-
squares optimization, even if any identification technique could be applied, in principle, to any model.

4.1.1 | Inductance-based fitting

In the inductance-based fitting strategy, the cost function is defined as

JðxÞ¼
X
k � K

X
j � J

L̂kj�Lðvkj,ξk,xÞ
� �2

, ð28Þ

where Lð̂ıkj,ξk,xÞ is the value of inductance returned by the model for i¼ ı̂kj, ξ¼ ξk and coefficient vector x, whereas L̂kj
can be either retrieved from the datasheet, on the L versus i curve obtained with ξ¼ ξk for current i¼ ı̂kj, or computed
based on current and voltage measurements. In the latter case, the possible alternatives are

L̂kj ¼
v̂

dı̂=dt


i¼ı̂kj,ξ¼ξk

ð29Þ

or

L̂kj ¼
dΦ̂
di


i¼ı̂kj,ξ¼ξk

: ð30Þ

FIGURE 14 Example of measurements of inductor current and voltage on 2 PWM cycles (k¼ 0 and k¼ 1). For each cycle, six

measurements are taken (j¼ 0,…,5). In this case, K¼f0,1g and J ¼f0,1,2,3,4,5g [Colour figure can be viewed at wileyonlinelibrary.com]
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In both cases, the derivative must be computed numerically, based on samples ı̂kj and Φ̂kj of the current and flux.
Flux Φ̂kj, corresponding to i¼ ı̂kj and ξ¼ ξk, is evaluated by numerically computing the following integral:

Φ̂kj ¼ ð

tkj

tk0

v̂ðtÞdt: ð31Þ

Obtaining L̂kj from the datasheet is not always possible, as the L versus i curves may be unavailable or limited to the
linear and partial saturation regions only. Moreover, these curves are often obtained by imposing small-amplitude sinu-
soidal voltage and current with a bias; therefore, the actual inductance obtained when the inductor operates on the
SMPS may be different. On the other hand, computing the time derivative of the measured inductor current, as in
Equation (29), may lead to large inaccuracies, due to measurement noise. This issue can be overcome by resorting to a
flux-based fitting.

4.1.2 | Flux-based fitting

In the flux-based fitting strategy, the cost function is defined as

JðxÞ¼
X
k � K

X
j � J

Φ̂kj�Φð̂ıkj,ξk,xÞ
� �2

: ð32Þ

Within the kth period, the flux Φ̂kj is defined in Equation (31), whereas Φ(tkj, ξk, x) is computed by integrating the
inductance value returned by the model, according to Equation (4):

Φðtkj,ξk,xÞ¼ ð
ikj

ik0

Lði,ξk,xÞdi: ð33Þ

The complexity of this integral depends on the adopted model, but often it admits an analytical solution.
By contrast with the inductance-based fitting procedure, here an integral is computed instead of a derivative, which

automatically filters the measurement noise and therefore turns out to be more accurate.

4.1.3 | Current-based fitting

Usually, the inductance model is exploited within an SMPS simulator to correctly reproduce the inductor current wave-
form, based on the applied voltage. In this case, it is more practical to look for the coefficient vector x such that the
error between the measured and simulated current is minimum. In the current-based fitting strategy, the cost function
is defined as

JðxÞ¼
X
k � K

X
j � J

ı̂kj� iðtkj,ξk,xÞ
� �2

, ð34Þ

where i(tkj, ξk, x) is the current obtained at time tkj for ξ¼ ξk by exploiting the inductance model with coefficient vector
x. The current can be obtained either by simulating the whole SMPS or the single inductor.

Performing a whole SMPS simulation to evaluate the cost function for a given vector x can be time-consuming, due
to the slow-fast nature of the SMPS (see Figure 10). The envelope following method54-56 is a suitable simulation strategy
for slow-fast circuits. The inductor voltage measurements are not required, as the simulator takes in input the SMPS
operating conditions, but the whole SMPS model must be accurate to obtain a reliable inductor current prediction.
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Instead of simulating the whole SMPS, the inductance model can be exploited to predict the inductor current, based
on the inductor voltage, through Equation (4).57 The inductor voltage at electrical steady state can be indeed obtained
based on the SMPS operating conditions. Simulating only the inductor is much faster than considering the whole SMPS
and, if polynomial or PWA inductance models are exploited, the current can be obtained analytically. However, the
electrical transients cannot be reproduced.

4.2 | Discussion

All surveyed models aim at reproducing, at least partially, the physical behavior of inductors working in satura-
tion, as summarized in Section 2.1. The simpler models do not account for the effects of the temperature and only
reproduce the decrease of the differential inductance as the current increases. By contrast, the more detailed
models are more general as they also consider the dependence of the curve L versus i on the core temperature.
The magnetic hysteresis is usually considered as a negligible effect and is not taken into account by any of the
surveyed models.

The models that only depend on inductor current, that is, not relying on ξ (see Table 1), are valid only for a limited
range of core temperatures, such that the permeability of the material does not change. They may be appropriate also
for materials with a low dependency on temperature, for example, nanocrystalline cores. These models can be therefore
exploited for the SMPS operating conditions which guarantee the same temperature. On the contrary, models taking
into account the core temperature can be applied for any operating condition, both at steady-state and during thermal
and electric transients. Nevertheless, these models have two main drawbacks: (i) their identification requires measuring
the inductor core temperature, which is not always possible, especially for commercial inductors; (ii) when these
models are used for SMPS simulation, the evolution of the core temperature must be also simulated, based on the SMPS
operating conditions and ambient temperature. An accurate thermal model is often difficult to obtain. Instead of
directly considering the core temperature, some models take in input the SMPS output current iout, which is much eas-
ier to measure and is a known parameter in SMPS simulators. Yet, these models are valid only for fixed values of the
other SMPS operating conditions. This issue is overcome by models taking in input the inductor mean power loss,
which is also easier to measure compared to the core temperature, as it depends on the inductor current and voltage.
Different operating conditions lead to different power losses; therefore, the models can be applied for a wider range of
SMPS operating conditions. For simulation purposes, however, an accurate power loss model is required, relating p to
the SMPS operating conditions (see Section 5). The effect of the temperature on the permeability is considered implic-
itly by these models, as different values of iout or p will lead to different core temperatures at steady state (see Equa-
tion 10), but this relationship is only valid at thermal steady state. Therefore, these models cannot be applied during
thermal transients. A solution is to consider a dynamical model, where the parameters do not depend on the output
current or power loss instantaneously, but through a first-order linear dynamical system, with a time constant chosen
to mimic the slow temperature changes.

The models not depending on the core temperature share a common drawback. The relationship between the SMPS
operating conditions (or inductor power loss) and the core temperature depends on the specific SMPS, the ambient tem-
perature, and the possible presence of heat dissipation devices. Therefore, each model is tailored to a specific SMPS for
fixed environment conditions. Lodi et al58 show how the accuracy of each parameter of the dynamical model of
Equations (22) and (24) affects the overall accuracy in reproducing the inductor current. The results show that the
identification of some model parameters is more critical than for others. Therefore, if the same inductor is moved to a
different SMPS, the model accuracy can be compromised.

From a computational standpoint, polynomial models33-35,37 are fast to evaluate and easy to identify as they are lin-
ear with respect to their coefficients, which implies that the cost function J(x) is quadratic for inductance-based or flux-
based identification. On the other hand, these (local) models are not able to reproduce the whole L versus i curve. The
arctangent-, PWA-, and MLP-based models are more general, but they are more complex to evaluate and their fitting
requires the solution of an NLP problem, which can have local minima.

The PWA and MLP models are more flexible as they can ideally fit any curve, including the inductance of
stepped-gap cores. Yet, they require many measurements to be identified and they do not have extrapolation
capabilities.

Finally, the polynomial and PWA models allow computing the inductor current analytically, based on the inductor
voltage.
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5 | LOSS MODELS

Assuming that the inductor current and voltage are periodic signals with period ΔT (frequency f ), the inductor mean
total power loss p over the period is defined as

p¼ 1
ΔT ð

tþΔT

t

vðτÞiðτÞdτ: ð35Þ

If the inductor is modeled through Equation (4), the above integral is zero, thus resulting in a conservative
component. Real inductors are characterized by a nonnegligible power loss due to both the core (owing to the
aforementioned hysteresis loop and eddy currents) and the windings (owing to the wire resistivity, skin effect, and
proximity effect). Therefore, to properly model inductors, it is necessary to combine the inductance model with a
power loss model.

The total inductor power loss can be split as p¼ pcoreþpwind.
59-61 The term pcore includes the loss in the magnetic

core, which comprises hysteresis loss (the area of the hysteresis loop is proportional to the dissipated energy), eddy
current loss, and excess eddy current loss;62 all terms depend on the core temperature, material, shape, and on the har-
monic content of the applied magnetic field. The term pwind accounts for the power loss in the inductor windings, due
to ohmic loss, skin effect, and proximity effect.

However, core and winding loss cannot be easily measured as separate contributions in SMPS applications63 since
the geometrical properties of the inductor, such as winding turn number, magnetic path length, core, and winding
cross-sectional areas are not always disclosed for commercial inductors. Moreover, all methods for the computation of
pcore and pwind rely on magnetic quantities. Some inductor manufacturers, however, provide tools for the estimation of
winding and core loss.

As an alternative, the power loss can be split into DC and AC components. By considering the inductor current and
voltage as i(t) = idc + iac(t) and v(t) = vdc + vac(t), being idc and vdc constant values and iac(t) and vac(t) periodic signals
with zero mean, the power loss can be evaluated as

p¼ 1
ΔT ð

tþΔT

t

ðvdcþ vacÞðidcþ iacÞdt¼
1
ΔT ð

tþΔT

t

vdcidcdt

|fflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflffl}
pdc

þ 1
ΔT ð

tþΔT

t

vaciacdt

|fflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflffl}
pac

, ð36Þ

and the separate contributions can be computed based on the DC and AC components of the inductor voltage and
current. DC and AC components of the power loss can be easily measured through the inductor voltage and current;
therefore, behavioral models relating the loss to easy-to-measure electrical quantities can be developed, which can be
easily included in SMPS simulators to forecast the inductor power loss.

In the next two sections, the most relevant models for the computation of p as pwind + pcore or pdc + pac are
summarized.

5.1 | Winding (copper) and core (iron) loss

The inductor winding loss due to the wire resistivity is expressed as59

pwind,dc ¼Rdci
2
rms, ð37Þ

where irms denotes the root mean square value of i(t) over one period and Rdc is the temperature-dependent DC resis-
tance, usually provided by the manufacturers. A linear dependence of the resistance on the temperature is typically
assumed by the manufacturers,64
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RdcðTÞ¼Rdcð25 ∘CÞ 1þρðT�25 ∘CÞ½ �, ð38Þ

being ρ the thermal coefficient, equal to 3.85 � 10�3�C�1 for copper. This loss term is easily reproduced by adding to the
inductor a series resistance RL ¼Rdc. The loss due to skin and proximity effects only depends on the RMS value of the
AC component of the inductor current, through the AC resistance Rac:

pwind,ac ¼Raci
2
ac,rms, ð39Þ

where Rac increases with the excitation frequency and is not always provided by the manufacturers. Several methods
are proposed in the literature65 for accurate evaluation of Rac. Many of them require the knowledge of physical and geo-
metrical properties of the windings, which are not always disclosed by manufacturers. The global winding loss can be
evaluated as pwind ¼ pwind,dcþpwind,ac.

There is vast literature about core loss evaluation. The proposed methods can be split into three categories:66-68

(i) loss separation approach, where magnetic loss is computed as the sum of eddy current loss, hysteresis loss, and
excess eddy-current loss; (ii) hysteresis approach, relying on hysteresis models such as Preisach69 or Jiles-Atherton70

models; (iii) empirical approach, mainly based on the Steinmetz equation.71 The empirical models are the easiest to
identify and evaluate. For this reason, inductor manufacturers usually provide the parameters of the Steinmetz equa-
tion in the datasheets. They commonly express the effective core loss pcore as the product of the core loss per unit vol-
ume pcore, v and the core volume, assuming a periodic magnetic field B(t) with peak value Bpk and mean value Bdc.

In the original formulation71 of the Steinmetz equation, referred to as standard Steinmetz equation (SSE), the core
loss per volume is expressed as

pcore,v ¼ kf αBβ
pk: ð40Þ

Coefficients k, α, and β depend on core material and temperature and are usually provided in the datasheets of
magnetic cores.29,59,72,73 The peak field Bpk can also be expressed as a function of the inductor current ripple,15,72 which
is easier to measure,

Bpk ¼ c1Δi: ð41Þ

The SSE is valid only for unbiased (Bdc ¼ 0) sinusoidal fields (and then voltages). The accuracy is still acceptable for
square voltage waves with duty cycle 0.5, but it becomes very poor for duty cycles 0.05 or 0.95.74

Several variants (the most relevant of which are summarized in Appendix A.1) of the Steinmetz equation have been
proposed in the literature, that allow accounting for nonsinusoidal inputs, possibly with bias, so that they can be
applied also in the saturation region.

5.2 | DC and AC loss

If measurements of the inductor current and voltage are available, then pdc and pac can be computed through Equa-
tion (36). However, if the SMPS is simulated, inductor voltage and current are related to each other through the induc-
tance and also through the (unknown) power loss. Therefore, models which allow expressing the power loss based on
easy-to-measure quantities are necessary.

The DC component of the power loss is only due to the mean value of the inductor current and can be expressed
through the inductor DC resistance Rdc as

pdc ¼Rdci
2
dc: ð42Þ

Some behavioral models have been proposed which express the AC loss as a function of measurable electrical quan-
tities. Stoyka et al63 exploit a genetic programming algorithm combined with multiobjective optimization to formulate
the following behavioral model for pac,
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pac ¼ b0e
�b1f vb2eqþb3v

2
eq, ð43Þ

where

bkðidcÞ¼ ak0e
ak1idc þak2idcþak3, k¼ 0,…,3: ð44Þ

Parameters ajk (j,k¼ 0,…,3) are obtained through the solution of an NLP problem, based on measurements of p in
the SMPS. The dependence of parameters bk on the mean current idc allows taking into account the effect of saturation.

Simplified representations are adopted in other works, valid only for a limited set of operating conditions. Lodi
et al48 express pac only in terms of the RMS value of the inductor current as

pac ¼ αi2rms, ð45Þ

where α is a fitting parameter. In a slightly more general formulation,47 pac also depends on the duty cycle d,

pac ¼ðαdþβÞi2rms: ð46Þ

All these models rely on both some SMPS operating conditions (f, d) and electrical quantities (idc, veq, irms), which
can be easily monitored during SMPS simulation.

6 | APPLICATIONS

The inductance, power loss, and thermal models described in the previous sections can be exploited for several pur-
poses, in particular:

• predicting the inductor current profile (or only the current ripple), based on the SMPS operating conditions;
• selecting the best saturating inductor which satisfies the SMPS design specifications;
• online monitoring the inductor current ripple, power loss, temperature rise, or other relevant quantities, not directly

measurable;
• controlling the SMPS through model-based techniques.

6.1 | Inductor current prediction

The time evolution of the inductor current can be obtained by simulating either the whole SMPS, where the linear
inductor is replaced by one of the nonlinear inductance/loss models, or only the single inductor. The current prediction
is useful for design purposes, to assess that the SMPS fulfills the specifications.

6.1.1 | Whole SMPS simulation

Different levels of accuracy can be selected for the simulation of the whole SMPS. In the simplest configuration
(Figure 15A), the inductance only depends on i, and only the DC winding loss is reproduced, using a constant series
resistor with resistance RL ¼Rdc. This kind of simulation is accurate only for a limited set of operating conditions, lead-
ing to negligible variations of the core temperature. A much more detailed circuit (see Figure 15B) considers a
temperature-dependent inductance model or a loss-dependent dynamical inductance model and a series resistance RL

which varies according to the actual inductor power loss. In this case, power-loss and/or thermal models are combined
with the inductance model, leading to a simulation accurate for a wider range of operating conditions. In the surveyed
works, different simulators are exploited: Simulink,37 PSIM,19,40,41 and PAN.46,75-77 The simulation of the whole SMPS
allows reproducing both the fast electrical transients and the slow thermal transients, provided that a temperature-
dependent or a dynamical inductance model is exploited. In this case, a slow-fast system must be simulated which may
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be time-consuming, as a small simulation step (in the order of nanoseconds) must be used to capture the inductor cur-
rent dynamics, but the thermal transients can last up to minutes. The envelope-following method54-56 permits a sensible
reduction of the simulation times.

6.1.2 | Single inductor simulation

If one is interested in reproducing the inductor current at steady-state, without capturing the electrical transients, the
single inductor can be simulated instead of the whole SMPS. During the ON (OFF) phase, the inductor voltage can be
reasonably approximated through its mean value vON (vOFF), which can be calculated based on the SMPS Kirchhoff's
laws. Also, the mean inductor current ı over the PWM period can be obtained through the circuit equations. Let us con-
sider the ON phase (similar considerations apply for the OFF phase), with t� [tk, tk+ dkΔTk), where vðtÞvONk . The induc-
tor descriptive equation is

vONk ðtÞ¼ LðiðtÞ;ξ,xÞdi
dt
: ð47Þ

This nonlinear differential equation can be solved by separating variables as

ð

t

tk

vONk ðτÞdτ¼ ð

iðtÞ

iðtkÞ

Lði;ξ,xÞdi: ð48Þ

Therefore,

vONk ðt� tkÞ¼ ð

iðtÞ

iðtkÞ

Lði;ξ,xÞdi: ð49Þ

By solving the right-hand side integral, this equation provides i(t) as a function of vONk (which is known) and of the
initial current i(tk) (which is unknown, in general). Di Capua et al15 solve analytically the integral by exploiting the
temperature-dependent arctangent model of Equation (17). However, i(t) cannot be obtained explicitly, being the
resulting equation transcendental, but it can be computed numerically through, for example, a Newton–Raphson

FIGURE 15 Simulation circuit in the simplest (A) and more detailed (B) configuration [Colour figure can be viewed at

wileyonlinelibrary.com]

OLIVERI ET AL. 21

http://wileyonlinelibrary.com


algorithm. A good representation of the inductor current can be obtained by calculating i in only five points,
marked with red dots in Figure 16. A guess value is assigned to the (unknown) initial current i(tk) (point 1), and current i
(tk+ dkΔTk) (point 5) is evaluated by solving Equation (49). The tangents to the curve at these two points (green dashed
lines) are computed through Equation (47) and their intersection provides the time instant t0 where point 3 is evaluated.
The procedure is repeated to obtain point 2 (based on the tangents on points 1 and 3) and point 4 (based on the tangents
on points 3 and 5). The same procedure is then applied for the OFF phase. Based on the resulting estimated current values,
the mean current can be computed and compared with the (known) real value. The whole algorithm is iterated by modify-
ing the initial guess i(tk) until the error between the estimated and the real mean current falls below a given threshold.

This strategy is exploited in several other works15,16,57,78 and is also generalized for the case of discontinuous
conduction mode (DCM) operation.79

A similar iterative method is adopted in other papers,80-82 where the current waveform is computed through succes-
sive approximations.

Oliveri et al44 solve Equation (49) by exploiting the PWA inductance model of Equation (21). So doing, i(t) can be
computed explicitly based on i(tk) and vONk .

Instead of exploiting an inductance model, Stoyka et al61 propose a model which directly relates the current ripple
Δik in the kth PWM cycle to the switching frequency fk, the mean inductor current ık, and the equivalent charging
voltage

veq,k ¼ dkv
ON
k : ð50Þ

By resorting to multiobjective genetic programming, the following formula is proposed:

Δik ¼ b0f
b1
k v

b2
eq,k, with bj ¼ aj0e

aj1ıþaj2, j¼ 0,1,2, ð51Þ

where parameters ajh (j,h¼ 0,1,2) are determined by solving an NLP problem based on measurements of the inductor
current ripple and operating conditions. By exploiting this model, it is not possible to obtain the whole current profile,
but only the ripple value.

6.2 | SMPS design

In the SMPS design process, the choice of the inductor is crucial, as it determines the current ripple, temperature rise,
and power loss, which affect the overall converter efficiency. Moreover, the inductor is usually the bulkiest component,
strongly influencing the SMPS power density. Traditionally, the inductor is chosen such that constraints on the current

FIGURE 16 Points (red dots) used to reconstruct the steady-state inductor current waveform (gray curve) with the method proposed by

Di Capua et al.15 The dashed lines are the tangents used to obtain point 3 based on points 1 and 5 [Colour figure can be viewed at

wileyonlinelibrary.com]
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ripple, temperature rise, and power loss are met, ensuring that the component always works in its linear region, where
the inductance can be considered constant and weakly dependent on the core temperature. In this case, the aforemen-
tioned quantities can be estimated based on datasheet information or through simple equations. To exploit smaller and
lighter inductors, they should be allowed to work in partial saturation, which makes the design procedure much more
complex, owing to the nonlinear behavior and strong temperature dependence of the component.

The techniques described in the following help in selecting, on the one hand, the optimal inductor such that SMPS
design specifications are met for given operating conditions, on the other hand, the operating conditions such that a
given inductor fulfills the design specifications.

6.2.1 | Selection of the optimal inductor

Di Capua et al16,78 propose an iterative algorithm that, given the SMPS operating conditions, provides an estimate of
the inductor current ripple Δi, mean power loss p, and temperature rise Trise with respect to the ambient temperature.
Once a component is fully characterized, that is, the inductance and loss model parameters and the thermal resistance
are known, it is possible to assess if, for the relevant SMPS operating conditions, the inductor meets the SMPS design
specifications, for example, the following constraints are fulfilled:

p≤ pmax , Δi≤Δimax , Trise ≤Trise,max : ð52Þ

In the work by Di Capua et al., the current waveform and ripple are obtained through the algorithm15 described in
Section 6.1, the winding loss through Equation (37), the core loss through the Steinmetz equation by exploiting Equa-
tion (41), and the temperature rise through Equation (10). However, different inductance/loss/temperature models
could be exploited and additional design constraints could be verified. With this approach, during SMPS design, it is
possible to select the inductors (also working in partial saturation) that allow meeting the SMPS specifications and to
choose the smallest/lightest one among these. The main drawback is that all inductors in the considered set must be
fully characterized a priori.

Other papers49,50,61 focus instead on inductors within a family (i.e., with the same core), by exploiting the family
models described in Section 4. In this way, only a few inductors within each family should be characterized, to derive a
model valid for all components of the same family.

Lodi et al50 exploit the family model in Equation (26) and a DC/AC loss model within an SMPS simulator, to
evaluate the inductor current ripple and power loss as a function of the nominal inductance (which characterizes each
inductor within a family), for different values of the SMPS output current.

The current ripple versus nominal inductance is shown in Figure 17A; the arrow indicates the increasing direction
of the output current. For low values of iout (bottom curves) the inductor works in the linear region, and the ripple
decreases monotonically as Lnom increases, independently on iout. For higher values of iout, the ripple reaches a mini-
mum and then starts increasing again, as Lnom increases. When the inductor works in saturation, then, the current rip-
ple does not depend monotonically on the nominal inductance and is also influenced by the output current, as it
determines the working point on the L versus i characteristics. The curve in Figure 17B represents the obtained values
of p and Δi for a given output current, leading to inductor saturation. As the nominal inductance increases, the curve is
traveled as indicated by the black arrow. Only inductance values corresponding to the thick portion of the curve
(Pareto frontier) are good design choices, balancing current ripple and power loss. The selection of an inductor with
higher nominal inductance (e.g., red dot) would give the same ripple but a higher power loss compared to an inductor
with lower nominal inductance (e.g., green dot). This technique should be extended to a wider range of operating con-
ditions to be effectively applied for SMPS design.

6.2.2 | Selection of the operating conditions

Another paper49 introduces the concept of real operating area (ROA). The ROA includes all possible values of the mean
inductor current ı and volt-second integral λ¼ΔTveq which can be applied to the inductor, such that its resulting
current ripple is lower than a given threshold. The normalized operating area (NOA), valid for all inductors within a
family, is first obtained through SMPS simulations, by exploiting the normalized family model of Equation (25). Given
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the NOA for a given family, it is possible to get the ROA of the single inductors, through proper scaling, without per-
forming any additional simulations. In Figure 18A, the boundaries of different ROAs for a single inductor are shown.
Each color corresponds to a different value of the current ripple threshold, whereas each line style to a different core
temperature. If the SMPS is designed such that the mean inductor current and the volt-second integral are below a
given curve, then the corresponding specification on the current ripple will be satisfied.

The same authors generalize these concepts through the constrained operating area61 (COA) on a three-dimensional
space, which includes the values of the applied switching frequency f, equivalent voltage veq, and mean current ı such
that the current ripple, total power loss, and surface temperature lie under given limits. The intersection of the volumes
bounded by the three surfaces in Figure 18B is the COA for a specific inductor. These surfaces represent constraints on
current ripple, power loss, and core temperature.

6.3 | SMPS online monitoring

The models described in the previous sections can be exploited for online estimating some quantities, whose direct mea-
surement is expensive, noisy, or even not possible. In particular, monitoring current ripple, temperature rise, and power
loss is important to assess if the converter is operating safely and efficiently.

To this aim, observers can be designed which exploit both measurements and models. Voltages are usually easy to
measure, whereas the measurement of current is often an issue.83,84 Shunt resistors can be exploited, which are very
simple but have low accuracy, modify the circuit and increase the power loss. Mirroring circuits are sensitive to electro-
magnetic interference and also exhibit low accuracy. Hall effect sensors do not have these disadvantages, but they are
expensive. In any case, all these current sensing techniques add noise to the system and increase the overall converter
power consumption, size, and cost.85

A couple of observers are available48,86 suitable for SMPSs with saturating inductors. The inputs and outputs of
these observers and their connection to the boost converter are shown in Figure 19.

The first estimator48 samples the SMPS operating conditions vin, iout, ΔT and d every h PWM periods and estimates
the current ripple and power loss through the dynamical PWA inductance model48 and power loss model (45),
combined with the converter equations (8) and (9), by applying the iterative procedure described in Section 6.1. The
electrical transient is completely neglected by the algorithm, which allows only estimating the current ripple and power
loss at electrical steady state. Therefore, this estimator cannot be exploited for online SMPS control. Yet, the observer
performs well during the slow thermal transients.

FIGURE 17 Relationship between current ripple and nominal inductance for different values of the SMPS output current (A).

Relationship between ripple and power loss (B) corresponding different nominal inductance values, for a given output current. The thick

portion of the curve is the Pareto frontier [Colour figure can be viewed at wileyonlinelibrary.com]
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An improved version of the observer86 can estimate analytically the minimum, maximum, and mean inductor cur-
rent and the mean power loss within a PWM period, by simulating the whole SMPS, without resorting to an iterative
procedure. Different from the former observer, a term η is also estimated, based on the measurements v̂out of the SMPS
output voltage, which allows partially compensating for model parameters' uncertainties. The observer is applied to a
boost converter, whose state equations (9) are modified as

di
dt

¼ vin,k�ðRLþRmosÞiþη

L
dvout
dt

¼�iout,k
C

8>><
>>: for t � T ON

k ,

di
dt

¼ vin,k�RLi� vd� voutþη

L
dvout
dt

¼ i� iout,k
C

8><
>: for t� T OFF

k , ð53Þ

FIGURE 18 (A) boundary of real operating areas for one inductor; each color corresponds to a different value of the current ripple

(increasing from blue to red), whereas each line style to a different core temperature (solid: 25�C; dashed: 50�C; dashed-dotted: 75�C).

(B) boundary of constrained operating area for one inductor; the blue, green, and red surfaces correspond to assigned values of the current

ripple, power loss, and temperature, respectively [Colour figure can be viewed at wileyonlinelibrary.com]

FIGURE 19 Inputs and outputs of the estimators proposed by Lodi et al,48,86 in panels (A) and (B), respectively
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where η is the solution of the following dynamical system, with null initial condition,

dη
dt

¼Kðv̂out� voutÞ, ð54Þ

being K a tuning parameter. Owing to this term, the observer proves to be robust to uncertainties on the inductor series
resistance RL. This estimator exploits the dynamical PWA inductance model44 and power loss model (46), combined
with the converter equations. Unlike the previous observer, this estimator is able, in principle, to reproduce the whole
current waveform during both fast electrical and slow thermal transients, provided that sufficiently fast hardware is
exploited. The implementation on a high-end microcontroller or an FPGA would allow successfully combining this
observer to a controller, for example, peak current mode control (see Section 6.4) or model predictive control.

6.4 | SMPS control

The hysteretic control is a simple yet effective control technique for SMPSs, widely exploited in industrial applications.
Its action can be easily explained by referring to the buck and boost converters shown in Figure 7. When the output
voltage exceeds an upper threshold vout, H the switch is closed, bringing the SMPS to the ON state (see Figure 20A). Vice
versa, when the output voltage goes below a lower threshold vout, L < vout, H, the switch is opened (OFF state). This
allows maintaining the output voltage around a reference value vout, ref � (vout, L, vout, H), with a ripple whose amplitude
is determined by the two chosen thresholds. If the delay determined by the hysteretic comparator and the switch were
zero, the voltage ripple would be exactly vout, H � vout, L. In the practice, a small delay td is always present, leading to an
extra ripple on both the output voltage and the inductor current. These extra ripples, inversely proportional to the
inductance, increase if the inductor operates in partial saturation.17 However, the hysteretic controller dampens this
effect by automatically increasing the switching frequency, leading to a constant-ripple and variable-frequency opera-
tion. This results in a marginal impact of the inductor saturation on the ripple.

Peak current mode control (PCMC) is another popular control technique adopted in SMPSs.87 The controller
operates at a constant frequency, meaning that the switch is closed (ON phase) every ΔT seconds. The OFF phase starts
when the inductor current reaches a control signal iC (see Figure 20B), depending on the difference between the desired
and measured output voltage. The control signal can be constant during a PWM period, or a decreasing ramp can be
subtracted to it (to implement the so-called slope compensation). In the normal steady-state operation, the duty cycle
remains constant (period-1 mode); however, undesired period 2 (the duty cycle switches among two values) or even
chaotic solutions could arise, if the controller parameters are not properly set. PCMC can be safely exploited also with
saturating inductors,19 as it only requires comparing the measured inductor current with a reference value. However,
the common tuning rules for the controllers are valid only if the inductor works in the linear region.88 A condition for

FIGURE 20 Working principle of the hysteretic control (A) and peak current mode control (B) [Colour figure can be viewed at

wileyonlinelibrary.com]
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period-1 operation has been proposed19 for SMPSs with saturating inductors, which sets a lower limit for the inductance
in correspondence of the peak inductor current. This inductance value can be determined by resorting to one of the
inductance models described in Section 4. The use of saturable inductors in SMPSs is, therefore, a viable solution also
with PCMC.

Bizzarri et al76 show that saturating inductors can be exploited also with constant-on-time (COT) control, where the
converter switch is driven by a sequence of pulses of constant width.

Mariethoz et al45 exploit explicit model predictive control (MPC)89 for the voltage regulation of a buck converter
with a saturating inductor. The inductance is simply represented as a piecewise-constant function of the current,
that is,

LðiÞ¼
Lnom, if i≤ isat,

Lsat , if i> isat,

�
ð55Þ

being isat a current threshold to be identified. Hence, the boost converter can be modeled as a PWA system, suitable for
the design of explicit MPC.90 In short, a constrained optimization problem based on a prediction of the future evolution
of the converter state is solved for a set of initial conditions, and the resulting control function (the duty cycle d) is a
PWA function of the system state (i and vout). MPC is a quite popular technique for the regulation of power con-
verters;91 however, the work by Mariethoz et al. can be considered as the first attempt to apply this control technique to
a converter with a saturating inductor. The exploitation of a more accurate inductor model is a necessary step to
achieve better control performances, even if this would strongly affect the computation complexity of the controller.

Özkan et al33 apply a classical current control technique to a voltage-source converter (VSC) containing a saturating
inductor. An inverse dynamical model-based compensation strategy is proposed, where the nonlinearity of the inductor
due to core saturation is compensated by an inverse model, to obtain a fictitious linear inductor. A linear proportional-
integral controller is then applied to the VSC. The inductance is represented as a function of the current through a
third-order polynomial (see Section 4).

In other works92-95 a second winding is wound around the inductor coil, and a current is applied to move the
operating point on the ϕ � i characteristic to a different point, farther from the saturation region. An auxiliary control
circuit is added to the conventional current controller, that determines the biasing current for the second winding. This
biasing technique allows exploiting smaller inductors operating in their linear region, at the cost of an additional
winding and control circuitry, increasing the overall power loss. Moreover, it is not always possible to apply a second
winding to commercial inductors.

Mastromauro et al36 apply classical resonant and repetitive current controllers to a grid converter for a photovoltaic
system, with a filtering saturating inductor which connects the converter to the grid. Both PWA and polynomial models
are exploited and it is shown that the harmonic compensation provided by the resonant and the repetitive controllers
also mitigates the effects of the inductance saturation.

7 | CONCLUSIONS

Traditionally, inductors are modeled as linear components, where the magnetic flux is proportional to the current
flowing through the windings. However, it is now evident that this represents a limitation, as also witnessed, for exam-
ple, by works on pinched hysteresis loops in nonlinear inductors.96 Tens of behavioral nonlinear models have been pro-
posed in the last decade, able to reproduce the inductance, power loss, and temperature rise of power inductors
working in their saturation region. Some models are simple to identify and evaluate, but they are accurate only for a
limited set of operating conditions. Other models are more general but depend on non-easy-to-measure quantities
(e.g., the inductor core temperature). Some other models depend only on electrical quantities, but they are valid at fixed
room temperature and for a specific power converter. By evaluating all the proposed representations, it appears that a
unified model able to accurately estimate the inductance, power loss, and temperature rise of an inductor for any SMPS
in several operating conditions is still missing. A research effort is therefore necessary to combine the many available
results to obtain an accurate and reliable nonlinear inductor behavioral model to be exploited for SMPS simulation,
design, monitoring, and control. To the best of the authors' knowledge, only a couple of model-based estimators have
been realized and a preliminary model-based controller has been proposed based on a very simple inductance model
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(Equation 55). However, the achievements obtained so far motivate further research activities aimed at properly
exploiting saturating inductors to increase SMPS power density.
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APPENDIX A: VARIANTS OF THE STEINMETZ EQUATION

In this appendix, the most relevant variants of the Steinmetz equation are summarized. Some of the used parameters
are defined in Section 5.1.

A.1 | Models for unbiased inputs

Reinert et al97 propose a modified Steinmetz equation (MSE), valid also for unbiased non-sinusoidal fields. The core loss
is expressed as

pcore,v ¼ kf α�1
eq Bβ

pk

� �
f , with f eq ¼

2

πBpk
� �2 ð

ΔT

0

dB
dt

� �2

dt: ðA1Þ

The expression of the equivalent frequency feq is derived from the mean time derivative of the field B within a magneti-
zation period.97

Li et al98 describe some anomalies in the MSE and propose a generalized Steinmetz equation (GSE), where

pcore,v ¼
1
ΔT ð

ΔT

0

k1
dB
dt


αjBðtÞjβ�αdt, ðA2Þ

which reduces to the classical Steinmetz equation in the case of sinusoidal field, for an appropriate value of coefficient
k1.

An improved generalized Steinmetz equation (IGSE) is proposed by Venkatachalam et al,99 which has better accu-
racy than GSE and allows taking into account waveforms with multiple peaks, that is, minor and major hysteresis
cycles. Basically, the term B(t) in Equation (A2) is replaced by Bpk. Other variants have been proposed,100-103 but the
IGSE is considered as the best method in terms of accuracy and from a practical point of view.67

Some models are available, which are specific for square-wave voltages, a typical situation in SMPSs. Van den
Bossche et al74 and Barg et al67 express explicitly the power loss of a ferrite core in case of a square-wave voltage with
duty cycle d as

pcore,v ¼ kð2f ÞαBβ
pk d1�αþð1�dÞ1�α� �

Van den Bossche etal: ðA3Þ

pcore,v ¼
π

4
k2�αf αBβ

pk d1�αþð1�dÞ1�α� �
Barg etal: ðA4Þ

A.2 | Models for biased inputs

The following formulations include a dependence of the core loss on the bias field Bdc or Hdc.
The MSE97 can be further modified in order to take into account the effect of Bdc. In particular, the coefficient k in

Equation (A1) can be rewritten as
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k¼ k0 1þ c1Bdce
�Bpk=c2

� �
, ðA5Þ

being k0, c1 and c2 fitting parameters. Muhlethaler et al100 express parameters k, k1 and β of the SSE or IGSE as fourth-
order polynomials of Hdc.

Kosai et al104 include the presence of bias and saturation as follows,

pcore,v ¼
k
ea
f αBβ

pke
aðμ=μdcÞγ , ðA6Þ

where μ and μdc are the permeability computed at B¼ 0 and B¼Bdc, respectively, and a and γ are fitting parameters.
A loss model valid for arbitrary excitation signals with one maximum and one minimum was recently proposed by

Stenglein et al,68 where

pcore,v ¼Ev,hystðBpk,BdcÞ 1þ c
1
Bpk ð

T

0

d2B
dt2


dt

 !γ" #
f , ðA7Þ

being c a fitting parameter. The term Ev, hyst(Bpk, Bdc) is the quasi-static energy loss measured at steady-state for different
values of Bpk and Bdc. A polynomial interpolation can be utilized to determine Ev, hyst for given values of Bpk and Bdc.
Parameters c and γ are frequency-independent and can be obtained by applying only one waveform B(t). The core loss
data for sinusoidal excitation of B(t) without dc bias, as usually provided by core manufacturers, suffice for the extrac-
tion of c and γ.
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