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Abstract—This paper proposes a new modeling approach for
ferrite-core (FC) power inductors used in switch-mode power
supplies (SMPSs). In particular, a novel power-loss-dependent
inductance behavioral model is proposed, whose parameters can
be identified through a limited set of proper experimental mea-
surements of inductor corrent and voltage. Unlike conventional
thermal modeling approaches, which require information on
core temperature, the proposed behavioral model relies only
on easily measurable quantities. The model is also suitable for
being implemented in circuit simulators. By comparing PSIM
simulations and experimental measurements on a buck converter
for commercial FC inductors, we show that the model allows a
reliable prediction of the steady-state inductor current, under
different SMPS working conditions.

Index Terms— Behavioral nonlinear model, high power density,
magnetic saturation, power loss.

I. INTRODUCTION

HE achievement of higher and higher power density
levels is a main concern in Switch-Mode Power Supply
(SMPS) design [1], especially in the aerospace and automotive
domains, where weight and size are major constraints due to
the current trend towards more electric vehicles, which require
more power elecironics on-board. Although integrated hard-
ware solutions, such as power modules, systems-in-package
and systems-on-chip [2], allow to reduce the impact of power
devices on SMPSs weight and size, power magnetic com-
ponents often remain the largest devices in high-frequency
discrete power supplies, and their minimization is mandatory

to step-up the power density of SMPSs [3].
Ferrite-Core (FC) inductors are exiensively employed
in SMPSs, owing to their low cost and low power loss.
Their inductance drops quite sharply as the current increases,
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because of magnetic core saturation. For this reason, in SMPS
design FC inductors are generally selected to ensure that
in the worst-case condition the peak current determines an
inductance drop limited within about 20% of its nominal value.
As a consequence, FC inductors are often oversized [4].

Recent studies [4]-{7] show that it is possible to use smaller
EC inductors working with worst-case peak current falling
in the region beyond 20% of inductance drop, by ensuring
that they satisfy the overall design specifications. In this case,
we say that the inductors work in Sustainable Saturation
Operation (SS0), which enables the achievement of more
compact SMPSs [4]. A reliable SSO-based design requires
the development of novel inductor models, which is the
main motivation of this paper. When dealing with FC induc-
tors, it is important to consider that the region wherein the
devices sharply saturate drifts towards lower current values
when the core lemperature increases [8]. This thermal drift
could be modeled starting from the physical and geometrical
characteristics of the inductor, if known. Unfortunately, this
information is not disclosed for commercial FC inductors used
in the majority of SMPSs. Therefore, new behavioral models
of FC inductors are needed to reliably estimate power loss
and inductance in high-power-density SMPSs exploiting S50,
including the thermal drift of the saturation region.

In this framework, new methods for the identification of
inductor saturation curves [9], [10] and new models to properly
handle the nonlinear behavior of FC inductors in SSO [11]
(including inductor hysteresis [12] and temperature [13]} have
been proposed in the last years. The main limits of these
models are that they either depend on the inductor core
temperature [12], [13], which is difficult to measure, or do
not take into account all the SMPS working conditions [10].

The novel FC inductors modeling approach presented in this
paper is based on the assumption that the core temperature
is not an input variable in the inductor model, but rather an
output. Usnally, manufacturers only provide thermal models
regarding the impact of the ambient temperature on the
inductance [14]. Actually, the core temperature depends on
the heat transfer characteristics and impedance of the compo-
nent, on the current through it, and on several environmental
elements, including the circuit board, the soldering connec-
tion and the surrounding power components. In particular,
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Fig. 1. Schematic of a buck converter.

for a given setup and ambient temperature, different SMPS
operating conditions generating the same power loss lead to
the same core temperature. Based on this premise, this paper
introduces a new parametric inductance model valid at elec-
trical and thermal steady state. Following the fundamentals of
circuit theory approach [15], the proposed behavioral nonlinear
inductance model depends on easily measurable variables and
parameters, i.e., the inductor current and its total power loss.
The new model is suitable for predicting the inductance under
any SMPS working condition, thus generalizing previous
models proposed in [10] and [16]. Moreover, for a specific
FC inductor, the model parameters can be identified based on
a limited set of experimental measurements of voltage and
current. Validation on a large set of measurements allows
us to assess model accuracy and generalization capability.
PSIM simulations of an SMPS based on two identified com-
mercial FC inductors’ models show that the predicted current
waveforms are in good agreement with the experimental mea-
surements. The model accuracy is assessed by using multiple
samples of the same inductor and inductors with the same
magnetic core but different inductance.

The paper is organized as follows. In Section II, the pro-
posed inductance model is presented. Section III describes how
the experimental datasets for model identification are obtained.
Simulation results and comparisons with measurements are
shown in Section IV, before discussing results and drawing
some conclusions in Section V.

II. PROPOSED INDUCTANCE MODEL

In this paper, the buck converter shown in Fig. 1 is
adopted as a reference case study, but the findings relative
to FC inductors modeling have general conceptual validity,
and can be applied to whatever converter topology. Let w =
[Vin, Lout, fs, D] be the vector of parameters determining the
SMPS operating condition, where V;, is the input voltage,
I,,; is the output current, f; is the switching frequency and
D is the duty cycle of the pulse-width modulation driving
signal. Given the operating condition w, the steady-state
inductor current i (¢) and voltage v(¢) are periodic waveforms
of period Ty = %

At steady state, the magnetic flux @ depends on inductor
current i and core temperature 7', as shown in Fig. 2, where
the @ versus i curves at steady state correspond to different
core temperatures 7, > 7. This figure evidences the presence
of marginal hysteresis in the @ (i) characteristics. As a matter
of fact, in commercial FC inductors, gapped cores determine
a flattening of hysteresis loops. For this reason, the hysteresis
is not taken into account in the proposed inductance model.

D(i)

i
Fig. 2. @ versus i hysteretic curves. The magnetic flux is obtained by
integrating with respect to time the experimental waveforms of inductor
voltage, measured over the switching period at steady state for the same
inductor, at two different core temperatures 75 > T7.

Unfortunately, the core temperature 7" is not easy to mea-
sure. Given the ambient temperature 7, different SMPS oper-
ating conditions generating the same average power loss p lead
to the same core temperature. The power loss is easier to mea-
sure and a behavioral model has been recently proposed [16],
which relates p to the SMPS working condition w. Therefore,
p is considered as input of the model herein proposed, instead
of core temperature 7. Accordingly, the inductor voltage v is
related to the flux @ by the following relationship:

o) = Z-0G; p) 1)

At steady state, p is constant and Eq. (1) can be recast as

0 d d

) = Z0E D TIO=LEA IO @
where L(i; p) = %d)(i ; p) is the incremental inductance [15]
(in the following, simply referred to as inductance) for the
steady-state solution related to w. The plots in Fig. 2 show that
the slope of @ (i) is approximately constant for low current val-
ues (on the left of the dashed line). As i increases, the curves
exhibit a knee and become again approximately linear, with a
lower slope. This behavior is due to magnetic saturation, which
is taken into account in the proposed inductance model.

A. Power-Loss-Dependent Inductance Model

Fig. 3 shows an example of FC inductor saturation curves
provided by manufacturers at different ambient temperatures.
These experimental curves show that FC inductors saturate at
lower currents as the ambient temperature increases. This kind
of L vs I characterization is normally obtained by sweeping
the DC component of a small-amplitude sinusoidal input [17].
Therefore, given an ambient temperature, each point along
the related inductance curve corresponds to a different core
temperature, as the power loss depends mainly on the
DC component of the current. To overcome this limitation,
in this paper we propose a novel modeling approach.

For a given ambient temperature, the inductance of
FC inductors can be expressed as a function of both the
current i and the average power loss p:

Lhigh (P) o Llaw (P)
2

|- 2w i-ron| o

L(i; p) = L' (p) +
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Fig. 3. L vs { experimental curves of Coilcraft MSS81260-103 inductor at
three different ambient temperamres [18].
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Fig. 4. L vsi curve at given power loss and ambient temperature.

which generalizes the model discussed in [11]. Fig. 4 shows
a plot of the function L(i; p). The parameters L*&* and
L}v are the horizontal asymptotes of the curve, I* is the
abscissa of its inflection point, and ¢ (> 0) is proportional to
the slope of the curve in I'*. The curves of Fig. 3 highlight
that the ambient temperature mainly influences their horizontal
position, which is associated to the abscissa I* of the inflection
point of the curve shown in Fig. 4. The core temperature
increases if we increase the ambient temperature (for a fixed
power loss) or we increase the power loss (for a fixed ambient
temperature). Therefore, we assume that Lhigh jlow gnd o are
fixed, whereas I* is dependent on the power loss p:

LMeh =3 L =xp; 0=x3; "=xp+x5s (4)
where X = [x1 x2 x3 %4 x5]7 is a vector of fitting coefficients.
The average power loss p can be either measured or estimated
through any reliable power loss model.

‘We remark that model (3) is applied in this paper to soft-
ferrite inductors with gapped magnetic core. The air gap has
mainly the effect of reducing L*#% and increasing I* [19].

B. Model Fitting

Given a working condition w and a time interval [fg, £],
from Egq. (2) it follows:
t i(t)
vit)dr = L(i’; p)di’ &)
Iy i(tp)

i
SEExP

o

The experimental magnetic flux @(¢) in Eq. (5) can be com-
puted using the measurements of the inductor voltage, whereas
the analytical magnetic flux ®(i(¢); p) can be computed by

integrating Eq. (3), thus obtaining:

i)

{3
®G@);p)= LG p)di
i(to)
Lhigh+L10m . Lh:’gh_Llow i 5 "2
—{ > i log 140 (i—1I%) ]
plow _ j high i=i(t)
—————(—1™atan[a ( —1")] ] | (6
T i=i(tn)

Given K different working conditions w; (k=1,..., K), let
(), in(r), Or(2) and pi be the steady-state inductor voltage,
current, magnetic flux and average power loss related to the
k-th working condition, respectively. If vy and iz are measured
in N time instants ¢, (n = 1, ..., N), the optimal coefficient
vector X* can be obtained by solving the following nonlinear
optimization problem:

E N
x* = argn}in Z z [‘Dk(tn) — i (ta): Piz)]2 Q)

k=1 n=1

where Oi(t,) = ::: vx(r)dr, ﬁ)(ik(tn); pr) is computed
through Eq. (6), and the inductance parameters L¥8%, Llov g
and I'* are given by Eq. (4). The power loss p; can be either
measured or estimated through a model expressing the steady-
state average power loss p for FC inductors as a function of the
operating condition w. Here, we use the model summarized
hereinafter and discussed in [16]. Solving the optimization
problem (7) yields the vector of fitting coefficienis x* charac-
terizing the inductor model for different operating conditions.

C. Model Accuracy Evaluation

Given a set of experimental measurements (the procedure to
obtain these data is described in Section IIT), the optimization
problem (7) can be solved, and the resulting optimal vector x*
can be used to compute the arctangent parameters (4). Then,
the inductance L(i; p) can be evaluated for any value of i
and p, through Eq. (3). According to Eq. (2), integrating
numerically the ratio 9x(r)/L(x; px) over the time interval
[to, 1] provides the inductor current value fk(t,,) at time i,,
under the k-th operating condition:

1 ()

— (8)
w L@ px)

ik (tn) = ix(20) +

The estimated initial inductor current iy (to) is assumed to
be equal to the corresponding experimental injtial inductor
current i (fp). The function 6(¢f) can be obtained through an
interpolation of samples vx{#,). The results of Section IV have
been obtained by using a simple piecewise-affine interpolation.
For the k-th operating condition, the estimated current ripple
can be obtained as Ay = max;ip(;) — minjig(z;) (for
k=1,..., K). The fitting accuracy can be evaluated by means



of three percent errors EY, Ef and E{, defined as follows:
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For each dataset, the errors (9)-(11) and the corresponding
mean value E®5A} standard deviation ¢{®%4) and maxi-
mum value El{,;p’l’A} can be calculated over the K operating
conditions.

(10)

E{ =100

EA =100

D. Inductor Power Loss Model

The FC inductors power loss p is determined by mag-
netic core loss and winding loss. The magnetic core loss,
in turn, includes hysteresis loss, eddy current loss and residual
loss [20]. For commercial pre-assembled power inductors
working in real SMPSs, it is not possible to measure or sep-
arate core (AC contribution only) and winding (DC+AC
contributions) losses, especially if windings arrangement or
magnetic material are not disclosed by the manufacturer, as it
usually happens. Alternatively, the FC inductor power loss p
can be evaluated as the sum of a DC term and an AC term,
both depending on the SMPS working conditions:

p(w) = Py (w) + Pae(w)
The DC loss P, is due to the average inductor current I :
(13)

where Ry is the DC winding resistance, measurable starting
from the DC inductor current and voltage, and [, coincides
with I,,; in the considered buck converter.

The AC loss P, including the contributions of winding and
magnetic core (hysteresis, eddy currents, residual), is evaluated
by means of a behavioral model for FC power inductors
operating in SMPS applications [16], identified by means of an
evolutionary algorithm applied to a large experimental dataset.
The resulting AC loss formula P, is:

i (w) = Cﬂe_clf' (Von D)cz +c3 (VonD)z

(12)

Pyc(w) = Racl2,

(14)

where V,n = Vin(1 — D) is the inductor voltage during the on-
time interval DT, for the considered buck converter, and terms
c;j (j =0, .., 3) are functions of I;., dependent on coefficients
Cit (k=0,.,3):

¢j(lac) = CjoeCMe + Cialge +Cia (15)

ITI. CASE STUDIES

The case studies discussed in this paper are referred to
commercial power inductors with different ferrite materials
and core types. In particular, two Coilcraft FC inductors are
considered: a 10xH shielded MSS1260-103 (inductor #1) and

TABLE I
INDUCTORS PARAMETERS
Size L Ry Taat [A]
# Part Number Tom
[rrn®] [£H] | [m€] | 30%drop
1 MSS1260-103 | 12.0x12.0x56.0 10 24 7.40
2 DO3316T-103 13.2x9.9x6.4 10 34 3.80
TABLE 1T

COEBFFICIENTS OF THE AC POWER L0OSS BEHAVIORAL MODEL
| Inductor #1 (MSS1260-103) ‘

C; E=0 E=1 k=2 k=3
;=0 576E04 | 1J0E+00 | -2.7IE+00 | 3.86E+01
== 2.20E-D6 1.23E+00 -4.16E-04 6.78B-03
i=2 9.65E-14 | 4.12E+00 | -5.39E-03 | 2.05E+00
7=3 Z36E+01 | 136801 | -523B+00 | -1.78B+01

| Inductor #2 (DO3316T-103) \

Chx k=0 E=1 R=2 k=3
=ik} 2.00E-08 5.59E+00 -6.21E+00 8 28E-+01
j=1 161E09 | 375E+00 | 4.39E-04 | 6.32E-03
] 4.09E-11 5.94E+00 -1.04E-02 1.88E+00
i=3 433E07 | 400E+00 | -2.63E01 | 4.72E+00

a 10uH unshielded DO3316T-103 (inductor #2). The main
characteristics of these inductors are listed in Table I, where
Koqs represents the DC current causing the 30% inductance
drop with respect to the nominal inductance of the device
at 25°C. The AC power loss medel coefficients Cjx (j =
0,....,3, k = 0,...,3) for inductors #1 and #2 are listed
in Table II.

For each inductor, the experimental dataset including
inductor cument #(z), voltage vg(r) and power loss pi
(k = 1,...,K) has been collected by means of the
MADMIX system [21]. This automated measurement set-
up allows to perform high-speed sampling of the inductor
voltage and current under typical hard-switched conditions
characterizing SMPSs.

Two datasets have been constructed for inductor #1 and #2,
labeled as &1 and Spa, respectively, consisting of K = 880
different operating conditions, corresponding to all the com-
binations of parameters Vi, Iy, fy and D listed in the
upper part of Table ITI. The maximum sampling frequency of
MADMIX is 1GHz, which allows Lo obtain up to 2000 voltage
and current samples per period, with a switching [requency
fs = 500kHz (worst case). However, a so high resolution
is not necessary to identify the proposed inductance model.
In this paper, for each operating condition, N = 200 samples
of voltage and current waveforms have been acquired per
period, thus obtaining values vg(f;) and ix(t,), with n =
l,...,Nand k= 1,..., K. Also the average power loss px
has been experimentally measured by the MADMIX system.

The experimental datasets cover the following ranges of
average power py and current ripple Ag:

« inductor #1: p; € [0.18, 1.89]1 W, A; € [0.20, 6.61] A;

o inductor #2: pr € [0.12, 1.52] W, A € [0.23, 6.13] A.

Two subsets, labeled as &7 and 87, have been extracted
from the original datasets 811 and 82, with the operating
conditions given by the X = 24 combinations of parameters
Vins Tout, fo and D provided in the lower part of Table III.
These combinations involve the operating conditions with
large average currents and current ripples.



TABLE IIT
OPERATING CONDITIONS USED IN DATASETS 811, 812, 821, AND S

| Dataset || 511 (inductor #1) [ &12 (inductor #2) \
1V"ﬂ [V] {6; 8! 10: 12} {6, 8, 10, 12}
Tout[4] {3,35,4,45,5,5.5, {2,2.25,2.5,2.75, 3, 3.25,

ot 6,6.5,7,7.5,8} 3.5,3.75,4,4.25,4.5}

FA:E 1200, 300, 400, 500} {200, 300, 400, 5007
D {0.2,0.35,0.5,0.68,0.8} {0.2,0.35,0.5,0.68,0.8}

| Subset || Sa1 (inductor #1) \ S22 (inductor #2)
Vin[V] {s,12} {6,12}
Tout[A] {5.5,6,6.5,7,7.5,8F | 13.25,3.5,3.75,4,4.25, 4.5}
Ja[kHz] {200, 300} {200, 300}
D 0.5 0.5

TABLE IV

STATISTICS OF THE ERRORS FOR ALL PERFORMED TESTS

Inductor #1 (MSS1260-103)

L{uH]

IV. MODELING RESULTS

In this section, the FC inductors models obtained with the
proposed approach are presented and discussed.

A, Inductor Simulation

The problem (7) has been sclved on datasets &1; and Sz
(case a) first, and then on subsets Sp; and Sy (case b).
In both cases, the error statistics are computed on datasets
811, S12. The results are shown in Table IV. It can be noticed
that the error variation for case b is negligible, even if only
K = 24 operating conditions are used to train the model. This
is due to the fact that datasets &5; and & contain the oper-
ating conditions with the largest average currents and current
ripples, i.e., the conditions wherein the inductor current spans a
wider portion of the L vs i curve (see Eq. (3) and Fig. 4). This
suggests that it is not necessary to employ operating conditions
with low current values to achieve a good model fitting. From
a practical viewpoint, this means that only a limited set of
proper measurements are enough to obtain an accurate model.
The resulting coefficient vectors x* for inductors #1 and #2 are
shown in Table V. The arctangent parameters L¥gk plov 5
and I* can be obtained by substituting x* and the measured
power loss pg (corresponding to wy) in Eq. (4). The resulting
arctangent functions for the two inductors are shown in Fig. 5,
for all the 880 operating conditions.

Dataset B [%] % %] B2 [%] i4 ° 1
311 (case a) T4l 029 262 o
821 (case b) 1.42 0.29 2.53

Dataget ET[%] oI [%] By, (%] Fig. 5. Families of L(i} characteristics for inductors #1 () and #2 (b). The
S11 (case ) 207 0.91 7.65 arrows indicate the increasing direction of p.

Sz1 (case b) 2.15 092 6.80
Dataset EA ) o> [%)] B2 [%]
S (case a) 2.60 236 17.04 TABLE V
So1 (case b) 2.56 217 13.36 COEFFICIENT VECTORS X* OR INDUCTORS #1 AND #2
\ Tnductor #2 (DO3316T-103)

Dataset E®[%] % [%] A [ Inductor ]| ¥ |
812 (case a) 224 030 420 #1 [10.484H, 1.02uH, 1.54A L, —1.52AW 1, 8.78A]
Saa (case &) 2.50 0.51 3.70 #2 [9.30pH, 1.634H, 5.25A—1, —0.95AW—", 4.37A]

Dataset ET %] ol %] EL[%]

312 (case @) 344 141 11.36
Saz (case b) 3.92 161 1047

Dataset BB o [5] ES %] =
51z (case a) 354 349 2173
Saz (case b) 526 3.18 18.46 /

3 i[A]4 5 6 7
®)

1 2

Fig. 6. Expetimental magnetic flux ® vs i (gray dashed lines) and analytical
maghetic lux @ vs i (black lines) for inductor #1 (a} and inductor #2 (b).

The shapes of the inductance curves of the two inductors are
quite different because of the different core. For inductor #1
(shielded core) the inductance drop is smoother and occurs
at a higher current with respect fo inductor #2 (unshielded
core), for which the modeling error is slightly higher
(see Table IV). Similar considerations hold also for other



TABLE VI
TEST CONDITIONS: ¥, =12V, D=0.5

| Tnductor #1 (MS551260-103) || Inductor #2 (DO3316T-103) |

TABLE VI

STATISTICS OF THE ERRORS FOR THREE SAMPLES
‘WITH MODEL TRAINED ON SAMPLE 1

\ Inductor #1 (MS551260-103) |

(=)
=
ta
-

p[W] 1.5 2

Fig. 7. Emor EJ vs power loss p obtzined with the proposed model for
inductor #1 (top panel) and inductor #2 (bottom panel).

inductors with the same core but different nominal inductance,
as shown in Appendix ??. It is worth remarking that the L,
value declared in the devices datasheet is subjected to about
10%-20% unceriainty. For instance, Fig. 5(b) and Table V
point out that the real inductance of inductor #2 for low cur-
rents is about 9uH, whereas the nominal inductance is 10uH.

Fig. 6 shows the experimental magnetic flux © versus the
current i (gray dashed lines), obtained in the test conditions
summarized in Table VI for the two investigated FC inductors.
These tests include low and high switching frequency values,
as well as low and high output current values. The plots
also show the analytical magnetic flux & versus the current i
(black lines), obtained by using Eq. (6) and the coefficient
vector x* given in Table V. The analytical magnetic flux &
fits very well the experimental one for all the analyzed tests.

The errors E,? versus power loss p are shown in Fig. 7,
for the two analyzed inductors. The results highlight that the
proposed model provides a good fitting accuracy over a wide
range of operating conditions, even by determining the model
parameters (4) over a limited set of conditions with large
average currents and current ripples.

B. Multiple Sample Testing

To enhance the generality of the propesed inductance
modeling approach and check the results deviation, two fur-
ther samples have been tested for the MSS§1260-103 and
DO3316T-103 inductors, by performing measurements under
the operating conditions given by all the combinations of
parameters Vi, Iy, f; and D used to obtain subsets §2; and
S22 (see bottom part of Table IIT). In a first test, the coefficient
vectors shown in Table V (frained on sample 1) have been used
also to model samples 2 and 3 and to compute errors E,?

‘WITH MODEL TRAINED ON ALL SAMPLES

Test# | | k’;'%z] ﬁ;‘f]* Test # [ki;;z] ’Ef;;’]* Sample ] o [%)] EZ %]
1 1.42 0.27 1.89
1 200 3 5 200 2
2 3.65 2.06 7.19
§ % ; _5, 2% ‘2‘ 3 174 0.50 325
4 500 e g 500 3 \ Inductor #2 (DO3316T-103) |
Sample E2[%] o®[%) B2 (%]
1 228 0.29 292
4r 2 2.59 0.80 4.62
3t 3 2.63 0.83 472
R 2t TABLE VIII
?{f 1r COEFFICIENT VECTORS x* FOR INDUCTOR #1 AND #2
0 | | | | ‘WITH MODEL TRAINED ON ALL SAMPLES
4r | Inductor || x* |
— 3t #1 [10.81uH, 0.84uH, 1.33A~%, —1.50AW~1, 8.504]
B, - #2 [9.62pH, 1.60uH, 488A~7, —0.03AW ", 4.284]
= 2F
?ﬂ 1t TABLE IX
0 L . L ) STATISTICS OF THE ERRORS FOR THREE SAMPLES

Inductor #1 (MSS1260-103)

Sample E2[%)] % [%] Ey (%]
1 2.08 0.70 3.64
2 2.32 1.16 451
3 1.65 0.49 3.12
\ Inductor #2 (DO3316T1-103) |
Sample E2[%] o [%] By [%]
i 271 0.32 331
2 222 0.36 3.19
3 2.24 0.42 3.24

for the K = 24 considered operating conditions. The corre-
sponding statistics are shown in Table VII. We notice that for
inductor #1 the modeling error for sample 2 is significantly
higher than for the other two samples, which confirms that
there may be a significant variability between different samples
of the same component. In a second test, the inductance
model coefficients for each inductor have been identified
by exploiting the measurements on all samples. The corre-
sponding optimal coefficient vectors are shown in Table VIII.
The error statistics are listed in Table IX and peoint out a
higher homogeneity in the modeling errors across the samples.
These tests confirm that the proposed model is quite general
and provides limited fitting etrors, also for multiple inductor
samples subjected to manufacturing tolerances.

C. SMPS Circuit Simulations

The results of SMPS circuit simulations obtained by using
the proposed model have been compared with experimen-
tal measurements, in order to validate the accuracy of the
inductance modeling approach. The open-loop buck topology
shown in Fig. 1 has been implemented in the power electronics
simulator PSIM. At a fixed working condition wy, the zero-
order-hold discretization of Eq. (8) yields

k(tnr1) = () + L{ix(ts); pi)

(16)
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Fig. 8. MSS81260-103 inductor. Left: experimental indoctor current wave-
forms (black solid lines) vs PSIM simulations (gray dashed lines). Right:
simulated inductance vs current profiles (black) and relevant current ripple
(gray). (a) current ws time, test #1. (b) inductance vy current, test #1.
(¢) current vy time, test #2, (d) inductance vy current, test #2. (e) current
vs time, test #3. (f) inductance vs current, test #3. (g) current vs time, test #4.
(h) inductance vs current, test #4.

In particular, the inductor has been implemented in PSIM as a
current-controlled current source, whose driving signal is the
result of the right-hand-side of Eq. (16), run-time cornputed
by means of a C-block. The inputs to the C-block are:

o the SMPS operating condition wy = [Viy, L, fi, DI;

e the optimal coefficient vector x* (see Table V);

s the coefficients Rg; and Cj; (see Tables I and II);

o the samples of the simulated inductor voltage dx(¢) and

current ix(t,).

For each k and n, the C-block computes:

« the inductor average power loss fj (Eq. (12));

o the parameter I* (Eq. ()

o the inductance L(ix(%:); px) (Eq. (3));

o the next current sample ix(f,41) (Eq. (16)).

The tests conditions summarized in Table VI have been
adopted in PSIM. The SMPS simulations have been per-
formed with a constant sampling time of 10 ns for both
inductors #1 and #2, and validated by comparison with
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Fig. 9. DO3316T-103 inductor. Left: experimental inductor current wave-
forms (black solid lines) vs PSIM simulations (gray dashed lines). Right:
simulated inductance vs current profiles (black) and relevant current ripple
(gray). (a) current vs time, test #5. (b) inductance ws current, test #5,
(c) current vs time, test #6. (d) inductance vs current, test #6. (e) current
vs time, test #7. (f) inductance vs current, test #7. (g) current vs time, test #8.
(h) inductance vs current, test #8.

the experimental inductor current waveforms measured by

the MADMIX. For each test, Table X summarizes the corre-

sponding measured and estimated inductor power loss, and the

errors Ef, ER, Ef, where EF is the power loss error, defined

as follows:

| P — Pl
Pk

For the given operating conditions, the adopted loss model
is able to estimate f; with errors EF lower than 1.1% for
inductor #1 and 6% for inductor #2. For both inductors,
the resulting errors on current E! and ripple E2 are generally
lower than 5% and 10%, respectively.

For the two inductors, a comparison between the measured
inductor current waveforms (black solid lines) and PSIM
simulations (gray dashed lines) is shown in the left panels of
Figs. 8 and 9. In the right panels of the same figures, the induc-
tance vs current profiles (black) and the curve portions covered
by the simulations (gray) are also plotted. It is worth remarking

Ef =100 amn



TABLE X TABLE XII
PSIM SIMULATIONS vs EXPERIMENTAL DATA COEFFICIENT VECTORS x* FOR INDUCTORS #3 AND #4
[ Inductor #1 (MSS1260-103) | [ Inductor ]| x* |
Test# | p[W] | p[W] | EF [%] | EL [%] | B> [%] H [53.45pH, 2.64uH, 3.15A~ 7, —0.62AW -1, 3.724]
1 0.293 0.296 1.1 26 25 #4 [45.79pH, 8.27uH, 10.72A~T, —0.61AW—T, 1.954]
2 1.103 1.091 1.1 29 82
3 0.214 0.215 03 24 0.2 s0F
4 1.033 1.031 03 31 1.6 -
\ Inductor #2 (DO3316T-103) \ E.
Test# || p[W] | pIW] | E” %] | B [ | B> [ e
5 0.349 0.341 21 32 0.4 w320
6 0.920 0.975 6.0 4.6 37 10 N
7 0.188 0.185 1.7 32 5.0 g S
8 0.534 0.527 1.3 38 34 0 1 2 3 4 iA] 5 6
TABLE XI @
OPERATING CONDITIONS USED TO OBTAIN DATASETS S3 AND Sy “of
| Dataset || &g (inductor #3) | 84 (inductor #4) \ oo
VinlV] {12,24} {12,24} —
Tout[A] {1.5,2,2.5,2.8,3.1,3.4} {1,1.2,1.4,1.6,1.8,2} 30+
fs[kHZ] {200,300} {200, 300} S0t
D 0.5 0.5
10+
. . . . o ‘ . | ‘ ‘ |
that working conditions leading to an inductance decrease 0 1 3 3 4 44 S P

higher than 50% (e.g., the case shown in Fig. 8(d)) have been
considered only to highlight the reliability of the modeling
approach, In real-world SPMS applications, these extreme
conditions are avoided for safety and efficiency reasons and
prevented by current limit circuitry integrated in each SMPS.

V. CONCLUSIONS

This paper proposes a novel behavioral modeling approach
for FC power inductors operating in SMPSs. The main
strengths of the proposed behavioral approach are:

« the model allows expressing the inductance as a function
of the inductor current and of the average power loss;

o a limited set of data is required to train the model;

« by combining the proposed model with a reliable power
loss model, it is possible to express the inductance as
a Tunction of the SMPS operating conditions, which are
much more easily measurable than core temperature;

« the model can be used to perform accurate circuit simu-
lations of SMPSs.

These features are of paramount importance to design safe
and reliable high-power-density SMPS8s, which exploit indoc-
tors operating beyond the weak-saturation region, in order 1o
reduce their size and weight. The proposed inductance model
accurately describes the behavior of soft-ferrite materials,
commonly used in SMPS design due to their low power losses.
The same power-based modeling approach can be applied to
other types of materials with different inductance profiles, e.g.,
for powdered inductors, which show a quasi-linear inductance
decrease as the current increases. The model can also be
further extended to inductors transient analysis.

APPENDIX

To further check the accuracy of the proposed inductance
model, two additional inductors have been considered, with the
same core as for the shielded MSS1260 and the unshielded

(b)
Fig. 10. Family of L{i} characteristics for inductor #3 (a) and #4 (b). The
arrows indicate the increasing direction of p.
TABLE X1
STATISTICS OF THE ERRORS FOR INDUCTORS #3 AND #4
\ Inductor #3 (MS851260-473) |

E®[%] a®[%] By [%]
1.62 043 349
Inductor #4 (DO3316T-473)

E°[%) ¥ [%)] E% [%]
2.05 045 389

DO3316 families, but with nominal inductance of 47uH.
These new samples are the MSS1260-473 (inductor #3) and
the DO3316T-473 (inductor #4). Two datasets have been
considered for inductors #3 and #4, labeled as &3 and S,
respectively, consisting of K = 24 different operating condi-
tions given by all the combinations of parameters Vj,, Iy, fs
and D listed in Table XI. The problem (7) has been solved on
datasets &3 and Sy, yielding the coefficient vectors x* shown
in Table XIL

The resulting family of arctangent curves L{i, p) is shown
in Fig. 10. As expected, the inductance drop for inductor #3
is smoother and happens at a larger current with respect to
inductor #4. Table XIII shows the statistics of the resulting
modeling errors for inductors #3 and #4. Similarly to the
results obtained for inductors #1 and #2, the model errors for
inductor #4 are higher than for inductor #3.
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