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A Novel AC Power LLoss Model for
Ferrite Power Inductors

Kateryna Stoyka *“, Giulia Di Capua

Abstract—Recent studies have proved that sustainable satura-
tion operation of Ferrite Power Inductors (FPIs) allows reducing
the inductor size and increasing the power density in Switch-Mode
Power Supply (SMPS) applications. This paper discusses a new be-
havioral model for reliable prediction of ac power loss in FPIs, in-
cluding the effects of saturation. The new model has been identified
by means of the Genetic Programming (GP) algorithm combined
with a Multi-Objective Optimization (MOO) technique, starting
from large sets of power loss experimental measurements. The pro-
posed ac power loss model uses as input variables the voltage and
switching frequency imposed to the inductor by the SMPS opera-
tion, while the dc inductor current is used as a parameter expressing
the impact of saturation. Such quantities can be easily determined
for whatever converter topology and in real-world switching op-
eration, thus confirming the readiness and the easiness-to-use of
the proposed behavioral model. The results of experimental tests
presented in this paper prove the reliability of the power loss pre-
dictions, also by correctly accounting for the impact of inductors
saturation.

Index Terms—Ferrite Power Inductors, Genetic Programming,
Multi-Objective Optimization, Modeling, Power Loss, Saturation.

ABBREVIATIONS
FPI Ferrite Power Inductor.
SMPS  Switch-Mode Power Supply.
GP Genetic Programming.
MOO  Multi-Objective Optimization.

SE Steinmetz Equation.

i-GSE  improved Generalized Steinmetz Equation.
NLLS Non-Linear Least Squares.
RMSE Root Mean Square Error.

I. INTRODUCTION

ATURATION represents an important characteristic of all
magnetic components. In power inductors, such nonlinear
phenomenon yields a progressive inductance decrease while the
average inductor current increases [1]. Ferrite Power Inductors
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(FPIs) are conventionally adopted in Switch-Mode Power Sup-
ply (SMPS) design when high efficiency and high power density
are required. FPIs exhibit a rapid transition to saturation when
the current exceeds a certain threshold. In SMPS design, it is
commonly considered a good practice to select FPIs operating
in the region of weak saturation (within about 20% inductance
drop) [2]. Nevertheless, saturation is not a real issue, neither for
the inductor nor for the entire converter, if the current ripple, the
power loss and the temperature rise fall within limits suitable
both for the device and for the application [3]. Recent stud-
ies have highlighted that the sustainable saturation operation of
FPIs allows to achieve a reduction of the inductor size and an
increase of the SMPS power density [1], [3]-[6]. However, ap-
propriate saturation models and power loss models are needed
for reliable current ripple and power loss prediction in partial
saturation conditions.

The FPIs power loss is determined by magnetic core loss and
winding loss, which depend on:

1) core volume and geometry, characterized by sharp edges

and not allowing easy analytical modeling;

2) core materials, whose characteristics are not disclosed by
inductors manufacturers;

3) winding arrangement, where skin and proximity effects
can occur since Litz wires are not usually adopted for
commercial parts.

However, the core and winding losses cannot be easily mea-
sured as separate contributions in SMPS applications. FPIs
power loss can also be evaluated as the sum of a dc term and
an ac term. The dc loss is only due to the dc current flowing
through the winding. The ac loss includes the contributions of
both winding and magnetic core. Since the dc loss can be easily
estimated from the dc winding resistance, the major challenge
still remains how to determine the total ac loss in FPIs.

This paper discusses a new behavioral ac loss model for FPIs
in SMPS applications, including the effects of saturation. The
model uses as input variables the voltage and switching fre-
quency imposed to the inductor by the SMPS operation, while
the dc inductor current is used as a parameter expressing the
impact of saturation. The proposed model has been generated
by means of a Genetic Programming (GP) algorithm combined
with a Multi-Objective Optimization (MOO) technique. The
GP algorithm is often used in scientific investigations aimed at
generating behavioral models of systems and devices, whose
physical behavior is unknown or too complicated to describe
with physical laws [7]. The GP approach allows to identify
both the model structure and relevant parameters, given a set of
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experimental data and the list of variables adopted in the model.
In this paper, the GP-MOO approach has been adopted to iden-
tify the ac loss model of FPIs ensuring an optimal trade-off
between accuracy and complexity.

The paper is organized as follows. In Section II, a brief State-
of-the-Art on inductors power loss modeling is provided. In
Section III, the main elements of the GP-MOO approach
adopted for the identification of the FPIs ac loss models are
illustrated. In Section IV, the ac loss model generated by using
the GP-MOO approach is presented, and its reliability and ac-
curacy are discussed and confirmed by comparison with experi-
mental results. In Appendix A, the coefficients determination for
classical FPIs core loss models is comprehensively discussed. In
Appendix B, details about the GP-MOO approach are eventually
provided.

II. INDUCTOR POWER LOSS

Several literature contributions have been presented on high-
frequency loss measurement techniques for magnetic compo-
nents [8]-[14]. In the classical four-wire two-winding method,
the core under test is wound as a transformer [8][9]: excita-
tion is inserted on the core through one winding, and voltage is
measured on the other sensing winding. The core loss is then
evaluated by integrating the product of the voltage on sensing
winding and the current through the excitation winding. A third
winding can be possibly considered to test a given dc premag-
netization condition [10]. The two-winding methods have no
significant drawbacks in principle. They allow to measure the
core loss and exclude the winding loss, but are sensitive to phase
discrepancy mainly due to current sensing, probe mismatch and
oscilloscope time resolution limit. New compensation methods
consider capacitive cancellation for core loss measurement at
very high frequencies [11][12]. A capacitor is connected in se-
ries with the inductor of the core under test and finely tuned
to resonate with it at the test frequency. The core loss can
be measured after compensating the parasitic resistances. These
compensation methods automatically exclude the loss of the
excitation winding and greatly reduce the sensitivity to phase
discrepancy. However, in certain conditions, it could be difficult
to realize an exact compensation at the excitation frequency: the
value of the cancellation capacitor is quite critical, and a small
variation can induce a big measurement error [13]. Finally, en-
hanced compensation methods rely on an inductive cancellation
approach [14], to further reduce the phase sensitivity problem.
It also enables accurate core loss measurement for arbitrary
waveform excitation without the requirement to fine-tune the
cancellation component value.

All the aforementioned studies usually consider experimental
test conditions performed on laboratory magnetic component
prototypes, built or modified according to established mea-
surement procedures. In principle, methods like [12][14] are
applicable also for inductor loss measurement. However, for
commercial preassembled shielded-core power inductors in
real-world switching operating conditions, it could be more
difficult to separate core (ac contribution only) and winding
(dc+ac contributions) losses, mainly because the winding
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arrangement of commercial inductors can be quite irregular,
and error sources cannot be prevented or attenuated [13]. Direct
measurement of the dc and ac loss contributions for commercial
power inductors is definitely more straightforward than the
measurement of separate contributions for core and winding
losses. It is worth noting that when high-frequency ac winding
loss is negligible, the ac loss is due to core loss contribution
only, whereas the dc loss is due to the dc winding resistance.

The inductor average total power loss P, is by definition the
mean value of the instant power absorbed by the device over the
switching period Ty = 1/ f;. The total power loss P, can be
separated in two contributions in two different ways: winding
and core losses (see Section II-A), or dc and ac losses (see
Section II-B).

A. Winding and Core Losses
The total inductor power loss can be split as in (1):
Pot = Pina + Peore (D

Winding loss P,;,s can be seen as the sum of dc and ac
winding losses:

Pwind,dc - Rdc ' I% (2)
= Ry I2 A3

pwind Lac ac,rms

where Ry is the dc winding resistance, R, is the ac winding
resistance including high-frequency effects, and I, and I, s
are the average and rms values of the dc and ac inductor current
components, respectively. The dc loss can be easily evaluated
from the dc winding resistance. The high-frequency winding
loss can be predicted by using several methods [15]-[20], if
the winding cross-sectional area and the layers distribution are
known. Unfortunately, the manufacturers of commercial com-
ponents do not disclose winding geometry data. The datasheets
only provide the nominal value of R, resistance, obtained un-
der dc test conditions. Therefore, since the exact R, resistance
value is not available, the use of the R,. resistance value to
estimate the high-frequency ac winding loss can result in poor
accuracy during the calculation of the total inductor loss.

Core loss P, is investigated in several studies by consider-
ing the separation of hysteresis, eddy currents and excess loss
contributions [21]-[23]. Unfortunately, the parameters of such
models are not easy to obtain, since sophisticated experimen-
tal measurements are needed to evaluate separately the different
loss terms. The Steinmetz Equation (SE), introduced in [24] and
given in (4), represents de facto the empirical behavioral core
loss formula mostly used in the SMPS design:

Pcore,SE - Om f? BZ (Ae le) (4)

where f; is the excitation frequency, B, is the ac magnetic
flux density magnitude, and A, and [, are the equivalent cross-
sectional area and magnetic path length of the magnetic core.
The coefficients C),, « and § depend on core material, magnetic
induction and switching frequency operating range, and are usu-
ally given in the datasheets of magnetic cores [25][26]. Since
the peak-to-peak current ripple Aip,, is easier to measure than
the ac magnetic flux density B,., the SE can be reformulated as
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a function of Aig,,:
Pcore,SE — Klst (KQAinp)Y (5)

where the coefficients K7, Ko, X and Y depend on material and
switching frequency range, and K also depends on the core
volume. Some power inductors manufacturers adopt the formu-
lation given in (5) and provide relevant core loss coefficients
[27]. More details on how to get coefficients {K;, Ko, X, Y}
from coefficients {C,, , o, 3} are provided in Appendix A.

Both models (4) and (5) are given for sinusoidal operating
conditions. Several papers show how to extend the validity of the
SE to nonsinusoidal conditions. In [28]-[32], enhanced versions
of the SE have been proposed, namely the modified SE, the
generalized SE, the improved Generalized Steinmetz Equation
(i-GSE), the natural SE and the improved SE, valid for both
sinusoidal and nonsinusoidal operating conditions and requiring
no more parameters than the basic SE. In particular, Appendix A
also describes how the i-GSE formula can be used for core loss
calculation, given inductor voltage, duty-cycle, frequency and
manufacturer’s core loss coefficients.

However, all these formulations neglect the dependence of
core loss on dc bias, thus yielding inaccurate core loss estima-
tion in partial saturation conditions. Enhanced discussions on
magnetic core loss models accounting for dc bias have been
specifically proposed. In [33], Muhlethaler et al. have presented
a study about the influence of premagnetization on magnetic
material power loss. However, no analytical formulations have
been given to model the SE parameters dependence on dc bias.
In [34], Kosai et al. have proposed a correction to the SE for
partial saturation operating conditions, based on a multiplica-
tive exponential term depending on the ratio i /. This ratio
represents the saturation level of the core material, 1y being
the magnetic permeability value at zero bias and p being the
effective magnetic permeability in partial saturation condition.
However, neither 1y nor p are easily measurable quantities for
commercial magnetic devices. In [35], a core loss model has
been proposed based on the use of a multiplicative bias factor
as a function of the dc magnetic field H ;.. A quadratic term and
a square root term of H . have been introduced to model the
dc bias dependence for different magnetic materials. Finally, in
[36], Sokalski et al. have suggested that the core loss function
obeys the scaling law. Accordingly, a quite involved expression
has been proposed, including the dc bias influence on core loss.
Such formulation can be more accurate, yet too complicated for
the SMPS designers. In fact, it involves a high number of model
parameters not provided by magnetic components manufactur-
ers, and requires magnetic quantities measurements, like the ac
magnetic flux density B, and the dc magnetic field Hy,.

The main limitation of core loss models like [33]—[36] lies in
the use of the magnetic quantities, which are not easy to measure
for the commercial inductors operated in SMPS. In principle,
some of such quantities can be estimated starting from the induc-
tor voltage and current measurements, if the inductor winding
turn number, the magnetic path length and cross-sectional area
are known. Unfortunately, such data are not disclosed by the
inductors manufacturers in their datasheets. For this reason, it is
impossible to determine the parameters of the mentioned mod-
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els by applying curve fitting techniques to the experimental core
loss.

B. DC and AC Losses
The total inductor power loss can also be split as in (6):
Py = Py + Pye (6)

The dc loss P, depends on the dc components of inductor
voltage V7, and current I7,, and can be evaluated as given in (7):

Pdc' = VL . IL = Rdc ' I% = Pwilld,dc' (7)

which corresponds to (2). The ac loss P,. depends on the ac
components of the inductor voltage vy, . (t) and current iy, 4. (t),
and is given by (8):

T
Py = fs / UL,ac (t) ! iL,ac (t) dt = Peore + PWi”d’“C ®)
0

where P, is the magnetic core loss provided in (4) and (5),
and P,ing qc 18 the ac winding loss contribution given in (3). This
power loss separation (6) has the advantage of allowing the direct
measurement of the two contributions (7) and (8), starting from
the experimental waveforms of inductor voltage and current. In
fact, the dc components of the measured waveforms provide the
dc loss Py given in (7), while their ac components provide the
ac loss P, given in (8).

Whatever experimental measurement technique is adopted to
obtain P,. = FProre + Piind,ac, the measured values of the induc-
tor ac loss can be used to determine an analytical behavioral
model expressing the total ac loss as a function of the operating
conditions imposed by the SMPS application. The new ac loss
model proposed in this paper is based on this approach, and
starts from the following assumptions:

1) the ac loss equation is expressed as a function of the
switching frequency fs, the average current I; and the
equivalent voltage V., = D Vf ,,, where D is the con-
verter duty-cycle and V7, ,, is the inductor voltage during
the on-time interval D/ f;

2) fs and V,, are the input variables of the ac loss equation,
whereas I} is an input parameter determining the value
of the numerical coefficients of the loss equation.

It is worth noting that the inductor current ripple Aiy,,, cannot
be considered as an input of the ac loss equation if partial
saturation conditions are considered. Indeed, the SMPS imposes
fs,» I and V,, to the inductor, which responds with certain
current ripple Aiz,, and ac power loss F,. depending on the
saturation level. Therefore, different combinations of f,, Vi,
and 7, can result in the same current ripple magnitude, but with
different levels of inductor saturation and ac power loss. The use
of the equivalent voltage V,, reflects the fact that the inductor
ac power loss is only dependent on the volt-seconds applied to
it, regardless of the SMPS topology.

III. GP-MOO APPROACH

In this Section, the GP-MOO approach adopted to identify
the new ac loss model for FPIs is illustrated. The GP algorithm
is an evolutionary algorithm where the population is composed
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of models [7]. During its evolution, the GP algorithm transforms
the current population of models into a new population of mod-
els, by applying classical genetic operations, such as selection,
cross-over, mutation, elitism, etc. At the end of its evolution,
the algorithm finds a model with the best-so-far fitness value.
Only the main elements of the GP algorithm are summarized
hereafter, as the GP is a known matter and it is out of the scope
of the paper. The reader is also addressed to Appendix B for
further details on the adopted GP algorithm.

For a given FPI, a set of m average current conditions I7,; has
been considered for the analysis, with 5 = 1, ..., m. For each
current value, n couples of frequency and voltage conditions
X; = (fsi, Vegi) have been adopted, with ¢ = 1, ..., n. For each
of the n x m test conditions, a data vector has been created,
including the test values x; and the resulting ac power loss
Yij = Pac.exp([fsis Vegi, L) The resulting training dataset 7
is shown in Table I. The GP algorithm was set to identify a
global behavioral model (9):

Pac,bhv =F (fs» V:ztp P(IL)) (9)

such that the value of the function F' computed for each test
condition of the training dataset 7 is as close as possible to the
corresponding experimental value y;;, Vi € {1,...,n} and Vj €
{1, ...,m}. The structure of the behavioral power loss function
F'in (9) is the same for all the average current conditions, while
the coefficients p are functions of I . To determine the values of
coefficients p, a Non-Linear Least Squares (NLLS) method has
been applied to the n data vectors for each experimental current
test condition I7 ;. Then, the interpolating function p(I;) has
been determined. The elements used by the GP algorithm to
evaluate and select the ac loss models are as follows:

1) the accuracy, which can be estimated by means of the Root
Mean Square Error (RMSE) between the experimental
loss and the GP-predicted loss over the whole training
dataset;

2) the complexity, which depends on the complexity of the
elementary functions adopted in the model structure F'.
To quantify the global complexity of each GP model, the
term Frompiexiry has been introduced.

A more detailed description of the methods adopted to determine
the coefficients p and of the RMSE and Fopiexiry definitions is
provided in Appendix B.

An elitist Nondominated Sorting Genetic Algorithm (NSGA-
II) [37] has been used to discover the behavioral power
loss model (9) offering a trade-off between the RMSE and
the Fiomplexiny values over the whole training dataset. Such
well-known MOO approach returns a Pareto front contain-
ing the non-dominated solutions present in the population,
i.e. the solutions outperforming the other elements of the
front in at least one objective, being worse in some other
objectives. Herein, RMSE and Fi,pieriry have been consid-
ered as objective functions for minimization in the proposed
MOO approach. Section IV discusses the GP-MOO approach
adopted for the identification of the ac loss model for two
FPIs (case studies #1 and #2). The resulting model is then
tested and validated for other two FPIs, one with same mag-
netic material and core type (case study #3), and one with
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TABLE I
DATASET 7 OF THE GP ALGORITHM
\ \ Iy \ Iro \ \ Irm |
(fs1, Veq1) (x1,¥11) (x1,¥12) (X1, ¥1m)
(fs2, Veq2) (x2,¥21) (x2,y22) (x2,y2m)
(fsn7 Veqn) (xny ynl) (Xna ,7Jn2) (X’Vly ynm)
TABLE II
INVESTIGATED INDUCTORS AND THEIR MAIN CHARACTERISTICS
Dimensions L DCR| Isat[A] Irms[A]
Part Number [mm3] (H] ‘ [mQ] | 30% drop | 40°C rise
MSS1260-103 12x12x6 10 24 7.40 4.00
MSS1260-473 12x12x6 47 32 3.30 2.50
MSS1038-273 10.2x10x3.8 27 39 2.84 2.35
DO3316T-103 | 13.2x9.9x6.4 10 34 3.80 3.90

both different magnetic material and different core type (case
study #4).

IV. GP-MOO-SIMULATED VERSUS EXPERIMENTAL RESULTS

The discussion is herein referred to power inductors with
ferrite magnetic core. Inductors of different ferrite materials and
core types have been considered for the investigation, with both
shielded and unshielded magnetic cores, to obtain a generalized
ac loss model valid for different FPIs.

Four inductors have been assumed for the investigation:
the Coilcraft MSS1260-103 (Lypm = 10 pH), MSS1260-473
(Lpom = 47 pH) and MSS1038-273 (Lyom = 27 pH), all as-
sembled with shielded cores of same ferrite material, and the
Coilcraft DO3316T-103 (L, = 10 pH), assembled with an un-
shielded core of a different ferrite material. The main datasheet
characteristics of these FPIs are listed in Table II.

Experimental data of the training dataset 7 have been col-
lected by using the MADMIX system [38], shown in Fig. 1.
Such automated measurement setup is able to measure the
performance of power inductors under hard-switched condi-
tions, reproducing exactly a real SMPS operation. In particu-
lar, the MADMIX allows to emulate the operation of an open-
loop dc—dc converter: given the input voltage Vjy, the duty-
cycle D, the switching frequency f; and the output current
Iour, the power inductor is subjected to an equivalent voltage
Veg =Vin x D x (1 — D)andadccurrent I;, = Ipyr. Among
all possible features, the MADMIX allows for imposing the de-
sired SMPS-based operating conditions and makes high-speed
measurements of the inductor voltage and current. Moreover, it
can perform user-programmed tests over wide operating ranges
and collect large series of measurement results, including dc
and ac inductor power losses. Therefore, the training dataset for
each inductor has been herein assembled by using the MAD-
MIX system. Alternative acquisition methods for on-line FPIs
characterization have been recently proposed, like in [39].

Each component has been tested in a wide range of inductor
current, in order to cover both weak-saturation and roll-off re-
gion of the relative L versus I curve and guarantee power loss
characterization also in partial saturation conditions. Maximum
inductance derating of about 50% with respect to the nominal
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L

Fig. 1. MADMIX: (a) front panel, (b) top panel and (c) device under test.
10, 10 ==L vs I curve
- 10 == (Operating region
’ "5 8
z o E
=g S .
6 -5 2l
-10 0
0 4 6 8 0 5 . 10 15
Time [s] x10°° u [A]
(@) (W)
Fig. 2. MADMIX-based inductor waveforms: (a) voltage and current;

(b) L versus I curve with relevant operating region.

inductance L,,, has been achieved for each inductor. As an
example, voltage and current waveforms of a 10 pH Coilcraft
MSS1260-103 inductor measured by the MADMIX are shown
in Fig. 2(a). The datasheet L versus I curve of the inductor is
shown in Fig. 2(b). The operating conditions adopted for the
test are Vjy = 12V, duty-cycle D = 0.5, switching frequency
fs =200 kHz and average inductor current I;, =7.25 A, involv-
ing the operation in the roll-off region (in Fig. 2(b), red portion
of the curve). For this test example, the MADMIX measures
an average inductance of 4.5 uH, a peak-to-peak current rip-
ple of 3.34 A, a dc loss of 1.22 W (0.05% standard deviation),
an ac loss of 175 mW (1.7% standard deviation), inductor and
ambient temperatures of 71 °C and 26 °C, respectively.

The following sections discuss the application of the GP-
MOO approach to the inductors of Table II.

A. Case Study #1: MSS1260-103 Inductor

To assemble the training dataset for the MSS1260-103 in-
ductor, the operating conditions given in Table III have been
fixed by means of the MADMIX system. All the possible
combinations of such values have been tested, with m = 13
average current values and n = 80 operating conditions in terms
of f; and V,y = Viy x D x (1 — D) for each current, resulting
in a training dataset composed of n x m = 1040 experimental
data vectors. In particular, an inductance derating of 50% has
been obtained at I;, = 7.25 A.
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TABLE III
TRAINING SET OPERATING CONDITIONS FOR MSS1260-103 INDUCTOR

[ Quantity | Units | Values |
7. KHz [200, 300, 400, 500]
Vin v [6,8, 10, 12]
D - [0.2,0.35,0.5,0.65,0.8]
I A [3,35,4,45,5,55,5.75,
6,6.25,6.5,6.75,7, 7.25]

All the experimental measurements took about 35 h. Then, the
GP-MOO approach has been applied to the composed training
dataset: 30 independent GP algorithm runs have been executed
to verify the repeatability of the obtained models, lasting about
15 h. Only the non-dominated Pareto-optimal solutions with
the repeatability of at least 8 runs have been selected for a
further comparison. Such solutions are shown as blue markers
in Fig. 3. The two objective functions used during the GP-MOO
routine — namely, the RMSE evaluated over the training dataset
and the corresponding global complexity factor Fi,,pjexiry — are
shown on the x and y axes, respectively. The solutions at the
bottom-right side of this plot are characterized by very simple
structures and very high errors with respect to experimental ac
loss. Conversely, the solutions at the top-left side of the plot
present the lowest errors and most complicated structures.

In order to select an optimal ac loss model among all the
obtained Pareto-optimal solutions, several metrics have been
considered to classify each model:

1) N,,: number of GP runs during which the algorithm has
discovered the model (only models having N,,, > 8 are
shown in Fig. 3);

2) Ngen: average number of generations during which the
model exists within the population (averaging done over
Nrun);

3) fer: mean value of the percent error distribution of the
model over the training dataset;

4) o, standard deviation of the percent error distribution of
the model over the training dataset;

5) erryq: maximum percent error of the model over the train-
ing dataset;

6) N,on: average number of intervals over which the model
coefficients change their monotonicity with respect to the
dc current I,.

Such metrics are shown in Fig. 3, next to the respective GP
model expressions, from the more complicated ones (at the top
of the list) to the simplest ones (at the bottom of the list). Among
these solutions, the following model presents an optimal trade-
off among all the six metrics

Pac.omw = poexp (—p1 fs) VI + psV, (10)

where the coefficients {po, ..., p3 } are the elements of the vec-
tor p(I;,) given in (9). The behavioral model (10) has a high
repeatability (N, = 19) and age (N, = 186) and shows ex-
cellent performances in terms of the percent fitting errors. It
is characterized by a maximum percent error erry,., = 25%,
with a mean percent error fi.» = 1% and a standard deviation
Oerr = 5%. Only few models outperform the selected one in
terms of the maximum percent error.
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Fig. 3. Repeatable Pareto-optimal solutions for MSS1260-103 inductor.

In particular, the two models at the top of Fig. 3 have lower
percent errors (err,,, = 16%), but a more complicated structure.
Also the model described by the metrics values [10, 227, 2, 7,
22, 1] has a lower maximum percent error (err,,,. = 22%), but
higher mean percent error and standard deviation (i, = 2%,
Oerr = 1%). Moreover, the proposed ac loss model has
monotonous coefficients with the dc current (V,,,, = 1), thus
resulting easier to be modeled with any curve fitting algorithm.
The coefficients {pg, ..., p3} of the model (10) are shown in
Fig. 4 versus the average inductor current I, and can be mod-
eled by means of the law (11):

p(I;) =apexp(ajl;) +asl;, + as. (11)

A NLLS algorithm has been used to determine the vector
coefficients {ay, ..., a3 }. The resulting fitting curves of the co-
efficients p are shown in Fig. 4, while the relative vector coef-
ficients {ay, ..., a3 } are given in Table IV. Fig. 5(a)—(f) shows
the relative percent errors between the predictions of behavioral
model (10) and the experimental ac loss, for the four average
current conditions I, = {3, 5, 6, 7.25} A, selected among the
overall 13 current values included in the training dataset. The
red markers correspond to the errors obtained by using the co-
efficients p of the proposed behavioral model, whereas the blue
markers depict the errors obtained by using the NLLS fitting
curves (11) of such coefficients. Each subplot shows the percent
errors for 80 samples corresponding to different values of f;
and V,,, at a fixed 1, value. For all markers, relative power loss
error is within 15% in weak-saturation region (I, < 6A), and
within £25% in the roll-off region (I, > 6A).
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Fig.4. Behavioral model coefficients (red) and the relative fitting curves (blue)

for MSS1260-103.

TABLE IV
FITTING CURVES PARAMETERS OF THE BEHAVIORAL MODEL
COEFFICIENTS FOR MSS1260-103

MSS1260-103 a a a a
coefficients 0 1 2 3
Po 5.76E-04 | 1.70E+00 | -2.71E+00 | 3.86E+01
p1 2.20E-06 1.23E+00 | -4.16E-04 6.78E-03
P2 9.65E-14 | 4.12E+00 | -5.39E-03 2.05E+00
p3 2.36E+01 1.36E-01 -5.23E+00 | -1.78E+01
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Fig. 5. Errors of P, pp, with the model coefficients (red) and the relative

fitting curves (blue) for MSS1260-103: (a) I, =3A,(b) I, =5A,(¢c) I, =
6A, (d) I, = 7.25A.

For both weak-saturation and roll-off region, Fig. 6(a)—(b)
compares the ac loss prediction errors of the proposed model
Pye.pny (red filled markers) with the errors of two benchmark
models, evaluated as

® benchmark model 1 = ac winding loss + SE-based core

loss (green filled markers);

® benchmark model 2 = ac winding loss + i-GSE-based core

loss (green empty markers).

The ac winding loss has been evaluated as shown in (3),
by using measured %4 and I, s values and taking into ac-
count the thermal effects on the winding resistance [3]. The
SE-based core loss has been evaluated as shown in (5). In par-
ticular, the core loss coefficients { K7, Ky, X,Y} have been
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Fig. 6.  Errors of Py ppy (red filled) versus benchmark model 1 (green filled)
versus benchmark model 2 (green empty) for MSS1260-103: (a) in weak-
saturation (I;, = 3A), (b) in roll-off (I, = 7.25A).

estimated by means of the NLLS curve fitting of the benchmark
model 1 applied to the experimental ac power loss in weak-
saturation region. These coefficients have also been adopted to
evaluate the i-GSE-based core loss, as discussed in detail in
Appendix A.

The two benchmark models provide similar results in weak-
saturation region (see Fig. 6(a)). On the contrary, in roll-off
region the benchmark model 2 underestimates the ac power
loss, whereas the benchmark model 1 hugely overestimates it
(see Fig. 6(b)). Indeed, none of the two models include the
dependence of core loss on dc bias. As discussed in [40], if Aiy,,,
value is maintained constant, the hysteresis loop area is expected
to decrease with increasing current, as well as the resulting
core loss. The benchmark model 1 does not include such core
loss correction for dc bias and, as a result, overestimates the
ac power loss. Conversely, if B, value is kept constant, the
hysteresis loop area is expected to increase with the current, as
well as the core loss. The benchmark model 2 does not include
such dc bias dependence and underestimates the core loss. The
results of Fig. 6 highlight that the proposed behavioral model
(10) provides reliable ac loss estimation both in weak-saturation
and in roll-off region.

B. Case Study #2: MSS1260-473 Inductor

In this second case study, the Coilcraft inductor MSS1260-
473 of nominal inductance L,,,, = 47 pH has been analyzed,
having the same magnetic core of MSS1260-103, but different
winding turn number. In order to reduce both measurements
and execution times needed for the ac loss model identification,
such inductor has been tested on the reduced set of 162 operating
conditions given in Table V, including m = 6 average current
values and n = 27 operating conditions in terms of f, and
Veq for each current. In particular, an inductance derating of
about 40% has been obtained at I;, = 3.1 A. The experimental
measurements of such a reduced training dataset took about 6 h,
whereas the 30 runs of the GP algorithm lasted about 2 h.

The GP-MOO algorithm has discovered the model (10) also
for the MSS1260-473 inductor, even though the dimensions
of the training dataset have been greatly reduced compared to
the MSS1260-103 inductor (case study #1). Such model has
a repeatability of 8 runs and persists in the population during
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TABLE V
TRAINING SET OPERATING CONDITIONS FOR MSS1260-473 INDUCTOR

‘ Quantity ‘ Units ‘ Values
7. KHz [200, 300, 400]
Vin v [12, 18, 24]
D - [0.3,0.5,0.7]
L A [1,1.5,2,2.5,2.8,3.1]

0.02 p,vs IL

0.015
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Fig.7. Behavioral model coefficients (red) and the relative fitting curves (blue)
for MSS1260-473.

TABLE VI
FITTING CURVES PARAMETERS OF THE BEHAVIORAL MODEL COEFFICIENTS
FOR MSS1260-473

MSS1260-473 a a a a
coefficients 0 1 2 3
PO 1.63E-08 | 6.64E+00 | -1.15E-01 | 4.58E+00
p1 1.89E-08 | 4.35E+00 | 8.57E-04 4.62E-03
P2 4.10E-11 | 7.57E+00 | 7.28E-02 1.99E+00
p3 1.45E-03 | 1.95E+00 1.44E-01 1.07E-01
20 250
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Fig. 8.  Errors of Py pp, (red filled) versus benchmark model 1 (green filled)
versus benchmark model 2 (green empty) for MSS1260-473: (a) in weak-
saturation (I;, = 1A), (b) in roll-off (I, = 3.1A).

148 generations, presents an average error (i, = 2%, a stan-
dard deviation o, = 5% and a maximum error err,,,, = 20%
over the training dataset, and its parameters are monotonic
with the current ;. The coefficients p of the model (10) for
the MSS1260-473 inductor are shown in Fig. 7, together with
their NLLS fitting curves. The values of the vector coefficients
{ay, ..., a3 } of the fitting curves are given in Table VL.

Fig. 8(a)-(b) compares the ac loss prediction errors of the
proposed model P, ;,, with the errors of the two benchmark
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models, for weak-saturation and roll-off region, respectively.
Also for the MSS1260-473 inductor, the core loss coefficients
{K1, K>, X,Y} have been estimated by means of the NLLS
curve fitting of the benchmark model 1 applied to the experi-
mental ac power loss in weak-saturation region. As expected,
the benchmark model 2 underestimates the ac loss in roll-off
region, whereas the benchmark model 1 overestimates it.

C. Case Study #3: MSS1038-273 Inductor

The GP-MOO approach applied in the previous two case
studies has led to the same ac power loss model for two inductors
of the same family (same magnetic core). In this section, it is
shown that the same model is valid for the devices of a different
inductor family. In particular, the identification of the power
loss model coefficients started directly from the model structure
(10). In this case study, the inductor MSS1038-273 of nominal
inductance L,,,,, = 27 uH has been considered, whose core has
the same magnetic material but different size compared to the
components of the MSS1260 family (see Table II). The 162
operating conditions given in Table VII have been considered,
covering m = 6 average current values and n = 27 combinations
of f, and V,, for each current. In particular, an inductance
derating of about 50% has been obtained at I, = 2.9 A.

The coefficients p of the model (10) are shown in Fig. 9,
together with the NLLS fitting curves (11), whose parame-
ters are given in Table VIII. The proposed behavioral model
is characterized by a maximum percent error erry,, = 19%,
with a mean percent error fi.,» = 3% and a standard deviation
0err = 6% over the training dataset.

Fig. 10 (a)~(b) compares the ac loss prediction errors of
the proposed model P, ;, with the errors of the two bench-
mark models, for weak-saturation and roll-off region, respec-
tively. The { K, Ky, X, Y} coefficients have been estimated as
discussed for the previous case studies. As expected, the be-
havioral model (10) outperforms the two benchmark models,
especially in partial saturation condition.

D. Case Study #4: DO3316T-103 Inductor

In this last case study, it is shown that the findings relevant
to the identification of the ac power loss model have general
validity. In fact, the ac power loss model has also been ap-
plied to inductors with different ferrite material, dimensions and
type of the magnetic core. In particular, the Coilcraft inductor
DO3316T-103 (L, = 10 H) has been considered. This part is
assembled with an unshielded core of different ferrite material
and size with respect to the previously analyzed inductors (see
Table II).

The ac loss formula has been kept unchanged for the
Coilcraft DO3316T part: in fact, the identification of the power
loss model coefficients started directly from the model struc-
ture (10). The 405 operating conditions given in Table IX have
been considered, covering m = 9 average current values and
n = 45 combinations of f; and V,, for each current. In partic-
ular, an inductance derating of about 50% has been obtained at
I, =4 A.
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TABLE VII
TRAINING SET OPERATING CONDITIONS FOR MSS1038-273 INDUCTOR

‘ Quantity ‘ Units ‘ Values
fs kHz [200, 300, 400]
Vin \ (8,12, 16]
D - [0.3,0.5,0.7]
Iy, A [0.9,1.3,1.7,2.1,2.5,2.9]
-3
1 x10
" P, vsIL 551 P; vsIL
9 P
8
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1 1.5 2 2.5 3 IL [A] 1 1.5 2 2.5 3 IL [A]
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Fig.9. Behavioral model coefficients (red) and the relative fitting curves (blue)
for MSS1038-273.

TABLE VIII
FITTING CURVES PARAMETERS OF THE BEHAVIORAL MODEL COEFFICIENTS
FOR MSS1038-273

MSS1038-273 a a a a
coefficients 0 1 2 3
PO 8.45E+00 | 3.77E-01 -4.96E+00 | 2.51E-14
p1 1.75E-12 | 6.58E+00 1.88E-04 4.61E-03
P2 4.30E-12 | 8.13E+00 5.72E-02 2.09E+00
p3 4.81E-03 1.58E+00 7.85E-02 7.48E-01
40 250
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Fig. 10.  Errors of Py pjy (red filled) versus benchmark model 1 (green filled)
versus benchmark model 2 (green empty) for MSS1038-273: (a) in weak-
saturation (I, = 0.9A), (b) in roll-off (I;, = 2.9A).

The coefficients p of the model (10) are shown in Fig. 11,
together with the NLLS fitting curves, whose parameters are
given in Table X. The proposed behavioral model is character-
ized by a maximum percent error err,,,, = 20%, with a mean
percent error ji., = 1% and a standard deviation o, = 3% over
the training dataset. Fig. 12(a)—(b) compares the ac loss predic-
tion errors of the proposed model P, ;,, with the errors of the
two benchmark models, for weak-saturation and roll-off region,
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TABLE IX

TRAINING SET OPERATING CONDITIONS FOR DO3316T-103 INDUCTOR

[ Quantity | Units | Values |
75 kHz [300, 400, 500]
Vin Vv [8, 10, 12]
D - [0.2,0.35,0.5,0.65, 0.8]
[2,2.25,2.5,2.75, 3,
L A 3.25,3.5,3.75, 4]

180
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2.4
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Fig. 11.  Behavioral model coefficients (red) and the relative fitting curves

(blue) for DO3316T-103.

TABLE X
FITTING CURVES PARAMETERS OF THE BEHAVIORAL MODEL
COEFFICIENTS FOR DO3316T-103

DO3316T-103 a a a a
coefficients 0 1 2 3
PO 2.00E-08 | 5.59E+00 | -6.21E+00 | 8.28E+01
p1 1.61E-09 | 3.75E+00 | -4.39E-04 6.32E-03
P2 4.09E-11 | 5.94E+00 | -1.04E-02 1.88E+00
D3 4.33E-07 | 4.02E+00 | -2.63E-01 | 4.72E+00
10 250
o DO3316T-103: 1,=2A DO3316T-103: 1,=4A
— o ° ° 200 ° h|
s 50 00 o oo e "‘5-,0."~.'.#-‘
5 -5 o 5 150¢ 1
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Fig. 12.  Errors of P, ppy (red filled) versus benchmark model 1 (green filled)

versus benchmark model 2 (green empty) for DO3316T-103: (a) in weak-
saturation (I, = 2A), (b) inroll-off (I, = 4A).

respectively. The {K;, K5, X, Y} coefficients have been esti-
mated as discussed for the previous case studies. The behavioral
model (10) outperforms the two benchmark models, especially
in the partial saturation condition.

E. Model Discussion and Final Considerations

The behavioral model (10) is the sum of two terms:
poexp (—p1 fs) Vg and p3 V;f]. The first term contains a power

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 34, NO. 3, MARCH 2019

law dependence on the applied voltage V,,, which reflects the
dependence of P, on the magnetic flux density magnitude
By, Veq being proportional to B,.. The second term contains
a square-law dependence on the applied voltage V,,, which re-
flects the dependence of P, on the peak-to-peak current
ripple magnitude Aiz,,, V,, being proportional to Aiy,,. Such
result is in agreement with the expected loss trend, since the ac
winding loss is proportional to the square of the rms ac current
Lyc.rms» Which can be well represented by the square of Aiy,, in
case of a triangular or cusp-like inductor current waveform. The
proposed model (10) also shows an exponential decay of the ac
power loss with the increasing switching frequency, which can
be explained as follows. For a fixed V,, value, the peak-to-peak
current ripple decreases while the frequency increases, result-
ing in lower I, s value. However, the winding resistance R,
value increases at higher frequency, due to the skin and prox-
imity effects. Thus, the ac winding 1oss P,us.qc can increase
or decrease with the frequency, depending on the winding ar-
rangement. As for the core loss P, a smaller peak-to-peak
current ripple at higher frequencies involves a smaller 5B, mag-
nitude and, consequently, a smaller area of the B — H loop,
which yields a loss reduction. However, the higher frequency
involves that the B — H loop is repeated more frequently, thus
causing a consequent loss increase. As a result, the core loss
could as increase as decrease with the frequency, depending on
the inductor characteristics. For the components analyzed in this
paper, the model (10) reveals that a frequency increase results
in an ac power loss decrease.

Both the proposed ac loss model and the benchmark models
used in this paper require experimental measurements data for
model coefficients extraction. In particular, the GP-MOO algo-
rithm adopted for the identification of model (10) also requires
some extra computation time, when the behavioral models are
generated for the first time. The amount of this additional time
mainly depends on the experimental data used for models iden-
tification: the higher the number of the experimental test con-
ditions, the greater the execution time required. However, the
major benefit descending from the adoption of the GP-MOO
algorithm is that it allows for the identification of a general loss
model, valid for families of FPIs with different materials and/or
core types and size, as proved by the four presented case studies.
The identified model remains unchanged and always valid, in-
dependently of the operating conditions the inductor is working
in. Conversely, the suggested benchmark models are conserva-
tive and can yield inaccurate core loss estimation, especially in
partial saturation conditions. Once the ac loss model has been
identified, only the execution time for the curve-fitting NLLS
algorithm is needed to extract the model coefficient values. This
time is comparable to that one needed for the extraction of any
other benchmark models coefficients. Hence, the computation
time of the GP-MOO algorithm execution is the unique extra
time contribution for the proposed model.

F. Temperature Impact

Temperature is an important factor influencing the induc-
tor power loss. The core loss density is sometimes modeled



STOYKA et al.: A NOVEL AC POWER LOSS MODEL FOR FERRITE POWER INDUCTORS

20 5
pyvsi; @ 0021 p wsI, 7
- 7
15 ) 0.015 o
’
10 # 0.01 .08
p] o g--=8"
Stg==f--g--:8 0.005|& == 28"
1 1.5 2 2.5 3IL[A] 1 1.5 2 2.5 3IL[A]
(a) (b)
3 12 -
pyvsi; [} pyvsi Df"
o/ /9
o 0.8 ,s
25 4, -z
- -0
./:o' 0.4 8_,,o— =g
_-g==" oo
HlE== == 8 0
115 2 25 31 (Al 115 2 25 3IAl

(c) d

Fig. 13. Behavioral model coefficients at 7, =25 °C (red) and 7}, =37 °C
(green) for MSS1260-473.

as a polynomial function of temperature in magnetic cores
datasheets [25], [26]. Unfortunately, few literature studies have
investigated the dependence of the core loss on temperature.
In [33], Muhlethaler et al. have introduced Steinmetz premag-
netization graphs providing information about the dependence
of the Steinmetz parameters on the dc bias for two differ-
ent temperatures. Herein, the impact of the ambient tempera-
ture T, on the coefficients of the proposed behavioral model
(10) has been investigated for the MSS1260-473 inductor (case
study #2). Experimental measurements of the ac power loss
have been performed at 7, = 25 °C and 7, = 37 °C. The
higher ambient temperature has been obtained by incapsulating
the inductor into a heated chamber. The TDK B57550G502F
5k2+1% NTC thermistor has been used for the experimen-
tal measurements. For the two ambient temperature conditions,
the coefficients of the behavioral model (10) have been iden-
tified by means of the NLLS technique, as shown in Fig. 13.
It can be observed that, with the temperature increase, all the
coefficients decrease in weak-saturation region (at low inductor
currents [;, < 2.5 A) and increase in roll-off region (beyond
2.5 A inductor current). Indeed, while the ambient temperature
increases, the inductance in weak-saturation region typically in-
creases, thus resulting in the lower inductor current ripple and ac
power loss. In roll-off region, instead, the inductance decreases
with the temperature, thus resulting in higher current ripple and
loss [41].

As future development of this research, more ambient tem-
perature values will be tested to investigate the possibility to
achieve a model with thermal trend of the coefficients p.

CONCLUSIONS

In this paper, a new ac power loss model for FPIs in SMPS
applications is proposed. The model has been obtained by means
of the GP approach, in combination with the MOO technique,
starting from experimental measurements of the component cur-
rent, voltage and power loss in a wide range of SMPS operating
conditions, including the FPI operation in partial saturation. The
main difference of the proposed model with respect to prior art
lies in the use of the applied voltage and switching frequency
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as variables of the power loss formula, while the dc current
has been used as a parameter influencing the model coefficients
to account for the impact of saturation. The results of the ex-
perimental tests presented in the paper prove that the proposed
behavioral model provides quite reliable loss predictions, with
a much higher accuracy compared to classical Steinmetz-based
models, especially in partial saturation conditions. The proposed
model is flexible and easy to apply to different families of FPIs,
requiring only the use of a standard curve-fitting technique to
identify the formula coefficients, based on the experimental data
of the ac power loss.

ACKNOWLEDGMENTS

The authors would like to thank Professor Antonio Della
Cioppa, for providing insightful comments on genetic program-
ming and evolutionary computation. The authors also thank
Coilcraft, Inc., for providing inductors samples and relevant
data.

APPENDIX A
CORE L0OSS MODELS AND RELEVANT COEFFICIENTS

A. Steinmetz Equation and Manufacturer’s Coefficients

According to the SE, average core loss is given by (4). Ac-
cording to the manufacturer’s formula, average core loss can
be expressed as given in (5). In order to find the equivalence
relations between the Steinmetz coefficients {C,,, «, 3} and
the manufacturer’s coefficients { K7, Ky, X, Y}, (12) and (13)
can be used

v () = Lliy (] 22 (12)
_ade(t) . dB(t)
v (t) =n T n T (13)

where n is the inductor winding turn number and @ is the
magnetic flux linkage of a single winding turn. From the equality
of (12) and (13), it follows:

DT, dig (1) /DT~ dB(t)
Llig (t dt = nA, ——=dt
| e - 4

11 max B nax
= L(iL)diL = / nA.dB (14)

1L min B i

where I7, i, and I7, 4 are the minimum and maximum values
of the inductor current waveform iy, (¢), whereas By,;, and By,
are the minimum and maximum values of the magnetic flux
density waveform B(t). In weak saturation, L(i;,) = Ly,n- This
condition is normally adopted by manufacturers. Thus, (14)
implies (15)

LnomAinp = 27’LA€ Bac

Lnom

= Be=g,

Aipyp = Ko Aipyy, (15)
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From (4), (5) and (15), the following equivalences can be even-
tually derived:

_ LI‘[O"I
T 2nA,’

K, :CmAelea K, X:av Y:ﬁ (16)

B. Improved Generalized Steinmetz Equation

According to the i-GSE [30], the average core loss is given as

1 Ty dB o
Pcore i e kz - AB fa Aele dt 17
,iGSE T, /0 dt | oo (Aele) (17)
where AB,,, = 2B, and
ki = G (18)

(27)* " 27 |cos 6] 29— df

It can be shown that the integral term in (18) can be approximated
as

2 1.7061
0|“do ~4(0.2761 + ———— 19
/0 [cos ] ( TaT 1.354) (19)

The i-GSE can be reformulated in terms of the applied inductor
voltage, duty-cycle, frequency and manufacturer’s core loss co-
efficients { K1, K5, X,Y'}. From (13), the following relations
can be obtained:

DT,
‘ur, (t) VL.on 2K,
AB,, = =——DT,= DT, 2
o= [ la= kT - 220y, DT, 20
dB vr, (t) 2K2
— = = t 21
dt nA. Lyom L ( ) @b

where V7, ,,, is the constant voltage applied to the inductor during
the on-time interval. Hence, from (17), (20) and (21), we have

P ; —k’“/TS QKQUL(t) * QKQVLA,OTIDJ—‘S Y;l)t( (22)
core,iGSE — TS o L,wm Lm)m
where
K
ky, = ki (Acl.) = T . (23)
( ) (27T)X_1 fOQ« |COS9‘X2Y7Xd0
By means of algebra, we obtain
2K, 1" -
Peore,igse = [skv l:LQ:| [VLﬁonDTs]Y X
T Y Y-X
) 2K V 07LD
/ lur, (t)|X dt =k, 2 L, . (24)
0 Lnom fs

D WVeonl ™ + (1= D) Vel

where V7 o is the constant voltages applied to the inductor dur-
ing the off-time interval of the converter. In such reformulation,
the i-GSE jointly depends on the applied inductor voltages, duty-
cycle and frequency, and manufacturer’s core loss coefficients
{Ky, Ky, X, Y}

APPENDIX B
GP ALGORITHM SPECIFICATIONS

The GP models are generally represented by means of tree
structures. To construct such trees, the GP algorithm makes use
of a given set of elementary functions, constant coefficients and
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TABLE XI
NON-TERMINAL AND TERMINAL SETS

#inputs  Non-terminal Description Complexity
2 sum f+g 1
2 multiplication f-g 1
2 power f9 1.5
2 division f/g 1.5
1 logarithm log(f) 1.5
1 natural exp. exp(f) 1.5
1 power fe 1.5
1 exponential af 1.5
1 square root N4 1.5
1 hyperbolic tangent tanh(f) 1.5
1 inverse tangent tan~1(f) 1.5
1 reciprocal 1/f 1.5
#inputs Terminal Description Complexity
0 input X = 0.6 (for multiplication)
{fs,Veq} 1.0 (for other operations)
0 coefficient V4 1
TABLE XII

GP ALGORITHM SETTINGS AND PARAMETERS [43]

Description Value

Population size 500

Generation number 300
Maximum tree size 50 nodes

Selection operator
Cross-over operator
Mutation operator

binary tournament
subtree cross-over
subtree & node mutation

Cross-over probability 0.80
Subtree mutation probability 0.18
Node mutation probability 0.02

independent variables or model inputs. By definition, the group
of independent variables and constant coefficients composes the
terminal set, and the group of elementary functions represent
the non-terminal set the GP algorithm works with. Both termi-
nal and non-terminal sets adopted in this paper are shown in
Table XI. The main GP algorithm settings and parameters are
given in Table XII.

A. Complexity Evaluation

In the literature, several methods have been proposed to esti-
mate the global complexity of the GP models [42]. In this paper,
the elements of the terminal and non-terminal sets have been as-
signed different complexity factors, and on their basis the global
complexity of each constructed GP model has been estimated.
Each element of the terminal set has been assigned a complex-
ity factor equal or lower than one, whereas each element of the
non-terminal set has been assigned a complexity factor equal or
greater than one. The input variables x = { f,, V., } have been
assigned a unit complexity factor, except for the multiplication
operations between such variables, for which a complexity fac-
tor of 0.6 has been attributed to each input, in order to prevent
an excessive penalization of quadratic and cubic terms, such as

2 I/'e;f], Is + Veg, ete.

To quantify the global complexity of each GP model, the term
Eompiexiry has been introduced, based on the complexity values
given in Table XI and calculated in the following way:

e if a function (non-terminal element) is the argument of an-

other function, the complexity factors of the two functions
are multiplied;
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e if two functions are multiplied or summed, their complex-
ity factors are summed and subsequently multiplied by the
complexity factor of a sum or a product, respectively.

In the first case, a vertical development of the models (i.e., in-
volved functions of functions) is prevented, especially for the
functions with great complexity. In the second case, a horizon-
tal development of the models is prevented, i.e., models com-
posed of many simple functions multiplied or summed among
them, when a single more complicated function (e.g., exponen-
tial or power function) could be sufficient to model the quan-
tity of interest. For instance, using the complexity factors from
Table XI, the global complexity Fiompieviy Of the model
Pae = poexp (—p1 fs)Vig + psV,2, given in (10) can be cal-
culated as follows: Fiompiexiy = 1 - (1.5 +1.5) +1- (0.6 +
0.6) = 4.2.

B. Accuracy Evaluation

To determine the coefficients p of the GP-based model
(9) for each average inductor current I7; (j =1,...,m), a
NLLS method has been applied to the n experimental data
vectors relative to Iz ;. In particular, a Levenberg—Marquardt
least square optimization method has been adopted [44]. Such
algorithm starts from the model structure provided by the
GP algorithm and finds the best coefficients values p for
each average current. The x-squared error criterion has been
applied to the experimental loss ¥;; and the GP-predicted loss
F (fsis Vegi,p (I1j)), as follows:

D D NS0 B SeD

n =
The values of coefficients p for each average current I, ; have
been determined by minimizing X§~ To estimate the global
accuracy of the GP-based model over the whole training dataset,
the RMSE between the experimental and the GP-predicted
losses has been estimated by means of (26):

1 m
/=" ¢
RMSE = - j:1X7

REFERENCES

(26)

[1] L. Milner and G. A. Rincon-Mora, “Small saturating inductors for more
compact switching power supplies,” IEEJ Trans. Electric. Electron. Eng.,
vol. 7, no. 1, pp. 69-73, Jan. 2012.

[2] “Power inductors and peak current handling capability,” Renco Electron-
ics, Rockledge, FL, USA, 2016.

[3] G. Di Capua, N. Femia, and K. Stoyka, “Switching power supplies with
ferrite inductors in sustainable saturation operation,” Int. J. Elect. Power
Energy Syst., vol. 93, no. Supplement C, pp. 494-505, Dec. 2017.

[4] C.Wilhelm, D. Kranzer, and B. Burger, “Development of a highly compact
and efficient solar inverter with silicon carbide transistors,” in Proc. 6th
Int. Conf. Integr. Power Electron. Syst., Mar. 2010, pp. 1-6.

[51 A. Stadler, T. Stolzke, and C. Gulden, “Nonlinear power inductors for
large current crest factors,” in Proc. Eur. Power Convers. Intell. Motion
Conf., May 2012, pp. 1548-1553.

[6] G.Di Capua and N. Femia, “A novel method to predict the real operation
of ferrite inductors with moderate saturation in switching power supply
applications,” IEEE Trans. Power Electron., vol. 31, no. 3, pp. 2456-2464,
Mar. 2016.

[7]1 J.R.Koza, Genetic Programming: On the Programming of Computers by
Means of Natural Selection. Cambridge, MA, USA: MIT Press, 1992.

[8]

[9]

(10]

(1]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]
(28]

[29]

[30]

[33]

2691

V. J. Thottuvelil, T. G. Wilson, and H. A. Owen, “High-frequency mea-
surement techniques for magnetic cores,” IEEE Trans. Power Electron.,
vol. 5, no. 1, pp. 41-53, Jan. 1990.

A. Brockmeyer, “Experimental evaluation of the influence of dc-
premagnetization on the properties of power electronic ferrites,” in
Proc. 11th Annu. IEEE Appl. Power Electron. Conf. Expo., Mar. 1996,
pp- 454-460.

M. Mu, Y. Su, Q. Li, and F. C. Lee, “Magnetic characterization of low
temperature co-fired ceramic (LTCC) ferrite materials for high frequency
power converters,” in Proc. IEEE Energy Convers. Congr. Expo., Sep.
2011, pp. 2133-2138.

Y. Han, G. Cheung, A. Li, C. R. Sullivan, and D. J. Perreault, “Evaluation
of magnetic materials for very high frequency power applications,” [EEE
Trans. Power Electron., vol. 27, no. 1, pp. 425-435, Jan. 2012.

M. Mu, Q. Li, D. J. Gilham, F. C. Lee, and K. D. T. Ngo, “New core
loss measurement method for high-frequency magnetic materials,” IEEE
Trans. Power Electron., vol. 29, no. 8, pp. 4374-4381, Aug. 2014.

M. Mu, E C. Lee, Q. Li, D. Gilham, and K. D. T. Ngo, “A high frequency
core loss measurement method for arbitrary excitations,” in Proc. 26th
Annu. IEEE Appl. Power Electron. Conf. Expo., Mar. 2011, pp. 157-162.
D. Hou, M. Mu, F. C. Lee, and Q. Li, “New high-frequency core loss mea-
surement method with partial cancellation concept,” IEEE Trans. Power
Electron., vol. 32, no. 4, pp. 2987-2994, Apr. 2017.

P. L. Dowell, “Effects of eddy currents in transformer windings,” Proc.
Inst. Elect. Eng., vol. 113, no. 8, pp. 1387-1394, Aug. 1966.

J. P. Vandelac and P. D. Ziogas, “A novel approach for minimizing high-
frequency transformer copper losses,” IEEE Trans. Power Electron.,vol. 3,
no. 3, pp. 266-277, Jul. 1988.

J. A. Ferreira, “Improved analytical modeling of conductive losses in
magnetic components,” [EEE Trans. Power Electron., vol. 9, no. 1,
pp. 127-131, Jan. 1994.

C. R. Sullivan, “Computationally efficient winding loss calculation with
multiple windings, arbitrary waveforms, and two-dimensional or three-
dimensional field geometry,” IEEE Trans. Power Electron., vol. 16, no. 1,
pp. 142-150, Jan. 2001.

J. Hu and C. R. Sullivan, “AC resistance of planar power inductors and
the quasidistributed gap technique,” IEEE Trans. Power Electron., vol. 16,
no. 4, pp. 558-567, Jul. 2001.

A. Reatti and M. K. Kazimierczuk, “Comparison of various methods for
calculating the ac resistance of inductors,” IEEE Trans. Mag., vol. 38,
no. 3, pp. 1512-1518, May 2002.

M. Sippola and R. E. Sepponen, “Accurate prediction of high-frequency
power-transformer losses and temperature rise,” IEEE Trans. Power Elec-
tron., vol. 17, no. 5, pp. 835-847, Sep. 2002.

W. A. Roshen, “A practical, accurate and very general core loss model for
nonsinusoidal waveforms,” IEEE Trans. Power Electron., vol. 22, no. 1,
pp. 3040, Jan. 2007.

T. Hatakeyama and K. Onda, “Core loss estimation of various materi-
als magnetized with the symmetrical/asymmetrical rectangular voltage,”
IEEE Trans. Power Electron., vol. 29, no. 12, pp. 6628—6635, Dec. 2014.
C. P. Steinmetz, “On the law of hysteresis,” Proc. IEEE, vol. 72, no. 2,
pp. 197-221, Feb. 1984.

“Curve fit equations for ferrite materials,” Magnetics, Inc., 1999.
“Design of planar power transformers,” Ferroxcube, 1997.

P1172 Datasheet, Pulse Electronics, 2007.

J. Reinert, A. Brockmeyer, and R. W. A. A. De Doncker, “Calcu-
lation of losses in ferro- and ferrimagnetic materials based on the
modified Steinmetz equation,” IEEE Trans. Ind. Appl., vol. 37, no. 4,
pp- 1055-1061, Jul. 2001.

J. Li, T. Abdallah, and C. R. Sullivan, “Improved calculation of core loss
with nonsinusoidal waveforms,” in Proc. IEEE 36th IAS Annu. Meet. Ind.
Appl. Conf., Sep. 2001, pp. 2203-2210, vol. 4.

K. Venkatachalam, C. R. Sullivan, T. Abdallah, and H. Tacca, “Accurate
prediction of ferrite core loss with nonsinusoidal waveforms using only
Steinmetz parameters,” in Proc. IEEE Workshop Comput. Power Electron.,
Jun. 2002, pp. 36-41.

A. Van den Bossche, V. C. Vaichev, and G. B. Georgiev, “Measurement
and loss model of ferrites with non-sinusoidal waveforms,” in Proc. IEEE
35th Annu. Power Electron. Spec. Conf., Jun. 2004, pp. 48144818, vol. 6.
S. Barg, K. Ammous, M. Hanen, and A. Ammous, “An improved empiri-
cal formulation for magnetic core losses estimation under non-sinusoidal
induction,” IEEE Trans. Power Electron., vol. 32, no. 3, pp. 2146-2154,
Mar. 2017.

J. W. Kolar, J. Muhlethaler, J. Biela, and A. Ecklebe, “Core losses under
the dc bias condition based on Steinmetz parameters,” IEEE Trans. Power
Electron., vol. 27, no. 2, pp. 953-963, Feb. 2012.



2692

[34] H. Kosai, Z. Turgut, and J. Scofield, “Experimental investigation of dc-
bias related core losses in a boost inductor,” IEEE Trans. Mag., vol. 49,
no. 7, pp. 4168-4171, Jul. 2013.

M. Mu, “High frequency magnetic core loss study,” Ph.D. dissertation,
Dept. Elect. Eng., Virginia Tech., Blacksburg, VA, USA, 2013.
A.Ruszezyk, K. Sokalski, and J. Szczyglows, “Scaling in modeling of core
losses in soft magnetic materials exposed to nonsinusoidal flux waveforms
and DC bias,” in Proc. 21st Soft Mag. Mater. Conf., Aug. 2013.

K. Deb, A. Pratap, S. Agarwal, and T. Meyarivan, “A fast and elitist
multiobjective genetic algorithm: NSGA-IL” IEEE Trans. Evol. Comput.,
vol. 6, no. 2, pp. 182-197, Apr. 2002.

M. Wens and J. Thone, “MADMIX: The standard for measuring SMPS
inductors,” Bodo’s Power Syst., pp. 52-54, Apr. 2015.

M. Lodi, A. Oliveri, and M. Storace, “Low-cost acquisition method for on-
line inductor characterization in switched power converters,” in Proc. 14th
Int. Conf. Synthesis, Model., Anal. Simul. Methods Appl. Circuit Design,
Jun. 2007.

K. Terashima, K. Wada, T. Shimizu, T. Nakazawa, K. Ishii, and Y. Hayashi,
“Evaluation of the iron loss of an inductor based on dynamic minor char-
acteristics,” in Proc. Eur. Conf. Power Electron. Appl., Sep. 2007, pp. 1-8.
Power Choke Coils for Automotive Applications, Panasonic In-
dustry Europe. [Online]. Available: https://eu.industrial.panasonic.
com/node/2539/power-choke-coils-automotive-applications

J. Ni and P. Rockett, “Tikhonov regularization as a complexity measure in
multiobjective genetic programming,” IEEE Trans. Evol. Comput., vol. 19,
no. 2, pp. 157-166, Apr. 2015.

W. B. Langdon, R. Poli, N. F. McPhee, and J. R. Koza, Genetic Program-
ming: An Introduction and Tutorial, With a Survey of Techniques and
Applications. Berlin, Germany: Springer, 2008, pp. 927-1028. [Online].
Available: https://doi.org/10.1007/978-3-540-78293-3_22

W. H. Press, S. A. Teukolsky, W. T. Vetterling, and B. P. Flannery, Nu-
merical Recipes in C: The Art of Scientific Computing. 2nd ed. New York,
NY, USA: Cambridge Univ. Press, 1992.

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

Kateryna Stoyka was born in Khust, Ukraine, in
1989. She received the B.Sc. and M.Sc. degrees
(Hons.) in electronic engineering from the Univer-
sity of Salerno, Fisciano, Italy, in 2011 and 2015,
respectively, where she is currently working to-
ward the Ph.D. degree in computing and information
engineering.

Her main research interests include analysis and
design of switching mode power supplies, power
magnetics, numerical techniques for identification
and optimization of behavioral models of power de-

vices and systems.

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 34, NO. 3, MARCH 2019

Giulia Di Capua (S’06-M’13) received the B.Sc.
and M.Sc. degrees (Hons.) in electronic engineering,
and the Ph.D. degree in information engineering from
the University of Salerno, Fisciano, Italy, in 2006,
2009, and 2013, respectively.

She is currently an Assistant Professor with the
Department of Information and Electrical Engineer-
ing and Applied Mathematics, University of Salerno,
Fisciano, Italy. Her research interests include switch-
ing mode power supplies optimization, magnetic
components design and wireless power transfer.

Dr. Di Capua was the General Chair of the 2017 International Conference
on Synthesis, Modeling, Analysis and Simulation Methods and Applications to
Circuit Design. She is member of the Power and Energy Circuits and Systems
Technical Committee of the IEEE CAS Society.

Nicola Femia (M’94-SM’13) received the Laurea
degree (Hons.) in industrial technologies engineer-
ing from the University of Salerno, Fisciano, Italy, in
1988.

He was a Visiting Professor with the Depart-
ment of Electrical Engineering, Stanford University,
Stanford, CA, USA, where he taught power electron-
ics control and energy aware design in the Electrical
Engineering Enhanced Master Program. He is cur-
rently a Full Professor with the University of Salerno,
where he teaches power electronics and energetic in-
telligence in the Electronic Engineering and Computer Engineering Master
Programs and leads the Power Electronics and Renewable Sources Laboratory.
He has coauthored more than 190 scientific papers published in international
journals and proceedings of international conferences, and six patents. Over the
past 25 years, he has promoted and directed worldwide university and industry
research activities and education programs on power electronics, photovoltaic
systems and power design.

Prof. Femia was an Associate Editor of the IEEE TRANSACTIONS ON POWER
ELECTRONICS from 1995 to 2003.


https://eu.industrial.panasonic.com/node/2539/power-choke-coils-automotive-applications
https://eu.industrial.panasonic.com/node/2539/power-choke-coils-automotive-applications


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Algerian
    /Arial-Black
    /Arial-BlackItalic
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /BaskOldFace
    /Batang
    /Bauhaus93
    /BellMT
    /BellMTBold
    /BellMTItalic
    /BerlinSansFB-Bold
    /BerlinSansFBDemi-Bold
    /BerlinSansFB-Reg
    /BernardMT-Condensed
    /BodoniMTPosterCompressed
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /BritannicBold
    /Broadway
    /BrushScriptMT
    /CalifornianFB-Bold
    /CalifornianFB-Italic
    /CalifornianFB-Reg
    /Centaur
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /Chiller-Regular
    /ColonnaMT
    /ComicSansMS
    /ComicSansMS-Bold
    /CooperBlack
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EstrangeloEdessa
    /FootlightMTLight
    /FreestyleScript-Regular
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /HarlowSolid
    /Harrington
    /HighTowerText-Italic
    /HighTowerText-Reg
    /Impact
    /InformalRoman-Regular
    /Jokerman-Regular
    /JuiceITC-Regular
    /KristenITC-Regular
    /KuenstlerScript-Black
    /KuenstlerScript-Medium
    /KuenstlerScript-TwoBold
    /KunstlerScript
    /LatinWide
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaBright
    /LucidaBright-Demi
    /LucidaBright-DemiItalic
    /LucidaBright-Italic
    /LucidaCalligraphy-Italic
    /LucidaConsole
    /LucidaFax
    /LucidaFax-Demi
    /LucidaFax-DemiItalic
    /LucidaFax-Italic
    /LucidaHandwriting-Italic
    /LucidaSansUnicode
    /Magneto-Bold
    /MaturaMTScriptCapitals
    /MediciScriptLTStd
    /MicrosoftSansSerif
    /Mistral
    /Modern-Regular
    /MonotypeCorsiva
    /MS-Mincho
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /NiagaraEngraved-Reg
    /NiagaraSolid-Reg
    /NuptialScript
    /OldEnglishTextMT
    /Onyx
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Parchment-Regular
    /Playbill
    /PMingLiU
    /PoorRichard-Regular
    /Ravie
    /ShowcardGothic-Reg
    /SimSun
    /SnapITC-Regular
    /Stencil
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /TempusSansITC
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanMTStd
    /TimesNewRomanMTStd-Bold
    /TimesNewRomanMTStd-BoldCond
    /TimesNewRomanMTStd-BoldIt
    /TimesNewRomanMTStd-Cond
    /TimesNewRomanMTStd-CondIt
    /TimesNewRomanMTStd-Italic
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Times-Roman
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /VinerHandITC
    /Vivaldii
    /VladimirScript
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZapfChanceryStd-Demi
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 900
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.00111
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 1200
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.00083
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00063
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create PDFs that match the "Suggested"  settings for PDF Specification 4.0)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


