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Abstract—This article presents a new modeling approach ca-
pable of predicting Eddy current losses in soft ferrite cores as a
function of the winding current. The proposed model is formulated
in the time domain, which defines the magnetic core as a repeated
regular structure of magnetic material grains and grain boundary
in space. In this way, the homogenization process of the material
is avoided, which is intended as the definition of a set of physical
parameters of a continuous material equivalent to the real structure
of the material. The distribution of the current density in the
core and the core losses are computed utilizing the physical and
geometric parameters of the grain of the magnetic material and
of the grain boundary. To address the uncertainty in the definition
of the physical and geometrical parameters of the magnetic grain
and the grain boundary, a dedicated optimization procedure has
been formulated, which takes into account the inaccuracy in the
parameter measurement and the fact that the grain contour is an
irregular surface and the boundary thickness is neither constant
nor uniform. The performance assessment of the model is carried
out over a broad frequency range using several experiments with
a power amplifier and a de—dc converter.

Index Terms—Ferrites, finite-difference loss

measurement, magnetic losses, modeling.

methods,

I. INTRODUCTION

OFT ferrites have been firmly established as one of the most
S important classes of magnetic materials used in present-day
power electronics equipment. Among them, manganese—zinc
(MnZn) ferrites have the capability to efficiently handle high-
frequency signals, which result from the combination of high
magnetic permeability and low core losses. Low magnetocrys-
talline anisotropy and high electrical resistivity are the landmark
properties of good-quality sintered MnZn ferrites [1]. MnZn
ferrites are usually used as the magnetic core of switching power
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supplies, particularly for high-frequency switching modes.
The continuous increase in the use of switching power supplies
and the increase in their work frequency make it crucial to control
and reduce the magnetic losses in order to improve the efficiency
of the system [2], [3]. This requires a complete understanding
and modeling of the underlying physical phenomenon behind the
core losses and their behavior over a much broader frequency
range. Peer-reviewed articles classify the total power losses
occurring in the MnZn ferrite at any frequency as the sum
of static losses (hysteresis) and frequency-increasing dynamic
losses [4], [5], [6], [71, [8], [9], [10], [11], [12], [13], [14].
Dynamic losses consist of losses due to eddy currents and resid-
ual losses. The residual losses have been qualitatively attributed
to various phenomena, viz. domain wall relaxation/resonance,
dielectric losses, and damped ferromagnetic resonance [5], [6].
Currently, there is no clear understanding of how the differ-
ent phenomena contribute their share to the total losses ob-
served in the material because there is a lack of quantitative
justification [6].

A series of papers have proposed an interesting way to es-
timate the losses inside a magnetic core for nonsinusoidal in-
duction by further generalizing the Steinmetz formula [9], [10].
However, these approaches still have their applicability confined
to a quite narrow frequency range. Some other approaches
compute the frequency-independent hysteresis effects based
on the permeance—capacitance analogy for system-level circuit
simulation [11], [12]. This type of approach does not consider
the nonuniformity of the magnetic induction distribution inside
the core. A further interesting proposal is to take into account the
nonuniform magnetic field by defining a functional block in the
time domain, which can be implemented in PSpice [13], [14].
The functional block is based on the shape of the core, which
makes the approach applicable only to the preidentified core
configuration. Circuital approaches are certainly interesting, as
they can be easily introduced into circuit analysis codes. In
the case that a more accurate analysis is desired, albeit, at the
cost of greater computational complexity, numerical approaches
in the time domain based on the spatial discretization of the
magnetic core are required [15], [16]. There is a fair share of
papers that emphasize the dominant effect of residual losses on
the total core losses beyond 1 MHz only [17], [18], [19], [20],
[21]. Most of the commercial MnZn ferrites, on approaching the
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Fig. 1. (a) Ferrite microstructure showing grains and the grain boundaries.
(b) Grain size distribution (number of considered grain =~ 1000).

MHz frequency range, witness the frequency dispersion of the
magnetic permeability. This phenomenon is correlated with the
fast increase in energy losses, and this is one of the reasons be-
hind the limited operation of such MnZn ferrite devices beyond
1 MHz. The change in the magnetic permeability according to
the frequency is generally reported in the datasheet of the ferrite
material.

This article deals with the modeling and computation of
the magnetic losses of commercial MnZn ferrites in a broad
frequency range of 100 kHz to 1 MHz, which is based on the fol-
lowing two premises. First, in the nominal operating frequency
range of 100 kHz to 1 MHz, the dominant loss mechanism in
a commercial MnZn ferrite is the conductive (eddy current)
loss. Second, as specified above [17], [18], [19], [20], [21], the
residual magnetic losses are relevant above 1 MHz, and the static
losses are relevant below 10 kHz. The premises are verified in
this article through a series of measurements. The conductive
(eddy current) losses arise from both the intragranular and
intergranular circulations of the Eddy currents in the material
grain and the core, respectively. This study compares the quan-
titative significance of the intragranular losses computed using
the approach mentioned in [22] and the measured static losses
with the conductive losses computed using the proposed model.
In the end, all of these quantities are then compared with the
total measured losses for each of the analyzed cases.

The proposed model is based on knowledge of the microstruc-
tural and physical parameters of the ferrite material and of the
core geometry. The model considers the fact that a magnetic
core is made up of a basic composition of a grain of magnetic
material of a certain shape and size surrounded by an insulating
material crystallite called grain boundary. It is difficult to quan-
tify the material’s intrinsic crystallite parameters, viz. grain and
grain boundary thickness, conductivity, and permittivity, from
direct measurements because the real grain size, insulating grain
boundary contours, and thickness are not uniform. In this study,
some of the intrinsic material parameters are obtained from the
direct study of the material structure, some are adopted from
the related literature, and others are tuned in a small range to
minimize the difference between the computed and measured
losses using a suitable optimization technique. It is important to
underline that the proposed model is applied here to a typical
annular structure of MnZn ferrites but can be extended to any
shape of the magnetic core, using suitable 3-D numerical solvers,
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based on finite element analysis (FEA) techniques in the time
domain.

The rest of this article is organized as follows. Section II re-
ports the findings from a study of the microstructure of the MnZn
ferrite material under study, which paves the way for the model
formulation. Section III presents the numerical implementation
of the model in the finite-difference time domain (FDTD). The
FDTD formulation presented here is not based on the classical
Yee grid [23]. Section IV presents the sensitivity analysis of
the model outcome to the model parameters, and Section V
presents the performance assessment of the model via a series
of measurements. Finally, Section VI concludes this article.

II. MODELING OF MNZN FERRITE CORE FOR EDDY CURRENT
Loss COMPUTATION

The proposed modeling technique is based mainly on the
information obtained from the study of the structure of a ferrite
material. In this case, we have considered a commercial MnZn
ferrite, the EPCOS N30. The surface of a small section of the
material under consideration was polished and etched with a
solution of 33% of hydrochloric acid for 150 s. The observation
of the prepared surface, using an optical microscope (Eclipse
LV150NL, Nikon), showed the microstructure of the ferrite as
pictured in Fig. 1(a). Fig. 1 clearly reveals the ferrite structure
containing grains of different sizes, which are separated from
each other by very thin grain boundaries. The grain boundary has
different chemical and physical properties from ferrite grains.
The grain boundaries are insulating in nature, due to which the
electrical impedance of bulk ferrite exhibits frequency disper-
sion. Fig. 1(b) shows the grain size distribution of the ferrite
sample, determined by using dedicated image analysis software
(X-Plus, AlexaSoft).

The average grain size of the ferrite sample is found to be
8.75 pum with a standard deviation of 3.60 um. As far as the
grain boundaries are concerned, it is well known that they
represent one of the most significant crystallographic defects
affecting the electrical properties of metals, independent of their
microstructure [24], [25]. Several studies have been published
reporting grain boundaries as the main electron scattering source
in metallic materials, which means that they affect resistivity
more than surface scattering. This is also true in the case of
low-dimensional materials, e.g., thin films and nanowires [26].
Based on the above-mentioned considerations, the measurement
of resistivity values for different grain boundaries plays a key
role, and it has been a central parameter in emerging studies
involving the atomic structures, phases, and physical properties
of grain boundaries [27], [28]. However, only a few studies
related to the resistivity measurement of an individual grain
boundary have been published, and they still do not relate
electric properties with the atomic grain boundary structure
[29]. This is mainly due to the difficulties in measuring grain
boundaries; in fact, the atomic structure of a grain boundary
is determined by its crystallography, i.e., the relative orientation
between neighboring grains and the corresponding grain bound-
ary plane, possible atomic translations, chemical composition,
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and temperature [30]. Several computational studies on particu-
lar grain boundary types confirm that their structure determines
the resistivity values [31]. Theoretical and experimental studies
report high segregation (impurities) levels at grain boundaries,
which strongly affect their properties and are directly related to
resistivity [32]. On the other hand, due to the crystallographic
nature and the typical size of grain boundaries, it is quite difficult
to measure them with statistical significance, even by means of
an electron transmission microscope. Some attempts have been
made to measure the grain boundary thickness based on the
3-D reciprocal lattice of a large-angle <001> twist boundary
using X-ray diffraction techniques. Such an approach allows
measuring the intensity profiles of the Relrods, and the thin
grain boundary region is measured, allowing the grain boundary
thickness to be determined from the inverse of the width of the
peaks. The detailed shape of the intensity profile for a particular
Relrod depends on the atomic displacements associated with the
boundary region but follows a complicated relationship [33]. It
is evident that larger uncertainty lies in the measurement of grain
boundary parameters.

At lower frequencies, eddy currents circulate only inside the
individual ferrite grain due to the highly resistive nature of the
grain boundary. At higher frequencies, eddy currents can pen-
etrate the grain boundary, taking a larger circulation path. This
change of paths creates two different natures of the dependence
of total losses on the ferrite structure [16], [21]. Taking a cue
from the findings of the structural study of the above-mentioned
MnZn ferrite sample, a modeling technique is developed in this
article to compute the dynamic losses.

The formulation to determine magnetic losses in MnZn ferrite
cores is based on the definition of the basic geometry of the
core structure, which approximates the actual core. The basic
geometry of the material microstructure is an ordered and reg-
ular network of elementary volumes of ferrite (cubes, paral-
lelepipeds, spheres, etc.) between which a constant thickness of
the insulating grain boundary layer is interposed. This conceptu-
alization avoids the need to apply a technique of homogenization
of the material in the classical sense and is understood as
the definition of a continuous material equivalent to the real
structure of the material. Moreover, the two basic materials
of the structure, ferrite grain and insulating grain boundary,
maintain their geometrical feature and electrical characteristics.
The only approximation of the proposed model is the concept
of regularization, which is the hypothesis that the grains of
the ferrite and the thickness of the insulating grain boundary
are everywhere of the same shape and size. A more detailed
description of the idealized geometry of the core structure can
be found in [16].

The modeling technique is explained and discussed in detail
using a toroidal-shaped ferrite core reported in Fig. 2. The width
of the circular cross-section is much smaller than the radius of
the toroidal core. The ferrite core is excited by a single winding,
where the current i(7) is applied [see Fig. 2(a)]. In this case, it
can be postulated that the magnetic field strength (H) and the
magnetic flux density (B) in the cross section only have the
z-component. Similarly, the electric field (E) and the electric
field displacement (D) are directed along the y-direction, as
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Fig. 2. (a) Toroidal ferrite core with circular cross-section Ac and exciting
winding. (b) Cross section Ac. (c) Sketch of an idealized ferrite microstructure.

(b)

Fig. 3. Schematic of a general toroidal core to formulate the system’s H and
E equations. (a) Circular circumferential part. (b) Cross section.

shown in Fig. 2(b). The material is considered to be a regular
succession of identical cubic grains with size d,,, surrounded
by a grain boundary of constant thickness dj;, as shown in
Fig. 2(c). It turns out that the magnetic induction is constant
along each concentric circumference of the torus [for example, /5
in Fig. 3(a)], and the electric field displacement is constant along
each concentric circumference of the cross section [for example,
l.1 in Fig. 3(b)]. The ratio of d,, to d is usually in the range of
100-1000 [3], [4]. The grain size d,, is assumed to be equal to
the average grain size determined from the microstructural study
of the material [see Fig. 1(b)]. The grain has electrical conduc-
tivity o,,, and magnetic permeability p. The grain boundary is
considered as the layer of material having electrical conductivity
o, magnetic permeability 11, and the electric permittivity €.
The governing equations to analyze the system in terms of E
and H fields are provided by Maxwell’s equations. In Fig. 2(c),
l. represents any contour of the path along which the system
electromagnetic field equations are formulated, for instance, it
is represented as a dotted circle in Fig. 2(b). The formulation
of the proposed modeling technique is explained with reference
to a ring (toroidal) core with a circular cross-section pictured in
Fig. 3.

The corresponding magnetic flux density at the circular con-
tour » = ry (outside the core) is uniform and is defined as By,
which depends on the magnetic field strength H; established by
the exciting current i(f). Although the inside contour of the core
is made up of conducting grain and insulating grain boundary, B,
inside the core is also uniform. The boundary conditions require
that the magnetic field strength be continuous in the passage from
the outside (air) to the inside (ferrite grain or insulating grain
boundary). The flux density at the center of the core is defined
as B;. Similarly, the electric field strength in the dielectric around
the grain is Ej, and in the grain, itis E,,. They are directed along
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the circular lines of the cross section of the core and are uniform
for a given circular line /. [see Fig. 3(b)].

In the following, the formulation of the proposed model is
explained with reference to the system shown in Fig. 3, which
has a simple discretization of the core. The model formulation
is generalized to a more complex core discretization in the
later part of this article in Section III. The formulation is about
the way of evaluating the magnetic induction in the center of
the cross section of the core and the electric field strength in the
intermediate circular line between the center of the cross section
of the core and its contour. Maxwell’s equation in integral form
for the circulation of the electric field along the circular line /.4
at r = 0.5r; [see Fig. 3(b)] can be written as follows:

Bav
f E.dl = /ddgd (1)

In (1), the magnetic flux density along the contour is ap-
proximated as the average of B; and B;. In consideration of
the assumptions made, (1) can be rewritten as follows:

d (B;+05(B; +B;)
()R e

The parameters d,, and &, in (2) are, respectively, the per-
centages of the grain and the grain boundary in the traversed
path /.1, along which the line integral in (1) is computed. The
parameters d,, and J; are calculated using (3), and their sum is
always unity

Eyép + Epopy, =

d dm
Oy = =i O = "
db + dm db + dm
Similarly, the flux densities B; and B; can be related to the
corresponding magnetic fields H; and H; using the following

equation:

57n + 5(7 =1 (3)

By = poHy
dB; dM;\ dH,
= 1 .
at Mo ( i dHi> dt @

The term dM/dH can be determined using modeling tech-
niques with different degrees of approximation. The technique
can be selected based on the complexity, the computational
burden, and the desired degree of accuracy. Therefore, we can
limit ourselves to the definition of magnetic permeability as
a function of only the magnetic field, or we can introduce
complex models to take into account the magnetic hysteresis,
viz. the formulations based on the Preisach theory. The model
formulation details along with the implementation technique for
various applications can be found in [34], [35], and [36]. Now,
Maxwell’s equation in the integral form for the circulation of
the magnetic field is written along the contour /s at R = 0.5(R;
+ R;) and [; at R = R; [see Fig. 3(a)]. Taking into account the
assumptions made, we get

fH.dl:/ Jm.dsm+/ (JbJreCiE) .dsy. 5)
! Sy Sh dt

Analogous to what has been done for the electric field
strength, J;, and J,,, are the current densities across the grain
boundary and the grain, respectively. Similarly, S,, and S, are,
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respectively, the total areas of the metal grains and the grain
boundary in the area enclosed by the contour /. The expansion
of (5) along /; and I to incorporate the area between points 1
and 2 of Fig. 3(a) results in the following:

i, (Rl;Ri)

dE
= - |:O'mEm5m -+ (O'bEb —+ 5(’%) 5b:|

y (Ri+0.5(R1+Ri)) <R15Ri>. ©)

Hi.R, —

2

As discussed above, the magnetic field H; has two values, H,,,;
inside the grain and Hj; in the grain boundary. At the interface
between air and the core, the magnetic field is H;. They can be
related using the following equation:

N1
2T R1
Hy; = /’L’I‘H’I’I’Li @)

1= = 5mHmz+5be7,

where L1, is the relative magnetic permeability of the ferrite
material and N is the total number of turns in the exciting coil.

Similarly, we can write the continuity relation at any grain
boundary as follows:

E
/ U’rnE’m-dS - / (UbEb + 5db> .ds (8)
Am Am dt

where A, is the interface grain-dielectric area along the contour
I ¢, as shown in Fig. 2(b). Therefore, we get
dEy

—UbEb—’—EW (9)

Equations (2) and (6) can be expressed in terms of Ey,, H,,
and H,,; using (3), (4), (7), and (9) as follows:

dE
B, <5b+ T 5m) =g,
Om O dt

omEm

N Mo dHl 3MO dMi dHl
B [16 & 16 <1+ dHi> dt (19
R, +R
Hml (5m + ,Urcsb) Rl - Hmi (6m + Mrdb) (21)
dEy Ry 4+ 3R;
——<O'bEb+€ I )(Rl—Ri) <1—; > (11)

The resulting (10) and (11) contain only two unknown quan-
tities, £y, and H,,,;. Their solution can be evaluated for the known
magnetic field H,,,; at the core—air interface, i.e., at point 1 in
Fig. 3(b). H,,; is determined from the known input current i(¢)
using (12). The eddy current power losses Pz occurring inside
the material is the concerned output of the model, which is
calculated from the current densities at the grain and the grain
boundary using (13). In (13), V is the volume of the ferrite core
and J,,, and J}, are the current densities defined in (5)

Ni (t) 1

H, .=
ml (t) 27TR1 (6m + uréb)

12)
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(b)

Fig. 4. Toroidal core with five elementary rings to formulate the system’s H
and E equations. (a) Cross section. (b) Circular circumferential part.

2 2
Pp = / (Jm + Jb) dv.
vV \Om Op

III. FDTD SCHEME FOR THE NUMERICAL IMPLEMENTATION
OF THE MODEL

13)

The example discussed in the previous section served to
illustrate the proposed approach. If better accuracy is desired, it
is necessary to calculate the values of the electric and magnetic
fields and the density of the eddy currents at a larger number
of points inside the core. Therefore, a less coarse discretization
of the geometry is necessary. The numerical implementation of
the proposed model is necessary to assess the performance of
the model in predicting the desired quantities. The numerical
implementation is carried out using an FDTD formulation [37].
The FDTD formulation can cover a wide frequency range and
can account adequately for nonlinearity and hysteresis in a
relatively easier way [38]. The ability of the above-discussed
approach to accurately predict the £ and H quantities inside the
core greatly depends on the number of elementary ring sections
(n) to be considered in the FDTD modeling. For instance, the
toroidal core reported in Fig. 2, divided into four elemental
ring sections, is reported in Fig. 4. The ring section between
the points 1-2, 2-3, 3—4, and 4-5 defines four elemental ring
sections (n = 4). The electric fields E; to E4 are defined for each
elemental ring section and are uniform inside the corresponding
ring sections. The flux densities B to B are defined at points
1-5, i.e., the boundary of each elemental ring and at the core
center, respectively. The governing H and E equations for the
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system reported in Fig. 4 are obtained by expanding (1) along
the contours /.;— I.4, and (5) along the contours /;—I5, which
are reported in the following equations:

o (2472) Bndy + 27 (2572) (&2 By + = 282) 8, =
_ A (B14+3By+2B3+2B4+2B5 ri4rs)2
( 10 )7"( )

At 2
(14)
2 (54575) Buady + 2 (4574) (2 Bip o 55 A5) 6 =
A (B2+3Bs+234+235) (T'3+72)2
At 2

15)

o (2452) Bt + 27 (4524) (2 B+ 5, 262) b =

— oy (PutfuERs ) o (rafra)”

(16)

ﬂ@mm+%(wﬁh+ﬁ%ﬂ%:ﬂﬂ

gy (BB ()",

The magnetic flux densities B1—Bj5 in (14)—(17) can be ex-
pressed in terms of the magnetic fields H,,,1—H,,5 across metal
grains in each elementary section using (4) and (7). The solution
of (14)—(21) results in the quantities Ey1, Epo, Eps, Eps, Himo,
H,.3, Hy,4, and H,,,5. Here, Ey1—E} 4 are the electric field quan-
tities across the grain boundary, and H,,,o—H.,,5 are the magnetic
field quantities across the metal grains. The aforementioned
example can be extended to any ring geometry with any number
of elementary ring sections (1)

m1(5 + 117:05)2T Ry — Hypo (03 + p1r0p)2m Ry =

UbEbl +6AEb1 27 (Ra+Ry) (R1 _ RQ) (18)
2

m2 (57n + ,lLr(Sb)27TR2 - Hm3(57n + ,ufrab)27TR3 = 19

— [(op Epz + e2B2)] 2mBtBs) () Ry) (19)

m3 (5 + ;U'T(Sb)Qﬂ-RSn - Hm4(5m + ,ur(sb)Zﬂ-RZL = (20)

— [(ovEps + EAE” )] QW(R‘;_RS’) (Rs — Ry)

Hppa(6m + pr05)27 Ry — Hpps (0 + pr03) 2T R5 = o

— [(opByy + e 2B )] 2rUtR) (R Ry).

IV. MODEL PARAMETER SENSITIVITY ANALYSIS

Itis reasonable to expect that by increasing the number of ring
sections, the numerical result will be more accurate. However,
increasing the number of ring sections indefinitely involves a
higher computational cost. It is appropriate to establish the
optimal choice of n, which is the value of n at which the result
does not change appreciably. First, a sensitivity study of the
model output to the number of ring sections was conducted using
the nominal values of the ferrite intrinsic parameters reported in
Table I. Some of the parameters have been taken from [39]. The
eddy current losses given by (13) have been computed in the
frequency range from 100 kHz to 1 MHz for a sinusoidal current
input of 1 A. The choice of the magnitude of the input current is
not based on any specific reason, as the findings presented in this
section remain unaltered for the input current magnitude other
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TABLE I
SIMULATION PARAMETERS

Parameters Nominal Optimized
Values values

Radius of the cross section (r;) 0.0035 m 0.0035 m
External Radius of the toroidal core (Re) 17e-3m 17e-3m
Internal Radius of the toroidal core (R;) 10e-3m 10e-3m
Conductivity of grain (6,) * 1000 S/m 1100 S/m
Conductivity of grain boundary (o) * le-04 S/m 3.5e-04 S/m
Average grain size (d) 8.35 um 8.35 pm
Thickness of grain boundary layer (dy) * 0.1 nm 0.9 nm
Permittivity of the grain boundary () * 10g, Teo
Free space permeability (u,) 4 x 1077 4m x 1077
Relative permeability (i) 4300 4300
Number of turns (N) 3 3
Number of elementary ring sections (n) 30 30

* Taken from [37] and subjected to optimization

10

*

6 —#—n=10

Losses [W]

0 200 400 600 800
Frequency [kHz]

1000

Fig.5. Computed eddy current power losses for different numbers of elemen-
tary ring sections in the model formulation over the frequency range of 100 kHz
to 1 MHz.

than 1 A. The computed results versus the number of elementary
ring sections used in the discretization are reported in Fig. 5.

It is evident in Fig. 5 that the change of the computed losses
versus n decreases with the increase of n in the frequency range of
100 kHz to 1 MHz. We have found that the results computed for
discretization with a number of elementary ring sections higher
than 20 are practically the same, and the numerical solution
converges to that. In this article, the sensitivity analysis of the
model to the geometrical and electrical parameters of the core
material has been performed using the value of n = 20. The
losses computed by the model depend on the parameters o,
oy, dmy, dp, and e, but their values cannot be measured with
absolute certainty. Among these five parameters, the range of
values specified in the literature for the parameters o,, and
d,, gives the idea that these two parameters can be measured
with reasonable accuracy, whereas a larger uncertainty looms
around the measurement of the remaining three parameters.
Again, the model sensitivity analysis has been performed to
see how the eddy current losses given by (13) vary with the
change in one of the above-mentioned parameters while the
other parameters remain constant at the nominal values of ferrite
intrinsic parameters presented in Table I. The knowledge from
sensitivity analysis helps in the possible use of optimization
techniques to best tune the model outcome by adjusting the more
uncertain parameters within a certain range of nominal values.

The change of the computed losses versus the conductivity of
the grain boundary o, is reported in Fig. 6(a). The parameter o,

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 38, NO. 3, MARCH 2023

20
—*—1X

—*—1.25X

—*—1.5X /
#—1.75X

—%—2X

3

Losses [W]
Losses [W]
=

o

0 L=
1000 0 200 400 600 800
Frequency [kHz]

(@) (b)

0 200 400 600 800
Frequency [kHz]

1000

Fig. 6. Variation of the computed losses with the variation of o, (a) and d,,
(b) over the frequency range of 100 kHz to 1 MHz.

20

15
5 £
3 10 3
17} [}
%] (7]
o o
- -
5
0 200 400 600 800 1000 0 200 400 600 800 1000
Frequency [kHz] Frequency [kHz]
(a) (b)
Fig. 7. Variation of the computed losses with the variation of d, (a) and &

(b) over the frequency range of 100 kHz to 1 MHz.

has been increased up to threefold with a 50% increase over
the nominal value in each successive step. As expected, the
computed eddy current losses increase with the increase in the
value of o, in the entire frequency range of 100 kHz to 1 MHz.
However, the increment in losses is small, so the sensitivity of
computed losses is lower for this parameter. The sensitivity of
computed losses to the grain size is reported in Fig. 6(b). The
parameter d,, has been increased up to twofold with a 25%
increase over the nominal value in each successive step. The
sensitivity of computed losses to the parameter d,,, is higher as
compared to its sensitivity to the parameter ;. In this case, the
losses vary appreciably depending on the parameter d,,,, which is
not constant but can be determined experimentally with accuracy
using the technique described in Section II. For this parameter,
it did not seem theoretically correct, at least at this point of the
research, to determine a value using optimization techniques and
experimental results, given the good accuracy with which it was
possible to determine its value experimentally.

Fig. 7 reports the sensitivity of the computed losses to the
thickness of grain boundary dj, and its electrical permittivity
€. In this case, the losses vary appreciably with the value of
the parameter. In addition, the thickness of the dielectric (grain
boundary) between the grains is not constant and is difficult to
measure. The composition of the dielectric material is also diffi-
cult to define, and its dielectric permittivity is difficult to measure
with accuracy. This suggests the opportunity to carry out special
optimization studies of these parameters by appropriately using
the appropriate experimental data.
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TABLE II
EQUIPMENT FOR POWER LOSS MEASUREMENTS UNDER SINUSOIDAL
EXCITATIONS
Equipment Manufacturer and model
Signal Generator (A) ROHDE & SCHWARZ®, model SMY 01

Power Amplifier (B)
Digital Oscilloscope (C)
Voltage probe (E)
Current Probe (D)
Ferrite core (F)

IFI°, model M406

Siglent®, model 5054X, SP3050A
Siglent®, model SP3050A

Pearson Electronics®, model 3525
EPCOS®, model N30 MnZn

V. MEASURED LOSSES AND THE MODEL ASSESSMENT

The experimental verification of the proposed modeling tech-
nique is done through the comparison of the computed results
with a series of losses measured at different values of the peak
flux density. Dynamic losses measured at the peak flux density
of 10 mT have been used to tune the model parameters to find
the best fit between the computed and measured losses. The
pattern search optimization technique has been used to tune
the parameters, viz. 0,,, 0, dp, and €, in a small range by
minimizing the objective function subjected to the constraints
of (22). The objective function is the sum of the square of the
difference between the computed and measured dynamic losses
in the frequency range of 100 kHz to 1 MHz [40]. In (22),
k represents a particular frequency in the frequency range of
100 kHz to 1 MHz. Similarly, P 5* is the core loss calculated
from (13) at frequency k, and P/~ is the core loss measured at
frequency k

1MHz

> {PE(0m. 00, dy,e) — P}
k=100kHz
Subject to

800 < 0, < 1200 (S/m)
5x107° <0, <5x107* (S/m)
0.1nm < dp <1 nm

He, < e < 15e,

min

(22)

The model parameters obtained from the optimization process
are then used to compute the losses at the peak flux densities
higher or lower than 10 mT, viz. 5 mT, 15 mT, and 20 mT. The
measured input current at each frequency is used as an input to
the model to compute the losses.

The schematic and the measurement setup used to measure
the total power losses in the ferrite material are reported in
Fig. 8. In Fig. 8(b), A is the signal generator to provide the
desired reference signal to command the power amplifier, and
B is the power amplifier with (10 kHz to 220 MHz) frequency
range used to excite the toroidal ferrite core. The current in
the magnetizing winding and the induced voltage across the
search coil are recorded using a digital oscilloscope having a
bandwidth of 500 MHz and a 5 GS/s sample rate. The input
current is acquired using a high-precision current probe having
a bandwidth of 5 Hz to 15 MHz and a sensitivity of 0.1 V/A.
The voltage across the open terminal is acquired using a passive
voltage probe having a 500 MHz bandwidth and an attenuation
factor of 1:10. The specifications of the equipment are reported
in Table II. The time-series data of the current and voltage
recorded by Chl and Ch2 of the digital oscilloscope are used
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Fig. 8. Schematic diagram (a) and the measurement setup (b) used for the
measurement of total core losses.

x10%
—*— Grain —*— Eddy
—*— Hysteresis —#+— Measured

——%— Grain ——Eddy

—*— Hysteresis —#— Measured

S

&

Power loss [W/m3]
>
% ~ -
\
\

Power loss [W/m3]
N w

10°

o

2 4 6 8 10 105 108
Frequency [Hz] x10° Frequency [Hz]

(@) (b)

Fig.9. At 10 mT, the eddy current losses inside grains, measured static losses
(hysteresis), eddy current losses in the core, and the total measured losses
represented in the linear scale (a) and the log scale (b).

to determine the applied magnetic field and average flux density
in the ferrite core [36]. The area of a hysteresis loop plotted
using the measured field and flux density gives the total energy
loss occurring in the unit volume of the ferrite core at a given
frequency.

Fig. 9 reports a comparative analysis of various losses per unit
volume occurring in the given ferrite at the peak flux density of
10 mT. The losses reported are the eddy current losses inside
grains computed using the approach mentioned in [22], the
measured static losses in the core, the total measured losses
in the core, and the proposed model computed eddy current
losses in the core. Fig. 9(b) clearly depicts the contribution of
the various losses to the total measured losses, where the ratio
of total measured losses to the eddy current losses inside grains
is in the order of 1000, whereas that to the measured static loss
is in the order of 100.
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represented in the linear scale (a) and the log scale (b).

x10°
—#— Grain —*— Eddy
—*— Hysteresis —#— Measured

—#— Grain —— Eddy
—*— Hysteresis —#— Measured Me

[N)
N
o

o

3}

Power loss [W/m3]

Power loss [W/m3]

o
2]

100
10° |
Frequency [Hz]

(b)

o

2 4 6 8 10
Frequency [Hz] «10°

(2)

Fig. 12. At 20 mT, the eddy current losses inside grains, measured static
losses (hysteresis), eddy current losses in the core, and the total measured losses
represented in the linear scale (a) and the log scale (b).

Similarly, Figs. 10-12 report similar quantities at peak flux
densities of 5, 15, and 20 mT, respectively. The maximum per-
centage difference between the computed and the measured total
losses is found to be 9.87%, whereas the average percentage dif-
ference between the measured and the computed loss is 5.23%.
The computed and total measured losses are in good agreement
with each other. The comparison of the results confirms that
once the model parameters have been identified, the variation of
the excitation current has no effect on the model accuracy.

In the given frequency range, it is evident from the results
that in each of the analyzed cases, the static losses and the
losses inside grains are negligible as compared to the total core
loss. The results of Figs. 9-12 firmly establish the premises
mentioned in Section I. The performance of the proposed model
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Fig. 13.  Measurement setup for the measurement of total losses in the filter
inductor of de—dc buck converter.

TABLE III
EQUIPMENT FOR POWER LOSS MEASUREMENTS IN THE DC-DC
BuUCK CONVERTER

Equipment

DC power supply (Vin)
Ferrite core Inductor (F)
Digital Oscilloscope (O)
Differential voltage probe (V)
Current Probe (I)

Manufacturer and model

Hopewell®, model DF1730SB-5A
EPCOS® N30 (see table I) with 15 turns
Siglent®, model 5054X, SP3050A
Micsig”, model DP10013

ROHDE & SCHWARZ®, model RT-ZC03

Load resistor (Ry) 10Q
Output capacitor (C) 100 uF, ICAR ITALY®, model LNK-P2X
Switching Frequency 100 kHz
1.5
2
g 1.9 E !
=1 )
C
© gos
318 S
0
1.7
0 1 2 0 1 2
Time [s] x10° Time [s] x10°
(a) (b)
Fig. 14. Measured current through the ferrite core inductor (a) and the mea-

sured voltage across the secondary coil of the ferrite core inductor (b) of the
dc—dc buck converter operating at a 66% duty ratio.

is also evaluated for the same ferrite core via a de—dc buck
converter. The ferrite core inductor is used as a filter inductor in
the buck converter circuit. The converter scheme and the list of
components are reported in Fig. 13 and Table I1I. In Fig. 13, V3, is
the input voltage to the buck converter. Similarly, D, M, Ry, and
C are the diode, MOSFET switch, load resistor, and output filter
capacitor, respectively. The current probe / and the differential
voltage probe V are, respectively, used to measure the current
and voltage of the filter inductor F. The oscilloscope O is used
to acquire and record the signals from the voltage and current
probes.

As an example, the current through the inductor and the
voltage across the secondary coil of the inductor for the 66%
duty ratio are reported in Fig. 14. The losses occurring inside
the inductor core have been analyzed for different values of
the percentual ripple content of the input current, which in this
article is expressed as the ratio of peak-to-peak inductor ripple
current to the average inductor current, obtained by varying the
converter duty ratio. The computed and measured losses inside



RIMAL et al.: MACROMAGNETIC APPROACH TO THE MODELING IN TIME DOMAIN OF MAGNETIC LOSSES

x104
Measured
Computed
2 10
=5
(2]
?
» 5
o
4
0

20 25 30 35
Percentage ripple current

Fig. 15. Computed and measured losses for the ferrite core inductor for
different values of the percentage ripple.

the inductor core as a function of the percentage ripple current
are reported in Fig. 15(a). The maximum percentage difference
between the computed and the measured total losses is found to
be 9.23%, whereas the average percentage difference between
the measured and the computed loss is 5.62%. The computed and
total measured losses are in good agreement with each other. The
losses inside the inductor core increase with the increase in the
ripple content of the input current.

VI. CONCLUSION

In this work, a new modeling technique suitable for predicting
the dynamic losses in ferrite cores has been presented. The
proposed model is formulated in the time domain and is based
on the possibility of defining the magnetic core as a regular
structure of magnetic material grains and grain boundary, which
are repeated in space. The microstructural composition of the
material is taken into account, which avoids the complete ho-
mogenization of the ferrite material. The model utilizes the
geometrical and crystallite parameters of the ferrite core. A
proper analysis is done to evaluate the sensitivity of the model
parameters to the computed losses. The core losses measured
with sinusoidal excitation have been used to optimize the model
parameters. The pattern search optimization technique has been
used to tune the model parameters in a small range around
their standard value. Compared to the methodologies for the
determination of dynamic magnetic losses proposed by other
authors, the proposed model differs due to the following.

1) It takes into account the conduction losses in the magnetic

grain and the grain boundary with a physical model.

2) It allows us to take into account the nonuniform distribu-

tion of magnetic induction in the magnetic core.

3) Itcanconsider any current versus time, including distorted

periodic forms and transients.

Furthermore, once the geometric and physical parameters of
the model have been determined, the calculation of the losses
is very fast. Finally, the calculation can be quickly and easily
extended to a whole family of cores of the same material and
shape by only changing the dimensions of the core.

Experimental validation of the model has been done by com-
paring the computed losses and the losses measured under sev-
eral different values of peak flux density using a power amplifier
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and a power converter. The negligible influence of losses due
to static hysteresis and induced currents inside the grains of
the magnetic material has been discussed for the investigated
frequency range. The computed results show good agreement
with the measured ones in the broad frequency range of 100
kHz to 1 MHz. The successful validation of the model creates
a premise to use the model in predicting the losses in the ferrite
core at the dynamic conditions, where conductive losses are
a major contributor to the total losses. Therefore, this work
can be considered a valid contribution to this research field.
Confirmations of the validity of the presented approach are
expected by extending it to higher magnetic induction values
and to sintered materials of different compositions.
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