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Abstract—Manganese–zinc (Mn-Zn) ferrites are the primary
choice for high-frequency and high-power magnetic components.
Optimum material selection is essential for high-performance mag-
netic component design. However, the manufacturers’ material
specifications usually do not provide sufficient information to opti-
mize the design. Complex permeability and permittivity, as well as
specific power loss, are typically provided as one value, regardless
of the core shape and size. Magnetic component design based on
these incomplete specifications can result in a poorly optimized
component. This article proposes methods to determine the prop-
erties of Mn-Zn ferrite at high frequencies, with tests up to 20 MHz.
This article also presents experimental complex permeability and
permittivity frequency characteristics for four ferrite materials:
3E10, 3F36, 3E65, and 3C95. The resulting fitted parameters for
the equivalent-circuit model can be used in any design algorithm or
simulation tool. The impacts of physical size, temperature and force
on complex permeability and permittivity are also considered.

Index Terms—Dielectric losses, ferrite, magnetic losses, magnetic
materials, permeability measurement, permittivity.

I. INTRODUCTION

THE continuous drive for high-performance energy conver-
sion and the application of wide bandgap semiconductors

is triggering demand for high-performance magnetic compo-
nents. Due to the high-frequency capabilities, manganese–zinc
(Mn-Zn) ferrites are of primary interest for the investigation of
high-performance magnetic components. Higher switching fre-
quencies set new limits to magnetic component design and mag-
netic material selection. Ferrite manufacturers have responded to
the increased demand with improved Mn-Zn ferrites and offer
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low-cost materials with lower losses and higher permeability.
However, the combination of the high permeability and the high
permittivity of Mn-ZN ferrite affects the high-frequency perfor-
mance due to eddy currents and dimensional resonance [1]–[8].
By default, the ferrite manufacturers’ specifications provide
average material characteristics, which may be of limited use
for detailed analysis. State-of-the-art magnetic modeling often
assumes that the high-frequency effects in ferrites are negligible.
The material definition follows the manufacturers’ specifications
with ferrite parameters provided as a constant for the entire fer-
rite family range. This makes the core material selection during
the design somewhat cumbersome due to excessive design itera-
tions. The poor quality of the material data jeopardizes accurate
modeling; therefore, high-fidelity characteristics of magnetics
materials are required. The magnetic material may be char-
acterized by its complex permeability and permittivity. These
two parameters are of differentiated physical origin, and so two
independent measurements are required. Measurement fixtures
on the market that determine the ferrite’s complex characteristics
are limited to ring cores with an external diameter between 25
and 30 mm [10], [11]. The available fixtures are effective up to
1 MHz as sample size is affected by the frequency effects; thus,
a new approach to ferrite electrical properties measurements
is required to determine magnetic material properties beyond 1
MHz. Core power losses for large-field amplitudes are presented
in addition to the frequency complex characteristics to give a
complete picture of the magnetic material characterization.

The fundamental work on novel measurement methods for
high-frequency properties of magnetics materials presented in
[12]–[14] was mainly focused on complex permittivity measure-
ments.

In this article, the measurement methods are extended to the
measurement of permeability and core loss. Thus, the novelty of
this article is in the development of measurement methods and
in the aggregation and comparison of the ferrite properties of
permeability, permittivity, and power loss. Material properties
for a range of low- and high-permeability ferrite cores are
presented in this article for the first time.

This article introduces a method to determine the high-
frequency properties of Mn-ZN ferrites by the elimination of
eddy currents and dimensional-resonance effects. Thus, the ob-
tained natural material characteristics are ready for use in any
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Fig. 1. Complex permeability versus frequency of 3E10 ferrite based on
experimental and manufacturers data.

design models, and so, eliminate the need to measure complex
characteristic for the different core sizes. The physical size
of the sample impact on complex permeability measurements
is characterized in Section II. A practical method to extrap-
olate the high-frequency complex permittivity of ferrites and
related measurement results for higher frequencies is covered in
Section III. Section IV describes the compression force influ-
ence on complex permeability and permittivity measurements.
Core power loss analysis is shown in Section V. Finally,
Section VI concludes this article. Appendix I presents experi-
mental magnetic material permeability and permittivity charac-
teristics for additional materials: 3E10, 3F36, 3E65, and 3C95.

II. COMPLEX PERMEABILITY

Analysis of the frequency characteristics of the complex
permeability is the primary method to assess the ferrite material
performance at a low-field amplitude. The complex permeability
is expressed by its real (reactive) component μ’ and imaginary
(dissipative) component μ". The complex impedance Z̄ can be
represented by the series model based on complex permeability

Z̄ = jωLS + RS = jωL0 (μ
′
S − jμ′′

S) (1)

where RS and LS are the series resistance and the series in-
ductance, respectively, L0 is the inductance of the core with
unity permeability, ω is the angular frequency, j is the complex
operator, andμ’ andμ" are the real and imaginary permeabilities
in the series model.

Complex permeability characteristics included in the manu-
facturers’ specifications are often measured based on a relatively
small core, such as T29. Unfortunately this core is still too big to
provide material characteristics without visible high-frequency
effects. As an example, a comparison between the material
complex permeability measured for the T29 and the T6 cores
for 3E10 material is presented in Fig. 1. The results obtained
for T29 core by the author correlate with the results in manu-
facturers’ specifications [15]. As can be seen, the dimensions of
the tested T29 ferrite sample (blue line) significantly affect the
measured core permeability characteristics compared with the
high-fidelity T6 core (black line) permeability measurements.

Fig. 2. Complex permeability measurement fixture for T6 cores.

The dimensions of the tested Mn-Zn ferrites may affect the
measured core permeability characteristics; therefore, the se-
lected core should have the smallest dimensions possible. On
the other hand, the small core dimensions directly translate to
small values of measured resistance and reactance. In order to
avoid additional error, special attention should be paid to the
measurement device selection. The selected frequency analyzer
has a measurement error of up to 4% for the frequency range
of interest. The toroidal core T6/4/2.8 mm has been selected
as the core which provides the material data with the highest
possible accuracy as it comes through the press and sintering
process without additional machining that may affect material
parameters. The test fixture developed to define the complex
permeability of the T6 core is presented in Fig. 2. The test fixture
may be easily duplicated as it is built with off-the-shelf parts.
Therefore, the material complex permeability characteristics for
the T6 core, made of various materials, can be easily reproduced.

A. Complex Permeability Physical Sample Size Effect

In this section, the determination of the complex permeabil-
ity is experimentally investigated. In order to expose the core
size effect, the experiment is designed to validate a number of
samples of various sizes, as given in Table I.

Since the core size varies, the tests requires a customized
measurement fixture. Construction of the fixture provides for a
single turn equally distributed around the toroidal core specimen.
The fixture in the shape of a cylindrical cup forms a short-ended
coaxial line over the tested core. This measurement method
provides accurate results and allows for measurements up to
1 GHz [16], [17]. Measurements are performed with a Wayne
Kerr 6550B analyzer [18].

The measured real permeability as a function of frequency
for various core sizes is shown in Fig. 3. As can be seen, the
largest core with an external diameter of 152 mm exhibits the
most significant change of permeability, it sharply drops to
zero at a frequency of approx. 400 kHz. The real permeability
characteristic for the smallest core with a diameter of 6 mm
slowly descends down to 0 at 20 MHz.
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TABLE I
CORE PARAMETERS FOR COMPLEX PERMEABILITY MEASUREMENTS

Fig. 3. 3C95 ferrite real permeability versus frequency based on experimental
data.

The imaginary permeability as a function of frequency for the
selected cores is shown in Fig. 4. For the largest core, the first
and most significant imaginary permeability peak is recorded
and is visible for the lowest frequency at approx. 500 kHz.

B. Complex Permeability Temperature Effect

The temperature effect on the ferrites’ complex permeability
is shown in Figs. 5 and 6. The large ferrite samples show a
high temperature dependency. At a temperature of 100 °C, the
permeability peak reduces from 400 down to 250 kHz. The
temperature impact on the small ferrite sample is negligible.

Plots of real and imaginary permeability for three Mn-Zn
ferrite materials, 3E10, 3F36, and 3E65, are shown in Fig. 7.
Characteristics were measured at 25 °C for the toroidal core
T6/4/2.8 that provides the material data with the highest possible
accuracy.

Fig. 4. 3C95 ferrite imaginary permeability versus frequency based on exper-
imental data.

Fig. 5. 3C95 ferrite real permeability versus frequency based on experimental
data.

Fig. 6. 3C95 ferrite imaginary permeability versus frequency based on exper-
imental data.
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Fig. 7. Complex permeability versus frequency based on experimental data.

Fig. 8. Ferrite electrical properties measurement fixture.

III. COMPLEX PERMITTIVITY

In order to define the ferrite electrical characteristics for
the dielectric constant ε and conductivity σ a dedicated test
fixture was developed as presented in Fig. 8. The test fixture
has three exchangeable sets of electrodes that can be used for
measurement of custom shapes: two electrodes, with diameters
of 10 and 1.8 mm, for testing rod cores, and one electrode for
testing rectangular cross section cores with dimensions 2.4 by
10 mm. Each electrode is shielded to minimize fringing fields
[19].

The test fixture is equipped with strain gauges to control
the ferrite stress during measurements. The permittivity and
conductivity characteristics are measured using a Wayne Kerr
6550B analyzer up to 20 MHz. During the test, a sample is placed
between the copper electrodes, and admittance is measured. The
real part of the admittance determines the frequency-dependent
conductance GP. The imaginary permittivity is calculated based
on the conductance characteristic. The imaginary part of the
admittance gives the core real permittivity characteristics [20],
[21]. All tested samples have metalized contact surfaces to
minimize contact resistance. Before metallization, the test sur-
faces were polished, and thin layers of graphite paint were ap-
plied on test surfaces. To minimize the impedance measurement
error, open, short, and load compensations of the test fixture are

TABLE II
CORE PARAMETERS FOR COMPLEX PERMEABILITY MEASUREMENTS

performed before each test. For the short compensation, both
electrodes are shortened by closing the fixture such that both
electrodes are in contact. During the open compensation, the
test fixture is loaded with an 18 mm plastic dummy. During the
load compensation, it is loaded with a 50 Ω resistor and 100
pF capacitor. The relationship between admittance and complex
permittivity is defined as follows:

YP = GP + jωCP (2)

εP = ε′P − jε
′′
P (3)

ε′P =
CP d

ε0Ac
(4)

ε′′P =
GP d

ωε0Ac
=

σ

ωε0
(5)

where GP is the measured conductance, CP is the measured ca-
pacitance, εP is the parallel relative complex permittivity, ε′P is
the real component of the parallel relative complex permittivity,
ε′′P is the imaginary component of the parallel relative complex
permittivity, ε0 is the vacuum permittivity,

d is the tested sample thickness, Ac is the test sample cross
section, and σ is the material conductivity.

A. Complex Permittivity Physical Samples Size Effect

The sample size selection plays an important role in magnetic
material testing as the dimensions of the tested sample may
fall within the range of the electromagnetic wavelength for the
frequencies of interest; and thus, the developed dimensional
resonance may dominate the measured core parameters. In order
to demonstrate the influence of sample size on the complex
permittivity characteristics, four samples of the same material
were tested. The sample details are listed in Table II. Samples
differ from each other in their cross-sectional dimensions, which
directly affect the dimensional resonance when the smallest
dimension perpendicular to the applied electric or magnetic field
equals one half of a wavelength.
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Fig. 9. 3C90 ferrite real permittivity versus frequency based on experimental
data.

Fig. 10. 3C90 ferrite imaginary permittivity versus frequency based on exper-
imental data.

Next, the samples listed in Table II were tested in the proposed
test fixture. The electrical properties of the tested samples were
extracted from the admittance. Plots of real and imaginary
permittivity as a function of frequency are shown in Figs. 9 and
10, respectively. For tested Samples 1 and 2, the real permittivity
drops sharply at 1.3 MHz, and for Sample 3, the real permittivity
drops at 7 MHz while Sample 4 shows real permittivity decreas-
ing gradually as frequency increases. Imaginary permittivity
characteristics at the mentioned frequencies, 1.3 and 7 MHz,
show significant loss increases. As illustrated in both plots, the
high-frequency effects are visible in the tested samples, and
the difference in the measured complex permittivity for high
frequencies is the result of the dimensional resonance developed
due to the sample size. The sample height (in the direction of
the applied E field) has little effect on the measured complex
permittivity. The difference in the measured imaginary permit-
tivity is explained by the material parameter tolerance spread due
to manufacturing and processing. Usually, ferrite properties are
specified with a tolerance of±20% [18], test samples were made
from different material batches, and, therefore, the frequency

Fig. 11. 3C90 ferrite real permittivity versus frequency and temperature based
on experimental data.

Fig. 12. 3C90 ferrite imaginary permittivity versus frequency and temperature
based on experimental data.

characteristic would vary in the low-frequency region. In addi-
tion, the samples were machined from ferrite blocks. Machining
impacts ferrite properties due to surface processing, and as a
result, it influences the imaginary permittivity characteristic.

B. Complex Permittivity Temperature Effect

The temperature influence on ferrite dielectric properties is
shown in Figs. 11 and 12. Ferrite materials show a high temper-
ature dependency. Temperature increase typically results in an
increase in the real permittivity in the analyzed frequency range.
Imaginary permeability also increases with the temperature; the
biggest parameter variation is observed at low frequencies.

C. Measurement Extrapolation Using Constant-Phase
Elements (CPE)

The measured complex permittivity characteristics can be
significantly impacted by the dimensional resonance, as can be
seen in Figs. 9 and 10. However, the dimensional resonance
effect can be eliminated by using an equivalent circuit to ex-
trapolate the measurements. The equivalent circuit assumes that
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Fig. 13. Equivalent electrical circuit of a Mn-ZN ferrite based on CPE.

TABLE III
3C90 CPE EQUIVALENT PARAMETERS TO MODEL REAL AND IMAGINARY

PERMITTIVITY

the extracted parameters are examined at frequencies where
frequency effects are not present and allow the modeling of core
behavior, regardless to its size and operating frequency. Proof of
the method is validated up to 5 MHz, due to sample’s minimum
size availability.

The proposed equivalent circuit model is based on CPE [22].
The equivalent circuit is a parallel network of resistance and CPE
pairs connected in series stages that represent the ferrite granular
structure. The CPE is advantageous for modeling imperfect
capacitance, where the effective capacitance and resistance are
decreasing as frequency increases. The CPE element is char-
acterized by two parameters: Q and n. For n = 1, the CPE
corresponds to a pure capacitor. The two-stage equivalent circuit
of a Mn-ZN ferrite with CPE is shown in Fig. 13.

The complex impedance and its real and imaginary compo-
nents are as follows:

Z (ω) =
R1

1 + (jω)n1Q1R1
+

R2

1 + (jω)n2Q2R2
(6)

Re Z (ω) =
R1

(
1 + ωn1cos

(
πn1

2

)
Q1R1

)

1 + ωn1Q1R1

(
2 cos

(
πn1

2

)
+ ωn1Q1R1

)

+
R2

(
1 + ωn2cos

(
πn2

2

)
Q2R2

)

1 + ωn2Q2R2

(
2 cos

(
πn2

2

)
+ ωn2Q2R2

)

(7)

Im Z (ω) = − ωn1R1sin
(
πn1

2

)
Q1R1

1 + ωn1Q1R1

(
2 cos

(
πn1

2

)
+ ωn1Q1R1

)

− ωn2R2sin
(
πn2

2

)
Q2R2

1 + ωn2Q2R2

(
2 cos

(
πn2

2

)
+ ωn2Q2R2

)

(8)

The equivalent circuit parameters for 3C90 ferrite are listed
in Table III.

The extrapolation accuracy depends on the last point used
in the curve fitting. The selected point shall not be affected by
high-frequency effects, such as eddy currents and dimensional

Fig. 14. Imaginary permittivity versus real permittivity based on experimental
data.

Fig. 15. 3C90 ferrite real permittivity versus frequency based on experimental
data.

resonance. As a general rule, the selected point is determined
by the change of function monotony in the plane of imaginary
versus real permittivity. Graphical representation of the function
monotony change is shown in Fig. 14. For tested Sample 3,
the frequency point refers to 1.1 MHz, while for Sample 4, the
frequency point refers to 3.4 MHz.

Real and imaginary permittivity frequency characteristic
based on the equivalent circuit are shown in Figs. 15 and 16,
respectively. The extrapolated measurement follows the material
natural characteristics without core size effect.

Four Mn-Zn ferrite materials were selected to determine the
electrical properties. Thus, the obtained permittivity frequency
characteristic provides the material data with the highest pos-
sible accuracy for the further calculation. Plots of real and
imaginary permittivity as a function of frequency are shown in
Figs. 17 and 18, respectively. Widely different materials, such
as 3E10, 3C95, 3E65, and 3F36, are presented with the same
value of permittivity in the manufacturers’ specifications. This
does not represent the true situation and can generate significant
error during design.
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Fig. 16. 3C90 ferrite imaginary permittivity versus frequency based on exper-
imental data.

Fig. 17. Real permittivity versus frequency characteristic based on experi-
mental data and CPE extrapolation.

Fig. 18. Imaginary permittivity versus frequency characteristic based on ex-
perimental data and CPE extrapolation.

Fig. 19. Measurement setup for testing impact of mechanical stress on mag-
netic permeability.

Fig. 20. 3C90 ferrite permeability and permittivity change versus mechanical
pressure, based on experimental data.

IV. FORCE IMPACT ON FERRITE PERMEABILITY AND

PERMITTIVITY

The proposed test fixture for the ferrite permittivity measure-
ments is equipped with strain gauges for compression force
control, therefore it was possible to measure the effect of stress
on ferrite permittivity. The force applied during measurements
minimizes the negative impact of sample contact resistance.
However, excessive force can cause significant parameter de-
terioration. In practical applications, the magnetic components
may be subjected to mechanical stress due to winding processes,
potting, and/or thermal expansion. The grinding process may
introduce internal stress to the core that affect the overall per-
formance. In order to measure the effect of stress on ferrite
permeability, an additional fixture was built as shown in Fig. 19.
Permeability measurements were performed on a ring core with
an external diameter of 25 mm, an inner diameter of 15 mm, and
a height of 10 mm with one turn.

The mechanical stress impact on 3C90 ferrite permeability
and permittivity is shown in Fig. 20. Permeability decreases with
increasing pressure. Permittivity is somewhat complementary to
permeability; it increases with the increase in pressure.

V. POWER LOSSES

Material selection is difficult and needs to be examined case-
by-case for each design and application. Accurate core loss
prediction is an essential part of magnetic component design
process in power electronics applications. State-of-the-art meth-
ods are based on the sinusoidal excitation loss measurement
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Fig. 21. Core power loss measurement setup with sinusoidal excitation.

Fig. 22. Performance factor versus frequency for 3F36 material based on
experimental data.

Fig. 23. Performance factor versus frequency for 3E10 material based on
experimental data.

for small cores with an external diameter of 29 mm. This is a
foundation for the widely used Steinmetz equation. However, the
Steinmetz equation parameters are then provided as constant,
regardless of core shape and size. This is counter intuitive to
the findings presented in previous sections. As already shown,
the dimensions of the tested Mn-Zn ferrites affect the measured
complex permeability and permittivity, and, thus, power losses.

Note that power inductors operate at much higher loss den-
sities than those discussed in this article. The design process of

Fig. 24. Magnetic loss tangent versus frequency for 3F36 material based on
experimental data.

Fig. 25. Magnetic loss tangent versus frequency for 3E10 material based on
experimental data.

power inductors requires different material characteristics com-
pared with EMI filters. The crucial input data for power inductors
calculations are the material characteristics measured with large
signals. The ferrite complex permeability and permittivity, mea-
sured with small signals, are mainly used during the EMI filter
design process. High quality material characteristics are key for
a successful EMI filter design and allow the matching the filter
attenuation characteristic with EMI source. EMI filters operate
with small signals. Therefore, core loss comparisons are pre-
sented for relatively low loss density. But also note, some specific
materials, such as 3E10, are designed for low flux density am-
plitudes for EMI filter applications. Measuring such materials at
much higher flux densities will result in significant temperature
rise, which can significantly impact the measured parameters.

A. Performance Factor

One of the most popular parameters to compare material
losses as a function of the frequency is the performance factor
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TABLE IV
CORE PARAMETERS FOR POWER LOSS MEASUREMENTS

[23]. The multiplication of the maximum allowed flux density
B and the sinusoidal frequency f describes the performance
factor PF

PF = B · f. (9)

A high-performance factor indicates a material that allows for
operation with the highest flux density at a specific frequency
and power loss density. Parameterized power loss density is an
indicator that links the magnetic performance with the thermal
capability of the component. Performance factor is also included
in Faraday’s Law and describes the effective cross-sectional area
of the core

AC =
Vrms

√
2

2π ·B · f ·N =
Vrms

√
2

2π · PF ·N (10)

where AC is the effective core cross section, VRMS is the root-
mean-square (rms) value of the voltage across the winding and
N is the turns umber.

The core size and operating frequency have strong impacts
on the power losses. In order to show this dependency, we test
samples based on a three core sizes: T29, T50, and T80 of outer
diameter 29, 50, and 80 mm, respectively, made of two materials
3F36 and 3E10. Detailed cores dimensions are listed in Table IV.

The core losses were measured with the two-winding method,
including an adjustable compensation capacitor to cancel the
reactive voltage [24]. The measurement setup and windings
arrangement are presented in Fig. 21. The test system is supplied
by the amplifier AR800A3B, which is controlled by the Agilent
33220A waveform generator. Voltage and current are measured
with a Tektronix MSO56 oscilloscope, equipped with a TIVH08
voltage probe and a TCP0030A current probe.

Performance factor frequency characteristics for various core
sizes for 3F36 and 3E10 are shown in Figs. 22 and 23, respec-
tively. The performance factor curves for 3F36 material show
that the power loss density for the tested cores are nearly equal
at low frequency, up to 100 kHz. As the frequency increases,
the power losses also increase. Power losses in the larger cores
increase much faster than for the small cores. At 600 kHz, the
power losses for T80 core are 35% higher than for T29.

The performance factors curves for the 3E10 material show
that the power loss density varies with the tested core size. Large
cores have the highest losses over the entire frequency range.

The temperature influence on ferrite performance factor is
shown in Figs. 22 and 23. Core losses at 100 °C were measured
for the biggest core T80 in a climate chamber. Ferrite mate-
rial losses show a high temperature dependency. Temperature
increase resulted in a decrease of performance factor in the
analyzed frequency range for both materials 3E10 and 3F36.

In all cases, the loss density increases with increased core
size and the losses are significantly higher than predicted by
the published material data. This increase in loss density is
due to eddy currents and a dimensional resonance which may
lead to nonuniform magnetic flux distribution in the core cross
section.

Eddy current losses are the result of an alternating magnetic
flux in the conductive material, which induce eddy currents in
that material. The magnitude of this loss depends not only on the
flux density and material conductivity but also on the size and
shape of the ferrite core. Section III shows that the conductivity
of the ferrite strongly varies with frequency and is different for
different materials.

Dielectric loss in Mn-ZN is caused by relatively high per-
mittivity. Therefore, for the ferrites, the dielectric loss becomes
an important loss component at high frequency. At hundreds
of kilohertz to several MHz frequency, dependent on core size,
the imaginary part of the complex permittivity will exhibit a
peak and the dielectric loss increases significantly, as shown in
Fig. 10.

B. Loss Tangent

Loss tangent is a widely used parameter to describe the power
loss, and is given by

tan δm =
RS

ωLS
=

μ′′
S

μ′
S

(11)

where δm is the loss angle (the phase angle between B and H).
Figs. 24 and 25 show the magnetic loss tangent of the tested

samples. It can be observed that the loss tangent of the larger
cores is the highest for the frequency range of interest. The
magnetic loss tangent follows the performance factor measure-
ment. Measurement of loss tangent, which is based on fre-
quency characteristics of the complex permeability at low-field
amplitude, is faster and quicker than performance factor, it
may be used as the primary method to assess the ferrite core
performance
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VI. CONCLUSION

A quality design of magnetic components for high-frequency
applications requires detailed information on magnetic materi-
als. This article develops measurements methods to determine
the critical material parameters. A significant outcome from the
testing is the observation that permeability, permittivity, and
power loss vary with the physical core size. In general, the
performance deteriorates as size increases. The performance
drop in permeability and power loss is seen at lower frequency
for large size cores. We also see that the permeability and
permittivity change with the levels of applied compression force
and temperature that can be experienced in applications. The
CPE method has been introduced to enable accurate modelling
of the core permittivity versus frequency.

APPENDIX I

Measured ferrite complex permeability and permittivity char-
acteristic data for tested materials are presented in Tables V and
VI shown at this previous page, respectively.

TABLE V
REAL AND IMAGINARY PERMITTIVITY CHARACTERISTIC

TABLE VI
REAL AND IMAGINARY PERMEABILITY CHARACTERISTIC
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Marcin Kącki received the M.Eng.Sc. degree in
electrical engineering from the AGH University of
Science and Technology, Kraków, Poland, in 2012.
He is currently working toward the Ph.D. degree in
high frequency magnetics with the University College
Cork, Cork, Ireland.

In 2011, he joined the R&D team with SMA Mag-
netics, Modlniczka, Poland, where he is currently a
Senior Engineer. His research interests include opti-
mization and integration of the magnetic components
with emphasis on EMC filters, numerical analysis,

and power electronics.

Marek S. Ryłko (Member, IEEE) received the B.E.
degree in electrical engineering from the Univer-
sity of Bielsko-Biala, Bielsko, Poland, in 2003, the
M.Eng.Sc. degree in electrical engineering from the
Silesian University of Technology, Gliwice, Poland,
in 2004, and the Ph.D. degree in electrical engineering
from University College Cork, Cork, Ireland, in 2011.

From 2005 to 2010, he was working on the Ph.D.
with Power Electronics Research Laboratory, where
he was involved in various industrial activities. Fol-
lowing this, he joined the Research Staff of DTW SP.

Z O.O., Zabierzow, Poland, that was subsequently rebranded to SMA Magnetics
SP. Z O.O. and he is currently heading R&D activities. His research interests
include dc–dc and dc–ac converter topologies, power electronics, with emphasis
on analysis, optimization, and integration of the magnetic components in power
electronic converters for automotive and energy applications.

John G. Hayes (Senior Member, IEEE) received
the B.E. degree from the University College Cork
(UCC), Cork, Ireland, the M.S.E.E. degree from the
University of Minnesota, Minneapolis.St. Paul, MN,
USA, the M.B.A. degree from California Lutheran
University, Thousand Oaks, CA, USA, and the Ph.D.
degree from UCC, in 1986, 1989, 1993, and 1998,
respectively.

From 1986 to 1988, he was a Research Fellow of
power electronics under Prof. N. Mohan with the Uni-
versity of Minnesota. From 1988 to 1990, he was with

the Power One, Inc., Camarillo, CA, USA, designing linear and switching ac.dc
power converters. In 1990, he joined the General Motors Advanced Technology
Vehicle (formerly Hughes Aircraft Company and Delco Electronics), Culver
City, CA, USA and later Torrance, CA, USA, where he was a Design Engineer
and a Technical Manager in the fields of propulsion drives and battery charging
for electric vehicles, especially for heavy-duty vehicles and the General Motors
EV1 electric car. From 1995 to 1997, he was a Howard Hughes Corporate Fellow
(Ph.D. part-time) while continuing to work as a Design Engineer with General
Motors, Detroit, MI, USA. Subsequently, he was a Technical Manager on EV
battery chargers and infrastructure. He joined the academic staff with UCC in late
2000 and currently teaches power engineering and power electronics and drives.
He directs the Power Electronics Research Laboratory, UCC. He is the lead
author with coauthor Dr. A. Goodarzi, his former GM colleague and the CEO of
Magmotor, Worcester, MA, USA on Electric Powertrain: Systems, Power Elec-
tronics and Drives for Electric, Hybrid and Fuel Cell Vehicles (English-language
edition, Wiley, 2018; Chinese-language edition, China Machine Press, 2021).
His research interests include power electronics, machines, and magnetics for
automotive, and energy applications.

Charles R. Sullivan (Fellow, IEEE) received the B.S.
degree (with highest Hons.) in electrical engineering
from Princeton University, Princeton, NJ, USA, in
1987, and the Ph.D. degree in electrical engineer-
ing from the University of California, Berkeley, CA,
USA, in 1996.

He was with Lutron Electronics, Coopersburg, PA,
USA, designing electronic ballasts. He is currently
a Professor with the Thayer School of Engineering
at Dartmouth, Hanover, NH, USA, where he is also
the Director of the Power Management Integration

Center. He is the holder of 43 U.S. patents. His research interests include
modeling and design optimization of magnetics and other passive components
for high-frequency power conversion and wireless power transfer.

Dr. Sullivan was the recipient of the Power Electronics Society Modeling
and Control Technical Achievement Award, in 2018 and three Power Electronic
Society Prize Paper Awards. He is the Co-Founder of Resonant Link, Inc., South
Burlington, VT, USA.

https://www.psma.com/sites/default/files/uploads/files/Magnetic%20Core%20Dimensional%20Effects%20Kacki%20SMA%20Magnetics%20S.pdf
https://www.psma.com/sites/default/files/uploads/files/Magnetic%20Core%20Dimensional%20Effects%20Kacki%20SMA%20Magnetics%20S.pdf
https://www.psma.com/sites/default/files/uploads/files/Magnetic%20Core%20Dimensional%20Effects%20Kacki%20SMA%20Magnetics%20S.pdf
https://www.psma.com/sites/default/files/uploads/files/Preliminary%20Report%20Phase%20II%20190310%20S.pdf
https://www.psma.com/sites/default/files/uploads/files/Preliminary%20Report%20Phase%20II%20190310%20S.pdf
www.ferroxcube.com
www.waynekerrtest.com
www.abc.chemistry.bsu.by/vi/analyser
www.abc.chemistry.bsu.by/vi/analyser


<<
  /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 true
  /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


