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ABSTRACT

This thesis focuses on the analysis, identification, and experimental investigation of the
high-frequency effects encountered within the magnetic core when used in high-frequency,
high-power electromagnetic interference (EMI) filters. These applications require cost-
optimized, high-performance, and high-power-density magnetic components. As the
manufacturers’ material specifications usually do not provide sufficient information to
optimize the design, this thesis develops new methods to determine the high-frequency
properties of Mn-Zn ferrites up to 20 MHz. Complex permeability and permittivity, as well as
specific power loss, are typically provided as one value by the manufacturer, regardless of the
core shape and size. Therefore, various magnetic materials are characterized for their complex
permeability and permittivity. These two parameters are of differentiated physical origins, and
so two independent measurement fixtures are developed and built. The impacts of physical
size, temperature and force on complex permeability and permittivity are also considered.

The detailed analysis of magnetic flux is introduced based on a 1-D analytical model, a
novel shell-based transmission-line model, and finally, based on the FEM and Maxwell 3D
eddy-current field solver. These models are used to calculate the complex permeability
characteristics for various core sizes made of two materials: 3E10 and 3F36. A complete
experimental validation is presented for the calculated values. The analytical methods show
a very good correlation with the experimental measurements. The novel shell-based
transmission-line model has the best accuracy, and the calculation can be implemented into
simulation of a higher-order system or into any other magnetic component design algorithm.

Flux verification methods are developed which use precisely-bored cores to accurately
predict flux distribution. The results of the flux propagation, starting from the simple three-
hole model up to the advanced four-section model confirm that the magnetic flux distribution
is affected by frequency-dependent dynamic effects. Flux distributions was experimentally
measured for T50 and T80 cores made of 3E10 and 3F36 material. Results are consistent with
the FEM simulations and help in the development of a more accurate analytical model.

A novel laminated-core common mode choke (CMC) is developed and presented in this
thesis. The presented CMC core structure divides the conduction path into sub-regions which
allowing for the reduction of the high-frequency effects. Laminated cores, made of several
Mn-Zn ferrite materials, were tested and special attention is paid to the effect of magnetic
material selection, core size and lamination thickness on the core high-frequency performance.
Common mode insertion loss characteristic for the novel CMC shows that laminated ferrite

structure give rise to significant attenuation improvement.
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1 INTRODUCTION

This chapter presents an overview of the main area of the study, discussed in this
dissertation, and outlines the thesis structure. The research work is focused on the analysis,
identification, and experimental verification of the high-frequency effects within the magnetic
cores used in high-frequency, high-power electromagnetic interference (EMI) filters. A
significant part of this work is devoted to defining the electrical properties of magnetic
materials, since such information is generally missing from the manufacturer's datasheets.
This thesis investigates the flux distribution of magnetics used in EMI filters of photovoltaic
inverters. The next chapter further considers the impact of the wide-bandgap semiconductors
on the EMI spectrum, an additional challenge for the design of EMI filters. A reduction of
EMI along with the design of magnetic components has become one of the major challenges
in designing a new generation of power electronic converters e.g. for renewable energy
systems. The general overview of the magnetic materials designated for EMI filters is
presented with an emphasis on the critical magnetic material characteristics needed for
accurate design and modeling. Towards the end of the chapter, the author presents an analysis
of the high-frequency effects visible in the magnetic cores.

Section 1.1 presents the thesis overview. Section 1.2 and 1.3 present the thesis
objectives and structure, respectively. Section 1.4 discusses the general background, while

Section 1.5 discusses high-frequency effects. A brief conclusion is presented in Section 1.6.



1.1 Overview

The International Energy Agency reported that we are now consuming more than twice
the amount of electricity we had done 40 years ago. Projections suggest that if we do not make
any changes, we will be using about 50 percent more electric energy in 2050 [1]. Therefore,
the negative impact on our global environment, climate and economy related to electricity
generation, transmission and transformation must be minimized. Renewable energy systems,
such as photovoltaic (PV), provide significant environmental benefits in comparison to
conventional energy sources. PV systems are regarded as clean and sustainable sources of
electric energy [2]. Despite this, PV inverter manufacturers constantly strive to improve the
generation of electric energy and its transformation. The continuous drive for the improvement
of electrical energy conversion focuses on the efficiency improvements and combines with
higher switching frequencies to reduce size and anticipated cost. This leads to new solutions
and is fostering an interest in the new wide-bandgap (WBG) silicon-carbide (SiC) and gallium-
nitride (GaN) semiconductors with superior switching performance in comparison to the
traditional silicon (Si) based power semiconductors [4]-[6]. The benefits of using such
semiconductors, i.e. higher switching frequencies, higher rate of voltage (dv/df), and current
(di/df) transients, and higher power densities create a continuous frontier for EMI filtering and
magnetic component design [7]. Regulations and industry standards on electromagnetic
compatibility (EMC) stipulate limitations on radiated and conducted EMI noise generated by
each photovoltaic inverter connected to the grid. In order to meet these emission standards,
depending on the frequency range many solutions are available, such as soft switching [§],
snubber circuits [9], PCB layout guidelines [10]-[13], and, of course, dedicated EMI filters.
Utilizing the aforementioned EMI filters is one of the basic and the most common approaches
to reducing EMI noise levels. EMI filters with the attenuation characteristics matched to the
EMI source suppress both common-mode (CM) and differential mode (DM) noise. Therefore,
the implementation of good filter design in many cases determines the project success and
minimizes post-processing solutions, including the addition of mitigating components as well
as testing time and cost. The EMI filter is a combination of passive components (R, L, C). The
biggest and the most complex part of the EMI filter is the magnetic component, in this case
the common-mode choke (CMC). An example of the CMC used in the EMI filter of a 60 kW
photovoltaic inverter is shown in Figure 1 [14]. It provides the required common-mode, and
often the differential-mode impedances over the frequency range from 150 kHz up to 30 MHz,
and it can supply the total output power of 60 kW. This CMC is build based on a Mn-Zn ferrite

toroidal core with an external diameter of 90 mm.



Figure 1. Common mode choke for PV inverter.

There has been a lot of work presented to reduce the size and improve the performance
of the EMI filters [15]. However, a comprehensive model is required for CMC analysis and
prediction. Higher switching frequencies and constantly growing power densities combined
with increasing choke size causes the high frequency effects, usually considered to be
insignificant, to start to dominate in the ferrite cores. Inductors, like the CMC, do not scale
well with frequency and power, not only due to efficiency and power dissipation, but also due
to high-frequency effects, such as the skin effect and the dimensional resonance. As an
example, the toroidal core with an external diameter of 25 mm is large enough to exhibit non-
uniform flux distribution due to skin and dimensional resonance effects [16]-[19]. For high
permeability and permittivity materials, non-uniform flux distribution is apparent at 1 MHz.
However, identification of these effects at the early design stage require detailed magnetic
material characteristics. CMC design, with a magnetic core diameter of approx. 90 mm, based
on the available material information without regard for the physical size of the core, may
require many iterations and tests, and in the end may not prove feasible. Generally,
specifications set forth by ferrite manufacturers provide average material characteristics which
may be of limited use for detailed analysis [20]-[22]. The relatively poor quality of material
data can jeopardize efficient design processes for the high-power and high-frequency magnetic
components. Therefore, high-fidelity characteristics of magnetic materials are required.
Magnetic material selection is of key importance for successful CMC design and to match the
filter attenuation characteristic with the EMI source.

This dissertation introduces methods that are used to determine Mn-Zn ferrite properties

at high frequency, and generate the required characteristics for an efficient design process of



magnetic components. New magnetic material characteristics are used to present a detailed
analysis of the magnetic flux distribution in various Mn-Zn ferrite ring cores. Developed
models include high-frequency effects visible within the core itself, such as skin effect and
dimensional resonance. Predicted high-frequency flux distributions are validated
experimentally by means of a novel method based on small holes bored precisely into the
ferrite core. Finally, an innovative core structure, which overcomes unequal flux distribution,
is proposed and experimentally validated.

The objective of this chapter is to provide a brief introduction to high-power and high-
frequency EMI filters. It also highlights the main challenges in the design process, as well as
the reasons for developing solutions for improvement. Section 1.1 presents an overview of the
motivation for the work described in the thesis. Section 1.2 goes on to describe the four main
objectives of the thesis. Section 1.3 gives a chapter-by-chapter summary of the thesis. Section
1.4 discusses the impact of the new wide-bandgap semiconductors on the EMI spectrum, and
the limitations in the magnetic material specification available in the manufacturers™ catalogs.
Furthermore, it highlights how critical magnetic material definition may be for an efficient
design process. Finally, Section 1.5 explains the fundamentals of skin depth and dimensional

resonance in ferrite cores.

1.2 Thesis objectives

The thesis has the four objectives.

The first objective is to propose a method to determine the high-frequency properties of
Mn-Zn ferrites. Magnetic component performance depends on the magnetic material.
Therefore, the material selection is critical for an efficient design. Magnetic materials may be
characterized by their complex permeability and permittivity. As these two parameters are of
differentiated physical origin, two independent measurements are required. The proposed
measurement methods must consider the size of the sample, ambient temperature, and the
influence of the compression force on the complex permeability and permittivity
measurements. However, high-frequency effects such as the skin and dimensional resonance
cannot affect the parameters being measured. Moreover, the proposed method must be easy to
use and implement as the obtained results are intended to be a foundation for further discussion
concerning standardized testing procedures for magnetic materials.

The second objective is to present a comprehensive investigation of magnetic flux
distributions in Mn-Zn ferrite cores. Once the performance of the material is known, it must
be addressed with a specific model. The model must provide superior prediction for the high

frequency effects, such as skin depth and dimensional resonance. The Finite Element Method



(FEM) is known as the most accurate method for magnetic flux calculation. However, it can
be extremely time consuming while the software is not affordable by everyone. The developed
models should be applied to all circuit simulators, or computing software, and also easily
incorporated into a simulation of higher-order systems. The achieved results must be compared
with experimentally-measured core complex permeability for various core materials and sizes.

The third objective is to develop a method for experimental validation of magnetic flux
distribution in the ferrite core. The complex permeability characteristic does not provide
detailed information on the flux distribution in a ferrite core. Until now, only FEM enables us
to visualize the flux distribution in the core. The purpose of the new method is to verify the
FEM flux pattern. The proposed method must be easy to implement because the flux
propagation test is likely to be adopted as a standard test for magnetic core specification.
Furthermore, the proposed method should not affect magnetic flux distribution.

The magnetic component is key for a successful EMI filter design. Thus, the final
objective is to propose a core structure that can overcome unequal flux distribution and
improve the overall EMI filter performance. Effectiveness of the new core structure must be
compared with state-of-the-art cores at component level, through complex permeability
characteristics, while at the system level through attenuation characteristics of the cores
implemented into a single-phase EMI filter. The proposed core structure should also be

possible to use in mass manufacturing.

1.3 Thesis Structure

This thesis is divided into 6 chapters. Chapter 1 is the introductory chapter and it gives
a short summary of the motivations behind the research undertaken, as well as its objectives.
The continuous drive for high-performance energy conversion and the application of WBG
semiconductors, have triggered a great demand for high-performance EMI filters.
Consequently, the magnetic component constitutes the key component of the EMI filter, while
the high power and switching frequencies have set new limits to magnetic component design
as well as magnetic material selection. An analysis of switching frequency and higher rate of
voltage (dv/df) transients on EMI harmonic spectrum is given, while the advantages related to
the use of the WBG semiconductors are contrasted with challenges that comes with it. A
review of the Mn-Zn ferrite material characteristics included in the ferrite manufacturers
specification, together with their limitations, is also presented. Skin depth and dimensional
resonance effect, within the magnetic core are then explained and compared with the same

effect within the electrical conductor.



Chapter 2 introduces new methods of determining the high-frequency properties of Mn-
Zn ferrites as the ferrite manufacturer specifications provide only average material
characteristics which are of limited use for detailed analyses. Accurate identification of the
magnetic material characteristics minimizes calculation error. The magnetic materials are
characterized by complex permeability, permittivity and power losses. Each measurement type
requires an independent fixture and investigation as the measurement accuracy may be
seriously distorted by physical sample size, temperature, force etc. Introduced methods show
improvements in the identification of magnetic properties and highlights the impact of high
frequency effects such as skin depth and dimensional resonance on material characteristics.

Chapter 3 discusses models aimed at investigating the high-frequency effects such as
skin depth and dimensional resonance for various core materials and sizes. Three calculation
methods for a detailed analysis of the magnetic flux distribution are presented and then
contrasted. The 1-D analytical model, based on Maxwell's equations, is used for the purpose
of the magnetic field calculation within an infinite ferrite plate, wherein the plate thickness
corresponds to the lowest cross-sectional dimension of the tested cores. The novel, shell-based
transmission-line model (TLM) is very intuitive and might be applied in any circuit simulator.
What is more, it may also be easily incorporated into a simulation of a higher-order system.
The last model is based on the FEM and Maxwell 3D eddy-current field solver. The accuracy
of the models is determined by a comparison of calculated and experimentally-measured
characteristics of complex permeability for various core sizes and materials.

Chapter 4 presents an innovative method for experimental validation of the magnetic
flux distribution in ferrite cores. A number of experiments were carried out in order to develop
a non-uniform flux distribution, quantify the effects, and experimentally validate the FEM
analysis. In various core sizes and materials, three sets of holes were bored to measure
magnetic flux distribution. One set of bores consists of two vertical bores and one horizontal
bore of 0.75 mm diameter each. The data acquired during the performed tests shows the flux
in the four concentric shells of the core. Two independent measurements were performed on
each tested core. During the first experiment, the voltage of each core segment was determined
to calculate flux density. This test setup is based on a signal generator and an amplifier which
feeds the reference winding. This enables testing of cores frequencies up to 1.5 MHz.
Therefore, the second experiment was proposed to determine impedance and phase shift
measured on each ferrite segment. The test setup with an impedance analyzer allows for tests
up to 20 MHz.

Chapter 5 introduces a novel core structure aimed at preventing non-uniform flux
distribution and improving the overall EMI filter performance. It has been known for decades

that eddy-current losses in iron-based cores are limited by lamination. Since traditional



laminations are made of conducting material, the ferrite is perceived as a high-impedance bulk
body. Therefore, ferrite was not considered as a laminated core. However, the ferrite structure
may develop conductive paths in certain conditions. Thus, a structure of laminated Mn-Zn
ferrite ring core is proposed to optimize the flux distribution. Three laminated cores of different
sizes were used to measure the magnetic flux distribution and the complex permeability
characteristic. The results were compared with a solid core made of the same material.
Magnetic material selection as well as core size impact on the lamination performance are also
presented. Two single-phase, common-mode, chokes based on the solid and laminar ferrite
cores have been built and compared experimentally.

Finally, the summary and conclusions drawn from the research, together with

suggestions for future work, are presented in Chapter 6.

1.4 General background

WBG semiconductors push the frontier of power electronics beyond the frequencies
achievable to date. Thus, higher-switching frequencies set new requirements for EMI filter

design as well as magnetic material selection.
1.4.1 Analysis of high-frequency pulse transitions on EMI generation

WBG semiconductors provide superior performance compared to silicon: lower
switching losses, and higher voltage breakdown, operating frequencies and temperatures.
However, the switching of power semiconductor devices is also recognized as the main source
of EMI in power electronics converters. Generation of EMI is strongly related to the switching
frequency and the higher rate of voltage transients (dv/dt) and current transients (di/df), which
are advantages of new WBG semiconductors. Trapezoidal switching waveform and Fourier
analysis are introduced to demonstrate the effect of switching frequency and fast voltage
transients (dv/df) on the EMI spectrum. The trapezoidal waveform with symmetric rise, 7,

and fall times, 77, used for an analysis is shown in Figure 2.
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Figure 2. Trapezoidal waveform parameters.

The signal duty ratio D is given by /7, where T = 1/f; is the period of the switching
waveform with a frequency f while 7 is the pulse width. The calculated EMI spectrum has an
envelope which is described by a series of linear asymptotes featuring gradients: 0 dB/dec,
-20 dB/dec, and -40 dB/dec with increasing frequency [23]. Corner frequencies f.; and f.. at
which asymptotes intersect are determined by the waveform pulse width 7z and rise time 7, as

follows:

fa== (1.1)

fo=—7=— (1.2)

The emission spectrum of the three switching signals, representing the successive
semiconductors generations, was calculated to expose their impact on EMI filter requirements.
The parameters of the signals are presented in Table 1. The operating frequency of the

semiconductors is taken as a most common for the respective type of semiconductors [5], [7].



In the case of this analysis, only the waveform with D = 0.5 is considered. Calculated

spectral characteristics of the three switching signals are shown in Figure 3.
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Figure 3. EMI emission spectrum comparison: Si vs. SiC vs. GaN.

The most important observation from this analysis is that the high-frequency content of
the examined signals is significantly affected by the changing rise/fall time as well as the

switching frequency. SiC semiconductors with rise/fall time 6.5 times lower and switching

TABLE 1. TRAPEZOIDAL SIGNAL PARAMETERS.

Si SiC GaN

Amplitude 500 V 500 V 500 V

Switching 10 kHz 100 kHz 250 kHz

frequency fo
Rise/fall time 100 ns 15 ns 8 ns

T =1

First corner 6.36 kHz 63.66 kHz 159.15 kHz
frequency f:,
Second corner 3.18 MHz 21.22 MHz 45.47 MHz
frequency fe>




frequency 10 times higher than classic Si-based devices cause an increase of EMI noise by 30
dB at 1 MHz. Using GaN’s semiconductors with even lower rise/fall times and a switching
frequency of around 250 kHz further increases the high-frequency spectral content. As
illustrated in Figure 3, trapezoidal switching waveform and Fourier analysis shows that a
switching frequency increase from 10 to 250 kHz has an effect only on the low-frequency
spectrum envelope. High-frequency signal spectra are significantly more determined by
rise/fall time than by fundamental frequency of the waveforms. WBG semiconductors cause a
shift of the EMI envelope to higher frequencies. This shift to higher frequencies creates quite
a challenge for the magnetic component design. Negligible until now, high frequency effects
within magnetic cores, along with a higher influence of the filter parasitics and couplings must
be addressed with specific models and more advanced designs to provide high-performance

EMI filter designs.
1.4.2 Magnetic materials for EMI filters

Magnetic material selection is key for successful magnetic component design. Soft
magnetic materials are commonly used for transformers, inductors, and EMI filters due to their
favorable magnetic properties such as low magnetic coercivity. This thesis focuses on MnZn
ferrites; however, other popular materials used for EMI filter applications are also briefly
characterized [24]-[25].

The ideal material for the EMI filter should feature high saturation flux density and high
resistivity (as eddy-current losses are inversely proportional to the electrical resistivity). The
material should also feature a constant permeability characteristic over frequency and
temperature, low permittivity, high mechanical robustness, and insensitivity to mechanical
stress. The general specification of the material for EMI filters is presented in Table 2. The
main parameters, often used as a point of comparison for soft magnetic materials, include
relative permeability, ux,, saturation flux density, Buux, as well as electrical conductivity, o.
The table is based on published manufacturer information, as well as experimental
investigation carried out as part of the thesis. Soft magnetic materials can be differentiated into
four different material groups: amorphous, nanocrystalline, ferrites and iron-nickel alloys.

Amorphous metals are iron-based alloys of cobalt, nickel, boron, silicon and
manganese. Amorphous alloys are produced as thin ribbons that allow wound cores to be
produced, mainly as toroidal cores; however, U-cores and blocks are available as well. The
amorphous alloy structure, due to its rapid quenching, solidifies in an unorganized liquid
structure that reassembles the structure of glass. Atoms are in disorder as no crystalline order
may exist in that structure. The major advantages of amorphous materials are the low power

losses, a linear hysteresis loops with low coercivity, and a saturation flux density of 0.7 — 1.8
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T, which is almost completely retained at high frequency. Moreover, amorphous materials are
characterized by low temperature dependence, or even a negative temperature coefficient. The
Curie temperature of amorphous materials is in the range of 350 — 450 °C.

Nanocrystalline material is a two-phase structure consisting of an ultra-fine grain phase
embedded in an amorphous minority phase [27]-[28]. The production process is similar to the
amorphous material, however, additional annealing, together with a directed magnetic field, is
applied to align magnetic domains. The annealing process increases the nanocrystalline
material brittleness, and thus limits the feasible core shapes to ring cores. The cores are usually
epoxy coated or placed within a plastic enclosure. Nanocrystalline soft magnetic materials
exhibit a linear hysteresis loop with coercivities smaller than 2 A/m and a saturation flux

density of 1.2 - 1.5 T.
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TABLE 2. MAGNETIC MATERIAL PROPERTIES.
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Vitrovac »

Vacuumschmelze Amorphous 3500 0.82 365 7.80 1.3x10°¢ 120 10.5

6030F

Vitrovac d

Vacuumschmelze 6025 Amorphous 70000-100000 0.58 240 | 7.70 1.4x10° 120 10.5
Metglas Inc. 2605S3A Amorphous 35000 1.41 358 | 7.29 1.38x10°¢ 150 10.0™
Magnaperm -

Hitachi Metals Amorphous > 72000 0.57 225 | 7.59 1.42x10°¢ 90 10.5

2714A

Vitroperm . o

Vacuumschmelze 250F Nanocrystalline 4000-6000 1.20 600 | 7.35 1.15x10° 180 10.5
Vitroperm . . o

Vacuumschmelze S00F Nanocrystalline 15000-150000 1.20 600 | 7.35 1.15x10° 180 10.5
Magnetec Nanoperm Nanocrystalline | 5000-200000 1.20 600 | 7.35 | 1.15x10° 200" 10.5™
Hitachi Metals Finemet-IM | Nanocrystalline 70000 1.23 570 | 7.40 1.1x10°¢ 180" 10.5™
Hitachi Metals Finemet-3L | Nanocrystalline 50000 1.23 570 | 7.30 1.2x10°¢ 180° 10.5™
Ferroxcube 385 Ferrite 3800 0.54 255 4.80 10.00 180" 3.5-5
Ferroxcube 3E27 Ferrite 6000 0.43 150 | 4.85 0.50 140 3.5-5
Ferroxcube 3E10 Ferrite 10000 0.46 130 | 5.00 0.50 125 3.5-5
Ferroxcube 3E12 Ferrite 12000 0.47 130 5.00 0.50 125 3.5-5
DMEGC R15K Ferrite 15000 0.36 110 | 4.90 0.05 110 5.0
DMEGC R10KZ Ferrite 10000 0.38 120 | 4.90 0.15 115 5.0
DMEGC R10K Ferrite 10000 0.40 120 | 4.90 0.15 120 5.0
Ferroxcube 4B1 Ferrite 250 0.36 250 4.60 10° 180 3.5-5
Ferroxcube 4S60 Ferrite 2000 0.26 100 | 5.00 10° 100 3.5-5
MAGNETICS Supermalloy Iron-Nickel 70000-100000 0.82 460 | 8.70 | 0.57x10°¢ 180" TBD
MAGNETICS Permalloy 80 Iron-Nickel 20000-50000 0.82 460 | 8.70 | 0.57x10°¢ 180" TBD
Vitrovac . o

Vacuumschmelze 6025 Amorphous 80000 1.25 450 | TBD | 0.57x10°° 180 10.0

*Limited by the box material, ** Along the lamination
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The initial permeability of the material is adjustable within the range of 15 000 to
150 000. The dependence of the initial permeability of the nanocrystalline soft magnetic
materials on temperature is almost linear, while the change over in the temperature range,
—40 °C to 120 °C, is about 6%. The Curie temperature of nanocrystalline materials is about
600 °C. High and temperature stable permeability makes nanocrystalline materials more
expensive than other materials.

Ferrite is a bulk material sintered out of iron oxides (Fe203) combined with oxides or
carbonates of manganese and zinc (MnZn) or nickel and zinc (NiZn). These materials are
pressed and then sintered at temperatures of 1000 — 1500 °C, and as a result the ferrites are not
only hard but also brittle. Due to the manufacturing process, ferrite cores are available in
various shapes and sizes. Since the chemical composition and the microstructure strongly
affect the properties of ferrites, the initial permeability, electrical conductivity, and the Curie
temperature can be controlled by raw material quality together with sophisticated additives, or
a strictly monitored production process. Magnetic properties of soft ferrites are sensitive to
temperature. The saturation flux density at 100 °C can only be about half of the value at 20 °C,
depending on the type of soft ferrite. Ferrites are one of the most popular materials in power
electronic applications due to relatively low costs and power losses [18].

A comparison of magnetic material saturation vs. permeability dedicated for EMI

applications is presented in Figure 4.
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Figure 4. EMI materials relative permeability vs. saturation flux density.
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Nanocrystalline and Fe-based amorphous materials have the highest saturation flux
density, followed by iron-nickel alloys, Co-based amorphous and finally ferrites. Material with
high relative permeability and high saturation flux density reduces the CMC size as it allows
for lower turns, and thus directly reduces copper losses and capacitance, while improving EMI
filter performance at high frequency.

Higher switching frequencies set new limits for magnetic component design and
magnetic material selection. Due to the high-frequency capabilities nowadays, the MnZn
ferrites are still of primary interest for the investigation of high-performance magnetic
components. Ferrite manufacturers have responded to the increased demand for improvement
of MnZn ferrites, and offer low-cost materials with lower losses, but higher permeability.
However, the combination of the high permeability and the high permittivity of MnZn ferrite
may affect the high-frequency performance due to eddy currents and dimensional resonance.
By default, the ferrite manufacturers’ specifications provide average material characteristics
which may be of limited use for detailed analysis. The material definition in the
manufacturers’ specification is limited to ferrite parameters provided as a constant for the
entire ferrite family range. A good example of this is the ferrite permittivity and conductivity.
Sample plots of the real part of permittivity and conductivity over frequency for the entire Mn-

Zn ferrite family are shown in Figure 5 [20].
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Figure 5. Ferrite electrical properties for all Mn-Zn ferrite family based on the ferrite manufacturer

specifications [20].
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The material datasheets provide common parameters for all Mn-Zn ferrites, excluding
details of frequency dependence. This makes the core material selection during the design
somewhat cumbersome due to excessive design iterations. As a result, state-of-the-art
magnetic core modelling assumes ferrite permittivity and conductivity to be negligible for
magnetic component design process. Therefore, high frequency effects in ferrites are also
omitted in the calculations as skin depth and dimensional resonance strongly depend on
magnetic material conductivity and permittivity. The high frequency effects may dominate
core performance. Therefore, the effects of permeability, permittivity and conductivity on core
performance are of particular interest. In order to quantify the effects of core permeability,
permittivity and conductivity on the core performance, three simulations were performed.

FEA was used as the most feasible method for magnetic flux calculation as it reproduces
the flux distribution. The calculations use a 3-D eddy-current field solver, while the simulation
was performed at 500 kHz for three combinations of material parameters, are shown in
Figure 6, Figure 7 and Figure 8, respectively.

The first simulation shows an ideal case of a lossless core. As anticipated, the flux
distribution is dominated by reluctance, which results in the magnetic flux intensity being
stronger at inner radius, and decreasing as the radius increases. This is the most common flux
distribution pattern in a toroidal magnetic core which is not affected by high-frequency effects.

In the second simulation, the relative permittivity is set to 50,000. Inside the ferrite core,
a large amplitude flux occurs under resonant conditions, and is concentrated in the inner part
of the core cross section. The combination of the high permeability, the high permittivity and
the relatively large cross-sectional dimension of the core give rise to standing electromagnetic
waves within the ferrite. This effect is called the dimensional resonance.

The third simulation shows a combination of low material permittivity, but with a high
conductivity of 5 S/m. The magnetic flux density distribution is similar to the known current
distribution in a electrical conductor. Intuitively, the magnetic flux is concentrated in the outer
circumference while at the same time the core center exhibits flux density weakening due to
the skin effect. Ferrite cores are typically used for high-frequency magnetic components due
to low conductivity. The low saturation flux density of ferrites means that a high-power core
must be relatively large. The low conductivity of ferrites justifies the use of large core blocks
of ferrite since eddy-currents losses are also low. If ferrite conductivity is higher, or
conductivity strongly increases with frequency, contrary to what was provided in the
specification, large cores used for high-power, high-frequency designs may require many

iterations and design changes.
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Figure 6. FEA results of the flux distribution in the T90 core, simulation 1 - ideal:
f=500kHz, u,,=10000,&-=1,0=0.1 S/m.
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Figure 7. FEA results of the flux distribution in the T90 core, simulation 2 - permittivity included:
=500 kHz, 4, =10 000, &= 50 000, 0 =0.1 S/m.
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Figure 8. FEA results of the flux distribution in the T90 core, simulation 3 — conductivity included:
f=500kHz, 1, = 10 000, &= 10 000, 6 =5 S/m.

Introduction of ferrite permittivity and conductivity into the simulation exposes its

significance on the core performance. Ferrite magnetic materials are subject to high frequency
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effects which result in non-uniform frequency-dependent magnetic flux distributions. The
material conductivity and permittivity must be taken into account during the component design
processes due to the direct impact on the core’s effective permeability, impedance and
inductance. Only the identification of all magnetic material properties can allow for a precise
estimation of the flux distribution in the ferrite core.

Ferrite properties are influenced by the many variables such as frequency, temperature,
physical size, mechanical stress, and even batch-to-batch material variations. It is impossible
for ferrite manufacturers to provide all the information required by users. Therefore, the
datasheet on magnetic materials must be balanced in order to provide a reasonable level of
information for most customers. The complex permeability and permittivity of materials are
the key parameters for the EMC filter design process as they directly impact the power losses
and inductance. The interpretation of the performance of magnetic materials in relation to
frequency, physical size, temperature, and mechanical stress must be addressed with a specific

model in order to provide high quality physical phenomena prediction.
1.4.3 The magnetic design for inductors and filters

The fundamental principles of the magnetic design are valid across the range of
applications, and trade-offs exist between the number of turns and the core size whilst being
constrained by a number of physical effects that oppose the ideal performance. The magnetic
design must conform with the industry standards, and provide a predictable parameters range
within the tolerance, at acceptable cost.

The magnetic design for the EMC filter, although similar to the power inductor design,
deals with high frequency effects that are usually negligible for power inductors. A typical
approach for the inductor design can be found in various publications [29]-[31]. Key
requirements are the peak flux density and impedance, the efficiency, the dc resistance of the
winding and the parallel resistance that is proportional to the ac power loss at a given
frequency. In order to fulfil these requirements a simple design flowchart [29] can be applied
that guides us through the material selection, the magnetic core sizing, the winding calculation,
the power loss calculation, and the temperature rise estimation. The design flow is usually
iterated until the design constraints are satisfied. The accuracy of the calculation flowchart
depends on the model degrees of freedom and the quality of the input data.

The inductors for EMC filters must provide wide frequency attenuation to the
disturbance produced by the switching cell of the converter. The wide-bandgap semiconductor
spectrum is at a much higher level than standard silicon, as presented in Figure 3. Therefore,
the most feasible model is based on a complex permeability that allows for modelling across

the frequency range. The accuracy of the model parameters impact component performance.
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The dynamic effects that are linked with operating frequency vs. size limit the performance of
the component. Therefore, the frequency dependence of the material properties for a given
size of the magnetic core define the component performance. The frequency related eddy
current and dimensional resonance depend on the material properties and it is critical for the
design algorithm to account for both phenomena. The correct identification of parameters
enables accurate prediction of the high frequency dynamic phenomena in ferrites and thus
reduces the iterations for the magnetic design by selecting the right material, size and winding
setup. As presented in this thesis, the effects of the accurate material properties such as
permeability and permittivity are fundamental to a high quality design process.

The consequences of modelling based on accurate material properties overcome the
limits of the design process and help mitigate the adverse dynamic effects caused by using the
inaccurate data usually provided in the magnetic core datasheets.

A plot of required impedance od the CMC is shown in Figure 9. This is from previous
work of the author in [32]. The design flow is an important function of the filter. As discussed
in [32] the design flowchart can be adopted to seek the optimum impedance trajectory. The
CMC filter provides an impedance characteristic that varies with the frequency and changes
its amplitude and angle to follow the desired frequency response. The detailed knowledge of
the material properties is fundamental for material selection and prediction of the component

characteristic and so is the focus of this thesis, rather than magnetic design.
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1.5 High-frequency effects in the magnetic core

This section briefly presents the theory which will be further used in Chapters 2 and 3.
1.5.1 Application of Maxwells equations

In the 19" century, a Scottish scientist, James Clerk Maxwell, developed a scientific
theory to explain the notion of electromagnetic waves. He noted that both electrical and
magnetic fields can couple together to form an electromagnetic wave. He summarized this
relationship between electricity and magnetism into a theory known as “Maxwell's Equations”.
In the time-domain representation, and assuming that the electric field has one component
while the propagation is in the z direction, the electromagnetic wave equation yields the

following expression [33]:
E(z,t) = Eje™*cos (wt — fz) (1.3)

The visualization of the electromagnetic wave propagating through a lossy material is
shown in Figure 10. However, the traditional electromagnetic wave visualization presents
certain drawbacks. As show in Figure 10, the wave is confined to be on z axis, which is not
true. The plane wave is extended in the x and y directions. The second simplification involves
the magnitude of the magnetic and electric field. In reality, both electric and magnetic fields
are related through material impedance. As an example, the impedance of a vacuum is around
376.7 Q, and so the electric and magnetic fields are three orders of magnitude different from

each other, which would not be possible to draw in the same scale.

y E

Figure 10. Visualization of electromagnetic wave propagation in lossy material.

The propagation velocity v of the electromagnetic wave in the material, as defined by

permeability ¢ and permittivity ¢, is given by:
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v=— (1.4)

When an electromagnetic wave propagates in a vacuum permeability equals that of free
space (4 = o) and the permittivity equals that of free space (¢ = gy), and the propagation

velocity becomes what we commonly refer to as speed of light cy:

Co =

m
=299 792 458 — (1.5)
S

1
v Ho€o

Ferrite material can by characterized by complex permeability and permittivity. The
imaginary parts of the permeability and permittivity describe the losses within the ferrite
material, while the real parts of the permeability and permittivity present the capability to store
reactive energy. As both parameters jI and € are complex, the wave propagation velocity, V is

also complex:

1 1
JEE  J —jun(E —je)

Vv =

(1.6)

Ferrites have high permittivity and permeability. Therefore, the electromagnetic waves
that enter the ferrite propagate slower than in free space, or equivalently, the wavelength in
the ferrite is shorter than in free space. The wave speed v, the frequency f; and wavelength A

are related by:

_ 2m .
(x)\/(/,l’ —j,u”)(s’ _jgll) ( . )

&)
Il

<

Frequency is the most fundamental attribute which describes the electromagnetic wave
as it never varies in linear materials [29]. Wave number k combines wavelength, frequency

and the material characteristic as follows:

- 2m - - .
k=== oW =) =) = 6~ ja (1.8)
The imaginary part of the wave number « is an attenuation constant and defines the rate

of extinction of the wave in a material. The real part of the wave number f is a phase constant

which is a measure of the phase shift per unit length. The wavelength is related to the phase
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constant. Therefore, an expression of the real part of the complex wave number provides an

equation for the wavelength as an imaginary part for skin depth [29].

a=—1m[k]=§ =6 = % (1.9)
— 2m
B=Relk]=— = 1= n (1.10)

1.5.2 Dimensional resonance and skin depth

In low-loss magnetic materials, the electromagnetic wave travels without significant
energy loss. If the smallest cross-sectional dimension of the core (perpendicular to the
magnetic and electric field) is equal to half a wavelength, then a standing wave will be formed
across the cross section of the core. Under these specific conditions, the surface flux which is
in phase with the surface magnetic field is cancelled out by antiphase flux at the core center.
This phenomenon is called dimensional resonance and it is characterized by the permeability
dropping to zero.

A standing wave is a combination of two waves moving in opposite directions, each
having the same amplitude and frequency. The phenomenon is a result of interference while
the energies of the waves are either added up or cancelled out. For opposite moving waves the
interference produces an oscillating wave fixed in space. In order to visualize this effect, three
simulations were performed. The FEA calculations use a 3-D eddy-current field solver.
Moreover, the simulation is performed at 500 kHz for three combinations of two sine wave
traveling in opposite directions, results are shown in Figure 11, Figure 12 and Figure 13,

respectively.
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Figure 11. Standing wave visualization based on the FEA, forward and backward waves are in phase.
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Figure 12. Standing wave visualization based on the FEA, forward and backward waves are shifted by
90°.
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Figure 13. Standing wave visualization based on the FEA, forward and backward waves are shifted by
180°.

As shown in Figure 10 to Figure 12, the black wave is moving in the +x direction while
the blue one is moving in the -x direction. The resulting wave is shown in orange. The grey
envelope on the figures outlines the cross-sectional dimension of the core, with its smallest
cross-sectional dimension equal to half a wavelength. The points where the standing wave is
always equal to zero are defined as wave nodes. In relation to the core size where the smallest
cross-sectional dimension of the core is equal to half a wavelength, these points are located at
the core’s outer circumference. Between each of the nodes, there is an antinode, a place where
the wave oscillates with an amplitude equal to the sum of the amplitude of each of the waves.
In this case, the antinode is situated at the core center. Different points in time show different
core flux distribution for the exact excitation. The highest flux amplitude occurs in the core
center when two waves are in phase and it is concentrated in the inner part of the core, in the

antinode. Flux amplitude slowly decreases with increasing phase shift between the waves, and

is equal to zero when waves are shifted 180°. Dimensional resonance directly affects core

permeability and, as a result, it also has an influence on inductance and impedance.
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Magnetic materials with higher losses will not support standing waves as the
electromagnetic wave is attenuated very quickly. Instead, the depth of the electromagnetic
wave penetration will be observed and will later be referred to as skin depth. The skin depth
is inversely proportional to the wave attenuation constant. The skin depth is defined as the
equivalent depth where the electromagnetic wave can penetrate the material by a factor of //e.
The same effect is visible in the winding which conducts high-frequency electric current. Skin

effect for electric current and magnetic flux is illustrated in Figure 14.

Isouree(t) Dsoyrce(t)

Figure 14. Skin effect in electrical conductor carrying current and magnetic core carrying flux.

The alternating magnetic flux induces a counter magnetic flux in the core made of
conductive material whose dimensions are large enough to carry eddy currents. Eddy currents

are closed loops of induced current circulating in planes perpendicular to the magnetic flux.

The depth at which the eddy currents and electromagnetic waves penetrate into a
material is affected by frequency, conductivity and magnetic permeability of the material. The
penetration depth decreases with increasing frequency, conductivity and magnetic
permeability. Therefore, high frequency can be considered the level at which the parasitics
would have an effect on the performance of the core.

Ferrite magnetic materials are subject to high-frequency effects such as dimensional
resonance and skin effect within the core that result in a non-uniform, frequency-dependent
magnetic flux distribution. The dimensional resonance and the skin effect are dependent on
the size and shape of the core as well as the wave frequency. Dimensional resonance and skin
depth in magnetic materials are defined by the electromagnetic wave and the properties of the
core. Electromagnetic wave parameters, the attenuation constant, and the wave number define
and quantify high frequency effects within the core. However, precise information on magnetic

materials is mandatory for an in-depth analysis of high quality.
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The calculated skin depths and wavelengths for the four different ferrite materials are

shown in Figure 15 and Figure 16, respectively.
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Figure 15. Skin depth in ferrite vs. frequency based on experimental data.
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Figure 16. Electromagnetic half-wavelength in ferrite vs. frequency based on experimental data.

For all presented materials, the skin depth and wavelength are frequency dependent.
The calculation is based on experimentally measured magnetic material parameters, from a

later chapter. As can be seen in the presented figures, the calculated skin depth as well as the
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wavelength are quite different in relation to the presented materials. What is more, both
parameters drop as the frequency increases. For 3F36, the material skin depth and the half-
wavelength are the highest. Material 3E10 shows the lowest value of the skin depth and the
half-wavelength for the frequency range of 10 kHz up to 20 MHz.

In reality, ferrite skin depth and dimensional resonance occur together and interact
producing an effective resultant flux distribution in the magnetic core. Presenting both
parameters on the one graph, for each tested material, allows for high frequency effect
identification within the magnetic core. The calculated wavelengths and skin depths for 3E10
and 3F36 material are shown in Figure 17. Additionally, the smallest T90 cross-sectional
dimension of the core is indicated on the graph. The ring core T90 has an outer diameter of
90 mm, an inner diameter of 60 mm, and is 20 mm high. The smallest cross-sectional
dimension of the core is 15 mm. For the T90 core, made of 3E10 material, the skin depth is
smaller than half the wavelength for the entire frequency range. Magnetic cores made with
3E10 are dominated by skin depth caused by a combination of magnetic and electric losses.
The electromagnetic wave is attenuated, and there is no dimensional resonance. For the T90
core, made of 3E10 material, skin depth effect within the core is visible at 80 kHz. For the T90
core, made of 3F36 material, wave propagation and attenuation must be considered together.
At
1.7 MHz the smallest core cross-sectional dimension is equal to half a wavelength, while the
core will be dominated by a dimensional resonance. As frequency increases, the skin effect
becomes visible in the core at 2.66 MHz, while above this frequency the losses start to

dominate.
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Figure 17. Electromagnetic wavelength and skin depth in ferrite 3E10 and 3F36.
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1.6 Conclusions

The chapter presents the motivation for the work described in this thesis. Four main
objectives of this thesis were presented and discussed in detail. The advantages arising from
the use of the WBG semiconductors are contrasted with associated challenges. These include
high switching frequencies, and higher rates of voltage transients (dv/df). An analysis
concerning the impact of those challenges on the EMI harmonic spectrum was briefly
described. The WBG semiconductors cause a shift of the EMI envelope to higher frequencies
and create a challenge for the magnetic component design. Successively limitations of the
magnetic material specification, available in the datasheets provided by the manufacturers,
were discussed. Furthermore, it was shown how critical the magnetic material definition may
be for an efficient design process. Based on FEA simulations, it was shown that both the
conductivity and permittivity of magnetic material must be taken into account during
component design processes due to the direct impact of those parameters on the core’s
performance. Finally, a brief discussion was presented on the fundamentals of skin depth and

dimensional resonance in ferrite cores.
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2 HIGH FREQUENCY CHARACTERISTICS OF MN-ZN FERRITES

Abstract - The objective of this section is to develop experimental methods to determine
the high-frequency properties of Mn-Zn ferrites. Magnetic material properties and, at the same
time, material selection, constitute the basis for efficient design processes. As such, the first
step is to accurately identify the high-frequency characteristics of MnZn ferrites. This chapter
focuses on the implementation of new measurement methods as well as on the impact of the
high-frequency effects, such as skin depth and dimensional resonance, on material
characteristics.

Section 2.1 discusses the complex permeability frequency characteristics of Mn-Zn
ferrites. Section 2.2 introduces a method used to determine the complex permittivity frequency
characteristics of the core. Both characteristics, the complex permeability and permittivity, are
examined for various core sizes and materials, including the influence of the temperature and
the compression force. The core power loss analysis in shown in Section 2.3. A brief
conclusion is presented in Section 2.4.

The results of this chapter have been published in the following papers and
presentations:

e M. Kacki, M.S. Rylko, J.G. Hayes, C.R. Sullivan, “Magnetic Material Selection
for EMI Filters,” IEEE Energy Conversion Congress and Exposition (ECCE),
Cincinnati, OH, 2017.

e M. Kacki, M.S. Rylko, E. Herbert, J.G. Hayes, C.R. Sullivan, “Magnetic Core
Dimensional Effects — Flux Propagation in Ferrites,” Workshop on High
Frequency Magnetics organized by PSMA and IEEE PELS, Anaheim, CA,
2019.

e M. Kacki, M.S. Rylko, J.G. Hayes, C.R. Sullivan, “A Practical Method to
Define High Frequency Electrical Properties of MnZn Ferrites,” IEEE Applied
Power Electronics Conference and Exposition (APEC), New Orleans, LA,
2020.

e M. Kacki, M.S. Rylko, E. Herbert, “PSMA-SMA Special Project — Phase II,
Investigation on Magnetic Flux Propagation in Ferrite Cores®, The Power
Source Manufacturers Association Technical Report, 2020.

e M. Kacki, M.S. Rylko, J.G. Hayes, C.R. Sullivan, “Measurements Methods for
High-frequency Characterizations of Permeability, Permittivity, and Core loss
of Mn-Zn Ferrite Cores,” I[EEE Transactions on Power Electronics (Early

Access), July, 2022.
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2.1 Complex permeability characteristic

The analysis of complex permeability frequency characteristics is the primary method
used to assess ferrite material performance at a low magnetic flux amplitude. The complex
permeability is expressed by its real (reactive) component u' and imaginary (dissipative)
component x". Material losses are conventionally modeled as the imaginary component of
complex permeability. Some engineers prefer to use complex permeability to represent the
losses of all types of magnetic cores [34]. In the thesis, the series equivalent circuit is assumed
for all used complex symbols " and ¢" without the identification of the series, or parallel
inductive circuit. Figure 18 shows the equivalent circuit for series representation of complex

permeability as well as the vector diagram corresponding to the series circuit.

ol m

> :
IR

Figure 18. Equivalence of series inductive circuit.

The relation of the complex impedance is represented by the series model, based on

complex permeability, in the following manner:

Z = jwLs + Rs = jwLo (ug — jug) (2.1)
Ls = Lous (2.2)
Rs = Lol 2.3)
tangp = M—s, 2.4)
Hs
NZ2A
L= 2 (2.5)

l

where Z is the complex impedance, Rg and Lg are the series resistance and the series
inductance, respectively, L, is the inductance of the core with unity permeability, w is the

angular frequency, j is the complex operator, 4’ and u” are the real and imaginary
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permeabilities in the series model, ¢ is loss angle (the phase angle between B and H), 4 is the
core cross section, / is the magnetic path length in core and N is the turns number.

During the tests various core sizes are tested, therefore, a customised measurement
fixture is required to measure complex permeability. The fixture features a cylindrical cup
shape that forms a single turn equally distributed around the toroidal core specimen. The
measurement method is based on a short-ended coaxial line and provides accurate results with
a measurement range of up to 1 GHz [35],[36]. Measurements are performed by means of a

Wayne Kerr 6550B analyzer [37].
2.1.1 Complex permeability physical sample size effect

The sample size selection plays an important role in magnetic material testing. The
tested core sample may fall within the range of the electromagnetic wave’s wavelength for the
frequencies of interest; and thus, the developed dimensional resonance may dominate the
measured core parameters [13]-[19]. As far as loss materials are concerned, the propagating
electromagnetic wave is attenuated quickly and the measurements are dominated by the skin

effect. In this section, the determination of the complex permeability is experimentally

TABLE 3. CORE PARAMETERS FOR COMPLEX PERMEABILITY MEASUREMENTS.

Core tvpe Core Dimensions Core cross section Core cross Core
My material ODxIDxH dimension section volume

Unit - mm mm mm? cm?
T 3C95 2x1x2 0.5x2 1.0 0.004

T6 3C95 6x4x2.38 1x2.5 2.8 0.043

T29 3C95 29x19x 10 5x 10 50 3.76
T50 3C95 50x30x19.5 10x 19.5 195 24.50

T86 3C95 86x56x20 15x20 300 66.91
T152 3C95 152 x 104 x 24 24 x 24 576 231.62

D N _H
- OC |
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investigated. In order to expose the core-size effect, an experiment was designed to validate a
number of samples of various sizes as presented in Table 3.

Two custom cores were made, for the purpose of carrying out the experiments. The first
core, of type T152, with an outer diameter of 152 mm, allows one to develop skin effect and
dimensional resonance at a lower frequency. The second is core of type T2 and features an
outer diameter of 2 mm. This is the smallest core which was manufactured for this study and
was identified as free of any dimensional effects.

The calculated skin depths and half-wavelengths for the 3C95 material, as a function of
frequency, are presented in Figure 19. The smallest cross-sectional dimensions for each tested
core are indicated on the graph. The calculation is based on magnetic material parameters,

experimentally measured, and presented at the end of the following section.

1000 A

100

—_

Half wavelength / skin depth (mm)

T2
0 T T T

0.01 0.1 1 10
Frequency f(MHz)

Material 3C95-»2  ====--- Material 3C95 -

Figure 19. Electromagnetic wavelength and skin depth in 3C95 ferrite.

As shown in Figure 19, if the frequency during the measurement taking is higher than
336 kHz for the T152 core, 540 kHz for the T87 core, and 880 kHz for the T50, then the
measured complex permeability shall be dominated by the dimensional resonance as the
smallest cross-sectional dimension is equal to half a wavelength, while the skin depth proves
insignificant. For the T29, the core dimensional resonance as well as skin effects may occur at
the same time. The skin depth is lower than half a wavelength, however, the difference
between both parameters remains small. Therefore, the T29 core attenuation may not be
sufficient to supress the dimensional resonance. For the ring cores T6 and T2, there will be no

dimensional resonance as these cores are too small, while at high frequency the core
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parameters are dominated by skin depth caused by a combination of magnetic and electric
losses.

As a next step, samples presented in Table 3 were tested. The measured real
permeability as a function of frequency for various core sizes is shown in Figure 20, except
for the T2 core whose measurement results are presented later in Figure 23. As can be seen,
the largest core with an external diameter of approx. 152 mm is characterized by the highest
permeability, at the lower frequency, followed by a sharp drop to zero at a frequency of approx.

500 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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Figure 20. 3C95 ferrite real permeability vs. frequency.

The imaginary permeability as a function of frequency for the selected cores is shown
in Figure 21.
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Figure 21. 3C95 ferrite imaginary permeability vs. frequency.

Similarly to real permeability shown in Figure 20, the largest core is affected by the
earliest imaginary permeability peak of the highest magnitude at the frequency of approx.
500 kHz. The imaginary permeability characteristic for the T6 core decreases slowly and
steadily from 1.8 MHz to 20 MHz, while at low frequencies of up to 1.8 MHz a gentle increase
is visible.

The complex permeability characteristic for the two smallest cores is individually
contrasted. T6 and T2 cores are presented in Figure 22, while the plots of real and imaginary

permeability are shown in Figure 23.

Figure 22. T6 and T2 cores to test complex permeability characteristic.
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Figure 23. 3C95 ferrite complex permeability vs. frequency.

As shown in Figure 23, the measured real and imaginary permeability as a function of
frequency for T6 and T2 cores are almost identical. For the T2 core, the real permeability drops
slightly faster above 3 MHz. This is caused by higher losses, which is also visible as higher
imaginary permeability. There are two main reasons as to why this difference is visible. The
first is that the T2 core was machined out of a bigger ferrite block, in contrast to the T6 core
which was pressed and sintered. Therefore, the core was subjected to high mechanical stress
during machining, which may have resulted in unavoidable variations of material properties.
The second reason could be that the measured parameters are very small, and hence an
additional error from the device could have affected the measured parameters.

The dimensions of the tested Mn-Zn ferrites affect the measured core permeability
characteristic; therefore, the selected 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. 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 from the press and
sintering process without additional machining that may affect material parameters. In order
to define the complex permeability of the T6 core, a dedicated test fixture was also developed,
as presented in Figure 23. The test fixture provides one turn equally distributed around the
tested core without any mechanical stress and a reliable connection to measurement device via
a concentric cable. The test fixture may be easy duplicated as it is built with off-the-shelf parts.
Therefore, the material complex permeability characteristic for the T6 core, made of various

materials, could be easily reproduced.
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Figure 24. Short-ended coaxial line to measure the permeability characteristic.

Additionally, the complex permeability vs. frequency characteristics for various core

sizes made of 3F36, 3E65 and 3E10 ferrite material are shown in Figure 25, Figure 26, and

Figure 27, respectively.
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Figure 25. 3F36 ferrite complex permeability vs. frequency.

34



8000 -
T80

T50

=

Z ,

= I\ \\\ N

< 4000 A 1 aT>

(] ! £ \

g I’ //\ vy, N,

5 \ » *

o 1 ’ \ s NN

— { \ 7 \ \ N

a5} i 1 / W \ N

o 2000 s 7 . A

Qﬁ / / ,\\ \ \\
, // ¥ N AR ~
/ P / \\ ~
. 4 S~ ~

04-- - ——
0.01 0.10 1.00 10
Frequency f(MHz)
T6 - p' T29 - p' T50 - p'
----T6-u" - === T29-p" - === T50-p"

Figure 26. 3E65 ferrite complex permeability vs. frequency.
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Figure 27. 3E10 ferrite complex permeability vs. frequency.

In all the tested Mn-Zn materials, the dimensions of the tested samples impact the

accuracy for further calculations.
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measured complex permeability. A proper quality design of magnetic components for high-
frequency applications requires detailed information on the magnetic materials. Tests show
that permeability greatly depends on physical size. The magnetic material complex
permeability is strongly affected by the high frequency effects associated with sample size

increases. Therefore, the smallest cores provide the material data with the highest possible



Appendix A contains experimentally measured complex permeability characteristics for

Mn-Zn ferrites: 3E10, 3F36, 3E65 and 3C95, provided in table format.

2.1.2 Complex permeability temperature effect

Magnetic properties of soft ferrites are sensitive to temperature. In general, the higher
the material permeability, the lower the Curie temperature. The Curie temperature is the
temperature above which thermal agitation overcomes the alignments of magnetic moments
and causes the material to become paramagnetic. In most Mn-Zn ferrite materials, the
permeability increases with rising temperature up to its peak value just below the Curie point,
and then decreases to its function limit at x4, above the Curie temperature. The temperature’s
effect on the complex permeability is shown in Figure 28 and Figure 29 for the 3C95 T6 and
T152 cores. During the measurements of complex permeability at higher temperatures, it is
necessary to control the time to reach the steady-state temperature throughout the ferrite
sample. If this is ignored, the temperature gradient within the sample will have a substantial
effect on the measurements, rendering them unreliable. The temperature during the

measurements of complex permeability was controlled with a thermal chamber.
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Figure 28. 3C95 ferrite real permeability vs. frequency and temperature.
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Figure 29. 3C95 ferrite imaginary permeability vs. frequency and temperature.

As shown in the complex permeability plots, the large ferrite sample show a high

temperature dependency. At a temperature of 100°C, the real permeability peak decreases
from 400 kHz down to 250 kHz. Small samples are less susceptible, rendering the temperature

effect negligible.
Ferrite manufacturers are able to control the permeability change according to the

temperature or achieve the desired permeability for a particular temperature range. This can
be achieved through the controlling of the oxygen partial pressure during the ferrite sintering
process. As a result, the permeability temperature characteristic exhibits a secondary

maximum, which can be placed at any temperature below the Curie Point. Most of the Mn-Zn
ferrites are designed to feature almost the exact permeability at 25°C, and around 100°C,
which is the typical operating temperature for the magnetic components based on the ferrite.
However, in case of special requirements ferrite manufactures are able to control the

permeability change according to the temperature in any way.
Finally, the complex permeability frequency characteristic for two temperatures, for

various core sizes and materials, are shown from Figure 30 to Figure 32. The characteristics

are presented for T6 and T80 cores made of 3F36, 3E65 and 3E10.
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Figure 30. 3F36 ferrite complex permeability vs. frequency and temperature.
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Figure 31. 3E65 ferrite complex permeability vs. frequency and temperature.

38



15000 1 r 15000

T80 - - 100°C T6 - w'-20°C
T80 - u'- 20°C T6 - ' - 100°C
12 000 - 12000 -

T80 - - 20°C =

- >
= T80 - u"- 100°C =
2> 9000 - 9000 ©
= T6 - "= 20°C s
S =

s T6 - u" - 100°C 5
€ 6000 L6000 &
0]

2 g
= §=
&2 3000 3000 &

\ E
)
0 ! | e 0
0.01 0.10 1.00 10.00
Frequency f(MHz)
T6 - u' - 20°C T6 - -100°C = ===T80-p'-20°C -~~~ T80 - p'- 100°C
T6 - u" - 20°C T6-u"-100°C = === T80-u"-20°C -~ - - T80-p"-100°C

Figure 32. 3E10 ferrite complex permeability vs. frequency and temperature.
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2.1.3 Complex permeability force effect

The magnetic core is prone to mechanical stress. Ferrite cores are especially sensitive
to mechanical stress of various origins. Surface stress is present in some ferrite cores as surface
grinding is necessary to achieve the required dimensions or to provide the required surface
finishing. Compression force may be applied due to core clamping, or winding with a high
gauge magnet wire directly on the core. Thermal expansion is also an important factor as it
may both compress and expand the core. High permeability materials have a small total
anisotropy: therefore, stress anisotropy is an important element of the total anisotropy. In
ferrite materials the magnetocrystalline anisotropy is minimized; therefore, the anisotropy as
a result of stress may have the dominant role. When a large mechanical force is applied to the
ferrite core, the stress anisotropy acts against the magnetization. In consequence, changes in
the externally applied stress might generate major changes in permeability [34],[38]. In order
to measure the effect of stress on the ferrite permeability, an additional fixture was built, as
shown in Figure 33. The permeability measurement was performed on a ring core with an
external diameter of 50 mm, an inner diameter of 30 mm, and a height of 19.5 mm with only

one turn.

Strain qauge

Core holder

Magnetic core

Core holder

il \ Impedance Analyzer
connection

Strain qauge

Figure 33. Measurement setup for testing impact of mechanical stress on magnetic permeability.

The impact of the mechanical stress on ferrite material permeability for six MnZn
samples is shown in Figure 34. All the tested ferrite materials: ( 3C95, 3E65, 4560, 3F36,
3E15 and 3E10) have negative bulk magnetostriction; therefore, whenever small stresses are
applied, the permeability rises and then decreases together with increasing force.

Measurements are performed with a Wayne Kerr 6550B analyzer at 10 kHz.
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Figure 34. MnZn ferrite permeability change vs. mechanical pressure based on the experimental data.

As a next step, mechanical stress effect on complex frequency characteristic for three
different T29 cores, made of 3F36, 3E65 and 3E10 ferrite, were tested and the results are
shown from Figure 35 to Figure 37. As show in the figures, the complex permeability is
mechanical-stress dependent. The higher the stress, the more significant the real and imaginary
permeability drop. Material with the lowest permeability, such as 3F36, show the lowest stress

dependence, while the high permeability materials, such as the 3E10, exhibit the highest.
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Figure 35. 3F36 ferrite complex permeability vs. mechanical pressure.
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Figure 36. 3E65 ferrite complex permeability vs. mechanical pressure.
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Figure 37. 3E10 ferrite complex permeability vs. mechanical pressure.
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2.2 Complex permittivity characteristic

Complex permittivity, as in the case of complex permeability, is the second parameter
which should be taken into account during the magnetic material selection process. The
combination of the high permeability and the high permittivity of MnZn ferrite affects the core
high-frequency performance due to the skin effect and dimensional resonance. Therefore,
accurate identification of the magnetic material complex permittivity is essential to provide
high quality physical phenomena modelling and to improve the EMI filter design process.

Complex permittivity describes the material interaction with an electric field. The real
part of permittivity ¢’ defines how much energy from an external electric field is stored in a
material [34]. The imaginary part of permittivity ¢" is called the ‘loss factor’, and it describes
how dissipative or lossy the material is in the presence of an external electric field. In the
thesis, the parallel equivalent circuit is assumed for all used complex symbols ¢’and &" without
the identification of the series or parallel inductive circuit. Figure 38 shows an equivalent
circuit for parallel representation of the complex permittivity, as well as a vector diagram

corresponding to a parallel circuit.

A
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Figure 38. Equivalence of parallel capacitive circuit [34].

The complex admittance can be represented by a parallel model based on complex

permittivity in the following manner:

_ A
Y = jwCp + Gp =jweoE(£,’3 — jep (2.6)
, = el 2.7
SP - SOA ( * )

Gpd o
&p = —_— (2.8)
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where Gp is the measured conductance, Cp is the measured capacitance, &p is the real
component of the parallel relative complex permittivity, € is the imaginary component of the
parallel relative complex permittivity, &, is the vacuum permittivity, d is the tested sample
thickness, A is the test sample cross section, o is the material conductivity, and tand, is the

dielectric loss tangent.
2.2.1 Complex permittivity test setup

The choice of the permittivity measurement techniques depend on many factors, such
as the frequency, the expected value of complex permittivity, the tested material properties
(homogeneous, isotropic) and the form (liquid, powder, solid), as well as the sample size and
temperature. Figure 39 presents a summary of the available measurement techniques with

reference to frequency and loss [39],[40].
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Figure 39. Summary of measurements techniques for material dielectric properties.

As the materials are low loss the most suitable measurement technique for defining the
complex permittivity of Mn-Zn ferrites is the parallel-plate method. This method uses a
parallel-plate capacitor as a sample holder, with the tested material in between. The material
is subjected to an AC source, while the actual voltage and current across the material is
monitored by an LCR analyzer. As a result, the tested material parameters are derived by

knowing the dimensions of the tested samples and by measuring its capacitance and dissipation
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factor. In order to define the ferrite electrical characteristics based on the parallel plate method,
a dedicated test fixture was developed as presented in Figure 40 [41]-[42]. The test fixture has
four exchangeable sets of electrodes that can be used for measuring custom shaped samples:
three electrodes for testing round cross-section samples with diameters 10 mm, 2.4 mm and
1.0 mm, and one electrode for testing rectangular cross-section samples with dimensions of
2.8 and 10 mm. Each electrode is shielded to minimize the effect of fringing fields. Figure 41
shows the electrodes and ferrite samples used for measuring the complex permittivity of Mn-

Zn ferrites.

Dedicated electrodes with WayneKerr 6550B
shielding interface

/. Strain gauge for compression

force control

Figure 40. Measurement fixture to define ferrite permittivity characteristic.

Ferrite sample between two electrodes

Electrodes

Shielding

Figure 41. Electrodes and tested ferrite samples.
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The test fixture is also equipped with strain gauges to control the ferrite stress during
measurements. The permittivity characteristics are measured using a Wayne Kerr 6550B
analyzer up to 20 MHz. During the test, a sample is placed between the copper electrodes to
measure its admittance. All tested ferrite samples have metalized contact surfaces to minimize
contact resistance. Before metallization, test surfaces had been polished, and finally thin layers
of the graphite paint were applied on test surfaces. Open, short and load compensation of the
test fixture is performed before each test. For the short compensation, both electrodes are
shortened by closing the fixture so that both electrodes are in contact. During the open
compensation, the test fixture is loaded with a plastic dummy whose length corresponds to the
tested ferrite length. During the load compensation, the fixture is loaded with a 50 Q resistor

and a 100 pF capacitor.
2.2.2 Complex permittivity physical sample size effect

As with the measurements of complex permeability, physical sample size plays an
important role in the complex permittivity measurements. The size of the tested sample could
be within the range of the electromagnetic wave wavelength for the frequencies of interest.
Thus, the developed dimensional resonance may dominate the measured core parameters.
Eight samples were prepared to demonstrate the influence of sample size on the complex
permittivity characteristics. The sample details are presented in Table 4. Samples differ from

one another in their cross-sectional dimensions, which directly affect the dimension resonance.
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TABLE 4. CORE PARAMETERS FOR COMPLEX PERMITTIVITY MEASUREMENTS.

Core Dimensions Corrs Eris Com Core

Core type material Shape section Cross volume
dimension section
Unit - - mm mm mm? mm?

3C95 - 10 x 3.0 10 78.5 235
Sample 1 Batch 1 e

3C95 (o 10 x 6.0 10 78.5 471
Sample 2 Batch 1 Ry

3C95 o 10 x 12 10 78.5 942
Sample 3 Batch 1 NS

3C95 - 10x 12 10 78.5 942
Sample 4 Batch 2 S

3C95 . 10x28x10 | 10x2.8 28 280
Sample 5 Batch 1 o

3C95 . 10x2.8x10 | 10x2.8 28 280
Sample 6 Batch 2 >

3C95 G Ol 24x24 2.4 4.52 108
Sample 7 Batch 1 )

3C95 (G 0 1.0 x 24 1.0 0.78 18.8
Sample 8 Batch 1 S e

The calculated half-wavelength for the 3C95 material as a function of frequency is
presented in Figure 42. Additionally, the smallest cross-sectional dimension of each tested
sample is indicated on the graph. The dimensional resonance is visible in Sample 1-4 at
900 kHz, in Sample 5-6 at 8§ MHz, in Sample 7 at 15 MHz, while for Sample 8 this frequency
is beyond 20 MHz.
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Figure 42. Calculated half wavelength in 3C95 ferrite.

As anext step, the samples presented in Table 4 were tested in the developed test fixture.
The electrical properties of the tested samples were extracted from the admittance. Plots of
real and imaginary permittivity for the tested samples as a function of frequency are shown in
Figure 43 and Figure 44, respectively. For the tested discs, samples 1 to 4, with a diameter of
10 mm, the real permittivity drops sharply at 1.5 MHz. The dimensional effect for those
samples is also visible in the imaginary permittivity characteristic at 900 kHz, as it starts to
increase. The sample height, in the direction of the applied E field, has little effect on the
measured complex permittivity. As for the tested samples, if the smallest cross-section
decreases, the dimensional resonance frequency increases. For sample 8, as the smallest rod
core that could possibly be manufactured, the real permittivity decreases gradually with
frequency. However, the imaginary part shows a slow growth above 10 MHz, which suggests
that dimensional resonance will occur at higher frequencies. Two sets of samples, sample 3
and 4 as well as sample 5 and 6, were made of two different batches of the 3C95 material. For

those samples, there is almost no difference in the complex permittivity characteristic.
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Figure 44. 3C95 ferrite real permittivity vs. frequency.

As illustrated in both plots, the high-frequency effects are visible in the tested samples,
while the difference in the measured complex permittivity for high frequencies is the result of
the dimensional resonance developed due to the sample size. Samples with the smallest cross
sectional dimension should be selected to measure the complex permittivity characteristics.
However, attention must be paid during core size selection to both core cross-section
dimensions. The core surfaces were polished before the metallization; however, this does not

eliminate the probability that some small air gaps may have formed between the electrodes
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and sample. These air gaps can be a significant source of error as they could create additional
capacitors in series to the tested samples. Core samples with a small cross section help to

minimalize these effects, as high capacitance is achieved by a large plate area.
2.2.3 Data extrapolation at higher frequencies

There are technical limitations to producing core samples of extremely small
dimensions. The manufacturing of small rod cores is not possible for all ferrite materials as
compression forces during the forming process are much smaller than for toroidal cores. As
presented in the previous section, sample 8 is the smallest rod core that could be manufactured
out of 3C95 material. Despite that, the dimensional resonance is still noticeable above 10 MHz.
The dimensional resonance in magnetic materials with higher permeability and permittivity
may occur at lower frequency; therefore, getting reliable material data up to 10 MHz may not
be possible. On the other hand, core modeling requires reliable material data in the frequency
range from 150 kHz to 30 MHz, which is the usual frequency range for the conducted
emissions. For this reason, a measurement extrapolation was used to obtain high quality
material data at higher frequencies. The dimensional-resonance effect can be eliminated by
using an equivalent circuit to extrapolate the measurements. The equivalent circuit assumes
that the parameters extracted out of the sample are examined at a frequency where dynamic
effects are not present and allow the modeling of fundamental core behavior regardless of its
size and operating frequency. The state-of-the art literature provides two equivalent circuit
models for ferrite modelling. The first equivalent circuit is a combination of parallel RC pairs
connected in series to represent a ferrite granular structure. It is also recognized that this model
shows good accuracy in the limited frequency range from 5 kHz to 80 kHz. As a result, the
second equivalent circuit model was proposed based on constant phase elements (CPE) that
replace capacitances in the first equivalent circuit model [43]. The equivalent circuit is a
parallel network of resistance and CPE pairs connected in series to represent the ferrite
granular structure. The CPE is advantageous for modelling an imperfect capacitance, where
the effective capacitance and resistance decrease as frequency increases. The CPE element is
characterized by two parameters: Q and n, for n = 1, the CPE corresponds to a pure capacitor.

The 2-stage equivalent circuit of a MnZn ferrite with CPE is shown in Figure 45.
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Figure 45. Equivalent electrical circuit of a MnZn ferrite based on constant phase element [43].

The complex impedance of the proposed equivalent circuit and its real and imaginary

components are as follows [44]:

Z(w) = f + R (2.10)
1+ (Jo)MQR; 1+ (jw)™20Q;R,

Ry(1 + w™cos (ﬂ)QlRl)

ReZ(w) =
1+ w"QyRy (2 cos () + w™QyRy)
@.11)
Ry(1 + w™cos (52)Q;Ry)
+
1+ w"2Q;R; (2 cos (T52) + w"2Q;Ry)
™R, sin (”—"1) 04R,
ImZ(w) =
1 + w™Q;R, (2 cos( ) ) +w™QyR )
(2.12)

W™ R,sin (ﬂ) 0,R,
14 wmQR,(2 cos( 2 ) + w"2Q,Ry)

The EIS Spectrum analyzer software was used to determine equivalent model
parameters based on the measured core characteristics [44]. 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 resonance. As a general rule,
the selected point is determined by the change of function monotony in the plane of imaginary
vs. real permittivity. Then, the obtained equivalent model will give the natural material
characteristic without core size effects. Real and imaginary permittivity frequency
characteristics based on the CPE equivalent model are shown in Figure 46 and Figure 47,
respectively. Measured data from Sample 5 and Sample 7 may be used for high frequency
extrapolation with the same result. The equivalent circuit parameters for 3C95 ferrite are

presented in Table 5.
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Figure 46. 3C95 ferrite real permittivity vs. frequency based on the CPE.
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Figure 47. 3C95 ferrite imaginary permittivity vs. frequency based on the CPE model.

TABLE 5. 3C95 CPE EQUIVALENT PARAMETERS TO MODEL REAL AND IMAGINARY PERMITTIVITY.

Ri

Qi

ng

R»

Q2

n,
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Seven Mn-Zn ferrite materials were selected to determine the electrical properties. Thus,
the obtained permittivity vs. frequency characteristic provides the material data with the
highest possible accuracy for further calculation. Plots of real and imaginary permittivity as a

function of frequency are shown in Figure 48 and Figure 49, respectively.
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Figure 48. Mn-Zn ferrite real permittivity vs. frequency based on the experimental data.
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Figure 49. Mn-Zn ferrite imaginary permittivity vs. frequency based on the experimental data.

Appendix B contains tabulated complex permittivity characteristic for the Mn-Zn

ferrite.
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2.2.4 Complex permittivity temperature effect

The influence of temperature on ferrite dielectric properties for three selected materials
3C95, 3F36 and 3E10, is shown in Figure 50, Figure 51, and Figure 52, respectively. Ferrite
complex permittivity shows a high temperature dependency similar to the complex
permeability temperature dependency. At temperature increase causes an increase in real
permittivity in the analyzed frequency range. Material 3E10 shows the highest temperature
dependence. Imaginary permittivity also increases with temperature. The biggest parameter

variation is observed at low frequencies for all tested materials.
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Figure 50. 3C95 ferrite complex permittivity vs. frequency and temperature.
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Figure 51. 3F36 ferrite complex permittivity vs. frequency and temperature.
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Figure 52. 3E10 ferrite complex permittivity vs. frequency and temperature.

2.2.5 Complex permittivity force effect

The proposed test fixture is equipped with strain gauges for compression force control.
The force applied during the measurements ensures that the impact of sample contact
resistance is minimized. However, excessive force may cause significant parameter variation.
The compression force influence on the ferrite dielectric properties for three selected materials
3C95, 3F36 and 3E10, is shown in Figure 53, Figure 54 and Figure 55, respectively. Real
permittivity increases with pressure, while the dielectric constant is somewhat complementary
to permeability. Imaginary permittivity shows a small pressure dependence, the biggest
imaginary permittivity variation is visible at the frequency where the dimensional resonance

occurs.
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Figure 55. 3E10 ferrite complex permittivity vs. frequency and tension.

2.3 Power losses

Accurate core loss prediction is an essential part of the magnetic component design
process in power electronics applications. State-of-the-art methods are based on the sinusoidal
excitation loss measurement for small cores with an external diameter of 29 mm. This
constitutes a foundation for the widely-used Steinmetz equation [34]. However, the Steinmetz
equation parameters are provided as constants regardless of the core shape and size, which is

counter intuitive to the findings presented in section 2.1.
2.3.1 Loss tangent

The primary method to validate and assess the ferrite core performance is the magnetic
loss tangent which is based on frequency characteristics of the complex permeability at a low-
field amplitude. As shown in Section 2.1, the dimension of the tested Mn-Zn ferrites affects
the measured complex permeability and thus the power loss itself. Figure 56 shows the
magnetic loss tangent for 3C95 material measured for three core sizes. The loss tangent curves
show that the magnetic loss tangent for the tested cores are nearly equal at low frequency, and
as frequency increases, the loss tangent also increases, but disproportionally. The magnetic
loss tangent in the larger core increases much faster than in the case of the small core, and for

the T87 core, at 500 kHz, it is 5 times higher than for T29.
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Figure 56. The magnetic loss tangent vs. frequency for 3C95 material based on experimental data.

2.3.2 Performance factor

One of the most popular parameters to compare material losses as a function of
frequency is the performance factor [46]. The multiplication of the maximum allowed flux

density, B, and the sinusoidal frequency, f, describes the performance factor PF:

PF=B-f (2.13)

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. The performance factor is also included in Faraday’s Law and describes the

effective cross sectional area of the core:

A = VRMS\/E — VRMS\/Q
" 2m-B-fN  2m-PF-N

(2.14)
where A is the effective core cross section, Vpys is the rms value of the voltage across the
winding and N is the number of turns.

The core size and operating frequency have strong impacts on the power losses. In order
to show this dependency three core samples, T29, TS50 and T87 made of 3C95 ferrite material,

were tested.
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The core losses were measured with the two-winding method, including an adjustable

compensation capacitor to cancel the reactive voltage [47]. The measurement setup and

windings arrangement are presented in Figure 57. The test system is powered by a signal

generator with amplifier ARS00A3B, while the voltage and current are measured with a

Tektronix MSO56 oscilloscope, equipped with two TIVHO8 voltage probes and a TCP0030A

current probe [48].

Tested core

o

Power
Source

Figure 57. Core power loss measurement setup with sinusoidal excitation.

Performance-factor frequency characteristics for various core sizes for 3C95 material

are shown in Figure 58. The performance factor curves for 3C95 material show that the power

loss density for the tested cores are nearly equal at low frequency, up to 100 kHz. As 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 T87 core are 35% higher than for

T29.
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Figure 58. The performance factor vs. frequency for 3C95 material.

59



2.3.3 Power loss under the rectangular excitation

The magnetic loss tangent and power factors curves show a strong loss variation for the
different core sizes. There is an indication that the state-of-the-art methods become insufficient
due to the input data based on one core size. As a consequence, a decision was made to perform
a preliminary investigation of the core size effect on power losses at a high field amplitude.
In modern power electronics systems, the voltage across the inductors and transformers shows
a rectangular shape, therefore the core losses described in this section are measured for
rectangular wave excitation as well.

In order to measure core losses, the B-H loop measurement is evaluated as the most
suitable [49],[50]. Among other advantages, this approach offers fast measurements
(compared to other methods, e.g., calorimetric measurements) and good accuracy.
Furthermore, copper losses are excluded from the measurements by means of two windings
placed around the tested core. The sense winding (secondary winding) voltage, Vpur, is

integrated to calculate the core flux density, B, defined as:

t

1
0

The current in the excitation winding (primary winding) is proportional to the magnetic

field strength H as follows:

i(t) = ' (2.16)

The simplified schematic and a photo of the power stage are shown in Figure 59. The
test system includes a power stage, a power supply, an oscilloscope and a computer with

Matlab [51].
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Figure 59. Schematic and photo of the core loss test setup.

The backbone of the system includes two development boards PEC2001C, with each
board containing two GaN FET transistors in a half bridge configuration with Texas
Instrument’s LM5113 gate driver, a power supply, and a bypass capacitor [52]. The boards
also provide all the necessary components together with a layout for optimum switching
performance, including various probe points for waveform measurements. The test setup may
be easily duplicated, as the detailed schematic diagram and PCB layout are shown in Appendix
C. The power stage is capable of a maximum input voltage of 60 V, output current of 10 A,
and a switching frequency of up to 500 kHz. The developed test setup allows an application
of a general rectangular voltage wave with variable duty cycle as well as asymmetric
rectangular wave with constant volt-seconds, in each half of the waveform. The test system is

controlled by Matlab, while voltage and current are measured with a Tektronix MSO56
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oscilloscope, equipped with a TIVHOS8 voltage probe and a TCP0O030A current probe [47]. The
measured waveforms together with calculated energy and the B-H loop at a single operating

point, =100 kHz, Vv =9 V are illustrated in Figure 60.
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Figure 60. Waveforms used by the Matlab program to calculate core losses at each
operating point [53].

Core losses under the rectangular excitation were measured for three different core
samples, T29, T50 and T87, made of 3C95 ferrite material. All tested cores were subjected to
the same core flux density at each frequency. Figure 61 shows a Herbert curve in which core
losses per unit volume are plotted as a function of frequency to illustrate the core size effect
on power losses. The Herbert curves for the 3C95 material show that the power loss density
for the tested cores is nearly equal at low frequencies [54]. In addition, if the frequency
increases, the power losses decrease to the minimum at 150 kHz. Further frequency increases
cause the power losses to increase. The power losses in the T87 core are much higher than in
the case of the T29 core. An additional feature of the Herbert curve, which increases its
attractiveness, is the direct identification of optimum operating frequency for the core,

showing at the same time core losses at other operating points.
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Figure 61. Herbert curve, power loss density vs. frequency for 3C95 material.

Magnetic losses in ferrite cores cannot be accurately calculated from published loss
curves, as they do not account for performance deterioration with size. The magnetic loss
tangent frequency characteristics show core loss increases up to the frequency where
dimensional resonance is visible. Measurement with a higher field amplitude shows a local
loss minimum at low frequency which is not visible in the low-field amplitude characteristic.
Therefore, further in-depth analysis is required to quantify this effect, as the increase in eddy
current losses could dominate the measurements at high field amplitude and suppress the
dimensional resonance. It may lead to the conclusion that dimensional resonance has a

significant effect on EMI filters that by nature operate at much lower signal levels.

2.4 Conclusions

A design of magnetic components intended for high-frequency applications requires
detailed information on magnetic materials. This chapter outlined the measurement methods
used to determine the critical material parameters. The results of the tests produced a
significant observation that permeability, permittivity, and power loss vary with the physical

core size. In general, the performance deteriorates as the size increases. The performance drop
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in permeability and power loss is seen at lower frequencies for large size cores. 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 vs. frequency.
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3 MODELLING OF MAGNETIC FIELD DISTRIBUTION IN MN-ZN

FERRITE CORES

Abstract - This chapter presents a comprehensive investigation of magnetic flux
distributions in Mn-Zn ferrite cores. As the performance of the material is known from chapter
2 we can now develop specific models to calculate the flux distribution for specific core
shapes. FEM analysis is known as the high-fidelity method for magnetic flux calculation;
however, it is burdened with substantial calculation time. Therefore, two additional methods
which both simplify the calculation process, and also retain the merit of a detailed analysis of
the magnetic flux distribution, are presented: (i) the 1-D analytical model and (ii) the shell-
based transmission-line model. The detailed analysis of the magnetic flux distribution, based
on each model, is presented across a range of selected core sizes and materials. The accuracy
of the models is validated by comparison with experimentally measured characteristics of
complex permeability.

Section 3.1 presents a short introduction to a detailed analysis of the magnetic flux
distribution in Mn-Zn ring cores, based on the complex material characteristics. Section 3.2
outlines the 1-D model capturing the impact of the skin depth and dimensional resonance on
the magnetic flux distribution. Section 3.3 discusses a novel, intuitive shell-based transmission
line model. The results of the magnetic flux analysis, based on FEM modelling, are presented
in Section 3.4. A practical aspect of the analysis is discussed in Section 3.5, while a brief

conclusion is presented in Section 3.6.

The results of this chapter have been published in the following papers and
presentations:

e M. Kacki, M.S. Rylko, J.G. Hayes, C.R. Sullivan, “Analysis and Experimental

Investigation of High-frequency Magnetic Flux Distribution in Mn-Zn Ferrite

Cores,” IEEE Transactions on Power Electronics (Early Access), August,

2022.
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3.1 Introduction

In order to design magnetic components for high frequency, high power applications,
detailed information on the magnetic core performance is required. The magnetic material tests
show that the core properties such as permeability, permittivity and power loss deteriorate as
the core size increases; thus, in order to have good quality input data for core modeling, it is
necessary to measure the frequency characteristic for each of the considered core sizes as well
as the material. This approach is not only laborious but also time-consuming as the considered
core shapes must be available before the design process is started. What is more, it requires
the engineer to possess a large database with the core characteristics for various shapes and
materials. Alternatively, a specific model that predicts core performance based on reference
material characteristics can be employed. Such a model must provide an analytical
interpretation of the magnetic material performance over frequency and physical size,
including high-frequency effects such as skin depth and dimensional resonance. Therefore,
two alternatives to the FEM calculation methods for detailed analyses of the magnetic flux
distribution are introduced: the 1-D analytical model and the shell-based transmission-line

model.

3.2 1-D analytical field distribution model

3.2.1 Theory

The analytical model (3.1) has previously been developed for the magnetic field
calculation within an infinite ferrite plate [S5], [56]. The plane is infinite along the y and z
axes, and finite along the x axis, as shown in Figure 62. The equation allows for the modeling
of the electromagnetic wave propagation in lossy materials, suitable for ferrite materials. The
solution of the Maxwell's equations for a sinusoidal source magnetic field H of a linear,
homogeneous, and isotropic material yields the expression (3.1), below. Further analyses are

carried out with those assumptions.

)

Hy(x) = Hy——— 3.1)
jkd
cos (T

k=aw/@ —ju)(E —je") (3.2)
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where d is the ferrite thickness, & is the complex wave propagation constant, ¢ is the speed of
the light in a vacuum, H, is the boundary-condition value of the magnetic field on the two

infinite surfaces of the ferrite plate, and H,, is the calculated value of the magnetic field.

0= 20 A/m

7

Ferrite thickness

Figure 62. Ferrite infinite plate for analytical calculation of the flux distribution in the core.

Equation 3.1 shows that the magnetic field distribution within the infinite ferrite plate
depends on complex material properties through a propagation constant, and ferrite plate
thickness, d. Since the material properties are frequency dependent, the resultant magnetic
field distribution must also be frequency dependent. The flux density B(x) in the analyzed core
plate is related to the H(x) field through the permeability of the core. Core losses are modeled
by the material complex permeability and permittivity. Therefore, the magnitude of the flux
density, at any point in the core, is the result of an in-phase real part and out-of-phase

imaginary part.
3.2.2 Results

As part of the first phase, the equation is used to model the field distribution in two
specific ferrite materials: 3F36 and 3E10. The ferrite plate thickness and the considered
frequency range are individually selected for each material to illustrate the high frequency
effects.

The calculated real and imaginary components of the magnetic field for the 3F36
material in an infinite ferrite plate with a thickness of 15 mm, and a magnetic field of 20 A/m
are shown in Figure 63 and Figure 64, respectively. The real part of the magnetic field within

the 3F36 ferrite core is uniform, and in phase with the source field at low frequencies. At

67



approximately 1 MHz, there is a noticeable peak in the magnetic field due to dimensional
resonance. As frequency increases, the magnetic field drops sharply. The imaginary part of the

magnetic field shows a significant loss increase in the frequency range between 1 and 2 MHz.
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Figure 63. Calculated real field component within 15 mm ferrite plate of 3F36 material.
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Figure 64. Calculated imaginary field component within 15 mm ferrite plate of 3F36 material.

Figure 65 and Figure 66 show the real and the imaginary components of magnetic field
plotted at a constant frequency of 1 MHz for ferrite plates with a varying thickness ranging

from 5 mm to 40 mm.
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Figure 65. Calculated real field component within ferrite plate for various thicknesses of 3F36
material.
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Figure 66. Calculated imaginary field component within ferrite plate for various thicknesses of 3F36
material.

Figure 64 and Figure 65 show that if the thickness of the ferrite plate is low, the magnetic
field is uniform and in phase with the excitation field. The plots indicate that a dimensional
resonance is established for a specific core size and frequency. In order to maximize the effect
of the 3F36 material permeability in a real application operating at 1 MHz, the core cross
section dimension should not exceed 20 mm, where the magnetic field shows a noticeable
peak. The loss peak is visible in the core when the cross-section dimension is equal to 24 mm.

The calculated real and imaginary component of the magnetic field for 3E10 material

in an infinite ferrite plate with a thickness of 10 mm, and an excitation field of 20 A/m is
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shown in Figure 67 and Figure 68, respectively. For the 3E10 material, the frequency is limited

to 500 kHz while the ferrite thickness is set to 10 mm.
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Figure 67. Calculated real field component within 10 mm ferrite plate of 3E10 material.
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Figure 68. Calculated imaginary field component within 10 mm ferrite plate of 3E10 material.

The magnetic field within the 3E10 ferrite plate gradually decreases as the frequency
increases. The onset of the skin effect starts at 100 kHz. In this case, the frequency above
100 kHz is considered high, since the magnetic field is concentrated around the outer core
surface at higher frequencies and becomes weaker in the core center. Analytical results for the
3E10 ferrite look similar to the classic high-frequency current distribution in a rectangular

conductor. The imaginary part of the magnetic field shows a significant loss increase in the
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frequency range between 200 kHz and 500 kHz. However, the loss peak is 3 times lower than
for the 3F36 material shown in Figure 66. The magnetic field change in the analyzed frequency
range for the 3E10 material is moderate as opposed to the 3F36 material which is degraded
significantly due to dimensional resonance.

Figure 69 and Figure 70 show real and imaginary magnetic fields plotted for a constant

frequency of 250 kHz for a 3E10 ferrite plate of variable thickness from 5 mm to 40 mm.

N “\:{\\‘:'{
TR
""\ ¢

R
3
T

20 -

=
1

e

Real(H) within the ferrite (A/m)

=== === == m-m- ===

T T m

wa
b

o B T 00 cerWE

F . - v
errite thickness g (mm)

Figure 69. Calculated real field component within ferrite plate for various thicknesses of 3E10
material.
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Figure 70. Calculated imaginary field component within ferrite plate for various thicknesses of 3E10
material.
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The plots indicate that only small ferrite cores, with a cross-sectional dimension of up
to 6 mm, show uniform flux distribution free from skin effects. The peak of the loss shown in
the imaginary component of the magnetic field is visible for the core with a cross-sectional

dimension of 12 mm.
3.2.3 Experimental validation

The field distribution plots, presented already above, depict a relation between the size
of the core, frequency, and the complex material characteristic, as well as its impact on the
core’s overall performance. Although, the presented characteristics indicate material
performance, the practical application requires that the complex permeability characteristics
should be related to the selected core. In order to show this dependency, the complex
permeability characteristics, for three core sizes: T29, T50, and T80 of outer diameter 29 mm,
50 mm, and 80 mm, respectively, made of two materials 3F36 and 3E10, are compared with
the 1-D analytical calculation results. Detailed dimensions of the cores are presented in

Table 6.

TABLE 6. CORE PARAMETERS USED FOR ANALYTICAL CALCULATION VERIFICATION.

Core tvpe Core Dimensions Core cross section Core cross Core
yP material ODxIDxH dimension section volume
Unit - mm mm mm? cm?
SE10 29x19x10 10 3 3.96
x 19x10.5 5x10.5 5 .
29 3F36
3E10
T50 50x30x 14 10x 14 140 17.59
3F36
3E10
T80 80x45x17.5 17.5x17.5 306 60.13
3F36

The 1-D analytical equation was used to calculate the magnetic field for an infinite
ferrite plate. The thickness of the plate corresponds to the lowest cross-sectional dimension of

the tested cores, shown in Table 6. In order to compare the achieved results the complex
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permeability for each sample is measured and normalized with respect to the initial

permeability for real permeability, and to a maximum value for imaginary permeability. For

the calculated field distribution, the magnetic field within the ferrite is integrated over the

ferrite thickness and normalized in the same way as measured data. The generated complex

permeability characteristics for 3F36 cores are shown in Figure 71 and Figure 72, while for

the 3E10 cores the characteristic are shown in Figure 73 and Figure 74.
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Figure 71. 1-D model calculated and measured normalized real permeability vs. frequency for 3F36
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Figure 72. 1-D model calculated and measured normalized imaginary permeability vs. frequency for

3F36 ferrite cores.
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Figure 73. 1-D model calculated and measured normalized real permeability vs. frequency for 3E10
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Figure 74. 1-D model calculated and measured normalized imaginary permeability vs. frequency for
3E10 ferrite cores.

The 1-D analytical equation, based on the complex material characteristics, follows the
experimental results with a relative accuracy of +/- 10% for the samples with the core cross
sectional area shape ratio 1:1. Moreover, it should be stated that the peak of the characteristics
is well represented. Therefore, the 1-D model is a good indication of the measured

characteristic. The best accuracy is achieved for the biggest core, T80, while the lowest
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accuracy is achieved for the T29 core, for both materials. The T29 core falls out of the range
due to the core cross-sectional area shape ratio of 2:1. The T80 cores have a square core cross-
sectional area, therefore the smallest core cross-sectional dimension used for the magnetic
field calculation is the same in both directions and represents a complete field distribution
within the core. In the case of the T29 core, the thickness of the ferrite plate was set to 5 mm,
while in the other direction, the core height amounts to 10 mm, and the field distributions are
different. Therefore, the core shape ratio constrains the 1-D approach to limited core cross

sectional area shape ratio.
3.2.4 Conclusions

The plots presented, show that the core frequency characteristic can be modelled and
predicted based on the idealized one-dimensional analytical model. The best accuracy is
achieved for the biggest core with the lowest for the smallest cores. Both tested materials show
similar frequency dependency. In each calculation case the materials’ complex permeability

and permittivity are key input parameters.
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3.3 Core transmission line model

The transmission line model, TLM, with multiple variants is known for the modeling of
high-frequency eddy-current effects in power transformers [56]-[58], and the wave
propagation modeling in cables, and machine windings [59],[60]. However, the available

publications that deal with modeling of ferrite cores are limited [61].
3.3.1 Theory

The core’s circuit transmission-line model is especially intuitive to electrical engineers.
The calculation can be applied in any circuit simulator and can also be easily incorporated into
simulation of a higher-order system. The principle-based approach consists in sectioning the

magnetic core, as shown in Figure 75, while existing methods describe the core as a bulk.

Figure 75. Magnetic core conceptually divided into five concentric shells.

Concentric shells, adequately small in size, can precisely reproduce unequal magnetic
flux distributions due to the core skin and dimensional-resonance effects. The transmission
line schematic is shown in Figure 76. The core elements are modeled by means of a network
of series inductance L., and resistance R;., per shell with shunt capacitance C-., and resistance

R>.,. The RLRC network is combined into the lumped section of the transmission line.
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Figure 76. Schematic of the core transmission line model.
The TLM parameters are related to the core geometry as follows [58]:
1, N2A
Ly = P e (33)
Le
" A
Ry, = u'Low (A—”) (3.4)
Cc
. (A
Lin=plg (A—”) (3.5)
Cc
R = ls—n (3.6)
2T e eowl Ax '
‘ol
L = f0er 3.7)
lsn

where Ag, is the cross-sectional area of the shell n, A, is the entire core cross section, g, is the
shell mean path length, [, is the magnetic core path length, # is the shell number, and Ax is the
shell thickness.

The transmission line model uses a magnetic core modeled by concentric shells. The
number of shells is related to the model accuracy: the higher the number of shells, the better
the calculation accuracy. The TLM accuracy for a T50 core of 3F36 material at a frequency

range up to 10 MHz for various number of shells is shown in Figure 77.
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Figure 77. Calculated normalized permeability vs. frequency for T50 3F36 ferrite core for variable
shell number.

The effect of the number of shells on the calculated permeability is shown in Figure 77,
while the average relative error is shown in Figure 78. The average error is calculated with
reference to the permeability characteristic calculated for fifty shells. Further number of shells
increase does not results in error decrease. Each material and core size required an individual
approach to the shell number selection, and the number of shells is increased until the relevant

average error is achieved.
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Figure 78. Average relative error vs. number of shells for 3F36 T50 ferrite core.
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3.3.2 Results

As part of the first phase, the TLM is used to model the field distribution in the T50
cores made of two ferrite materials: 3F36 and 3E10. The calculated real and imaginary
permeability for the 3F36 TS50 core is shown in Figure 79 and Figure 80, respectively and
plotted vs. frequency and shell number. The T50 core is arbitrarily divided into five concentric
shells. Just as in the case of 1-D modeling, the results of each section are normalized to the
initial permeability for real permeability, and to the maximum value for imaginary

permeability.
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Figure 79. Calculated normalized real permeability for a T50 core of 3F36 material.
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Figure 80. Calculated normalized imaginary permeability for a T50 core of 3F36 material.
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As can be seen in the figures, the inner shell S; shows a stable complex permeability
characteristic up to 6 MHz. The dimensions of this section are only 2 x 2.8 mm. As the shell
number grows, the real permeability drops faster, while the peak of the imaginary permeability
rises and then plummets.

In the second step, the TLM is used to model the field distribution in the T50 made of
3E10 material. The calculated real and imaginary permeability are shown in Figure 81 and
Figure 82, respectively and plotted vs. frequency and shell number. The calculated
characteristics for the T50 core are presented in exactly the same way as for the 3F36 material.
The real permeability characteristic within the 3E10 ferrite core gradually decreases as the
frequency increases. As the number of shells grows, the real permeability characteristic drops
faster, while the peak of the imaginary permeability characteristic becomes more and more

visible.
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Figure 81. Calculated normalized real permeability for a TS50 core of 3E10 material.
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Figure 82. Calculated normalized imaginary permeability for a T50 core of 3E10 material.

3.3.3 Experimental validation

The transmission-line model is used to calculate the frequency-dependent permeability
characteristics for the cores presented in Table 6. Each magnetic core was arbitrarily divided
into fifteen concentric shells in order to minimize the calculation error. However, the shell
number shall be determined individually for each material and core size by means of the
accuracy error criterion as discussed in section 3.3.1. Generated complex permeability
characteristics for 3F36 cores are shown in Figure 83 and Figure 84, while for the 3E10 cores
they are shown in Figure 85 and Figure 86. The core transmission line model based on the
complex material characteristics correlates well with the measured characteristic. The relative
accuracy of +/- 5 % is achieved for the T50 and T29 cores, made of 3F36 material, when
recreating the real permeability measured characteristic. The peak of the imaginary
permeability characteristics is also well represented; however, oscillations are visible when
the calculated characteristics drop to 30 % of the peak value. For the 3E10 material, the best
representations of the real and complex permeability characteristics are achieved for the T29
core. The shape pf the cross-sectional area of the cores does not have a negative impact on the

core’s transmission line model accuracy as in the 1-D model.
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Figure 84. TLM calculated and measured normalized imaginary permeability vs. frequency for 3F36

ferrite cores.
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Figure 85. TLM calculated and measured normalized real permeability vs. frequency for 3E10 ferrite
cores.
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Figure 86. TLM calculated and measured normalized imaginary permeability vs. frequency for 3E10
ferrite cores.

3.3.4 Conclusions

The shell-based transmission-line model is based on a sectioned magnetic core. It was
shown that concentric shells, adequately small in size, can precisely reproduce unequal
magnetic flux distributions. Calculated characteristics were compared with experimentally
measured core characteristics. The model shows a very good correlation with measurements.

The peaks of the real and imaginary permeability characteristics are also well represented.
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3.4 Magnetic core FEM modeling

The permeability vs. frequency characteristic does not provide any detailed information
on the flux distribution in a ferrite core. The Finite Element Method (FEM) enables us to
visualize the flux distribution in the core. An analysis is performed using the Maxwell 3D
eddy-current field solver. The first simulation of the T50 core is performed for the 3F36
material at 1.7 MHz, as shown in Figure 87. A large amplitude flux is concentrated in the inner

part of the core’s cross section for the 3F36 material as a result of the dimensional resonance.
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Figure 87. FEA results of RMS magnetic flux distribution in the T50, 3F36 ferrite core at 1.7 MHz.

In the second simulation, the 3E10 material is selected, and the magnetic flux
distribution at 0.3 MHz is shown in Figure 88. The magnetic flux density distribution has an
analogy to the current distribution in a conductor. The magnetic flux is concentrated in the
outer circumference while the core center exhibits flux density weakening. In the inner part of

the core, the magnetic flux flows in an opposite direction.
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Figure 88. FEA results of RMS magnetic flux distribution in the T50, 3E10 ferrite core at 0.3 MHz.
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3.4.1 Experimental validation

Maxwell 3D is used to calculate the frequency dependent permeability characteristics
for the cores presented in Table 6. As discussed earlier in Section 3.2, the normalized real
values of the resultant simulated magnetic permeability characteristic are compared with the
normalized experimentally determined complex permeability characteristic. The generated
complex permeability characteristics for 3F36 cores are shown in Figure 89 and Figure 90,

while the characteristics for the 3E10 cores are shown in Figure 91 and Figure 92.
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Figure 89. FEM simulated and measured normalized real permeability vs. frequency for 3F36 ferrite
cores.
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Figure 91. FEM simulated and measured normalized real permeability vs. frequency for 3E10 ferrite
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Figure 92. FEM simulated and measured normalized imaginary permeability vs. frequency for 3E10
ferrite cores.

As can be seen from the plots, the simulated complex permeability accords with the
measurements. An exact match is achieved at low frequencies for all simulated cores and
materials. The real permeability characteristic drop is well reproduced with a relative accuracy
of +/- 2 %. The imaginary permeability characteristics are also accurately represented, except
for the T80 core, made of 3F36 material, where the simulated characteristic is shifted in
relation to the measurements. The core frequency characteristics are interpolated based on 18
points from the simulation. Discrepancies in the characteristics emerge at high frequencies.
The simulated complex characteristic, regardless of material and core size, slowly decreases
as the frequency increases. Improvement may be achieved if the software is changed from
Maxwell 3D to HFSS [61], as it is the frequency range where the wave effect may dominate

the flux distribution.

3.5 Practical aspects of experimental and analytical approaches

A comparison of the three methods for magnetic flux analysis, based on the 1-D
analytical equation, the circuit transmission-line model, and the FEM for the 3F36 T50 core is
shown in Figure 93. The analysis show a good accuracy in relation to the measurements. The
calculated permeability characteristics, based on the methods presented, show permeability
peaks at the same frequency as the measurements in most cases. However, the calculated
permeability peak, based on the FEM model, is about 20% higher than the measured one. The

calculated permeability characteristic, based on the transmission line model, is 8% lower at
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the frequency range between 1 and 1.8 MHz in relation to the measurement, but shows the

best overall correlation.
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Figure 93. Calculated and measured normalized real permeability vs. frequency for 3F36 T50 ferrite
core.

Selecting the right model by way of a comparison between the calculations and the
measurements is challenging. Input data for each model constitutes a dataset of ferrite
frequency characteristics based on the complex permeability and permittivity presented in
section 2. Owing to the nature of the magnetic material, the complex permeability and
permittivity parameters may vary with a tolerance of + 20%. It was assumed during the
calculations that the input material characteristics are nominal for all the tested materials.
However, the material data for the reference core presented in Table 8 is unknown and cannot
be extracted without a significant error. Therefore, the TLM model was used to calculate the
tolerance envelope of the real permeability characteristic for the 3F36 T50 core. Results are
shown in Figure 94. The envelope outlines the absolute worst case of all possible combinations
of the material parameters without factoring in the probability of the occurrence. The measured
and the analytical and TLM-related characteristics are within the envelope. Therefore, these
models may be considered a good indicator of the high-frequency effects in the ferrite core.
Four boundaries can be distinguished on the real permeability envelope in case of the T50
core. Boundaries number one and two represent the real permeability characteristic peak. The
highest peak is achieved for the material with the highest real permeability and permittivity in
combination with the lowest losses represented by imaginary components. The lowest peak is

achieved through opposite material properties; the lowest permeability and permittivity
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combined with the highest loss. Boundaries number three and four represent a characteristic
shift. The lower the complex characteristic of the material, the more stable the real
permeability characteristic is. If the core is made from a material in its upper limit of tolerance,

the characteristic drops at lower frequencies.
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Figure 94. Calculated and measured normalized real permeability vs. frequency for 3F36 T50 ferrite
core including tolerance analysis.

3.5.1 Calculation error

Four simple types of errors are now calculated to assess the quality of the each discussed
model, as shown in Table 7. The first error is calculated by comparing the calculated and
experimental real permeabilities at 10 kHz. The second error is calculated by comparing the
modeled and experimental real permeabilities at 500 kHz for 3F36 and 50 kHz for 3E10,
frequencies where we see the high-frequency effects beginning to impact. The third error
compares the peak real permeability values. The fourth error is calculated by comparing the

modeled and experimental frequencies at peak real permeability.
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TABLE 7. MODEL ERRORS.

Material T80 T50 T29 T80 T50 T29 T80 T50 T29
1-D analytic model TLM model FEA model
Calculated permeability at 10
3F36 1593 1592 1587 1593 1696 1638 1603 1610 1586
kHz
Measured permeability at 10
3F36 1600 1600 1600 1600
kHz 600 600 600 600 600
Error at 10 kHz 3F36 -0.40 % -0.50 % -0.80 % -0.44 % 1.97 % 239% 0.20 % 0.60 % -0.90 %
Calculated permeability at
3F36 1925 1701 1628 1691 1742 1650 2069 1667 1792
500 kHz
Measured permeability at 500
3F36 1814 1689 1632 1814 1689 1632 1814 1689 1632
kHz
Error at 500 kHz 3F36 6.14 % 0.73 % -0.29 % -6.74 % 3.15% 1.09 % 14.1 % -1.28 % 9.77 %
Calculated permeability at
3F36 3544 2832 2163 2813 2594 1911 3712 2736 2112
peak
Measured permeability at
3F36 2918 2268 1894 2918 2268 1894 2918 2268 1894
peak
Error at peak 3F36 21.4% 24.8% 142 % -3.59 % 14.3 % 0.94 % 272 % 20.6 % 11.5%
Calculated peak frequency
3F36 1.114 1.767 2.821 1.562 2.113 3214 0.900 1.600 2.000
(MHz)
Measured peak frequency
3F36 1.072 1.725 2.095 1.072 1.725 2.095 1.072 1.725 2.095
(MHz)
Frequency error at peak 3F36 391 % 243 % 34.6 % 45.7 % 22.4% 53.4% 16.1 % 724 % 4.53 %
Calculated permeability at 10
3E10 10006 9957 9917 9990 10040 10080 10030 9950 9940
kHz
Measured permeability at 10
3E10 10000 10000 10000 10000 10000 10000 10000 10000 10000
kHz
Error at 10 kHz 3E10 0.06 % -0.43 % -0.83 % -0.10 % 0.40 % 0.80 % 0.30 % -0.50 % -0.60 %
Calculated permeability at 50
3E10 10133 10217 10121 10080 10159 10081 10120 10010 9960
kHz
Measured permeability at 50
3E10 10478 10381 10253 10478 10381 10253 10478 10381 10253
kHz
Error at 50 kHz 3E10 -329% -1.58 % -129% -3.79 % 2.13% -1.67 % -3.41% -3.57% -2.85%
Calculated permeability at
3E10 10137 10523 10830 10080 10446 10759 10150 10090 10040
peak
Measured permeability at
3E10 10633 10640 10693 10633 10640 10693 10633 10640 10693
peak
Error at peak 3E10 -4.65 % -1.09 % 1.28 % -5.19 % -1.82% 0.61 % -4.53 % -5.16 % -6.10 %
Calculated peak frequency
3E10 52.180 99.320 183.63 54.661 111.72 235.78 60.000 70.000 125.00
(kHz)
Measured peak frequency
3E10 69.218 78.760 112.34 69.218 78.760 112.34 69.218 78.760 112.34
(kHz)
Frequency error at peak 3E10 24.6 % 26.1 % 63.4 % 21.0 % 41.8 % 109 % 133 % 11.1 % 11.2 %
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3.5.2 Calculation time

One additional aspect of the methods discussed is the calculation time. Table 8 shows
the calculation time necessary to generate the real permeability characteristic for the T50 core,
made of the 3F36 material. The calculation time is the lowest for the TLM method, while the
highest for the FEM method. Almost two days are needed for a single FEM calculation. The
basis of the comparison is a workstation equipped with Intel Xeon W-2133 3.6 2666 MHz 6C
CPU and 64 GB DDRA4.

TABLE 8. CPU TIME FOR CALCULATION T50, 3F36 FERRITE CORE REAL PERMEABILITY
CHARACTERISTIC.

Analysis type Nurzﬁz;azfg?sigzs on Calculation time

1-D analytical 800 5.1s
TLM 800 3.8s
FEM 18 43.5h

3.6 Conclusions

High-frequency effects, such as the dimensional resonance and the skin effect within
the core can be modelled and predicted based on the aforementioned models. These models
are used to investigate the skin depth and the dimensional resonance. In addition, the clear
impact of these phenomena can be observed in various materials and core sizes. Each method
has its strengths and weaknesses; however, taking into account the calculation time, the TLM
method should be further developed in order to reduce the calculation error, and raise the
possibilities of visualising the flux distribution in the core. The TLM method is easily
incorporated into a simulation of a higher-order system which can significantly improve the

EMC simulation of the entire power converter.
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4 NOVEL EXPERIMENTAL VALIDATION OF FLUX DISTRIBUTION

IN A FERRITE CORE

Abstract - This chapter presents the novel method developed for the experimental
validation of the magnetic flux distribution in ferrite cores. The complex permeability
characteristic discussed in earlier chapters provides information on the core’s overall
performance without any details on the flux pattern. To date, only the FEM calculations have
been able to visualize the flux distribution in the core. The purpose of this investigation is to
verify the FEM flux pattern. Experimental data compares and contrasts various effects such as
the dimensional resonance, the skin effect and the core’s geometry. The experimental flux
verification is based on a precisely bored ferrite core. During the experiment, sense windings
are inserted into the bored holes to determine the flux and phase shift of each of the core
segments.

Section 4.1 introduces two verification methods intended for a detailed analysis of the
magnetic flux distribution. Section 4.2 shows the results of the magnetic flux distribution
based on a simplified two-shell method. Section 4.3 discusses the magnetic flux distribution

based on the more accurate four- shell method. A brief conclusion is presented in Section 4.4.

The results of this chapter have been published in the following papers and
presentations:

e M. Kacki, M.S. Rylko, E. Herbert, “PSMA-SMA Special Project — Phase I,
Investigation on Magnetic Flux Propagation in Ferrite Cores®, The Power
Source Manufacturers Association Technical Report, 2018.

e M. Kacki, M.S. Rylko, E. Herbert, J.G. Hayes, C.R. Sullivan, “A Study of Flux
Distribution and Impedance in Solid and Laminar Ferrite Cores,” IEEE Applied
Power Electronic Conference and Exposition (APEC), Anaheim, CA, 2019.

e M. Kacki, M.S. Rylko, E. Herbert, “PSMA-SMA Special Project — Phase II,
Investigation on Magnetic Flux Propagation in Ferrite Cores®, The Power
Source Manufacturers Association Technical Report, 2020.

e M. Kacki, M.S. Rylko, J.G. Hayes, C.R. Sullivan, “Analysis and Experimental
Investigation of High-frequency Magnetic Flux Distribution in Mn-Zn Ferrite
Cores,” IEEE Transactions on Power Electronics (Early Access), August,

2022.
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4.1 Introduction

The 1-D analytical model together with the TLM well represent the complex
permeability frequency characteristics of the tested cores. The dimensional resonance and the
skin effects have a clear and visible impact on the core performance. What is more, the FEM
method renders the flux distribution within the ferrite core visible, thus exposing the source of
the core’s low performance at high frequencies. This chapter proposes an experimental method
for validating the magnetic flux distribution in ferrite cores. The experimental validation of
the flux distribution is the final confirmation of the presence of high frequency core effects
such as the dimensional resonance and the skin effect [19]. Input material characteristics are
the key parameters for the core’s high frequency modelling. Therefore, the experimental
validation of the flux distribution also constitutes the validation of the input data. Two
verification methods are presented for a detailed analysis of the magnetic flux distribution: the
simplified one, and one based on four shells drilling the core. In addition, the results are
intended for laying the foundations for further discussion to introduce a standardized testing

procedures for magnetic cores [63].

4.2 Verification of TS50 flux distribution — “two shells” core drilling
scheme
4.2.1 Core preparation

For the sake of the first approach, two T50 ferrite cores, made of two materials: 3E10
and 3F36, are selected to validate the analytical calculations and FEM results for the flux

distribution. Detailed dimensions of the cores are presented in Table 9.

TABLE 9. CORE PARAMETERS USED FOR FLUX DISTRIBUTION VERIFICATION — TWO SHELLS

Core tvpe Core Dimensions Core cross section Core cross Core
yP material ODxIDxH dimension section volume
Unit - mm mm mm? cm?
3E10
T50 50x30x 14 10x 14 140 17.59
3F36
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In order to measure the magnetic flux, three sets of bores were made in the each selected
core. One set of bores consists of two vertical bores and one horizontal bore of 0.65 mm

diameter each, as shown in Figure 95.

4,6 | 183 33

Figure 95. T50 drilled core dimensions.

Two vertical bores and one horizontal divide the magnetic core into nine sections as
shown in Figure 96. During the experiment, the main source winding encloses the entire core
while the sense windings are inserted into the bored holes to determine the flux and the phase
shift of each of the core segments. It is assumed that the flux distribution is symmetrical within
the core, therefore the flux measured in the sections Ss, S5, and S7 is equal to the flux described
in the section S3, S>, as well as S;. In order to facilitate the presentation of the results, the nine
sections are grouped into two; the inner section A, which corresponds to the flux measured in
section Sy, and the outer section B, which is the sum of the flux measured in sections from S;

to Ss.

Section B

Section A

One horizontal bore

Two vertical bores

Figure 96. T50 core drilling scheme with section arrangements .
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The measurement system setup and the winding arrangement are presented in Figure
97. The Agilent 33220A arbitrary waveform generator controls the amplifier AG 1017 L [64],
which supplies the reference winding. The Tektronix oscilloscope DPD 3034 is used for data

acquisition [48]. This test setup allows the cores to be tested at frequencies up to 1.5 MHz.

Oscilloscope

Signal

Generator —| Amplifier

Figure 97. Measurements setup for magnetic flux distribution test.

The manner in which the flux of the section Sy is defined is presented below. As many
as four steps are needed to determine the flux density of section Sy. In the first and the second
steps, voltages V; and V; are successively measured using the core configuration shown in

Figure 98.

Figure 98. Winding configuration to measure voltage ; and V> .

In the third step, the voltage corresponding to section Sy is achieved by subtracting V>
from V. In the final step, the flux is calculated as a function of the sinusoidal voltage and

frequency for N =1 as follows:
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ng = V1 - Vz = VlM Sln((l)t + (pl) - VZM Sln(wt + (pz) (41)

Voo Vs

Dg9 = Agg* Bgg = AS9W = ﬁ
S9

4.2)

where Vgq is the calculated voltage corresponding to section So, Vi, is the maximum value of
the voltage measured for section S, ¢4is the phase of the voltage measured for section Sy, Vs,
is the maximum value of the voltage measured for section S>, ¢, is the phase of the voltage
measured for section S», @gq is the magnetic flux corresponding to section Sy, Agq is the section
Sy cross-section, and Bgg is the magnetic flux density corresponding to section So.

The excitation voltage is changed for different frequencies to increase magnetic flux for
higher frequencies. In order to eliminate the change in the obtained flux density, the flux

density should be normalized by dividing by the main flux density at each frequency:

Ba(f)

Magnetic flux density ratio(f) = WG]
ALL

4.3)

where B, is the magnetic flux density corresponding to section S4, and Bg;; is the magnetic

flux density corresponding to entire core.
4.2.2 Experimental validation

For the T50 core, made of 3E10 material, the magnetic flux density ratios for Sections
A and B are shown in Figure 99, with the associated phase in Figure 100. As can be observed,
the flux in the inner core part starts decreasing above 300 kHz, while the flux in the outer core
part increases at the same time. The experimentally-obtained flux distributions confirm the
analytical calculations and the FEM analysis. The magnetic flux is concentrated in the outer
circumference while the core center exhibits flux density weakening. Magnetic cores made of
3E10 are dominated by the skin depth caused by the combination of high magnetic and

electrical losses.
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Figure 99. Magnetic flux density ratio in section A and B for 3E10 T50 core.
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Figure 100. Phase in section A and B for 3E10 T50 core.

The corresponding voltage waveforms for the excitation in Section A and Section B for
four selected frequencies 100 kHz, 500 kHz, 1 MHz and 1.5MHz are presented in Figure 101
and Figure 102. At 100 kHz both voltages for the section A and B, are in phase with the
excitation voltage. As frequency increases, the phase shift for the inner core part also increases.

At 1.5 MHgz, the voltage representing the magnetic flux for inner core part is out of phase with
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reference to the excitation voltage. In this core part, the magnetic flux flows in an opposite

direction. As the frequency increases, the phase shift for the section B remains the same.

|—Excitation voltage| Excitation voltage|

Section A voltage
| —Section B voltage

Section A voltage
[—Section B voltage

Voltage (V)
Voltage (V)

0 5 10 15 20 0 0.5 1 1.5 2 2.5 3 35 4
Time (us) Time (ps)

a) b)
Figure 101. Measured voltages for T50 3E10 core at (a) 100 kHz and (b) 500 kHz.

Voltage (V)
s v
Voltage (V)

&

. . 0 0.2 0.4 0.6 0.8 1 1.2
Time (ps) Time (1)

a) b)
Figure 102. Measured voltages for T50 3E10 core at (a) 1 MHz and (b) 1.5 MHz.

For the T50 core, made of 3F36 material, the magnetic flux density ratios for sections
A and B are shown in Figure 103, with the associated phase in Figure 104. The magnetic flux
in the inner core part starts increasing gradually with frequency, while the flux in the outer
core part is stable at the same time. Also in this case, the experimentally obtained flux
distribution confirms the analytical calculations and the FEM analysis. The flux is stronger
and concentrated in the inner part of the core cross section. For the 3F36 material in the
considered frequency range, the flux distribution is dominated by dimensional resonance. At
higher frequencies, as the losses increase, the skin effect becomes visible in 3F36 T50 core as

well.
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Figure 103. Magnetic flux density ratio in section A and B for 3F36 T50 core.
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Figure 104. Phase in section A and B for 3F36 T50 core.

Corresponding voltage waveforms for the excitation in Section A and Section B for the
four selected frequencies 100 kHz, 500 kHz, 1 MHz and 1.5MHz, are presented in Figure 105
and Figure 106. Voltage for Sections A and B are in phase with the excitation voltage at 100
kHz. At 500 kHz, 1 MHz and 1.5 MHz, the phase shift for Section B is constant and equal to

5°. At higher frequencies, the phase shift which refers to inner core part starts to increase.
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Figure 105. Measured voltages for T50 3F36 core at (a) 100 kHz and (b) 500 kHz.
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Figure 106. Measured voltages for T50 3F36 core at (a) 1| MHz and (b) 1.5 MHz.

4.3 Verification of the flux distribution — “four shells” core drilling

scheme

4.3.1 Core preparation

The second method for flux verification is also based on bored holes. However, in order
to increase measurement accuracy, the number of drilled holes is tripled. The flux distribution
in the magnetic core is measured using a higher resolution. Simultaneously, besides the T50
cores, the flux distribution is measured in the T80 cores which shows skin and dimensional

resonance effects at lower frequencies. Detailed core dimensions are presented in Table 10.
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TABLE 10. CORE PARAMETERS USED FOR FLUX VERIFICATION

Core tvpe Core Dimensions Core cross section Core cross Core
yP material ODxIDxH dimension section volume

Unit - mm mm mm? cm?
3E10

T50 50x30x 14 10x 14 140 17.59
3F36
3E10

T80 80x45x17.5 17.5x17.5 306 60.13
3F36

Each tested core has three sets of bores, one set consists of two vertical, and one
horizontal bore, each 0.65 mm at diameter. The drilled core is shown in Figure 107. Each bores

set is shifted relative to each other to avoid reducing the core cross section.

Figure 107. Tested core with drilled three sets of holes.

Correct placement of sense winding is both time consuming and challenging. Therefore,
the method used for the permanent sense winding placement is defined as follows. A thin
auxiliary wire with a 0.05 mm diameter is inserted into each vertical bore. At the end of each
auxiliary wire, a small loop is made. The wires are inserted into the bores until the loops are
in line with the horizontal hole. The sense winding is threaded into the vertical bore and
through all the loops from the previous step. Finally, the auxiliary wires which are inserted
into the vertical holes are pulled out together with the sense winding. A tested core with a

permanent sense winding is shown in Figure 108.
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Figure 108. Tested core with sense winding.

With additional bores, the measured flux characteristic can be presented in four sections

instead of two. Core sections are shown in Figure 109.

Section D
Section C
Section B
Section A

Figure 109. Section arrangement in tested cores based on the 4 shells drilling shame.

4.3.2 Experimental validation

The procedure for calculating the magnetic flux in the core is the same as for the
previous tests. The normalized magnetic flux density distributions in each section of the T50
core, made of 3E10, at 1 MHz are shown in Figure 110. Similar to the previous results for the
T50 core, the magnetic flux is concentrated in the outer part of the core, with the core center
exhibits flux density weakening. It should be noted that the measurements show the averaged

flux density for each region, and thus the effect of core reluctance cannot be shown.
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Figure 110. Magnetic flux density ratio in the each section for the 3F36 T50 core at | MHz.

In the next step, the magnetic flux distribution is presented for the frequency range of
50 kHz to 1.5 MHz. The four-shell core drilling scheme increases the measurement accuracy
and allows for magnetic flux 3D representation. The results for the magnetic flux density
change for the 3E10 cores are shown in Figure 111 and Figure 112, while the results for the
3F36 cores are shown in Figure 113 and Figure 114. The 3E10 material is more subject to the
core skin effect, which results in a frequency-dependent non-uniform flux distribution. For
both cores in the three internal sections, the flux decreases together with the frequency. For
the outer Section A, the flux increases along with frequency. Similar to the complex
permeability characteristics, the large T80 core is characterized by an early and dynamic flux

density drop.
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Figure 111. Magnetic flux density ratio in the each section for the 3E10 T50 core.
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Figure 112. Magnetic flux density ratio in the each section for the 3E10 T80 core.

For the 3F36 material, the operating frequency range for which the flux distribution
within the core is constant, is extended up to 900 kHz for the TS50 core, and up to 500 kHz for
the T80 core. At higher frequencies and in relation to the three internal sections, the flux
increases together with the frequency, while for the outer section there is a decrease in both of

the tested cores.
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Figure 113. Magnetic flux density ratio in the each section for the 3F36 T50 core.
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Figure 114. Magnetic flux density ratio in the each section for the 3F36 T80 core.

The mesh of the holes, applied in both methods, allows us to assess the flux distribution
in the magnetic core. The results of the flux propagation, as discussed above, starting from the
simple three-hole model up to the advanced four-section model confirms that magnetic flux
distribution is affected by the frequency-dependent dynamic effects such as eddy currents and
the wave propagation effect.

The three-hole model may be a subject for further discussion on the approach to the

standardized test for magnetic material properties.

4.4 Conclusions

The non-uniform magnetic flux distribution has been experimentally validated for two
Mn-Zn materials: 3F36 and 3E10. It is observed that in a high-permeability material, such as
3E10, the magnetic flux undergoes a skin effect that is analogous to that in ohmic conductors.
At high frequency, the magnetic flux in the core’s middle sections may flow in an opposite
direction to the equivalent flux in the core. Lower permeability materials, such as 3F36, show
a magnetic flux increase in the core’s middle section caused by the wave propagation effects

of a dimensional resonance.
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5 A NOVEL LAMINATED FERRITE CORE

The objective of this section is to propose a core structure that can overcome the unequal
flux distribution and the EMI filter degradation caused by the skin and dimensional resonance
effects. A laminated Mn-Zn ferrite ring-core structure is proposed to improve the flux
distribution as well as the core frequency characteristics. This chapter presents the results of a
complex permeability characteristic comparison between laminated and solid ferrite cores.
The lamination performance for various magnetic materials as well as for various core sizes is
compared and contrasted. Finally, two single-phase common-mode chokes based on the solid
and laminar ferrite cores are built and compared experimentally.

Section 5.1 presents the initial FEA investigation into the effects of laminations. Section
5.2 discusses the effect of lamination thickness on core performance. Section 5.3 investigates
the performance effect of core stacking. Section 5.4 presents results for different material
types. The impact of lamination on core size is investigated in Section 5.5. Section 5.6 presents

the results from a two-stage EMI filter.

The results of this chapter have been published in the following papers and
presentations:
e M. Kacki, M.S. Rylko, E. Herbert, J.G. Hayes, C.R. Sullivan, “A Study of Flux
Distribution and Impedance in Solid and Laminar Ferrite Cores,” IEEE Applied
Power Electronic Conference and Exposition (APEC), Anaheim, CA, 2019.
e M. Kacki, M.S. Rylko, E. Herbert, “PSMA-SMA Special Project — Phase II,
Investigation on Magnetic Flux Propagation in Ferrite Cores,” The Power
Source Manufacturers Association Technical Report, 2020.
e M. Kacki, M.S. Rylko, “Core assembly having magnetic properties for an
electrical device, and throttle comprising such a core assembly,” patent

application W0O20200015962A1.
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5.1 Finite-Element Analysis

Cores made of electrotechnical steel are often assembled to form a stack of insulated
laminations, enabling the applied field to penetrate each lamination. The lamination thickness
should be smaller than the skin depth for the required operating frequency. It has been known
for decades that this method eliminates eddy-current losses in iron-based cores. Eddy-current
losses in laminated cores are reduced by a factor 1/n% where n is the number of laminations,
as the path of the induced electric field is closed in each lamination [65]-[68]. Since traditional
laminations are made of conducting material, the ferrite is perceived as a high-impedance bulk
body. However, as is clear from earlier chapters, the ferrite bulk core also suffers from
significant dimensional effects. Laminating the ferrite core can mitigate these effects and

improve filter performance [19],[68]-[69].

Figure 115. Ferrite eddy current reduction by lamination.

The FEA simulations are initially performed to quantify the effect of laminations on
flux distribution in the ferrite ring core. The FEA calculation uses a 3-D eddy-current field
solver. The analysis is performed at 500 kHz, while the simulation is based on the material
characteristics developed in the second chapter of this thesis. The simulation results are shown
in Figure 116. Intuitively, in the solid core, the magnetic flux is concentrated in the outer
circumference while the core center exhibits flux density weakening due to the skin effect.
The laminated core, on the other hand, merely shows a low magnetic field change. Since the

core is a closed toroid in shape, it is also prone to reluctance effects along its radius.
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Figure 116. FEA results of the flux distribution in the solid and laminated ferrite ring core.

Detailed plots of the magnetic flux density amplitude along the core radius are presented

in Figure 117.
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Simulation 1 - Solid core ~  ======- Simulation 2 - Laminated core

Figure 117. FEA modeling of the field distribution in solid and laminated ferrite ring cores.

At the considered frequency, high-frequency effects are developed in the solid core,
while the laminated core flux distribution is simply dominated by the reluctance effect. At 500
kHz, the laminated core magnetic flux density gradually decreases along the cross section of

the core, while the high-frequency effects are not visible.
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5.2 New lamination thickness effect on core performance

The laminated core structure divides the conduction path into sub-regions that reduce
the high-frequency effects. For such structures, the upper end of the frequency range is limited
by the minimum lamination size. The lamination thickness impacts the core’s complex
characteristic at high frequencies. Thin laminations shift the skin and dimensional resonance
effects to higher frequencies. The minimum lamination thickness is limited by the material
grain size, shape and technology; the typical minimum core thickness is approximately 1.5
mm. The real permeability characteristic retains its stability at higher frequencies, while the
eddy current losses are simultaneously reduced, which is visible in the reduced peak of the
imaginary permeability characteristic. In order to investigate the impact of the lamination
thickness on the performance of the core, the complex permeability for the T50/30/14 core,
made of two materials, 3F36 and 3E10, is measured and contrasted with the core assemblies
of two, four and six laminations stacked together to form a magnetic core with the same size
and volume. Figure 118 shows the examined cores. Core lamination thickness varies from 2.3
mm up to 7 mm, while the overall core thickness remains intact. Ferrite laminations are not
insulated from one another in contrast to the state of the art laminated electrotechnical steel
which uses oxide film, or insulating varnish to insulate each lamination. The ferrite core
surface layer tends to oxidize during sintering process and is considered as a nonmagnetic

surface later. This oxidation layer is enough to insulate the ferrite laminations [70].

Figure 118. T50 cores to test lamination thickness impact on core performance.

The impact of the core lamination thickness on the 3F36 ferrite real and imaginary
permeability components is shown in Figure 119 and Figure 120, respectively. As can be
observed, the core with the smallest lamination shows the best performance. The real
permeability characteristic is extended from 3 MHz to 15 MHz, while the loss peak of the
imaginary permeability characteristic is reduced by half. Lamination thickness does not affect

the magnetic performance of the core at low frequencies.
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Figure 119. 3F36 ferrite real permeability vs. frequency for various lamination thicknesses.

4000 -

6 Laminations

4 Laminations

W

(=3

(=3

(=)
!

2 Laminations

1 Lamination

2000 A

Imaginary permeability p"

1000 -
0 - et .
0.01 0.10 1.00 10.00
Frequency f(MHz)
1 Lamination =~ eeeeeeeeeees 2 Laminations - = = = 4 Laminations =~ ====--- 6 Laminations

Figure 120. 3F36 ferrite imaginary permeability vs. frequency for various lamination thicknesses.

The effect of lamination thickness on the 3E10 ferrite real and imaginary permeability
is shown in Figure 121 and Figure 122, respectively. Again, some improvement is visible in
high permeability materials such as the 3E10. The real permeability characteristic is extended
from 1 MHz to 2 MHz, while the loss peak of the imaginary permeability characteristic is

reduced by 30%.
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Figure 121. 3E10 ferrite real permeability vs. frequency for various lamination thicknesses.
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Figure 122. 3E10 ferrite imaginary permeability vs. frequency for various lamination thicknesses.
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5.3 Modularity of laminated cores

Thin core laminations allow for an easy stacking up to the desired core height. In this
section, the effect of lamination stacking, which increases the core cross-section, is examined.
Reference inductance as well as impedance frequency characteristics are measured for a single
lamination with the thickness of 2.3 mm. In the next step, the core cross section is doubled by
an additional lamination, and in the final step, once again, the core cross section is doubled by

adding extra laminations. Figure 123 shows cores used for this test

Figure 123. Cores used to test the effect of core modularity.

The outcome is presented in Figure 124 and Figure 125 for the 3F36 material, and in
Figure 126 and Figure 127 for the 3E10 material. As the cross section of the core increases,
both materials show proportional increases in inductance and impedance. Such a feature can
significantly improve the magnetic component design process by the degree of design
modularity. The CMC based on the laminated core can be easily scaled with frequency and

power, as the dimensional resonance effect is mitigated within the considered frequency range.

112



Inductance L (uH)

2 A
4x T50/30/2.3
2x T50/30/2.3

1 x T50/30/2.3

DN

0 T T T
0.01 0.10 1.00 10.00

Frequency f (MHz)

1xT50/3012.3 e 2 x T50/30/2.3 - - =--4xT50/30/2.3

Figure 124. 3F36 ferrite inductance vs. frequency for various number of laminations.
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Figure 126. 3E10 ferrite inductance vs. frequency for various number of laminations.
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Figure 127. 3E10 ferrite impedance vs. frequency for various number of laminations.

5.4 The effect of magnetic material selection on the lamination

Ferrite properties such us permeability and permittivity have direct impacts on the
frequency characteristics of the core, as both the skin effect and the dimensional resonance

depend on these parameters. Therefore, laminating will also show the different impacts on the
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core performance for different materials. A laminated core, made of several Mn-Zn ferrite

materials, is tested in this section. The measured real and imaginary components of

permeability are shown in Figure 128 and Figure 129, respectively.
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The complex permeability characteristic for each material is measured based on the
T50/30/14 core, and its counterpart assembled with six laminations. Laminating significantly

improves the frequency characteristic and reduces the power losses for all selected materials.

5.5 Core size effect on the lamination

The effect of core size on the lamination was identified as the last, but not the least
point, to be validated. Previous chapters show that the core’s size has a strong impact on the
solid core’s high-frequency performance. In order to investigate this effect, the complex
permeability characteristic for three bulk core sizes: T29, T50, and T80, made of two materials,
3F36 and 3E10, are compared with their laminated counterparts. The laminated cores are
stacked together from smaller cores with a thickness of 3.5 mm. The T29 laminated core is
stacked out of 3 laminations, while the T50 uses 4, and the T80 uses 5 laminations. Figure

130 shows the cores used for this test.

J29 T50

Figure 130. Cores used to test the core size effect on lamination performance.

T80

The complex frequency characteristics are presented in Figure 131 and Figure 132 for
the 3F36 material, and in Figure 133 and Figure 134 for 3E10 material. As can be observed,
the laminated cores, regardless of their size and material, show significant improvement in the
frequency characteristic. The laminated T80 core maintains its performance up to 6 MHz for
the 3F36 material, exactly the same as the T29 solid core. The measured real permeability
characteristic for the T29 bulk core, made of the 3F36 material, drops to zero at 6 MHz, while

the laminated core keeps its characteristic up to 11 MHz. The biggest improvement in the
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imaginary permeability characteristic is visible in the T80 core. A significant loss increase,
visible in the 3F36 material and caused by dimensional resonance, is reduced by half, and

shifted to higher frequencies.

4000 -
T80 Solid
T50 Solid
3000 1 T29 Solid
= " T80 Laminated
1
EP 1\ .
= ;o T50 Laminated
S ! ‘ T29 Laminated
’ . t
8 2000 A , "l, ’\ aminate
= ' f
-
Q
(W
E
o2 1000
0 T
0.01 0.10 1.00
Frequency f(MHz)
T29 Soild  ===e--- T50 Soild - - - - T80 Solid
T29 Laminated ~  ====--- T50 Laminated - = = = T80 Laminated
Figure 131. 3F36 ferrite real permeability vs. frequency for various core sizes.
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Figure 132. 3F36 ferrite imaginary permeability vs. frequency for various core sizes.
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Figure 133. 3E10 ferrite real permeability vs. frequency for various core sizes.
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Figure 134. 3E10 ferrite imaginary permeability vs. frequency for various core sizes.

5.6 Verification of the flux distribution in laminated ferrite core

In order to investigate the flux distribution in the laminated ferrite cores, two bulk and
two laminated T50 cores, made of two materials, 3F36 and 3E10, are selected to measure flux

distribution. The laminated cores are stacked together from laminations of a thickness of
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3.5 mm. Each tested core has three sets of bores. One set consists of two vertical, and one
horizontal bore, each 0.65 mm at diameter. The four-shell core drilling scheme, and the
procedure for calculation of the magnetic flux in the core is discussed in detail in Section 4.3.
The results of the magnetic flux density for the 3E10 material is shown in Figure 135 and in

Figure 136 for solid and laminated cores, respectively.
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Figure 135. Magnetic flux density ratio in the each section for 3E10 T50 solid core.
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Figure 136. Magnetic flux density ratio in the each section for 3E10 T50 laminated core.

As can be seen, the solid T50 core mode of 3E10 material, shows frequency-dependent
non-uniform flux distribution due to the skin effect. The flux strongly decreases together with
the frequency in the three internal sections, while flux increase is visible in the outer core

section. Magnetic flux in the laminated ferrite core is relatively stable up to 1.2 MHz in all
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sections. For the outer section, the flux starts to slowly increase with frequency above 1.2
MHz, while for the three internal core sections minor flux weakening is visible. The frequency,
in which the flux distribution within the core is constant, is extended from 200 kHz up to 1.2
MHz by core laminations. The validated magnetic flux distribution for 3F36 material is shown

in Figure 137 and in Figure 138, for solid and laminated cores, respectively.
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Figure 137. Magnetic flux density ratio in the each section for 3F36 T50 solid core.
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Figure 138. Magnetic flux density ratio in the each section for 3F36 T50 laminated core.
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Substantial improvement is visible in the magnetic flux distribution for the laminated
core. The ferrite laminations overcome the dimensional resonance effect visible in the solid
core. Magnetic flux in the laminated core is stable up to 1.5 MHz. while in the solid core strong
flux increase is visible in the inner core sections. In the solid core the magnetic flux is stable

up to 0.4 MHz.

5.7 Single phase EMC filter based on the laminated ferrite core

In order to show the differences between the solid and laminated cores in a potential
application, four single phase common-mode chokes are built. The designed choke is shown
in Figure 139, while the basic construction parameters are presented in Table 11. The
construction details are identical for all the chokes, except for the core. The turns are wound

in single layers to reduce the winding effects on the impedance characteristic.

Figure 139. Common-mode choke built to test laminated ferrite cores.
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TABLE 11. COMMON MODE CHOKE PARAMETERS.

Parameter Unit | Design 1.1 Design 1.2 Design 1.3 Design 1.4
Core material Mn-Zn ferrite | Mn-Zn ferrite Mn-Zn ferrite Mn-Zn ferrite
! ) 3E10 3E10 3E10 3E10
Core dimension 50x30x2.8x5|50x30x2.8x5
ODxIDx H mm S0x30x 14 S0x30x 14 5 laminations 5 laminations
Material - 10 000 10 000 10 000 10 000
permeability
Core cross mm> 140 140 140 140
section
Core volume cm? 17.6 17.6 17.6 17.6
Core mass g 88 88 88 88
Number of turns - 8/phase 8/phase 8/phase 8/phase
Wire t ) 1.8 mm 1.8 mm 1.8 mm 1.8 mm
¢ type Cu wire Cu wire Cu wire Cu wire
Wire mass g 60 60 60 60
CM Inductance mH 1.19 1.15 1.05 1.11
DM Inductance pH 4.1 42 4.1 43
Rated DM A 20 20 20 20
current
DC resistance mQ 2.12/phase 2.23/phase 2.14/phase 2.15/phase

The measured choke inductance and impedance frequency characteristics are shown in

Figure 140 and Figure 141, respectively. The laminated CM choke, in comparison to the solid

core, has improved its performance in the frequency range between 200 kHz and 20 MHz.

Compared to the CMC based on solid cores, the laminated choke impedance is doubled in the

frequency range between 1 MHz and 20 MHz, while both chokes have the same size.
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Figure 141. Tested common-mode chokes impedance vs. frequency.

As a final step, the designed common mode chokes are integrated into a two-stage EMI
filter to demonstrate the laminated core advantages in the filter structure. The EMI filter
schematic is shown in Figure 142, while the component specifications are presented in

Table 12.
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Figure 142. Schematic of the two stage EMI filter.

TABLE 12. EMI FILTER COMPONENT SPECIFICATION.
Component Description

Common mode choke — solid core

Design 1.1 and Design 1.2

Common mode choke — laminated core

Design 1.3 and Design 1.4

Capacitor Cx

4.7 puF - Kemet F863RL475M310ALWOL [71]

Capacitor Cax

2.2 pF - Kemet FR63FL225MK310ALWOL

Capacitor Cyy, Cay, Csy, Cyy

22 nF - Epcos B32022A3223M [72]

A photo of the EMI filters is shown in Figure 143. Both PCBs used for the comparison

are identical. The detailed schematic diagram and PCB layout are shown in Appendix E.

The measured common-mode insertion loss characteristic for the two EMI filters is
shown in Figure 144. The evaluation shows that the proposed laminated ferrite structure
indicates significant attenuation improvement in the frequency range between 200 kHz and

20 MHz. Above 1 MHz, the difference is about 10 dB, while both filters maintain the same

size.
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Figure 144. EMI filters common-mode insertion loss vs. frequency.
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5.8 Conclusions

Laminated cores, made of selected Mn-Zn ferrite materials, were tested and compared
with their solid counterparts. The effect of magnetic material and core size on laminations was
investigated by comparison of complex permeability. In all cases, the laminated ferrite core
improves the frequency characteristic and reduces power losses. The laminated Mn-Zn ferrite
ring core shows a significant improvement in the flux distribution, as well as in the core
frequency characteristics. The proposed core structure can overcome the unequal flux
distribution caused by skin and dimensional resonance effects. The proposed laminated ferrite
structure shows significant improvement of the impedance characteristic while maintaining
the same core size, and so allows for a smaller component with the same properties as the bulk

one. The availability of laminated cores opens up broad horizons for EMI filter design.
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6 CONCLUSIONS AND FUTURE WORK

This chapter presents a summary of the findings of each chapter presented in this thesis.
The work presented in this thesis is focused on the analysis, the identification, and the
experimental verification of the high-frequency effects within the magnetic core used in high-
frequency, high-power electromagnetic interference filters. A significant part of this work is
devoted to defining the electrical properties of magnetic materials, magnetic flux modeling,
and the experimental validation of the novel core structure that can overcome the unequal flux

distribution observed in EMI filters.
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6.1 Chapter Summaries

6.1.1 Chapter 1

Chapter 1 presents the motivation for the work described in this thesis. The continuous
drive for energy conversion improvement focuses on the introduction of the new wide-
bandgap semiconductors. The benefits of the new semiconductors include higher switching
frequencies, higher rate of voltage (dv/df) and current transients (di/dt), as well as higher power
density. However, all the advantages arising from using the new semiconductors create a
challenging for EMI filtering and the design of magnetic components. High frequency effects,
such as the skin effect and dimensional resonance start to dominate the ferrite cores used in
the EMI filters. The aforementioned high-frequency effects very often render the design
processes inefficient, make the EMI filter oversized, and ultimately overpriced. As a result,
this thesis focuses on the analysis, the identification, and the experimental verification of the
high-frequency effects within the magnetic core. The identification of these effects is not
possible without detailed magnetic material characteristics. Therefore, this dissertation also
introduces methods to determine the Mn-Zn ferrite properties at high frequencies.

Four main objectives of this thesis were presented. They were (i) to propose a method
to determine the high frequency properties of Mn-Zn ferrites, (ii) to present a comprehensive
investigation of magnetic flux distributions in Mn-Zn ferrite cores based on the analytical
1-D and TLM models, as well as FEM simulations, (iii) to develop a method for experimental
validation of the magnetic flux distribution in the ferrite cores, and (iv) to propose a core
structure that can overcome unequal flux distribution and improve the overall EMI filter
performance.

The advantages arising from the use of the WBG semiconductors are contrasted with
associated challenges. These include high switching frequencies, and higher rates of voltage
transients (dv/dt). An analysis concerning the impact of those challenges on the EMI harmonic
spectrum was briefly described. The most important finding coming from this analysis is that
the high-frequency content of the signals examined is significantly affected by the changing
rise/fall times, as well as the switching frequency. The high-frequency signal spectra are
significantly more determined by the rise/fall times than by the fundamental frequency of the
waveforms. The WBG semiconductors cause a shift of the EMI envelope to higher frequencies
and create a challenge for the magnetic component design.

The selection of the magnetic material is key for successful magnetic component design.
Limitations of the magnetic material specifications, available in the datasheets provided by the
manufacturers, were discussed in detail. Furthermore, it was shown how critical the magnetic

material definition is for an efficient design process. It was shown that both the conductivity
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and permittivity of magnetic material must be taken into account during the component design
processes due to the direct impact of these parameters on the core’s effective permeability,
impedance and inductance. Only the identification of all magnetic material properties can
allow for a precise estimation of the flux distribution in the ferrite core.

A brief discussion was presented on the fundamentals of skin depth and dimensional
resonance in ferrite cores. It was shown that the dimensional resonance as well as the skin
effect are dependent on the size and shape of the core and the wave frequency. Dimensional
resonance and skin depth in magnetic materials are defined by the electromagnetic wave and
the properties of the core. Electromagnetic wave parameters, the attenuation constant, and the
wave number all define the high frequency effects within the core. In reality, ferrite skin depth
and dimensional resonance occur together and interact to produce an effective resultant flux

distribution in the magnetic core.

6.1.2 Chapter 2

Chapter 2 discusses new methods for determining the high-frequency properties of Mn-
Zn ferrites, as the ferrite manufacturer’s specifications provide average material characteristics
and are of limited use as far as detailed analyses are concerned. The magnetic materials are
characterized by their complex permeability, permittivity, and power losses. The dimensions
of the tested Mn-Zn ferrites affect the measured core characteristics; therefore, special
attention must be paid during the selection of the core size for measuring the properties of Mn-
Zn ferrites at high frequencies.

The complex permeability characteristic was examined for various core sizes and
materials. A significant outcome of the testing is that the complex permeability characteristics
vary with physical size, temperature, and compression force. The toroidal core T6/4/2.8 was
selected as the core which provides the complex permeability characteristic with the highest
possible accuracy as it stems from a natural manufacturing process, followed by a press and
sintering process without any additional machining that might affect material performance. A
dedicated test fixture was developed to measure the complex permeability of the T6 core. The
test fixture provides one turn, equally distributed around the tested core, without any
mechanical stress, and a reliable connection to the measurement device via a concentric cable.
The test fixture may be easily duplicated as it has been built with off-the-shelf parts. The
impact of temperature and mechanical stress on the complex permeability characteristics has
been experimentally validated for selected Mn-Zn materials. In general, the performance
deteriorates as temperature and mechanical stress increase; therefore, both effects must be
included in the magnetic component design process because such highly adverse conditions

are common in applications.
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Ferrite complex permittivity measurements were taken up to 20 MHz. It was shown that
these measurements may be dominated by the dimensional resonance developed as a result of
the sample size. In order to define ferrite electrical characteristics, the available methods were
compared and contrasted. The parallel-plate method was selected for the ferrite permittivity
validation, and a dedicated test fixture was developed. The test fixture has exchangeable,
shielded electrodes and strain gauges to control the ferrite stress during measurements, and
reliable connections to the measurement device via a concentric cable. It has been
experimentally proven that the sample with the smallest available cross-sectional dimensions
should be selected to accurately measure the ferrite complex permittivity. However, there are
technical limitations to producing core samples of extreme small dimensions. For this reason,
a measurement extrapolation, based on Constant Phase Elements, was introduced to enable
accurate modelling of the core permittivity vs. frequency. Complex permittivity is somewhat
complementary to permeability; therefore, the influence of temperature and mechanical stress
was also verified. A permittivity increase was observed as the temperature and mechanical
stress increased.

Accurate core loss prediction, besides the complex permeability and permittivity, is also
an essential part of the process of magnetic component design. State of the art methods are
based on sinusoidal-excitation loss-measurement for small cores; therefore, neither the core
shape nor size effects are included. As a consequence, the core size effect on power losses at
high field amplitude and rectangular wave excitations was validated. In order to measure the
core losses, a dedicated test setup was designed and built. The developed test setup is capable
of operating with a maximum input voltage of 60 V, an output current of 10 A, and a switching
frequency of up to 500 kHz. It also allows for operation with rectangular voltage waves with
a variable duty cycle, as well as an asymmetric rectangular wave with constant volt-seconds
in each half of the waveform. Core losses under rectangular excitation were investigated for
three core samples, of size T29, T50, and T87, made of 3C95 ferrite material up to 250 kHz.
It was shown that as the switching frequency increases the power losses in the larger cores
much faster compared to small cores. Therefore, the magnetic losses in the ferrite core cannot
be accurately calculated from the widely available power loss curves, as they not account for
performance deterioration with size.

Appendix A and B present the experimental complex permeability and permittivity

characteristics for the various materials.
6.1.3 Chapter 3

Three calculation methods for a detailed analysis of the magnetic flux distribution were

introduced and compared in this chapter. The three methods were; the 1-D analytical model
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based on Maxwell's equations, the novel shell-based transmission-line model, and the model
based on the FEM and Maxwell 3D eddy-current field solver.

The 1-D analytical model, based on Maxwell's equations, enables the modeling of the
electromagnetic wave propagation in lossy materials, such as ferrites. The 1-D model was used
for the modeling of the magnetic field within an infinite ferrite plate, wherein the plate
thickness corresponds to the lowest cross-sectional dimension of the tested cores. The 1-D
model was used to calculate the complex permeability characteristics for various core sizes
made of two materials: 3E10 and 3F36. Calculated characteristics were compared with
experimentally-measured core characteristics. The 1-D analytical equation correlate well to
the experimental results for the samples with the core cross sectional area shape ratio of 1:1.
As the core shape ratio changes, the model shows lower accuracy. Therefore, the core shape
ratio constrains the 1-D model to limited core shapes.

The shell-based transmission-line model is based on a sectioned magnetic core. It was
shown that concentric shells, adequately small in size, can precisely reproduce unequal
magnetic flux distributions. The model is very intuitive and may be applied in any circuit
simulator. What is more, it can also be easily incorporated into a simulation of a higher-order
system. The core is modeled by a network of series inductances and resistances per shell with
shunt capacitances and resistances. The novel transmission-line model was used to calculate
the frequency-dependent permeability characteristics for the various core sizes made of two
materials: 3E10 and 3F36. Calculated characteristics were compared with experimentally
measured core characteristics. The model shows a very good correlation with measurements.
The peak of the real and imaginary permeability characteristics is also well represented. The
shape of the cross-sectional area of the cores does not have a negative impact on the core’s
transmission line model accuracy, unlike the 1-D model.

The FEM model was used to visualize the flux distribution in the TS50 magnetic core.
The core made of 3F36 material shows a large amplitude flux concentrated in the inner part of
the core’s cross section, which is as a result of the dimensional resonance. In the core made of
3E10 material, the flux is concentrated along the outer circumference while the core center
exhibits flux density weakening. The flux distribution is dominated by the skin effect. The
Maxwell 3D simulation was used to calculate the frequency dependent permeability
characteristics for the various core sizes made of two materials, 3E10 and 3F36. The calculated
characteristics were compared with experimentally measured core characteristics. An exact
match was achieved at low frequencies for all the simulated cores and materials. Discrepancies
in the characteristics emerge at high frequencies. Improvement may be achieved if the software
is changed from Maxwell 3D to HFSS [58], as it is the frequency range where the wave effect

may dominate the flux distribution.
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High-frequency effects, such as the dimensional resonance and the skin effect within
the core can be modelled and predicted based on the aforementioned models. These models
were used to investigate skin depth and dimensional resonance. In addition, the clear impact
of these phenomena was shown in various materials and core sizes. Each method has its
strengths and weaknesses. However, taking into account the calculation time, the TLM method
should be further developed in order to reduce the calculation error, and raise the possibilities

of visualizing the flux distribution in the core

6.1.4 Chapter 4

Chapter 4 introduced two verification methods for a detailed analysis of the magnetic
flux distribution: two shell, and one based on the four shells. The experimental validation of
the flux distribution was an experimental validation of the high frequency core effects, such
as the dimensional resonance and the skin effect.

The simplified approach shows the magnetic flux distribution in two sections. Three
bores were made in each tested core: two vertical, and one horizontal, each 0.65 mm in
diameter. During the experiment, sense windings were inserted into the bored holes to
determine the flux and the phase shift of each of the core segments. The core flux pattern for
the T50 core, made of 3E10 material, shows that the flux is concentrated in the outer
circumference while the core center exhibits flux density weakening. However, for the T50
core, made of 3F36 material, the magnetic flux is stronger and concentrated in the inner part
of the core cross section.

The second method represents the magnetic flux distribution in four sections. The
number of drilled holes was tripled and bores sets were distributed around the core in order to
minimize reduction of the core cross section. The four-section core drilling scheme increases
the measurement accuracy and allows for a 3D representation of the magnetic flux.
Simultaneously, besides the TS50 cores, the flux distribution was measured in T80 cores, in
which skin and dimensional resonance effects develop at lower frequencies. The results of the
magnetic flux show a non-uniform flux distribution that accounted for skin effect for 3E10
material and dimensional resonance for 3F36 material.

The mesh of the holes, applied in both methods, allows us to assess the flux distribution
in the magnetic core. The results of the flux propagation, starting from the simple three-hole
model up to the advanced four-section model, confirms that the magnetic flux distribution is
affected by the frequency-dependent dynamic effects. Discussed results are shown to be

consistent with the analytical calculations and the FEA simulations.
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6.1.5 Chapter 5

Chapter 5 introduces a novel, laminated core structure to mitigate unequal flux
distribution and improve the overall EMI filter performance. Traditional electrotechnical steel
laminations are made of conducting material and the ferrite is traditionally perceived as a high-
impedance bulk body. However, the ferrite structure also contains conductive paths that may
develop adverse effects in certain conditions. Ferrite laminations, similarly to electrotechnical
steel, reduce eddy-current losses and shift the dimensional resonance to higher frequencies.

The performance of ferrite lamination thickness was analysed by comparison of
complex permeability for the T50/30/14 core, made of two materials; 3F36 and 3E10. The
cores are assemblies of two, four and six laminations stacked together to form a magnetic core
that retains the same size and volume of the T50/30/14 core. It was shown that the core with
the smallest laminations shows the best performance. The real permeability characteristic was
extended from 3 MHz to 15 MHz, while the loss peak of the imaginary permeability
characteristic was reduced by half. The laminations did not affect the magnetic performance
of the core at low frequencies.

In the next step, the effects of magnetic material and core size on laminations was
investigated. Laminated cores, made of several Mn-Zn ferrite materials, were tested. In all
cases, the laminated ferrite core improves the frequency characteristic and reduces the power
losses. In order to investigate this effect, the complex permeability characteristic for three bulk
core sizes, T29, T50, and T80, made of two materials, 3F36 and 3E10, were compared with
their laminated counterparts. The laminated cores, regardless of their size and material, show
significant improvement over the frequency range.

Finally, the differences between the solid and laminated cores were tested in a potential
application of an EMI filter. The laminated CM choke, in comparison to the solid core, has
improved performance over the frequency range between 200 kHz and 20 MHz. Compared to
the CMC based on solid cores, the laminated choke impedance was doubled in the frequency
range between 1 MHz and 20 MHz, with both chokes having the same size. The measured
common-mode insertion loss characteristic for the two EMI filters shows that the laminated
ferrite structure gives a significant attenuation improvement in the frequency range between
200 kHz and 20 MHz. Above 1 MHz, the observed difference is about 10 dB.

Laminated cores enables a new area for EMI filter design. The proposed core structure

can mitigate the unequal flux distribution caused by skin and dimensional resonance effects.
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6.2 Future work

Possible future work on this project may be divided into the following areas.
6.2.1 Complex permeability and permittivity modelling

The developed models and magnetic material characteristics allows the modelling of
the core size effect on complex permeability. Is was also experimentally confirmed that the
core performance deteriorates as temperature and mechanical stress increases. Therefore, both
effects must be included in the magnetic component design process as such highly adverse
conditions are common in applications. The model must provide a superior prediction for these

effects of temperature and mechanical stresses.
6.2.2 Magnetic core power loss analysis

Magnetic loss tangent frequency characteristics show a constant core loss increase up
to the frequency where dimensional resonance becomes apparent. Measurement with a higher
field amplitude shows a local loss minimum at low frequency which is not apparent in the low
field amplitude characteristic. Therefore, further in-depth analysis is required to quantify this
effect, as the increase in eddy current losses could dominate the measurements at a high field
amplitude and suppress the dimensional resonance. It may lead to the conclusion that
dimensional resonance has a significant effect on EMI filters that by nature operate at much

lower signal power levels.
6.2.3 TLM model validation and improvement

The TLM model shows good accuracy for modelling of the high-frequency effects of
dimensional resonance and skin effect within the core which can be predicted with a good
accuracy. In addition, the clear impact of these phenomena can be observed in various
materials and core sizes. The calculation time is the lowest for the TLM method. The TLM
method should be further developed in order to reduce the calculation error, and raise the
possibilities of visualising the flux distribution in the core. Nonlinear elements, such as CPE,
may help with more accurate core modelling. The magnetic core could also be bored in such
a way that TLM shells will match the bored sections. The flux distribution can then be

precisely assessed and compared between the TLM and the experiments.

134



6.2.4 Study on flux propagation under rectangular waveform

The developed core loss tester could be used for flux propagation investigation for
rectangular excitations. Higher rates of voltage transients (dv/dt), in combination with high
core permittivity, may lead to different flux pattern than those observed with sinusoidal

excitation.
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APPENDIX A — COMPLEX PERMEABILITY CHARACTERISTIC

Measured ferrite complex permeability data for tested materials are presented in

Table A.1

TABLE A.1. REAL AND IMAGINARY PERMEABILITY CHARACTERISTIC.

Ferroxcube 3E10 Ferroxcube 3F36
Frequency , B , B
(MHz) u u n n
0.01 9812 228 1482 8
0.1 10215 621 1479 11.2
0.2 10150 2020 1478 9.8
0.3 9542 3230 1480 10.3
0.4 8529 4032 1483 10.5
0.5 7475 4375 1488 13.1
0.6 6659 4418 1499 13.7
0.7 6024 4349 1509 16.7
0.8 5549 4251 1522 20.4
0.9 5207 4156 1537 25.6
1.0 4806 4025 1561 38.2
2.5 2532 3264 1561 503
5.0 1060 2400 1078 763
7.5 524 1776 785 728
10.0 297 1315 606 650
12.5 222 1052 513 593
15.0 173 831 445 545
17.5 161 716 392 508
20.0 155 596 342 471
Ferroxcube 3E65 Ferroxcube 3C95
Frequency , B , B
(MHz) Iz u Iz Iz
0.01 5100 10.7 3085 2.3
0.1 5156 57.8 3095 4.5
0.2 5253 290 3124 15.1
0.3 5444 789 3181 32.6
0.4 5425 1339 3265 79.8
0.5 5166 1994 3355 179
0.6 4797 2420 3418 314
0.7 4392 2712 3452 469
0.8 4022 2897 3464 626
0.9 3638 3036 3449 816
1.0 3320 3121 3403 996
2.5 264 2449 1855 1630
5.0 153 932 1078 1388
7.5 141 546 677 1249
10.0 131 371 375 1069
12.5 127 270 215 911
15.0 120 213 102 742
17.5 115 180 57.3 620
20.0 109 147 24.5 528
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APPENDIX B — COMPLEX PERMITTIVITY CHARACTERISTIC

Measured ferrite complex permittivity data for tested materials are presented in
Table B.1.

TABLE B.1. REAL AND IMAGINARY PERMITTIVITY CHARACTERISTIC.

Ferroxcube 3E10 Ferroxcube 3F36
Frequency , B , B
(MH2) & & & &
0.01 218962 3292135 61262 76243
0.1 85011 814288 36788 18587
0.2 81232 413498 32208 13651
0.3 77352 289593 29893 11600
0.4 74238 220139 28382 10426
0.5 71206 180479 27275 9645
0.6 68758 156171 26410 9080
0.7 66158 135719 25703 8646
0.8 64065 122039 25109 8299
0.9 62211 111676 24598 8013
1.0 60678 103988 24151 7773
2.5 44943 56722 20622 6134
5.0 33149 39108 18321 5250
7.5 27023 32489 17081 4842
10.0 22925 28670 16284 4576
12.5 19845 26035 15679 4384
15.0 17632 24247 15202 4236
17.5 15747 22909 15810 4116
20.0 14282 21537 14484 4018
Ferroxcube 3E65 Ferroxcube 3C95
Frequency , . , .
(MHZ) & & & &

0.01 90788 8162193 213662 373678
0.1 85011 829638 123674 64461
0.2 81232 413498 111522 45085
0.3 77555 284607 105046 37712
0.4 74238 220139 100663 33702
0.5 71206 180479 97373 31130
0.6 68758 156171 94753 29312
0.7 66158 135719 92583 27943
0.8 64364 123885 90738 26867
0.9 62211 111676 89135 25991
1.0 60678 103988 87722 25261
2.5 44934 56722 76209 20441
5.0 33149 39108 68389 17928
7.5 27023 32489 64083 16694
10.0 22925 28670 61228 15931
12.5 20097 26247 59147 15362
15.0 17632 24237 57448 14918
17.5 15747 22909 56021 14556
20.0 14201 21253 54880 14257
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APPENDIX C — CORE LOSS TESTER BOARD
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Figure C1. Main board connection schematic.
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Figure C2. Main board PCB layout.
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Figure D2. EMC filter test board PCB layout.



