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ABSTRACT

In this thesis it is shown, that complex permeability (CP) in the form of complex initial
permeability (CIP) as intrinsic property (InP) of polycrystalline ferrites (PF) is possible to
model basing on effects following from polycrystal grain size distribution. In order to prove
this there were experimentally studied a large amount of magnetic spectra of different ferrite
sample groups. The studied groups of samples were selected both from available industrially
made ones and from specially made samples (so to get similar microstructure within the group
of samples). In its turn the study of CIP as extrinsic property (ExP) is performed
experimentally. In particular it shows, that dimensional resonance depends on cross section L,
number of turns N of its winding and nonmagnetic gap ¢ width. The obtained CIP as InP is
viewed as the reference dependence allowing for better insight in ExP phenomena. Also, there
was developed, and implemented in MATLAB®, an accurate and effective method for
verification of quality of incomplete, noisy or rather doubtful (low quality) spectra by means

of Kramers-Kronig relations.

Keywords: polycrystalline ferrites, complex initial permeability, intrinsic property,
polycrystal grain size distribution, extrinsic property, dimensional resonance, Kramers-Kronig

relations.



ANOTACIJA

Saja darba ir paradits, ka komplekso magnétisko caurlaidibu (KC) kompleksas sakuma
caurlaidibas (KSC) veida ka paSpiemitoso ipasibu (intrinsic property, InP) polikristaliskos
feritos (PF) ir iesp&jams modelét, izejot no efektiem, kas izriet no polikristalisko graudu
izm@ra sadalfjumiem. Noliika to pieradit tika eksperimentali izp&titi un analizéti dazadu feritu
paraugu grupu magnétiskie spektri. P&tamo paraugu grupas tika izvéletas ka no ripnieciski
razotiem, ta arT no speciali izgatavotiem paraugiem (lai iegiit vienadu mikrostruktiiru visiem
paraugiem grupa). Savukart KC izpéte ka nepaspiemitoss raksturojums (extrinsic property,
ExP) tika veikta eksperimentali. Ta parada, ka dimensionala rezonanse ir atkariga no
Skersgriezuma lielaka izméra L, mértinuma vijumu skaita N un no nemagnétiskas spraugas &
liecluma. Iegttic KSC spektri ka InP attieciba pret ExP tiek uzskatiti par references atkaribam,
laujot dzilak izprast ExP paradibas. Saja darba ir izveidota un realizéta MATLAB® vidé
programma efektivai nepilnigo, trok$paino vai dazkart apSaubamas (ar slikto kvalitati)

kvalitates spektru novérté$anai ar Kramersa-Kroniga sakaribu palidzibu.

Atslegvardi: polikristaliskie feriti, kompleksa sakuma caurlaidiba, paSpiemitosas
ipasibas, polikristalisko graudu izméru sadalijums, nepaspiemitosas ipasSibas, dimensionala

rezonanse, Kramersa-Kroniga sakaribas.
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“...the situation in ferrites seemed at first time to be
more complicated than in metals and gave rise to the

legend that ferrite is a non reproducible material”
A. Globus [45]

1 INTRODUCTION

Nowadays technology and science is focusing on three global problems [110]: energy,
environment and health. Magnetic materials can contribute in each of them: in energy
mainly by the increase of efficiency of energy conversion; in environment by decrease of
electromagnetic pollution and generation of excess heat; in health by use of magnetic
technologies (e. g. drug delivery). In all of these cases the role of magnetic materials is
undeniable. The soft magnetic materials (such as ferrites — which are the objects of this
investigation), usually as polycrystals, but sometimes as amorphous and nanocrystalline
materials as well), represent the magnetics "pillar" of power electronics (i. e., being one of the
three traditional pillars of power electronics: power semiconductors; control; and magnetics
[105]). Magnetics contributions in these problems include: improved performance of
magnetic components; reduced electromagnetic interference (EMI) and better electromagnetic
compatibility (EMC); lower cost alternatives to existing solutions; development of tools based
on magnetic characterization; and advanced measuring probes. Thus, the role of soft magnetic
materials is significant in developing an up to date power electronics.

Higher i Smaller
efficiency AFWN size

|

' .
1 /E o ? r >
10° ¢ 100

250 kHz '\ 750 kHz

Figure 1.1 Power Integrations 500W Hyper LCS family resonant converter efficiency
and size dependence from frequency (data from [125])

The electronics units (especially — hand-held devices) tend to become lighter and
smaller, even so maintaining high efficiency. While the signal processing parts of electronics

(e. g., microprocessors) are following the Moore’s Law, power supply electronics based on
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the highest efficiency converters — switched mode power supplies (SMPS), is developing
much more slowly: its power density is doubling only in every ten years [35] (since 1970).
Even this is obtained mainly through the use of higher switching frequencies, fsy,, which in
their turn are growing by a factor approaching ten in recent decades [35]. The use of high fs,
affects nearly every performance characteristic of SMPS [115, 118] and requires new

attention to be placed even on the parasitic impedances, effects from printed circuit board

88

100 kHz —
86 -

84 -
300 kHz
82 -
80 -

78

™

750 kHz
76 -

Efficiency (%)

74-

72

V|N=5V
VOUT= 18V

68 . 1 .
0.0 0.1 0.2 0.3 04 05 06 0.7 038 0.9 1.0

Load Current (A)

70

Figure 1.2 Efficiency of TPS54160 at three example frequencies [115].

(PCB) layout, potential sources of large output ripple switching spikes, and EMI — both
conducted and radiated [90]. Therefore unjustifiably high fs,,, often results in lower efficiency
(as it is shown in Fig. 1.1 for Power Integrations 500 W Hyper LCS family resonant converter
[125]: it can be seen that there exists a gap between two possible choices — smaller size as
operating at 750 kHz and maximum efficiency (up to 97 %) at 250 kHz). Other research [106]
on the high frequency DC/DC converter TPS54160 gave similar results. From Fig. 1.2 it is
clearly seen that efficiency decreases with increased switching frequency. Moreover,

according to [115], calculated device area savings between 100 kHz and 750 kHz realizations
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are almost 250 mm?, but the inductor in fact occupies the same area both for 300 kHz and
750 kHz applications, since there is a limit to the availability of appropriately sized inductors,
if mass produced ones are used [115].

The solution provided in this connection is a design trade-off [82] between smaller size
(but with a decrease of efficiency), or the highest efficiency (possible with larger size).
Nevertheless, higher f,, provides the possibility of using smaller magnetic components in
SMPS due to the reduction in size of magnetic components. But drastically reducing the size
of inductive components affects the preservation of high efficiency. Besides design of
inductive components with small dimensions is seriously hampered if along with high
efficiency the wide working frequency range is needed.

Nowadays, the PF remains the typical core materials used for the production of high
efficiency components. For many high frequency (HF) applications of PF — for signal and
switch mode power supply electronics as inductive components, for electromagnetic
compatibility and wireless power supply as elements, components, and HF absorbing
materials. The improvements of magnetics for SMPS mainly are related with that of
polycrystalline ferrites (PF). They (especially MnZn and NiZn ferrites) are the common
choice for inductive component cores applications within frequency range of several kilohertz
to several megahertz. Besides, there are increasingly stringent requirements to dimensions,
reliability, stability of inductive components in wide frequency range. This makes it to be
more attentive to the choice of conventional ferrites (basing on deeper understanding of their
nature) and dictates the trends for development of new ones. Often, the PF primary task is to
concentrate and guide the magnetic flux. Potentially this and other functions are fulfilled, to a
greater or lesser extent, by PF being found either as intrinsic or extrinsic reality. The term
intrinsic in the context of this work is used for distinction between the characteristics of PF
samples that directly depend on composition and structure of materials, as opposed to those as
extrinsic ones affected by quantity and shape factors. It is quite clear that the definite
characteristic of PF in accordance with the conditions may be as intrinsic property (InP) or
extrinsic property (ExP). Still it remains to be mentioned that there is possible to distinguish
two “degrees” of InP of PF samples in relation to their processing technology and resulting
MST: “true intrinsic” in the case of microstructure without intragrain defects and simply
“intrinsic” in the opposite case.

As a such PF are formed by compaction from powders-pronouncedly porous collection
of small particles to dense and strong product on heating them to appropriate temperature
(through, e. g., calcination and sintering process). Throughout this the high porosity of
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starting power material (which practically is only an intergranular one) decreases during the
sintering process as a consequence of grain growth progression [45]. So the total porosity
measured on PF, as a rule is the intergranular one, which plays only a minor role in the
magnetization processes realized by domain walls (DW) (in contrast — the intragranular
porosity is able to pin DW). Intragranular porosity actually exists in PF of conventional
technology (at least in coarse grains) and thus substantially may influence DW processes. So
the study of true InP (determined by chemical composition and typical microstructure (MST)
per se) of PF is possible only on PF of special technology [45, 46, 47] which enables MST
with perfect (or practically perfect) grains and allows to obtain the fundamental relationships
for PF. Another degree of InP — simple intrinsic is possible to use for the group of PF
representing huge amount of samples of conventional (industrial, laboratory) ceramic
technology. They are differing from true InP group only by quality of MST: the grains
(especially coarse ones) are with intragrain porosity. Such an occurance is typical and rather
universal for great amount of PF samples; their characteristics, at least in principle, is possible
to deduce from those of true InP group by some modifications.

In contrast to this in many engineering applications of PF we are dealing with their ExP
(in this study: the dimensional resonance, influence of width of nonmagnetic gap). Platform
for study of ExP comes from that of intrinsic ones.

Turning back to the flux concentration, of most concern are the primary magnetic
characteristics of the material: relative permeability (both static permeability, «(0), and
complex permeability (CP), i(f), specified within the frequency, f , range of interest) and the
saturation parameters (the saturation flux density, Bs, or the magnetization, Ms). The
saturation parameters are universally available specifications not depending on the form of
characterization of PF — as InP or ExP ones. Contrary to this CP a(f) = u'(f) — ju"(f) with
u'(f) as dispersion part, (component, DCp), and u"(f) as the absorption part, (component,
ACp), are more intricate characteristics which manufactures are specifying as a rule as InP for
relatively small toroidal cores [140] and yet not always. And this in spite of reality that CP as
InP and ExP typically differ widely, so their ability to concentrate the flux (typically under
conditions of small magnetic losses) at the definite f. In the regards to losses CP is the key
characteristic since HF losses of magnetic materials are directly related to CP, defining the
value of magnetic loss tangent as: tans(f) = u"(f)/u'(f) and by Eq. 2.17 specific loss as
well. In addition, for obtaining high efficiency at higher power levels the magnetic cores

should be designed with significantly larger dimensions than low-power cores (the available
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data, in general, represents the low power core specifications). But with larger dimensions of
the core the new problem may arise that cannot be accounted using only specifications for low
power ring cores. Such a problem is called the dimensional resonance (DR) in the core, which

as well is investigated in this study.
The purpose of this work lies in:

- investigate the problems of presentation of complex initial permeability including

the frequencies of large amplitude broadband dispersion (domain wall one);

- study of PF microstructure with the aim to form the basis for more deep

understanding and modeling capabilities of complex permeability;

- study of the complex initial permeability in accordance with the microstructure

(which is characterized by the mean grain size and size dispersion).

Investigators throughout the world over a period of six decades (i.e., active
investigations of PF) have measured a great number of CIP spectra (data of several ones are
included in our analysis) but often without details of MS (essential for the problems examined
here) and from time to time with insufficient quality (that is verified by the correspondence of
ACp and DCp of CIP to Kramers-Kronig relations (KKR) [145] by the use of proper
numerical procedure). All this adds up to the necessity for further experiments especially in
the field of MnZn ferrites due to their possibility of showing up DR.

The analytical presentation of CIP based on grain size distribution effects model [64] is
described and experimentally substantiated. The experimental measurement frequency range
was chosen so as to obtain most of the large amplitude broadband absorption region of CIP.
The above stated practical applications determines the importance of this work.

The main subjects of research in this work are manganese zinc (Mnzn) and nickel zinc
(Nizn) ferrites (Table 1.1), as these materials are most common for application in SMPS.
Both ferrite types can be made for use in particular applications by varying the Zn to Mn and
Zn to Ni ratio. With the aim of nonlinearity effects neglection, the samples in this study are
investigated under the action of weak fields, i. e., in fact CP pu(f) is viewed as a complex
initial permeability (CIP). Potentially the results gained for weak fields can be taken as the

platform for understanding higher fields and non-sinusoidal excitations [159, 160].
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In this work there are offered and proved the following theses:

Table 1.1 Magnetic and geometrical parameters of studied ferrite samples

) _ The making
Group No Dimensions, mm u(0)
of samples
Al R12 x8 x 6 2000
NiZn, A2 R20 x 10 x 6 2000 Cut from
4S60 A3 R31.5x20.5%x6 2000 ferrite tile
A4 R40 x 23.5x 6 2000
Bl R10 x 4.3 x 10 6000
B2 R20 x 9.1 x 10 6000
MnZn, Cut from
B3 R25 x 12 x 10 6000 o
6000HM1 ferrite tile
B4 R30 x 14.3 x 10 6000
B5 R33 x 10 x 10 6000
Cl R125x75x5 6500 )
MnZn, Commercial
C2 R20 x 10 x 7 6500
TDK T37 products
C3 R40 x 24 x 16 6000

that losses, which are connected with main absorption region of magnetic
permeability as frequency characteristic of ferrite material, can be presented
analytically by the modeling based on polycrystal grain size distribution effects;
that CIP as intrinsic characteristic of polycrystallyne NiZn and MnZn (small
sample) ferrites is possible to present by modeling based on microstructure effects;
that CIP as extrinsic characteristic of sufficiently large MnZn ferrite samples exhibit
dimensional resonance which (along with already known factors) depends on

number of turns of measuring winding, but variations of characteristics of spectra

are not following Snoek's Law type relations;

that Kramers-Kronig relations are powerful tool both for their use for verification of

quality of magnetic spectra, and for decomposition, extrapolation and physically

reasonable interpretation of compound magnetic spectra as a whole.

The main results of the work were presented on following conferences:

The 8" international scientific and practical conference, Rezekne, Latvia, June 20—

22, 2011,

15



e The 7" International conference on functional materials and nanotechnologies
(FM&NT), Riga, Latvia, April 17-20, 2012;

e The 2" international conference on materials and applications for sensors and
transducers (ICMAST), Budapest, Hungary May 24-28, 2012;

e The 17" International conference “Electronics’ 13”, Kaunas, Lithuania, June 17-19,
2013;

e The 8" International conference on functional materials and nanotechnologies
(FM&NT), Tartu, Estonia, April 21-24, 2013,

e The 21% International conference on soft magnetic materials (SMM-21), Budapest,

Hungary, 1-4 September, 2013.
And there are published six publications:

1. J. Jankovskis, N. Ponomarenko, P. Narica. An Investigation on High Frequency
Permeability of Polycrystalline Ferrites. Proceedings of the 8" International
Scientific and Practical Conference, Latvia, Rezekne, 20-22 June, 2011.— pp. 194-201.

2. J.Jankovskis, N. Ponomarenko, N. Mironova-Ulmane, D. Jakovlevs. Dimensional
effects of sample geometry and microstructure of MnZn and NiZn ferrites. 2012
IOP Conf. Ser.: Mater. Sci. Eng. 38 012018 — pp. 1-4.

3. J. Jankovskis, N. Ponomarenko, D. Stepins. Frequency Dependence of Complex
Permeability of Polycrystalline Ferrites Based on the Realities of Microstructure.
Key Engineering Materials, 543, 2013,— pp. 507-510.

4. J.Jankovskis, D. Stepins, N. Ponomarenko. Effects of Spread Spectrum on Output
Filter of Buck Converter. Electronics and Electrical Engineering, 2013, Vol. 19,
No. 5, pp. 45-48. e-ISSN 2029-5731. ISSN 1392-1215.

5. J.Jankovskis, N. Ponomarenko, N. Mironova-Ulmane, D. Jakovlevs. The study of
correlation between microstructure of ferrites and their complex permeability
spectra. 2013 IOP Conf. Ser.: Mater. Sci. Eng. 49 012045 — pp 1-4.

6. J.Jankovskis, N. Ponomarenko. Complex permeabliity of ferrites as intrinsic and
extrinsic properties. J. Chem. Chem. Eng. 8 (2014) pp. 85-91

The first publication is indexed in Rezekne Higher Educational Institution database
(http://zdb.ru.lv) . The publications 2, 3, 4 and 5 are indexed in SCOPUS and IOP databases.
The 6™ publication is indexed in databases of Cambridge Science Abstracts (CSA); Ulrich’s
Periodicals Directory, Database of EBSCO, USA; Chinese Scientific Journals Database, VIP
Corporation, Chongging, China; Chinese Database of CEPS, American Federal Computer
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Library center (OCLC), USA; Chemical Abstracts Service (CAS); Google Scholar; Proquest,
USA; CCRIS; ChemID Subset; DIRLINE; Gene-Tox, HSDB; TOXLINE/Subset; Publicon

Science.

1.1 Synopsis of the thesis

The subjects of the study are polycrystalline ferrites (e. g. MnZn and NiZn materials)
and their field of application as cores in SMPS power and filter inductive elements is
presented. The first chapter of the thesis provides an overview of the problems associated
with high frequency applications of ferrites in SMPS and losses. The study of complex
magnetic permeability is directly related to the high frequency losses in ferrites.

The brief review of the ferrite losses in relation to frequency (static hysteresis loss,
classical eddy-current loss and anomalous loss) is drawn in second chapter. The Steinmetz
empirical approach in describing the magnetization process in PF and a more physical way of
describing the magnetization processes (a complex permeability approach) are described. The
different modeling approaches of CIP are presented, e. g. complex permeability modeling
taking account of PF microstructure. An overview of power supply, and the problems of its
magnetic components in relation to frequency, is presented at the end of the chapter.

The analysis of experimental magnetic spectra quality by the means of Kramers-Kronig
relations is provided in chapter 3. Also, with help of KKR there is shown magnetic spectra
decomposition possibility.

The fourth chapter provides actual examples of the study of ferrite microstructure, and
related problems, in a review of the literature. An overview of the methods, that help to obtain
microstructure parameters of ferrites, and the ferrite groups studied, are presented.
Experimental results, are presented for each ferrite group studied.

The fifth chapter represents different CIP measurement techniques. Each method’s field
of application, together with advantages and disadvantages, is collated in a table. The
experimental results are presented at the end of the chapter.

Chapter 6 uses background provided by the previous chapters to give the evaluation of
spectra by means of the analytical model. The microstructure analysis and measured CIP data
is used to experimentally test the model concept based on grain distribution. The analysis of
samples exhibiting the dimensional resonance is presented in this chapter too.

Conclusions and possible future investigations are drawn in Chapter 7.
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2 FERRITE CHARACTERISTICS AND APPLICATIONS
2.1 Generalities of ferrite characteristics in relation to frequency

2.1.1 Typical components of magnetic loss

The frequency dependence of the characteristics of magnetic components must be taken
into account in the design of SMPS (as it affects the performance of the whole device) and in
designing the filter components (as it affects the effectiveness of dealing with unwanted
signals). There are two sources of the losses in magnetic components: losses in windings and
in the core material [37]. The winding losses are fairly well described [81, 153], but the study
of core losses (CL) still remains current. Therefore, in modeling of SMPS it is essential to
correctly account for CL in order to raise efficiency of the SMPS [36]. The total core power
loss (per unit volume) is usually separated [18, 108, 146] into components(typically for

metallic materials, but even sometimes for PF as well):
e quasi-static hysteresis loss: P, = ky, f By (Steinmetz form); (2.1)
e classical eddy-current loss P, = %zdfsz,%l; (2.2)
e anomalous (often termed as residual for ferrites and excess for metallic materials)

loss P, = const(me)3/2 for iron-based materials [16] and no known analytic

representation for ferrites.

Total loss

Figure 2.1. PF loss separation, adapted from [18].

Graphical display of components of total loss (Fig. 2.1) usually [18, 108] is more
appropriate to analyse with help of loss energy W; = P;/f, where P; stands for specific loss.
Dealing with the loss energies (Wi) instead of power losses removes one power of frequency

dependence of material power loss and thus the separation of losses becomes more descriptive
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(constant W,,, linearly growing W, and the rest as W,). Generally adding up of W}, and W,
gives the value that is less than experimentally observed (total) value Wy, (f) = Wexp (). TO

eliminate this discrepancy there is introduced anomalous loss W, = W, (f) — [W), +

We (F)]-
2.1.2 Hysteresis loss

The hysteresis loss of energy usually is treated as due to magnetic domain processes in
PF. The PF consists of a great number of differently oriented magnetic domains (Fig. 2.2).
Boundaries of two adjacent domains form the domain wall (DW), where the magnetic
moment direction changes (Fig. 2.2, a). If the external field H is applied to PF, the domains
whose magnetization direction more closely corresponds to the applied field direction, will
increase domain volume at the expense of oppositely oriented domains, and the domain wall
will be displaced (Fig. 2.2, b). DW displacements vary under different field strengths for
differently oriented domains. This process is also influenced by microstructure defects [183],
which can prevent the DW displacement. Therefore, the hysteresis curve (Fig. 2.3) has a

complicated form, that is centered around initial magnetization curve.

., Orientation of — >
domains is displayed
with arrow,, — » ” 2
2 | a9 1 *r
1 7777777777777777777777777777777
o
“%\ % Domain wall
between domains '
a land?2 b
Without gxtgrnal With applied external H
magnetic field magnetic field

Figure 2.2. PF domain structure (a - without applied field, b - with applied field H) [183].

The initial magnetization curve can be divided into three regions (Fig. 2.3): 1) first
region occurs due to reversible moving of domain walls, 2) second region — due to rotation of
domain magnetization vectors in the direction of the applied field, 3) the third region
describes the final magnetization process when all of the ferromagnetic magnetic moments

tend to be oriented in the direction of the applied field: at the end of this region the domain
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walls are fading and the magnetic moment becomes oriented in the direction of the applied
field.

When the external field is removed the flux density does not return by the original path
and at H=0 there appears a remnant flux density Br. To change dipole magnetization
direction an opposing magnetic field is required, and at coercive field strength Hc the flux
density becomes zero. The maximum flux density, where two branches of the limiting
hysteresis curve coincide, gained with sufficiently higher field strength Hm, is called the
saturation flux density Bs.

The area of the hysteresis loop characterizes the energy dissipation due to magnetization
of material in alternating field. To reduce the hysteresis loss one must use materials with a
smaller hysteresis loop. Also, to decrease the hysteresis loss (caused by irreversible DW
displacements) suggested solutions are to use PF with smaller grains [23] or to eliminate DW

processes by their pinning by anisotropic ions (such as Co?").

Bsat T — —3
2 |
\
'Hc 1 Hc | >
_Br

Figure 2.3. Hysteresis loop.

In [146] by means of using the Rayleigh hysteresis loop (i. e., in the low-field region,
where u(H) = u(0) + k,H) the expression for the hysteresis power loss density is presented

as follows:

4ﬂ0th3 _ 4khB3
3 3ugus

P, = $§ BdH = (2.3)

where k; — is the hysteresis coefficient, u,— the amplitude permeability, u,— the magnetic
constant, B— the flux density and H— is the field strength.

Then, the power dissipated in a ferrite core due to hysteresis loss is [146]:
P,Al = P,Alf = I?R), (2.4)
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where R;,— is the series hysteresis loss resistance, | —is the r. m. s. current, and Al — is the core

volume. Then expressing R;, will give:

= 32’:::15 (25)
where w — the angular frequency, and L — is the inductance.
Correspondingly, the hysteresis loss tangent is:
tand, = Rp _ 4kpB  _ 4kpH (2.6)

WL 3mpop  3mug
and reveals proportionality to the field strength and inverse dependence on the amplitude

permeability u,,.

2.1.3 Classical eddy-current loss
The next loss component to consider is eddy current loss. Alternating magnetic flux in
conductive medium induces eddy currents that result in energy losses called eddy current loss.

The classical eddy-current loss for a sine wave is given as [140, 146]:

_ (anfd)z
Fe=—12%— (2.7)

where p — is the resistivity, B,, — the maximum flux density, f— the frequency, d — the
dimension of the core (for laminations — d is the thickness, for cylindrical and spherical
shapes — d stands for diameter), B is the core cross-section shape constant, with standard
values [140, 146]:

B = 6 for laminations;

B = 16 for a cylinder;

B = 20 for a sphere;

The eddy-current loss, as it is shown in Fig. 2.1, becomes significant in total loss
calculation, only at higher frequencies. Sometimes, instead of d, the effective cross-sectional
area, A, of the core is used [136]. With core cross-section area for a toroidal shaped core

d2lclog(Reut
(Ator = B(RT_R:Z), where, R;,|Rou: — 1S the inner or the outer diameter of toroidal core

respectively, [, — the magnetic path length, d — the thickness of toroidal core [36]); with
cross-section area of a cylinder (A, = ”sz), the EqQ. (2.7) can be written as [36, 140, 146, 160]:
P, = %B,%fz (2.8)

In [160] it was also showed, that eddy-current loss depends on the actual waveform of

excitation signal. For example, for a square-wave Eq. 2.8 can be written as:
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a=%%ﬂ (2.9)

This results in w2 /8 times difference between the loss for sine and square waves.

From the equations it can be seen, that eddy current losses are dependent on cross-
section area of the core (P, ~ A) and are proportional to the square of frequency (P, ~ f2),
i.e., the losses will steeply increase at higher frequencies. Moreover, there is high
dependence on actual signal waveform [160].

The eddy current loss tangent is [146]:

2
tans, = == = % , (2.10)

where R, is the eddy current series loss resistance. The loss tangent dependency on the
square of core dimension (tand, ~ d?) means, that losses can be decreased by dividing the
material into electrically isolated layers (or grains in PF).

The relations of classical eddy currents in fact are derived for metallic materials. The
resistivity of PF is much higher and so there would be negligible eddy currents in NiZn-
ferrites and only very small in MnZn ones. Nevertheless, formally for PF such term "eddy
currents™ is used as well since in the total losses there is possible to assume the existence of
component proportional to (fB,,)%. For one of the main magnetic materials for SMPS —
Mnzn ferrite the common view is that up to 200 kHz dominates hysteresis loss, but at higher

frequencies — the eddy current loss [85].

2.1.4 Anomalous and total loss

The anomalous loss is still not adequately defined both physically and mathematically. In
[36] are listed several possible reasons for this phenomenon in metallic ferromagnets:
occurrence of domain walls; non-sinusoidal, non-uniform and non-repetitive domain wall
motion; lack of flux penetration; non-sinusoidal flux density and localized variation of flux
density; interaction between grains, grain size, grain orientation, and specimen thickness.

Most of these reasons are obviously related to the high level of exitation fields (in
metallic materials). Nevertheless, PF in SMPS at frequencies above 500 kHz are normally
used (because of rapid growth of loss with frequency) at low level fields (near 50 mT, [20]),
I. e., at fields much lower than the saturation field (typically 400...500 mT). In [41] it was
stated that several additional (to well known W, and W,) losses, e.g., connected with
dielectric, DW relaxation, and DW/rotational resonances "are all conventionally lumped into
residual loss W,., which is a way to summarize our inability to quantitatively predict the W (f)

behavior”. To this must be added the opinion [167] that P, and P, are difficult to obtain
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separately. In this situation it is possible to assume that a considerable contribution to excess
loss comes from the dynamics of DW in grains of PF which can be represented by the
frequency dependence of complex permeability (in [91] this contribution is termed as
relaxation/resonance loss). Thus the study of complex permeability may provide more clearer
understanding of excess loss as well.

It is seen from Fig. 2.1 that total loss is formed from three components: hysteresis loss;
eddy loss; and anomalous (excess, residual) loss. From Egs. (2.1) and (2.2) it follows that as
Bm — 0 the remaining part of the loss is the residual loss. This means that at low flux densities
the ferrite with lower residual loss will give lower core loss. The anomalous (residual) loss
tangent is defined as tané, [146] (without a known analytical representation).

The total loss factor [146] now formally can be written as:
tanb,/u = 1/# (tanéy, + tané, + tand,) (2.11)

or using loss tangent specific expressions:

tané. 4kyB Tpoud? tané.
m _ h - Uoud“f + T (2 . 12)
U 3TUo pB u

Thus the magnetic loss components are with different dependence on f and B,,, the

knowledge of which are essential for designers of power supplies to predict the losses when
implementing a new power ferrites. There are two general approaches for predicting the core
loss of PS: first is predicting core loss based on CIP, the other is by using the Steinmetz

equation and its modifications. Let us start with the latter.

2.1.5 Account of losses based on Steinmetz equation

In view of the fact that the components of magnetic loss of materials are not well
separated and both hysteresis and eddy current loss are frequency and flux density dependent,
the total loss is often in practice (not only that of magnetic core manufacturers’, but scientific
investigators® as well) still represented formally by the empirical Steinmetz equation (SE)
(also known as the Power Law equation [36]):

Prore = kf“BY, (2.13)
where P.,,.. is the magnetic core average loss power dissipation per unit volume; k, a, 8 are
the material dependent empirical coefficients determined by best fitting of the measured data
(for ferrites a is between 1.1...1.9, £ is in range 1.6...3 [24]); f is the sinusoidal operation
frequency; B,, is the peak value of magnetic flux density. In its original form (2.13) is usable
only for sinusoidal signals. In addition, it can work only in a limited range of frequencies and

flux density excitations [159]. To expand the limits of SE several modifications are done:
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- Albach, Durban and Brockmeyer [6] in 1996 and [131] in 2001 modifies SE in relation to
domain wall motion loss dependence on Z—f (so called Modified Steinmetz Equation, MSE):
Puse = kfs "B (2.14)

where f,. = % is the pulse repetition frequency, T — the period of the flux waveform, and

feq = 2 fT (d—B)Z dt — the equivalent frequency, dependent on a weighted average of 2=
eq - ABZn-Z 0 dt q q y' p g g dtl

and AB — peak-to-peak flux amplitude. From this it follows that the accuracy of this SE
modification is limited by the type of averaging for f,.

- another modification of SE was proposed in 2001 by C. R. Sullivan, T. Abdallah, et al. [95].
Their modification was based on the assumption that instantaneous power loss depends only
on instantaneous B, Z—f, and the SE equation is then (called the Generalized Steinmetz
Equation, GSE):

P®) =k |2[* 1B()1P. (2.15)
But the accuracy of this equation was not high, so in 2002 the same researchers proposed

[155] a new, improved formula (improved Generalized Steinmetz Equation, iIGSE (also

known as Natural Steinmetz Extension [22])):

P(t) = ki(AB)ﬁ‘“@ (2.16)

_ 0.58kf . . . -
where k; = ) -TTocos oD This approach provides an opportunity to use the original SE

parameters, and gives good correlation with experimental data for square-wave and sine-wave
data, but without accounting for the DC bias influence.

The IGSE method, based on more than 4 empirical parameters, proves to be an
appropriate instrument for predicting the core loss only near the specific working point given
by B and f. In principle, the most serious drawback of this is the lack of physical meaning of
the parameters, and the impossibility of generalization and prediction.

More clear physical content of Steinmetz type relations may come from the ones
derived more directly. Thus, if series equivalent circuit (Fig. 2.4, a) is assumed for real
magnetic core with an ideal winding, then it is possible to derive:

P = (tand/uop,)nf By, (2.17)

Considering the relation in more general case when the parameters incorporated may
have dependence on f and B,,, i.e., tand = tand(f, By); Ur = t-(f, Bn), and knowing

their implicit functions the closed-form of Steinmetz relation can be derived (it is particularly
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remarkable that relation similar with Eq. (2.17) was derived by Landau-Lifschitz [182] as well
using electromagnetic field approach). Later (in subsection 4.3) Eq. (2.17) is used for analysis

of MST influence on loss of magnetic core.

2.1.6 Complex permeability

The magnetic permeability and magnetic losses are significant factors in designing of
magnetic components [23]. The total loss (schematically presented in Fig. 2.1) consists of the
eddy-current, hysteresis and anomalous losses. The eddy current losses becomes higher with
increased frequency and hysteresis loss increases with increasing amplitude of the AC field
[23]. As described in Ch. 2.1.3, the anomalous loss is not mathematically defined and still
cannot be fully described with empirical equations. According to observations (and curves
shown on Fig. 2.1 as well) the anomalous loss is frequency dependent, thus it can be
described (at least partly) with the frequency dependent characteristic of material, e. g.,
complex magnetic permeability z(f). In [73] — it was shown, that in specific case — under the
action of low frequency and small fields the anomalous loss can be described with the
complex initial permeability.

In general, if the alternating magnetic field H = H,,,e/®t is applied to ferrite material,
then the associated flux density B is usually delayed by the phase angle 6 due to losses
(B = B,,e/®t=J%). Magnetic permeability then is a complex characteristic:

B _ Bmel® 7 _ Bm ,—j5 _ Bm
H Hpelwt Hp Hm

o= coss —ji—:siné =u —ju" (2.18)
In equation (2.18) ' is the real part: it characterizes the B component that is in phase with H.
Imaginary part u" characterizes the B component that is delayed by 7 /2 phase-angle from H.
Then from the (2.18) the loss factor tangent can be characterized as: tand = u''/u’.
Components u'(f) and "' (f) of p(f), considered as functions of frequency f, are forming
CP spectrum (magnetic spectrum) (Fig. 2.5).

The (2.18) form of magnetic permeability is complex and it represents the material
storage capacity of magnetic field and losses. So the real part of CIP, i, can be related with
inductance (i. e. energy storage), and imaginary part — with resistance (i. e. losses, power
dissipation). In principle, we can use both the complex impedance or admittance for
experimentally measured data. The two simplest forms of circuits used for separation of
measured components on fixed frequency [146] are presented on Fig. 2.4. The relation of the
complex impedance can be represented by the use of series components of complex

permeability: Z = jwLs + Rs = jwLo(us — jus), where Rg and Lg are series resistance and

25



inductance, and ug and . are real and imaginary series components of CIP (Fig. 2.4, a;

Fig. 2.5, a). Then the magnetic losses can be described in terms of series components p; and

1 as tand = pg/ ;.

| Rs (w) Ls(w) |

a b

Figure 2.4. Equivalent circuits for series (a) and parallel (b) representation
of CIP [146,163] in the measurement process
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Figure 2.5. Example of typical frequency dependence of complex magnetic permeability
of the definite same sample ([146], Fig. 3.11.1). a - using the series components;
b - using the parallel components.

By analogy with the impedance relation the relation for the complex admittance can be

expressed, but in terms of parallel components:

po_t 41__1 (L_L> (2.19)

jwLy = Ry  joLo\pp  Jjup

where R, and L, are parallel resistance and inductance, and p, and p,, are real and imaginary
parallel components of CIP (Fig. 2.4, b; Fig. 2.5, b). Using the parallel components, the
magnetic loss tangent is tand = p, /u,.

The conversion from series to parallel components is as follows:

Rs = R,/(1 + 1/tan?5) (2.20)
Ls = L,/(1 4 tan?$) (2.21)
1y = ps(1 + tan?s) (2.22)
ty = pus(1+ 1/tan?s) (2.23)
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Nevertheless, the series representation of complex permeability is more compatible with
Steinmetz equations and more closely correlated to the inner magnetization processes of PF
[64-73]. During the process of research of PF the different approaches and models for ferrite
cores are described, e. g., in [60, 163, 164], but none is suitable for practice (with frequency

independent parameters).

tuf‘ T T
MS of YIG ferrite:
300 W (-1 experimental MS
exp Components of MS:
- - diffusion aftereffect. DIF
------ - domain wall, DW
---------- natural spin resonance,
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Figure 2.6 CP spectra decomposition [73]: the experimental ACp u'(f) firstly is broken into
three absorption components, from which were calculated corresponding DCp components:

pow () + tpie(f)  tinsr (f) by KKR.

In relation to interpretation of CIP spectra, even their physical nature, there is no
consensus. Previously in the seventies and eighties (mainly by investigations inspired by the
basic works of A. Globus and his collaborators, e. g., [45]) it was stated that CIP definitely
depended on microstructure characteristics (more markedly on average grain size Da ) and
that the dominating magnetization mechanism is DW displacement (nevertheless, at times
however there appear groundless claims that the dominating magnetization process is the spin
rotation [157]).

In fact, if magnetic spectra (MS) data are taken over a really broad frequency range
there can be found in the most general case, three principal dispersion regions [53] (see
Fig. 2.6, experimental data are taken from [53]):

a) in kHz range — relaxation type diffusion after effect (DIF, up,;-(f)), not always presented:;

b) in the decades near 1 MHz — the large amplitude dispersion attributed to DW processes

(ow ());

27



c) at microwaves (near several 100 MHz) — the small amplitude dispersion (uysg(f)) related
to the natural spin resonance (NSR).

From the three observable dispersion regions of CIP (Fig. 2.6) of PF, most often
investigations are concentrated within the large amplitude broadband region. This dispersion
region (as a rule assumed to be connected directly with DW processes) is peculiar: in parallel
with the really broad dispersion region it may show clear attributes of resonances, and, in
addition, sensitivity to the microstructure of PF (typical for DW processes). All this presents
severe problems for CIP interpretation, connection to MST, and modeling of its frequency
dependence.

The DW displacement results in a larger DCp and ACp components than NSR, and
therefore accounts for the high permeability of ferrites [23]. The NSR becomes of
significance for higher frequencies (> 100 MHz), where it is dominant [23]. For generality let
us deal with three dispersion spectrum of PF [53]. The contribution of each process into the
whole CIP spectra becomes clearer, e. g, after decomposition of ACp uey, (f) into the three
mentioned components [73] (Fig. 2.6) and calculation of DCp u'(f) by the use of Kramers-
Kronig relations (3.1; 3.2).

For aforementioned it is more likely, that within the radiofrequency range (at room
temperatures) for spinel and garnet type PF (most often used in practice) typically are
dominating DW processes. Similarly as in Fig. 2.6 the contribution from NSR process in the
total permeability p(f) of a sample is often small and frequency independent up to very high
frequencies; this is why the modeling of CIP is restricted over the region of large amplitude
dispersion and as DW processes. The modeling of complex permeability spectra under the

action of low fields in fact deals with the anomalous loss [73].

2.1.7 Problems of presentations of complex permeability

The modeling of typical complex permeability spectra presents difficulties in the correct
representation of components (Fig. 2.7): DCp often exhibit resonance attributes (positive ups
and negative downs, Fig. 2.7), ACp is asymmetrical (along log f scale axis) and broadband
(often extending over 2...3 decades of f ). Researchers for a long time now have measured a
great quantity of different complex permeability spectra; clearly, there are several approaches
to their approximations.

The simplest one is simple relaxation (with only one relaxation time 7). In [55] e. g., it
was suggested that complex susceptibility spectra X5 can be modeled by the use of a such

simple relaxation as:
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Figure 2.8 CIP made by use of Eq. (2.25) with psq; = 6000 and t = 3 us

where X; and X}’ represent the real and imaginary parts of the complex susceptibility, w is the
angular frequency, and t — is the relaxation time, or in form of complex magnetic
permeability [73]:

1] _  Hstat , 11 _ UstatTf
W) = Heps M = T (2.25)

where ;4 1S static value of CIP. The CIP approximation presented in Fig. 2.8 represents the

use of Eq. 2.25 with ug,; = 6000, T = 3 us and f ranging from 10 kHz to 10 MHz. Even

with the fact that this approximation of MS is pronouncedly broad, a closer look at typical
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DCp (Fig. 2.7) reveals that in fact there may be clear evidence of resonance attributes as well,
which it is not possible to represent by relaxation relations.
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Figure 2.9 CIP made by use of Eq. (2.26) with pg,; = 6000 and &€ = 0.2
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Figure 2.10 CIP made by use of Eq. (2.26) with ug:,; = 6000 and £ =0.5,0.8,1,2,3

If MS is approximated by the use of simple harmonic oscillator relations:

’ _ ﬂstatf()z(f()z_fz) Lo zﬂstatfffo3 2.26
1 (f) DG ST (2.26)
with f,, as the resonance frequency and ¢ as the normalized damping constant, then in the case

of £ < 0.5 the resonance features can be reproduced [73] (Fig. 2.9; Fig. 2.10, with s =
6000, f, = 180000 Hz, f changing from 10 kHz to 1 MHz and ¢ = 0.5, 0.8, 1, 2 and 3

respectively), but in the substantially tighter frequency limits corresponding to much narrower
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width of ACp (usually measured on half-level between the ascending and descending parts of
absorption).

Inadequate representation of MS by the relaxation and the resonance dependences
separately (but at the same time with several features of reality) naturally suggests their
superposition, i. e., joint use of Egs. (2.25) and (2.26) (in fact proposed by Y. Naito [111]). In
this case it is assumed that for frequency f — 0 static permeability pig.q. 1S the sum:

Ustat = HUstat/relax T Ustat/reson (2.27)
I.e., is divided into relaxation, psta¢/retax,» and resonNance, Useqe/reson COMpoNents. For
complex permeability similar components are used with their frequency dependences

according to Eq. 2.25 and Eq. 2.26 correspondingly.

Even though there is no physical background for such decomposition of g(f) (as well
as of parameters 7, &, f,, estimation) other than the best fit to experimental data, such a formal
approach nevertheless is used in a series of publications, obviously because of the freedom in
choosing the parameters for the presentation of MS. The main limitations of this approach are

its formality and clear ignorance of the effects of microstructure of PF on its CIP [53].

2.1.8 Role of microstructure

Undoubtedly, several of important characteristics of PF are its microstructure (MST)

LY,
,UDVI\ZS;) A/I(f)
Hex N e A;”(f)
0 u

Figure 2.12. Complex permeability and its characteristic parameters
sensitive (e. g., complex initial permeability gi(f) with its attributes: static initial permeability

u(0) ; typical representatives of ACp: maximum pu,,., and maximum frequency f;,
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(Fig. 2.12)). To study the influence of MST on such characteristics (e.g., CIP) there is need
for proper MST characterization to perform the quantitative account of it.

2.1.8.1 Characteristics of microstructure

First of all MST of PF (Fig. 2.13) is characterized by the law of its grain size D
distribution. According to [89] MST obtained in the process of normal grains growth (NGG)
almost without exceptions can be represented by log-normal distribution (independently of the
material of sample, specific details of preparation conditions, average grain sizes and density):

~(nD=1nDypeq)” ~(1ogD~10gDmeq)”

1 g L g
fuD) =G—de o fD)=( e b (2.28)

where f;,,(D) and f(D) are the probability density functions, D,,.4 is the median of InD or

logD distribution, but the standard deviations o;,, and a;, correspondingly are interrelated:

o1, = In100p = 2.30p. (2.29)
According to [89] MST obtain in the process of NGG for ferrites gives a;,, = 0.45 ...0.55 (or
op = 0.2...0.24).

Figure 2.13. Example of micrograph of normal grain structure [12]

The next important characteristic of MST is its average (mean) grain size

Dy = Dipeqe®37510°10, (2.30)

Contrary to the law of distribution, D, is preparation conditions (mostly of sintering
temperature and time) dependent. During NGG [50] "the average (logarithmic) grain size
InD, is shifted to larger values, but the height of the maximum and the standard deviation
remain unchanged (Fig. 2.14, a). Such behaviour of the distribution is also referred to as self-
similarity, i. e., if the distribution is plotted versus the normalized logarithmic grain size
In(D/D,), the distribution does not change during NGG."
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Figure 2.14. Schematic time dependence of grain size distribution for normal (a) and
abnormal (b) grain growth [50].

So, within the normal grain growth the average grain size increases continuously with
the increase of sintering time. Contrary to this abnormal grain growth leads to rapid growth of
a few grains, while the other grains grow slowly or not at all [50], and the bimodal
distribution appears (Fig. 2.14, b; the one distribution represents the slowly-growing small-

grained matrix, the other — rapidly growing grains). The distribution of slowly-growing grains
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Figure 2.15. CMP of ferrite with unhomogenous MST: solid line — experimental data
[43], dotted line — prolongation based on KKR [72].

becomes smaller and finally disappear (without changes of average grain size), oppositely —
the distribution of abnormal grains (involving considerable amount of intragrain porosity) —
changes within annealing time until abnormal grain growth ends (Fig. 2.14, b) [50]. This
abnormality of grain growth forms unhomogeneous MST (small-grained matrix and large

grains, Fig. 2.15) that correspondingly changes the typical form of CIP spectrum (Fig. 2.15).
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The fundamental importance of D, became widely evident from original investigations
within the last decades of twenty century of A. Globus, M. Guyot and their collaborators on
PF of special technology (from many publications highlighting only two the most
comprehensive: [45], [53]). This technology includes: the composition of PF from oxides of
high purity; the use of uncontaminating milling of oxides; the sintering at relatively low
temperatures; a. 0. [45]. All this results in PF samples of top quality: with homogeneous (i. e.,
log-normal) MST, porosity practically only as intergranular (intergrain) one, and grains
without intragranular (intragrain) porosity. Such a porosity plays a minor role on the
magnetization process attributes of whole PF sample if it results from magnetization
processes of independent grains — several total characteristics of PF sample becomes MST
dependent. Only the investigations on PF of this special technology, i.e., samples of top
quality allow to reveal the true intrinsic nature of PF (in several previous publications these
samples are referred to as: RSG — reference sample group, 1QG — intrinsic quality group, or

simply group one, PF1).

Fig.2.16. Microstructures of (a)MB3 and (b)MBF4 ferrite materials [49] with the average
grain sizes of 9 um and 6 um, respectively.

It should be mentioned, that real quality of MST (e. g., perfection of grains) to a large
measure depends on the current value of D in the sample since it is resulting from actual
processing technology of PF and laws of MST formation (e. g., in [34] it is stated that the
pore-to-pore distance of intrapped pores does not change significantly when the MST changes
from inter- to intragranular porosity). Consequently, the microstructure presented on Fig. 2.16

shows that there are defects mainly within coarser grain on PF (with D = 9 um, Fig. 2.16, a),

but intragrain defects almost disappear within finer grained sample (with D ~ 6 um Fig. 2.16,
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b). Principles of inverse segregation and carried out direct experiments allows to conclude
more generally that smaller grains within PF samples (D <3...5 um [109]) are rather
perfect — with the negligible amount of enclosed defects (e. g., porosity). For the coarser

grains the picture decisively depends on technology.

2.1.8.2 Microstructure-sensitive characteristics of PF

Importance of studying MST in relation to CIP of PF for trustworthy experimental
results interpretation is widely discussed [5, 33, 64-70, 79, 84, 175, 177, a. 0.]. The quality of
microstructure substantially affects the magnetic and electric characteristics of ferrites.
Among such magnetic characteristics are: the static initial permeability u(0), the type of
spectrum of CIP u(f), the coercitivity H,, the hysteresis law [45], a. 0. The influence of MST
acts both through distribution of grain sizes and defects. The cause of defects in MST can be
inappropriate chemical composition, granularity of initial oxides, sintering time and
temperature, which lead to porosity in MST and unwanted impurities. To increase the
magnetical and electrical capabilities of ferrites the improvements in methods of ferrite
production are developed [79]. Effects of sintering conditions on magnetic properties of NiZn
ferrites are studied at all times (more recently in [5]). The dependence of initial permeability
of NiZn PF of normal grain growth is studied in [117] in relation to sintering temperature.
According to [173], the new Sol-Gel method in ferrite preparation (at least for NiZn ferrites)
can be used in preparation of optimum ferrite (with defects-free MST). NiZnCu ferrite
preparation at relatively low temperature (250 °C) by using Sol-gel method is discussed in
[79]. An investigation on CuZn ferrites was made in [5], providing information on chemical
composition, grain size and sintering temperature to achieve best results in multilayer chip
inductor production. Ferrite absorber improvement based on study of microstructure statistical
parameters is proposed in [98].

All of the authors inclined to believe that microstructure has great influence to
magnetical and electrical capability of ferrites and improvements can be made only if the
MST is appropriate. The development of new MnZn ferrite compounds under thoughtful
control of the ferrite preparation can decrease the core power loss by 40 % for high frequency
region — up to 500 kHz in comparison with standard materials [176]. Therefore to achieve
trustworthy results in the study of ferrites, the analysis of microstructure and its influence is

necessary.
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2.1.8.3 Role of microstructure on frequency dependent characteristics of PF
Practice shows that several characteristics of CIP (more notably, u(0) = u, and f,,,

Fig. 2.12) are interrelated. The knowledge of specific relationships of these interrelations are
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Figure 2.17 The data of PF used to proof Snoek’s type relation [65, Fig. 2]

important for modeling of CIP. The process of setting up the relationships is not
straightforward: it is not possible to base on definite theory (since there is no appropriate one)
and so there is need to examine the empirical statistics of characteristics from great number of
experimental CIP from publications all over the world.

Thus, there were analyzed, in [65], large amount of published data (Fig. 2.17, PF
samples over 100, produced by different technologies but often without explicit data about
MST).

As a guide for analysis of these data is taken the well known Snoek’s Law [147]:

(s — Dfror =¥ Mg (2.31)
where f,., — IS the rotation process resonance frequency, MHz; y — the gyromagnetic ratio,
2.8 MHz/QOe; and M, — the saturation magnetization, G. In [65] it was shown (Fig. 2.17), that

as a first approximation of analyzed data (when MST characteristics are ignored or are not

known) can be assumed Snoek’s Law type expression:

(us — Dfy = 4ntM; (2.32)
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This relation (dashed line in Fig. 2.17) shows that there is no fundamental difference
between high and low permeability PF within a broad frequency range (and correspondingly
in a broad range of resistivity: from a few Q-m up to 10° Q-m)

Building a similar statistical data set for u" component (for the large amplitude
absorption region where there is good reason to believe that frequency of DW absorption
maximum and that of NSR do not coincide, so make the most in excluding the effects of other
possible types of magnetization process except DW ones), in [65] it was found, that these data
(Fig. 2.18) can be approximated as:

Mmaxfu = 2TM (2.33)
where ., 4, — is maximum value of ACp. The last rough approximations 2.32 and 2.33 allows
for ratio:

Hmax/ (ks —1) = 0.5, (2.34)
which shows that statistically the data of variety of PF samples tend to the simple relaxation
process (which is to say that only as a rough approximation of CIP is possible to use the
relaxation dependence with one relaxation time t). Since the samples used in this variety are
not of special technology and high dimensions, so it is possible to assume that Egs. 2.32 and
2.33 reflect the averaged intrinsic features of PF.

For better presentation of intrinsic data of PF one more parameter is needed to be
included in the analysis — the grain size D, as the representative of microstructure. Taking in
account the different values of grain size, D, (for fixed composition and technology samples),
the new data subsets were created (Fig. 2.18), where the data from previous collection of data
are used as well for reference (represented in Fig. 2.17) and several new ones with known D,
are added. For this new dataset (Fig. 2.18 — solid lines) coming from the data of high quality
(special technology) garnet (No. 1...7 in Fig. 2.18 [65]) and spinel (No. 8...17 in Fig. 2.18
[65]) PF samples is possible to form two sub-lines crossing the main reference line in the
vicinity of D, = 3...4 um. The sub-lines is possible to approximate by (in the coordinate

system Au#taxDa/Ms and fu):

UmaxfuDa = (6 ...8)TM;. (2.35)
Similar analysis for DCp gives [65]:
(us — D f,D, = 121 M;. (2.36)
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Figure 2.18 The data of PF used to establish the typical relations [65, Fig. 5]

Since these last relations are deduced from the data of special technology samples it is
possible to assume that Eqs. 2.35 and 2.36 reflect the true intrinsic features of PF.

Consequently, the performed analysis of data uncover some regular trends which are
possible to present by two pairs of empirical relations, individually revealing the true intrinsic
and intrinsic properties of PF correspondingly:

(s — D fuDg = 12mMj } (us — Dfy = 47TMS}
.umaxqua = (6 8)7TMS .umaxfu = 21mM;

It can be seen that the first pair translates to second one at D, = (3 ...4) um. To

(2.37)

interpret these results it is appropriate to introduce the effective grain size D, [65] reflecting
the pinning situation of DWs in the grains of PF samples.

In the case of DW pinned only at grain boundaries (as in Globus’ model [45]; Fig. 2.20:
a, b) that is expected in the true intrinsic samples, D.r = D, and as a such is shown as linear
relationship for all D, (Fig. 2.19, line No. 1), meeting D, axis in the range of very small,
monodomain grains, D,,. In this case all magnetization processes connected with DWSs

depend on D,: influence of microstructure as per se appears in full measure.
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Contrary to this in the case of (simply) intrinsic samples (of conventional ceramic
technology) there are appearing the intragrain defects in the grains, pinning DWs (Fig. 2.20,
c). However, from a number of experimental data it is possible to state, that small grains (less
than 3...5 um [109]) are without intragranular defects, so there is appearing some threshold
size of grains, Dyy,.
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Figure 2.19 Conception of effective grain size Des and its experimental prototypes: a) possible
relationships between Deft and D based on domain-wall processes in grains [65, Fig.6]; b)
Initial susceptibility (4" — 1) versus mean grain size D for Ni-Zn-Co ferrite samples [43, c]; c)
Initial susceptibility (1" — 1) versus mean grain size D for YIG ferrite samples [43, c].
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Figure 2.20 Schematic presentation of DW within a grain: a, b — Globus’ model in a
spherical grain without and with applied field; ¢ — with applied field and pinning defect
in the center of grain.
Above provided analysis of the data for usual technology, non-specialized PF obviously
gives (Egs. 2.37) Dy, = (3...4) um, but in the case of specialized ones the results may be

different (as in the example of power MnzZn-ferrites optimized for higher frequencies D;;, <
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6 um, Fig. 2.16 [49]; but for higher initial permeability D,;, < 15 um [34]). Since the pore-to-
pore distance may be practically independent of D [34], then D, for D > D, may become
Dess = Dy, = const and take a general view of dependence of No. 2 (Fig. 2.19); obviously ,
a compromise between No. 1 and No. 2 (dependence No. 3, Fig. 2.19) may take a place as
well. Clearly, in the last two cases the influence of MST on parameters of PF is obscured, the
correct results can be obtained only on intrinsic group samples. In this case it is possible to
relate the magnetization process directly to material MST and to apply quantitatively to the
general concept that experimentally observed  characteristics of the sample in fact are
integral ones appearing as such in the process of natural averaging their inner parameters over
the ranges set up, e.g., by the grain size distribution.
A particular example is the static initial permeability x(0), the value of which may
come from distributions of parameters within two (at least) domains:
e the value coming from grain size D domain: as to now mainly known as empirical
data from experimental investigation of impact of MST; now is required the
calculations based on grain size distribution, average grain size D, etc.;

e the value resulting from operational frequency f domain: substantiated by KKR,

giving, e.g, wu(0)—1=2/; fow[u”(f)/f] df (schematically pictured in
Fig. 2.12).
Currently, there are no quantitative analytic relations revealing the distribution effects
in both of above mentioned domains, nor clearly seen interrelations between these domains. It
is hoped that the model analyzed in the next subsections will correct this.

2.1.9 Modeling of complex permeability by accounting
for the effects of microstructure

Typically, the overall appearance of most CIP spectra are similar: they look like the
combination both of relaxation attributes (dispersion and absorption within a broad range of
frequency) and resonance attributes (positive ups and negative downs on u'(f) — the
dispersion curves). It was shown in [47] that in such a case the most appropriate
approximation comes from taking account of inhomogeneous broadening of absorption
caused in fact by the distribution of grain sizes (Fig. 2.16).

This concept translated to spectrum of ferrites from 1QG, assumes that every
polycrystal grain of the sample can be considered as a low loss oscillator (more exactly: the
DW in a current grain having us.,: « D and resonating at f, . o 1/D? with D standing for

the current gain size). As a consequence the whole curve of ACp u"'(f) can be made up from
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absorption curves of these tiny oscillators (having the absorption line u"' (f, fosc)) with
continuously distributed f, . (for clarity in Fig. 2.15 the principle is shown as if ACp u"(f)
would be made up only by a group of a few oscillators). Further it is accepted that the grain
size distribution probability density function is log-normal:

f(D) = (1/DaypV2m)exp[—(InD — InDmeqa)® /204,01 | (2.38)
where Dmeg IS the median, and g, is the standard deviation of InD. In principle, the log-
normal distribution of grain sizes can be presented parallely either as variable logD or InD
(the former is used in this work since it more naturally agrees with typical offering of CIP
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Figure 2.20 Inhomogeneous widening of ACp.
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frequency curves in decades; the latter is one more often used for the study of MST). The
value of oy, for PF with MS formed in the process of normal grain growth (i.e., with normal
MST) tends to values [89]:

Omp = 0.50r 0155 = 0p = Oppp/Inl10 = 0.22; (2.39)
(the latter value emerges in the case when (2.38) is presented on a decimal logarithmic scale
that is more appropriate for CIP analysis in the frequency f-domain).

Also it is assumed that the relationships for magnetization processes in the elementary
volumes, i. e., in grains as a function of D are similar to those which can be deduced from the
analysis of experimental data of a variety of PF samples in relation to their average grain
size D,. Thus, in relation to Da IQG exhibit clear correlations: linearity and obeys the
modified Snoek’s law [68]:
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u(0) —1=C;Dg; (2.40)
:ur”naxqua/Ms = 2m/o, (2.41)
where C; — const.; hence ferrites from IQG are the most appropriate for theoretical analysis.
In contradistinction, for ferrites from TQG such a clarity is lost — linearity (if at all) needs to

be related to some effective grain D, and only the standard Snoek's law is fulfilled:

p0)—1= CiDeff; (2.42)
HmaxfulMs = Cy (2.43)
where C; and C, — const. In fact, just (2.40, 2.41) and (2.42, 2.43) as precedent patterns are
used for true intrinsic and intrinsic samples respectively for dealing with their inner

processes — ones in current grains D within PF samples.
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Fig.2.16 Potential possibilities of the model to transform from symmetrical to
asymmetrical type of spectra [70]

From the previously mentioned interpretations and corresponding equations (2.40, 2.41)
it emerges that for 1QG ferrite samples there is a distribution not only of sizes D, but of
related frequency response of elementary volumes too (Fig. 2.15). The response is expected to
arise from DW resonating at frequency f,sc, fosc < 1/D?, setting up the static permeability
of current grain u;(0) < D, (that comes about from DW pinned only on the grain boundary —
as in the model of Globus [45]).

The statistical averaging of ACp of permeability of grains (presented in more detail in
[64] for 1QG ferrites and for TQG ferrites in [66]) allows for ACp of CIP of true intrinsic

sample to be obtained as:
W' (f) = tmaxexpl—(logf — logf,)?/207] (2.44)
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where pnq, and f,,, Fig. 2.17, characterize the absorption maximum of u"'(f); bute = 20y

14

for 1QG and o = g;, for TQG. The relation for u''(f) with three parameters of ACp: tmax
fu, and o represents the symmetrical MS (along logf axis from the u"'(f) standpoint,
Fig.2.17).
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Figure. 2.17 Normalized symmetrical CIP spectra for three o values, Eq. (2.44), DCp part is
obtained by the use of KKR (3.1), [64].

The potential of Eq. 2.44 to represent MS (for different values of ) as normalized
curves is shown in Fig. 2.17: it can be seen that the change of o (which in reality means the
change of grain distribution) principally allows going from a mainly relaxation type of spectra
(o0 = 0.6) to a clearly resonant one (o0 = 0.2), having the borderline (between
resonance/relaxation) value near 0.5 (in the process the corresponding dispersion components
DCp were calculated by the use of KKR). For any definite experimental spectrum pey,, (f),
under the assumption that it and that of Eq. 2.44 should coincide at two frequencies: f,, and
fa, the specific value of o for the presentation of the given MS by 2.44, can be evaluated from

these chosen points on the curve pey, (f) at frequency f, < f,(or f, > f,,) and f,:

a = [log(fu/ fI1/\ 2t ihax /1" (fD] - (2.45)

This result unquestionably is a step forward in physically substantiated presentation of

CIP spectra. Even so, analysis of published experimental CIP spectra shows, that the majority
of experimental MS show asymmetrical absorption curves u'’(f). In [67] it was shown that
the reason for this comes from intragrain defects which in real PF appear in coarser grains and

cause extra pinning of DW. So, instead of one low resonant frequency of DW (when it is
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pinned only at grain boundaries) there are developing several higher frequencies from
resonating fragments of pinned DW; accordingly, ACp of CIP at lower frequencies decreases

because of this pinning (Fig. 2.16), and the spectrum goes asymmetric and more resonant as
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Figure 2.18 Normalized asymmetrical CIP spectra for different o, = o, and g, = o, values,
Eq. (2.44), DCp part is obtained by the use of KKR (2.23), [64].

well. It is particularly notable that experimentally it is possible to observe the inverse process
as well: by increasing the excitation field, DW becomes unpinned; the spectrum becomes
more symmetrical and relaxant, practically with no changes in the HF part [Fig. 11 in 132]
(schematically it can be seen in Fig. 2.16 too). It has been found that for the analytical
presentation of asymmetrical MS it is possible to use Eq. 2.44 as well, but with two values of
o: one, g, for f < f,, and another, g}, for f > f,,. Corresponding frequency dependences of a
such modified Eqg. 2.44, in normalized form, for several combinations of o, and g}, (naturally
o, < 0, ) are shown in Fig. 2.18 — they realistically depict the most typical features of
experimental MS. From Fig. 2.18 it is clearly seen, that for g, < 0.5 values the DCp
resonance attributes are appearing at frequencies f < f,;; in its turn g, value, that typically is
higher than 0.5 allows to make more relaxant DCp character at f > f,,. Thus, we can

construct the spectra close to experimental spectra form both with relaxation and resonance
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attributes (Fig. 2.18).

When Eq. (2.44) is used for the approximation of experimental CIP, then the
corresponding values of o can be found from the requirement of exact agreement between Eq.
(2.44) and experimental CIP at three points: fmax @ fry; Xtmax@fa < fus Vimax@fp > fus (X
< 1, y < 1); these characteristics allow to use (2.45) as well, which for the often used half-
level absorption, when x = y = 0.5, transforms to:
0a or b = 0.85[108(fu/fa or b). (2.46)
The physical background for this modification comes from the fact that the majority of real
samples (of industry technology) belong to TQG of PF. This implies that in coarser grains
(because of their larger size), there are intragrain defects pinning DW and thus fragmenting
their displacement. This increases the shift in the frequency response (in relation to that of

IQG), because instead of one low frequency fO(SLCF )(corresponding to oscillating DW of full

size within larger grains) there appear several higher frequencies fo(:éF ) corresponding to
vibrations of the fragments of pinned DW, this lowers the value of o, and increases that of
op,; the values thus gained only indirectly are related to actual grain size distribution. So, if in
Eq. 2.45 the data from experimental ACp are inserted: f, < f,, (often such as u"'(f,) =
0.5Umax); Tor oy, f, is simply replaced by f, > f,,. For symmetrical MS ¢, and o3, obviously
are equal.

As suggested above, the value of ¢ in the model characterizes the distribution of
resonance frequencies f,s. of DW, and so ¢ is directly connected with the characteristic of
distribution of grain sizes a;, as well. The modeling of magnetic spectra by taking account of
PF microstructure offers the physical background for unveiling the microstructure dependence
of not only static magnetic permeability, but of complex magnetic permeability too. Included
in the model assumption that DW are low loss resonators, offers universality: narrow
distribution of grains (o < 0.5) gives resonant type MS, but broad distribution (o > 0.5)
gives a relaxation type MS (contrary to this DW viewed as relaxators allows only for the
relaxation type of MS). Graphical representation of CIP spectra by means of microstructure
parameters allows the conclusions to be made that: symmetrical spectra represent PF with
rather perfect grains; asymmetrical spectra point to the presence of a considerable amount of

intragrain defects.
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2.2 Magnetics for switch-mode power supply

An ideal power supply must provide a constant output DC voltage of desired value (or
level), regardless of pollution of input voltage (ripples, level change, harmonics, etc.), nature
of load (high/low impedance, inductive/capacitive character of load) and of the conditions in
which it is used (high/low temperature, high humidity, etc.), at 100 % conversion efficiency.
But in real power supplies there will always be losses, output ripples, noises.

There are two types of AC/DC power supplies: linear power supplies and switched
mode power supplies.

Linear power supplies (LPS) are the most simple and cheap to construct, but they are
bulky and have low efficiency. Due to low operating frequency (50-60 Hz) transformers used
in LPS are massive and the weight of these power supplies becomes significant. The
efficiency range of LPS is 35-65 % [104]; a large amount of energy is dissipated (mainly as a
heat), which is undesirable because of drastic energy consumption all over the world.

Switched mode power supplies (SMPS) are more complex then LPS, but provide more
efficient power conversion (the efficiency now reaches up to 97-98 % [125]). Due to the use
of high switching frequency the construction of SMPS is more compact and lighter, but the
SMPS output is noisier than LPS. The actual problems here are noise filtering,
electromagnetic interference (EMI) and radio frequency interference (RFI) suppression,
which adds complexity to the construction. To reduce typical nonlinear influences of loads on
the power grid the power factor correctors (PFC) are added to construction, which adds more
complexity and cost to the SMPS. But all these requirements are needed to minimize the
world power consumption [104, 148]. Transformers, coils and filters should have high
efficiency at high frequencies, though this is hard to achieve. To reduce energy losses and
decrease the physical size ferrite cores are used. Often high impedance of coils with ferrite
cores is a good way of suppressing the interference signals. Pulse transformers require
ferrites of high permeability, low hysteresis factor and DC sensitivity; power transformers
require low power losses and high saturation levels.

To solve these problems and develop the low loss high frequency magnetic materials —
ferrites, different approaches are used for understanding power loss mechanisms, e. g.
development of the loss measurement techniques [166, 169], and production and study of new
low-loss ferrite compositions [113, 177]. Doping MnZn ferrites with SnO», TiO2, Ta20s [177]
or Ca0., C0203, M003 [112] dopants have a great influence on grain boundary resistivity and,

therefore can improve micro-eddy current resistance within the core. Thus, the research into
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MnZn ferrites [122], developed a new composition with high-electrical-resistive boundary
layer, which reduces high frequency power loss (by lowering eddy-current and residual
losses). In [106] there is developed a new ferrite material (H63A) which allows the
construction of a multiple output 400 kHz power supply with reduced noise characteristics.
The current tendency is miniaturization of electronic devices and components [138].
Planar cores are a good choice for magnetic components in the case of further miniaturization;
correct winding placement can enhance efficiency (due to minimization of winding losses).
The problems associated with the use of planar cores are described in [86]. System on chip
inductors are developed in [100]. Applying a ferrite polymer epoxy globe onto these inductors

enhances the performance.

2.2.1 Ferrites for SMPS

There are several topologies available for SMPS. Each of topologies has its unique
features, the selection of which is dependent on the working conditions. For the correct
selection of the SMPS topology one should determine whether the output voltage should be
lower or higher than the input voltage or should there be input to output dielectric isolation.
Thus the SMPS can be divided to those with transformer in their topology (isolated) and
without it (not isolated) [104].

b
Figure 2.19. Simplified buck (a) and boost (b) converter topologies.

The majority of SMPS topologies are derived from the three non-isolated ones: buck
(Fig. 2.19, a), boost (Fig. 2.19, b) and buck-boost. These topologies have the lowest
component count (transistors, diodes, capacitors, inductors, etc.).

The buck converter is one of the cheapest and most common topologies used to step-
down voltages, for applications where isolation is not required. The downside of this topology
is discontinuous input current which results in higher EMI. In contrast — the continuous input
current in boost (step up) converter topology makes it a good choice for power factor

correction applications. In the buck-boost topology both input and output currents are
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discontinuous, thus very large output capacitors are needed to achieve low ripple levels [104].
Nevertheless this converter type can both step up and step down voltage, which makes it
useful for the applications where the input voltage varies over time.

To extend the limits of non-isolated topologies the transformers are used [104]. This
provides input to output isolation; by varying the transformer turns ratio, the duty cycle of a
transformer can be optimized and peak currents flowing minimized; the multiple outputs can
be easily achieved with multiple secondary windings and the polarity of the output can be
selected by the choice of polarity of secondary versus primary winding. The disadvantage can
be additional transformer size, weight and power loss. The transformer operation (and so are
converters) within the isolated topologies can be divided to symmetrical and asymmetrical
[104].

In the asymmetrical converters the flux and magnetic field never changes sign, thus only
half of the flux is used. This results in the need of demagnetizing of the core in each cycle.
Such asymmetrical converter topologies are flyback and forward (Figs. 2.20; 2.21) [104]. On
instance the symmetrical topologies, such as push-pull and bridge-type, utilizes all the
available flux, so the usage of the core is more effective. This requires the even number of
transistor switches. Therefore simmetrical converters can produce more power than
asymmetrical ones.

The magnetic cores form an essential part of power supplies, and can be made from a
great variety of materials and shapes, and can be classified into three main categories: tape

wound cores, powder cores, and ferrites. Among them ferrites, having high resistivity, are
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Figure 2.20 Flyback converter (Np and Ns are coupled inductor primary and secondary
windings, Uin and Uout - input and output voltages)

common core materials for high frequency applications.
In flyback converters (Fig. 2.20) the transformer accumulates energy during switch ON
time (magnetization through primary winding) and transfers energy to the load during OFF

time (demagnetization through secondary winding). Thus the flyback does not contain a real
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transformer, but the coupled inductor instead. The fact that energy should be stored in the core
results in greater expenses and larger size of the core in comparison to other topologies.
Because of constant magnetization of the coupled inductor it should be made with a ferrite
gapped core, or with magnetodielectric ring or split core. Ferrite cores with non-magnetic gap
provide more stable inductance from the current change, thus avoiding core saturation.
Magnetodielectrics provide a smooth change of inductance with current change, but without
severe saturation. The energy transfer only during the transistor OFF time results with the
need of the large output capacitor in order to achieve low output ripple. Nevertheless the
flyback topology is the good choice for multiple output supplies, because each output requires
only one diode and output capacitor [104].

. L,

Uin Uout

&
L —

Figure 2.21 Forward converter (Np and Ns stand for primary and secondary transformer
windings, No — demagnetizing winding, Uin and Uout — input and output voltages)

The forward converter uses the real transformer, unlike the flyback (Fig. 2.21). The
energy in forward converter is transferred to the output during transistor ON time without
accumulation in the transformer. However, asymmetrical operation of the convertor requires
for demagnetizing winding and a clamp diode to reset the core. The energy required to excite
the core can be achieve by comparatively high primary inductance, thus there is no need for a
gapped core. The standard ferrite cores with relatively high permeability (~ 3000 [104]) are
the best choice for such application. The fact, that the energy is not stored in the transformer
core allows for smaller transformer size and less core loss.

The push-pull converters, having two switches, utilizes the flux fully and can be made
with middle tapped transformer (Fig. 2.22), with half bridge and full bridge schemes. The full
utilization of flux means symmetrical operation mode, this results in smaller transformer size.
Moreover, the bipolar switching results in doubled switching frequency of the output circuit,
which allows for smaller sizes of output inductor and capacitor. In the half bridge scheme the
primary transformer winding is connected through capacitors, therefore there is no DC current

component. In contrast, the other two schemes can achieve a transformer core saturation if the
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flux wing in each half cycle is not symmetrical. As the transformer core is working in HF
fields (> =500 kHz...1 MHz), the core should be chosen from MnZn ferrites. If the switching
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Figure 2.22 Push-pull converter (Np and Ns stand for primary and secondary transformer
windings, Uin and Uout - input and output voltages)

frequency is lower, then amorphous alloys can be chosen. The use of powder compounds is
not a good choice, because they have low permeability values and are more expensive than
ferrites.

The type of transformer core can be varied (Fig. 2.23). RM cores are easy to place on
PCB due to their square shape, and also round winding bobbin is easy to wind. Nevertheless,
it increases leakage inductance, which in turn increases complexity of winding, which results
in decreased efficiency. The P cores are analogous to RM but have round shape and therefore
it is more difficult to place them on PCB than RM cores. The rectangle shape of EP cores is
easy to mount on PCB, and the core completely wraps the coil except for one side, which is
placed on the PCB. The EFD cores are placed horizontally, therefore they have smaller
height. The low profile LP cores are used when there is need for small dimensions of the
device. Toroidal cores (for devices of small and medium power) are the cheapest type of core
and have minimal leakage inductance in comparison to other core types. This results in
reduced noise radiation and switch voltage overshoot. The disadvantages of toroidal cores are
the complexity of winding, and the need of isolation of the core material (if the isolation is not
included in the manufacture). Thus, the most universal remains the toroidal ring core.
Therefore most of experimental measurements are performed on ring-shaped cores.

The core material can be varied too. Magnetodielectric material — mo-permalloy — has
the best technical parameters, but is very expensive. Sendust and Cool Mu materials are

cheaper, but to get same loss characteristics as mo-permalloy we need to increase core
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dimensions due to the lower magnetic induction in the core. The ferrites has good technical

parameters, relatively high permeability and can be made in any convenient core type.
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Figure 2.23 Core types of soft magnetic materials

Converter inductors have the same working principle, thus in the push-pull converter
case — the mode of operation is easier than in forward or flyback converter working mode due
to doubled switching frequency. The inductor works as an energy storage element (it
accumulates energy and then transfer it to the load). The core of an inductor is working within
fields, with a high DC current component. Therefore the core should be made either from
ferrite with a non-magnetic air gap or magnetodielectric material.

However, if a non-standard operating mode of power supply occurs (low power mode or
"Drop-Out” mode [32] (when input and output voltages are almost the same, and 100% duty
cycle is achieved, minimum-on-time [31]), the power supply may enter the switching pulse
skipping mode. In [32] the tests were performed on a Texas Instruments TPS43340-Q1 power
supply, which results in 4 times switching frequency fs,, reduction under "Drop-Out” mode
from 600 kHz to 150 kHz.

2.2.2 Research of effects of spread spectrum
on output filter of buck converter

The miniaturization of power supplies, in general, is achieved by increased switching
frequency, fsuy (Which results in higher frequency noise applied to power supply components,
for example — for a frequency of 200 kHz the harmonics of 600 kHz and 1 MHz appear [49]),
and, thus it results in EMI problems. Decrease of EMI can be achieved both by traditional

passive methods (filtering, shielding, grounding, proper PCB design, etc.) and by active
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methods — spread spectrum technologies (SST) [154]. The latter method (also known as
dithering) allows the suppression of fs;,, harmonics at the point of their generation — switching
transistors without intervention into the power parts of the converter. In concept SST is the
use of frequency modulation (FM) of f5,, with a modulating signal of frequency f,,, (f, <
fsw). The modulation suppresses the amplitude of each harmonic of the naturally discrete
harmonic spectrum of unmodulated fs,,,, by converting them in corresponding noise bands but
with significantly less noise intensity (Fig. 2.24). Thus the energy emitted by hard switching
is not concentrated in high amplitude discrete harmonics but is spread out more evenly over a
larger frequency range with the top levels of EMI considerably reduced. Hence the

appropriate maximum fs,, can be determined by the use of EMC assurance methods.
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Fig. 2.23. Schematic of FM closed-loop buck converter used [76].

In the research of the effects of spread spectrum on the output filter of a closed-loop
buck converter (Fig. 2.23), operating in continuous current mode (CCM) is used. The buck
converter can operate both as an unmodulated converter and as a FM converter. In order to
spread the spectrum and reduce peak EMI levels, the control circuit consists not only of PWM
controller SG2524 but also consists of a frequency modulator and modulating signal generator
(MSG). The triangular-like output signal f,,, of the frequency modulator is fed into the PWM
controller comparator input. If MSG is disconnected from the frequency modulator, then
power MOSFET Q1 fs, is constant (unmodulated). If MSG is connected to the frequency
modulator then fs,, is modulated by m(t). The instantaneous switching frequency in this case
IS:

f_(t) = f,,, +Af,m(t), (2.47)
where Afsw is the switching frequency deviation (in [76] 35 kHz); m(t) is triangular
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modulating signal; fswo is the nominal switching frequency (in [76] 100 kHz).

In Fig. 2.24 input current spectra are shown for both unmodulated and FM buck
converters. The effect of FM reducing EMI of the converter is clearly seen. After applying
FM the noise energy formerly concentrated in discrete harmonics is spread over wider

frequency range and peak EMI levels are noticeably reduced.

Harmonics of unmodulated Sideband harmonics of frequency
A signal __--  modulated signal
s /!

Spectrum
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Fig. 2.24. Spectra of unmodulated and frequency modulated input current [76].

To account for losses produced by currents through L and C (respectively i; and i.), and
for possible supplementary frequency effects at some particular high frequencies within the
spread spectrum, there is need to consider the parasitics of the filter components. Specifically,
for the usual three element equivalent circuit, there are two parasitics for each component: the
equivalent series resistance (r., ESR) and inductance (L., ESL) for the capacitor and the
equivalent series resistance (R;) and parallel self-capacitance (C,) for the inductor. In the
following analysis it is assumed that losses generated in the components are equal to their
resistance times the square of r.m.s. current through them. For the evaluation of the impact of
SST on filter we are not interested in the absolute value of losses, but rather on their change
relative to the unmodulated converter when there is only one value of fg,, = fowo. Asin [76],
this allows only for loss terms which are constant or non-linear functions of fg,,, and assumes
that the linear terms compensate themselves in the case of symmetrical FM.

To evaluate effect the of FM on power inductor losses, first of all unmodulated buck
converter power inductor loss will be analyzed, without considering the effects of core
saturation. In general power inductor power loss can be divided into winding (Pw) and
magnetic core (Pmc) losses. The winding losses for the unmodulated buck converter inductor

are:

P,=R.12, (2.48)
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where R_ is the power inductor resistance, I is the rms current of inductor. Considering that
inductor current consists of both AC ILac and DC lout components (Fig. 2.25), I, is given by:

TSN
L =J—T1 J (i ®)2dt =120+ 1o (249
sw 0

. s . (Uin _Uout) DCTSW . . .
where Ty, is the switching period, I ,. = /3L is the effective value of iLac(t)

(Fig. 2.25), D, stands for duty cycle.
From (2.48)—(2.49) it can be derived that

RL DCZ(Uin _Uout)2
12L° 2, '

_ 2 _ 2
P _RLIL _RLILout+

w

(2.50)

In order to derive magnetic core losses Pmc the modified Steinmetz equation (2.14) for
nonsinusoidal waveforms can be used. Assuming that inductor current changes linearly, as
shown in Fig. 2.25, it can be derived for unmodulated buck converter from (2.14) thus

a-1 Yij
Pmc — Cm 2 : ((Uir‘l Uout)DC j VC_ ’ (251)
D.(1-D.)z 2NS f

where S is the magnetic core cross-section area; and N is the number of turns.
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Fig.2.25. Unmodulated buck converter power inductor current. (Scale: 25 us/div;
100 mA/div) [76].

As can be deduced from (2.50) and (2.51), inductor power loss for an unmodulated
converter consists of two terms: loss that is independent of fsw and loss which depends
nonlinearly on it. It is obvious that nonlinearly dependent on fsw losses can increase due to FM
even if the coil is not saturated. In the case of an FM converter the average power losses of

the inductor can be calculated as follows:

1
I:)Iossmod = T_ j p|m(t)dt (2.52)
m 0

where pim(t) represents instantaneous losses in the power inductor. Taking into account that
for FM T is not constant, then the average power loss Pind(Tswk) for each switching cycle
Tswk is a function of it. So (2.52) can be rewritten as follows:
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Possmod = [j pin ()dt + j Pin (D)t + ...+ J pin ()dt + j pin (t)dt] =

tk -1 tK -1
2.53
1 (2.53)

K
ﬁé ind (Tswk)Tswk

where K is an integer number, K = Trm/Tsw. Considering that Tm (modulation period) is usually

much higher that Tsw then instead of summation the integration can be used as follows

1
Plossmod T ,[Rnd ( fsw(t))dt (254)
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Fig. 2.26. FM buck converter power inductor current without core saturation effects.
Parameters: fswo = 100 kHz; fmn = 5 kHz; Afsw = 35 kHz. (Scale: 50 us/div; 100 mA/div) [76].

Ml

Fig. 2.27. FM buck converter power inductor current with core saturation effects. Parameters:
fswo =100 kHz; fm =5 kHz; Afsw = 35 kHz. (Scale: 50 us/div; 400 mA/div) [76].

So the average power losses of the inductor can be calculated using (2.52), (2.50),
(2.51) and (2.54). After using these equations it is concluded that FM can increase inductor
loss, due to the terms in (2.51) and (2.50) that depend nonlinearly on fw.

In order to examine possible side effects of FM on the power inductor when the core is
entering saturation, output current of the buck converter was increased to about three times
nominal current (from 200 mA to 600 mA). Experimental inductor current is shown in
Fig. 2.26 (when loyt=200 mA) and Fig. 2.27 (when lout=600 mA). As can be seen in
Fig. 2.26 there is no saturation of the magnetic core due to the use of FM. However, a sharp

increase in the inductor current is observed when loyt = 600 mA as is seen in Fig. 2.27. This is
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because the magnetic core material saturates when fs is in the vicinity of fswmin. For the
frequencies which are markedly higher than fswmin there is no saturation.

Obviously, power inductor losses can drastically increase due to SST effects on power
inductor resulting from saturation effects in the core. Therefore when designing an FM power
converter it is important to choose fswmin appropriately so as to avoid the magnetic core
saturation. This reflects as a sharp increase in the power inductor current and consequently
increase losses in the inductor. So when designing an FM converter, minimum switching

frequency should be chosen appropriately to avoid core saturation.

2.2.3 Ferrites for EMC

The line filter deals with differential mode noise and common mode noise. The common
mode noise is conducted on both signal and ground line in one direction; therefore,
suppression filters must be installed on all lines where noise is conducted. Two windings are
placed on the core, and are connected through the magnetic field of the core. This type of

inductor is often called a common mode choke.
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Figure 2.29 Common mode and differential mode filtering (solid arrows represent
direction of the noise without filter, dotted arrows represent direction of noise with applied
filter) adapted from [1, 2, 3]

Common mode choke coils are used for suppression of common mode noise signals. It
acts as a simple wire for differential mode signals (differential signal flowing inside the choke
produces equal and opposite magnetic fields which cancel each other), but produces high
impedance for common mode signals (common mode signal flowing inside the choke
produces equal and in phase magnetic fields which add together). The core material should be
chosen from high permeability ferrite, because the core would work in low fields and the

required inductance can be obtained with a minimal amount of turnings. The use of
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magnetodielectrics is inexpedient due to their low magnetic permeability and the low cost of
ferrites. Core type can be chosen between E, U and ring cores.

Differential noise is conducted on the signal line in one direction (with the signal). This
noise is suppressed by one or two inductors installed on the signal line. Here, together with
low amplitude noise, the high amplitude 50 Hz power supply current is present, which is
equal to DC in these conditions. The core material can be chosen between ferrite cores with

nonmagnetic gap or magnetodielectrc cores.
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Figure 2.30. 3M AB5016RF FFDM material for wireless power application [102]

The modern and growing tendency for the recharging of hand-held electronics is
wireless power charging (WPC) [102]. The electromagnetic inductive coupling (EMIC)
approach in WPC standard tends to be the most cost-effective and easily implemented [102].
For dealing with interference with the function of other electronic components, or the heating
of nearby components during operation, flux-field directional materials (FFDM) have been
developed. FFDMs improve flux interaction with a coil, reduce eddy current losses, provide
flux-field shielding, and minimize EMI to Wi-Fi or other antennae. Typical FFDM materials
are sintered ferrites. The selection of sintered ferrites is based on working conditions (mainly
NiZn and MnZzn ferrites) [102], and losses, that typically are represented by CIP spectra.

The published data on CIP of 3M AB5016RF FFDM material (Fig. 2.30) is noisy at
frequencies < 10 MHz and is not available at frequencies > 800 MHz, therefore the quality of

this spectrum will be evaluated by the use of the model and KKR (see § 3).
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2.3 Review of frequency dependent problems of ferrites.

The main problem in implementing a new design for magnetic related applications is to
collect appropriate data on the materials that will be used [140-142,146].
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Figure 2.31 Measured and given [39] CMP for EPCOS T-35 material cores.

But, usually, provided information on ferrite core is based on low power measurements
of small-sized toroidal cores, which is not always applicable. Larger cores of the same
material can provide significant changes in material characteristics (see Figure 2.31).
Therefore available information is incomplete for applications where such cores can be used.
Furthermore, according to [140] the information provided in the design literature does not
give solutions on how to deal with dimensional effects. The reality of this problem is easily
noticeable in Figure 2.31 — with increased core size the absorption is greatly increased and
dispersion has extremums over a greater extent; also the core working frequency range is
lowered.

Newer-ending problems are related to the reduction of power losses of ferrites
(especially MnZn ones) and increasing power supply efficiency [49]. Consequently, many
new materials, that fulfill the demands of modern power supply designers, have been
developed. In Fig. 2.32 there are presented trends of ferrite material development. The main
directions represent different areas of ferrite production: power ferrites with increased
magnetic flux density; ferrites for high frequency applications; low loss ferrites; and ferrites
with improved temperature loss dependence. The MB3 material, being the general-purpose
material [49] for power supply could not afford all the demands of nowadays electronics. So,

the low loss MB4 material was developed and achieves the energy loss improvement for
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about 20% versus MB3 material [49]. The MBT1 and MBT2 materials show low energy loss
from room temperature to around 100 °C [49]. MB1H material offers high saturation
magnetic flux density, which makes it possible to increase the design magnetic flux density of
transformers (it is optimal for downsizing flyback SMPS [49]). MC2 material has low core
loss at high frequencies (65 kW/m® @ 500 kHz, 50 mT, 100 °C [49]), thus this material is
used within SMPS applications, where compact sizes and thin designs are required [49]. The
more recent materials, in Fig. 2.32 (such as MS3, MBT3, a.0.) have even better

characteristics than their previous representatives in each of application areas respectively.

Higher magnetic Higher frequency O Mass production
flux density O A few sample offer stage
A < Under development

Lower loss in
wide temperature range

Lower loss
MB4L < {1B3>

Figure 2.32. Schematic diagram of development of low loss MnZzZn ferrites for SMPS [49]

Simultaneous improvements of all ferrite characteristics cannot be achieved due to loss
dependence on various factors (not only from the composition but on the microstructure too
[49, 176], since low frequency hysteresis loss depends on microstructure defects, porosity; the
high frequency eddy-current loss can be decreased by higher electrical resistance of the grain
boundaries and smaller size of the grains [176] etc.). But the grain size cannot be decreased
indefenetely; in [49] it is stated, that for forward mode SMPS, core loss at 100 kHz switching
frequency, increases if grain diameter is decreased below 6 zm.

As a consequence, it is believed that the study of CIP frequency spectra in relation to
their MST may contribute to a better understanding of the magnetization processes of PF,
eventually resulting in a better representation of frequency dependencies and more effective

application of PF.
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3 APPLICATIONS OF KRAMERS-KRONIG RELATIONS (KKR)
TO STUDIES OF CIP DATA

3.1 Practicalities of KKR

The Kramers-Kronig relations (KKR) relate the real and imaginary parts of a complex
analytic function. As to physical systems KKR are often termed as dispersion relations and
they are usable for linear casual cases. The relations are used to calculate the real part of a
characteristic from the imaginary part,- and vice versa. Eq. (3.1) and (3.2) describe the

interrelationship of the real and imaginary parts of CIP:

W —-1=2[ %D, (3.0)
W) = =2 f ) (32)

We can see that the real and imaginary parts are dependent on each other, and the
complex function can be reconstructed even if only one part is given over the full (non zero
value) frequency range. The integration has an infinite upper limit, but for actual components
of CIP we may operate within finite limits (e. g., from frequency f, = 0 to fg, beyond which
ACp is zero, Fig. 3.1). For many investigation cases considerable utilities come from the
relation following from Eq. (3.1):

u(0) = 1=2/m [ u" ()dlnf, (3.3)

i.e. the value of static permeability (susceptibility y(0) = u(0) — 1) depends on the
area under corresponding curve (u" (f) or x" (f)) depicted in logf (or Inf) scale.

To transform the relation to the form, that can be applied to experimental results it is
useful to replace the integration with a summation. Dividing the measured curve into short
sub pieces we can assume that each small piece of curve is linear within its limits and then we
can represent the u'(x) or u"'(x) as the sum of linear function: y; = m;x + ¢;. Now we can

write the summation relations for the u'(f) and u'" (f):

, [} n b i

W -1 =20 % D = 2y, [ gy (3.4)
7 o b; i

W) = =2 f 7 dx = 2 [ S ax (35)

Writing the linear function for two points as y(a;) and y(b;), we eventually can obtain
the coefficients m and c:
y(a;) = mya; + c;; y(b) = mib; + ¢ (3.6)

then from:
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y(b;) —y(a;) = m;(b; — a;) we can find m;:
— y(bi)—y(a;). (37)

¢ bi—a; '

but from:

y(by) + y(a;) = m;(b; + a;) + 2¢;. Inserting m; and solving for ¢; we get:

_ Y(apbi—y(ba;
L= . bﬁ-zi (38)
/:l < Experlmental spectra - |
A y |
yo ‘ |
Yi — |
y(a) | | |
: —
a;i X bi X |
|
1 |
_
- fA:0 I X1...Xp fB f

Figure 3.1. Concept of Kramers-Kronig application to measured CIP

Now, using integral solving relations [179] and substituting the integrals in Egs. 3.4-3.5

with summation, we can write the final form of the K-K relations as:

’ 2 Lf |f—ailbi+f) | ci bf-f?

wf)—1= ;21' (mi(bi —a) —"Lin #“jﬂ Lin ,fz_azD (3.9)
" _2 lf |b f2| Ci |f—a;il(b; +f))

W) = n2i< In 1r2-a?| | 2 n (f+a)|b;~f| (3.10)

The MATLAB® program code for Kramers-Kronig relations (based on Eq. (3.9) and
(3.10)) is presented in Appendix 1.

3.2 Magnetic spectra quality — analysis from KKR viewpoint

At times, the experimental magnetic spectra are unclear, or of insufficient quality. In
[193] it is suggested to use the Kramers-Kronig relations as a proper mathematical instrument
for evaluating the doubtfull magnetic spectra. For example, the spectra presented by Dok Won
Lee a. 0. in [93, Fig. 1] clearly seems contradicting since three different values of u(0) are
connected with practically the same u'" (f) that is not possible (cf. Eqg. 3.3), additionally they
are noisy at lower frequencies (from 1 to ~ 50 MHz) (Fig. 3.2), so it is hard to find the correct

value. The application of Kramers-Kronig relations (green dashed line) to above mentioned
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permeability curves (blue solid line) reveals the true values for these inaccurate, noisy data,
and also provided information that measured in [93, Fig. 1] permeability data is inaccurate

(Fig. 3.3).
50
(a) (b) (¢)
2 4w w'(f)
=
[in]
e a0
& W' ()
.g 7
E -
& 10
0 i-,gg.'.!;,ﬂ..;_..,...,m_",“- szt - " T "‘-ﬁ;‘&‘_."ﬂ,,...-nﬂ """ vt "~
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Frequency (MHz)

Figure 3.2 CIP spectrum of Fe7sSi1sBg, measured with different sample thicknesses: (a)
27.5 um, (b) 54,9 pum, (c) 110 um [93].
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‘ the KKR evaluation of
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1 with arrows);
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Figure 3.3 Checking of correctness of CIP spectrum of FezgSi1aBg ['a" from Fig. 3.2].

Unclear (noisy) experimental data is shown in Fig. 3.4., as CIP spectrum of
Nio2Zno3Fe 04 ferrite films [172]: it is rather noisy and it is experimentally defined at
2 x 107 < f < 3 x 10° Hz. Thus, for correct evaluation of this spectrum, ACp was extrapolated

on both sides to zero. The slope of right side was chosen so (with the help of the model
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(subsection 2.1.9)) that after performing KKR evaluation, calculated DCp part slope
(3 x 10 8< f < 2 x 10° Hz) will be same as experimental one. The analysis showed, that data
provided up until /...2 GHz are more or less reliable; nevertheless originally they are not full
and is noisy. But our approach is successful: the use of the model together with KKR for

estimation of incomplete, noisy experimental CIP data allows for much more completeness.

1(f) | URERREL 1
40 i P 3 ’_:u;nodel(f
3o /' | N .
______ w(f) Nhadma |
20 ¥k b
u'(f) A N,
AN L W NN )
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» ‘{-. &
0 . NGl
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-10
10 10° 10° 10" f,Hz

Figure 3.4 Spectrum of Nio.2Zno.sFe204 ferrite [172] and its analyze by KKR.

i(f) - e Blue curves represents measured
777777777777777777 - CP spectrum;
: e —_ L e Red curves — KKR evaluation of
300k 1/ (F) A CP spectrum ACp and DCp
' e Dotted green curves — model
approximation.
200
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1)
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Figure 3.5 Analysis of 3M EM-600 [102] ferrite spectrum.
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Company 3M flux-field directional material (FFDM) ferrites EM-600 and AB5016RF
(Fig. 3.5 and Fig. 2.31, 3.6) were provided by the manufacturer with little noise at f <5 MHz
for EM-600 material and, also with noise at f <10 MHz for AB5016RF; additionally,
AB5016RF ferrite CIP data was not available above 800 MHz. Thus with help of applying the
model and performing several KKR iterations, the curves were precized and prolonged. This
revealed that presented data is reliable, even in case of AB5016RF ferrite spectrum (the model
was applied with parameters of o, = 0.48 and g;, = 0.76 for EM-600 ferrite and with o, =
0.33 and g5, = 0.68 for AB5016RF).

H(f)l. Lii] e Blue curves represents measured
100m - CP spectrum;
Ehpbagaiayosr Pl o™ T\ e Red curves — KKR evaluation of
80L - ' " CP spectrum ACp and DCp
,,,,, / e Dotted green curves — model
oo | D 1] approximation.
40F— SO
)
20 Ry
oF 100M - g
-205 7 8 9
10 10 10 10 frHz

Figure 3.6 Analysis of 3M AB5016RF [102] ferrite spectrum.

The other publication, provided by Islam R. [63], presented the confusing data on
NiossZno.sFe204 ferrite CIP spectra measured within different temperatures. According to
(Fig. 4, Fig. 3 in [63]) — ACp has pronounced increase of amplitude at lower frequencies (red
curve in Fig. 3.7), but the DCp does not represent any resonance attributes at these
frequencies, instead — stays linear. The analysis of these curves with help of Kramers-Kronig
relations proved the incorrectness of the experimental ACp low frequency data (Fig. 3.7).
Though the measured frequency range in [63] was not enough to correctly apply the KKR (the
end frequency is represented with 12 kHz). So for evaluation of imaginary part (dashed green
line) — DCp (solid blue line) was prolonged till 5 MHz, the red line represents the measured
ACp data. Additional figures from [63] can be found in Appendix 4, Fig. A4.1, Fig. A4.2.
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Figure 3.7 Permeability of spectra of Nio.ssZno.4sFe204 ferrite, adopted from [63, Fig. 3,
Fig. 4, measured at T = 1250 °C]

All these examples prove that application of Kramers-Kronig relations on experimental
data provides information on quality of measured data, points to confusing results and helps to
estimate doubtful, noisy data. The combined use of the model and KKR, though, proved to be
the good analytical, numerical instrument for evaluation of noisy CIP data. The method of the
evaluation of noisy complex permeability data is reliable and indispensible in cases when

studied data is not fully presented.

3.3 Decomposition of spectra

Within this research the decomposition of CIP spectra is intended for practical sake — to
distinguish the role of DW and NSR components in total spectrum that is hard to measure
directly. For this purpose as the tools there are used: principally KKR, but practically for DW
component the model (subsection 2.1.9) accounting for grain size distribution effects in PF.

For example: the spectra measured by J. Slama, et. all. in [143], represents ACp with
two resonances: domain wall resonance near f=90MHz and spin resonance near
f=1.6 GHz, (Fig. 3.8). To obtain more detailed data on how both resonances contribute to

whole CIP we can make the spectra decomposition.
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Figure 3.8. Broadband NiZn ferrite spectrum [143]
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Figure 3.9 Contribution of DW component to the measured [143] CIP spectrum.

For correct decomposition of spectra we can use the help of a model (§ 2.1.8) based on
account of microstructure. Applying it to DW resonance curve we obtain the spectra without
spin resonance (Fig. 3.9), and then with help of Kramers-Kronig relations we construct the

real part of it. Identically we can get the real part of spin resonance (Fig. 3.10).
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Figure 3.10. Contribution of spin component to the total spectrum in Fig. 3.14 [143]

Large set of data provided in [53] (Fig. 3.8) for YIG ferrite is a good field for the
evaluation of PF magnetic spectra components contribution into complex permeability

spectra.

77

7
7.
7

7

Figure 3.8. Wide range (temperature and frequency) spectra
for an iron-deficient Y1G sample [53].

On the following figures using the original data (presented by blue solid line), model
application (dashed green line) in coupe with KKR (red dotted curve — evaluation of spectra

quality), we can evaluate the DW ACp component contribution.
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Figure 3.9. DW contribution to whole spectrum ofYIG sample [53] at T=200K, o, = 0.6, 0}, =
0.6 04, = 0.6, tpyy = 65, uhy = 41 (63 %)
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Figure 3.10. DW contribution to whole spectrum of YIG sample [53] at T =229 K, o, = 0.61,
op = 0.61 04y = 0.61, gy, = 110, upy, = 66.5 (60.4 %)

Taking for analysis two CIP spectra with distinctly shown DW and NSR regions
(Fig. 3.9, 3.10) we can see that the DW component contribution to whole CIP spectrum is
about 60 %. Applying the model to the DW component gave almost the same value of ¢, =

0.6, which signals of rather symmetrical DCp and of good quality of microstructure.
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The results of spectra decomposition showed, that:

e it is possible to distinguish for the contribution of DW and NSR components to
whole spectrum;

¢ real values of ACp maximums and corresponding frequencies can be precised
with decomposition (e.g. in case of close DW and NSR absorptions
localization)

Thus, the decomposition of spectra into components allows to estimate the component
contribution to CIP, which is hard to measure directly. Also, using inverse process (as it is
showed in Fig. 6.4) we can estimate missed component contribution (in this case the NSR) on
the whole spectrum and thus evaluate measured spectra quality. The study of low
permeability spectrum (Fig. 3.8) proves, that contribution of NSR part to x(0) is less than
20 % (in the case of high permeability CIP spectrum, the NSR contribution is even less, in

some cases it can be ignored, e. g., fig. 2.6).
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4 STUDY OF MICROSTRUCTURE OF SAMPLES USED;
MST ASPECTS FOR PF OF SMPS

Mathematical statistical methods are used for describing of microstructure parameters of
PF [89, 124]. Commonly for randomly taken data of some parameter, there can be defined
mean arithmetical value, standard deviation, dispersion and others. Microstructure can be
characterized by some parameter (e. g., grain diameter) or value (e. g., number of grains in
volume). The most complete characterization can be achieved with probability density
distribution function of these parameters or values. The diameters of globular grains have log-
normal distribution function [187], and from this function we can easily determine the
statistical parameters of MST.

The microstructure of ferrites is three dimensional, but it is hard to obtain 3D
characteristics. Nevertheless, this 3D structure is possible to study by the use of either
intersect planes or intersect lines, thus obtaining 2D or 1D characteristics respectively.
Between all these different dimension approaches exists strong mathematical relations. The
basis of stereometric method of describing the MST parameters lies within 7 strong
mathematical relations, which describe phases, grain boundaries, number of grains, etc. in
alloy [187]. Our interest lies in obtaining of statistical parameters of MST: D, — average
diameter of grain (in statistical analysis it will be marked as D ), (D) — standard deviation of
grain diameter and o (InD) standard deviation of diameter logarithm.

There are developed many statistical methods for microstructure analysis: Jeffries'
planimetric procedure, Heyn linear intercept procedure, E. Shail’s arithmetic series method,
A. G. Spector’s chords method, S. A. Saltikov’s enlarged index method, a. 0. [12, 187].

Along with manual calculation there are developed automatic measurement methods
with image analyzers. But automatic measurement greatly depends on micrograph quality,
quality of polished surface, microstructure’s complicity. Nevertheless, with developing of
image processing there are developed new methods in quantitative analysis of the image [59,
165], which claim that statistical confidence degree can be achieved up to 95 % after image
processing (Fig. 4.1). Adjusting the quality of the image of micrograph and adding
corresponding image processing algorithm there can be achieved that most of grain
boundaries are visible (Fig. 4.1) [165]. Use of these methods can, e.g., improve the

correctness of processing of complicated, multi-phased, fine-grained microstructures [33].
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b)

Figure 4.1. Grain boundaries selection example a) and closer view on grain boundary
selection quality, b) [165].

The less time-consuming and sufficiently precise method assumed to be the Saltikov's
enlarged indexes method [187, 193]. Therefore due to availability of this method, the analysis
of MST of the samples studied in this work will be done basing on the use of it. This method
is based on stereometric relations, which can describe grain distribution in three-dimensional
space by using of micrographs. Thus we need to decrypt the micrograph, if it is not in
excellent condition (therefore manual characterization methods have advantage instead of
automatic image processing methods, because scratches that can be seen by an eye — can be
recognized as grain boundaries with automatic methods). Using this method there is no need
of differential estimation of measurement of diameters or chords of individual intersects as it
is in other methods, and there is no need of separation of grains into groups by their sizes,

which is most laborious process in quantitative microanalysis.

4.1 Statistical microstructural parameters of studied ferrites

In order to obtain micrographs of studied ferrite samples with seen grain boundaries, the
surface of studied ferrite samples was polished with fine abrasives, and then etched. NiZn
ferrites were etched in orthophosphoric acid, MnZn ferrites — in hydrofluoric acid.
Temperature, etching time and acid concentration was selected individually for each ferrite
group (average etching time for MnZn ferrite — 5 minutes in 60 °C acid, for NiZn ferrite —
10 minutes in 100 °C acid). The microstructure photos obtained with scanning electronic

microscope (SEM) analysis were taken on the surface of split ferrite material.
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Fig. 4.2. Micrographs for NiZn ferrite: a) — SEM image, b) — etched surface.

EOR TS | R WP TSV T

Fig. 4.4. Micrographs for MnZn ferrite (6000HM-1): a) — SEM image, b) — etched surface.
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As we can see from Figs. 4.2, 4.3, 4.4: it is hard to obtain excellent quality of polished
surface due to crumbled grains and pores. The micrograph decryption is based on finding
amount, dimensions of crumbled grains and pores. Then we can construct the lognormal
distribution function [185]:

_(inp-InD
N, = NA ol ke @.1)
- V27D 1 |

where N, is grain number in i-th group in 1 mm? of material; D, - grain number in i-th group;

A — measuring step, mm; D= %\l — average diameter of grain;

InD=InD-0502, (4.2)

grain diameter average logarithm;
Oinp =\/O-I?;1D (4.3)

2
standard deviation of grain diameter logarithm, where o, =In {1+ (S—D} ;
D

o5 = \/% -(of (4.4)

standard deviation of grain diameter;

3
N = GEZ[%J SV (4.5)
the number of grains in 1 mm?® of material, where cumulative volume of grains in 1 mm? of

material ZV =1- because we have single phase structure [181].

The characteristics that are done directly from micrographs are:

specific surface area 728 =2m, wherem:gav| — the number of intersections per unit

av

length of the secant, g,,— average number of grain boundaries that are found on the one

secant, |, — average number of the secants in micrograph.

1 Cav

The grain number in one micrograph: n=x+0,5y+0,25z, where x stands for whole

grains, y — grains that are found on the edges of the micrograph, z — grains that are found on

the corners of the micrograph (Fig. 4.5).
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To obtain reliable results for microstructural parameters the micrographs were taken
from different parts of sample. Data obtained from all the micrographs was used for final

calculations of statistical MST parameters (D, op, 6,,p).

grains found on the corners grain boundaries found on

secant

of micrograph

grains found on the edges

of micrograph

arbitrarily oriented secants

Fig. 4.5. Example of obtaining micrograph-obtained characteristics for MnZn ferrite (T37) using
Saltikov's method.

The obtained data shows that microstructure — aggregation of polycrystal grains is that
of normal grain growth for all of the ferrite samples (because gy, tend to 0.5 as it is for MST
with lognormal grain distribution [64, 89]). Nevertheless, there is clearly noticeable from

micrographs, that all of ferrites have defects within numerous of grains.

Table 4.1. Statistical parameters of studied ferrite samples.

D,
Group Ne Omp
um
Al 79 055
NiZn, A2 79 055
4560 A3 79 055
A4 79 055
B1 129 0.3
B2 129 0.3
MnZn,
B3 129 0.3
6000HM1
B4 129 0.53
B5 129 0.53
Cl1 10.7 053
MnZn,
C2 127 052
T37

C3 134 0.53
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Fig.4.6. Grain distribution function for Mnzn C1 (a), C2 (b), C3 (c) samples, MnZn B1...5 (d)
samples, NizZn Al..4 (e) samples.

The grain size probability distribution functions for different types of ferrites — Fig. 4.6
provides us the information about grain size distribution in different ferrite samples. Curves
a..c on Fig. 4.6 provides information on industrially made ferrite cores; it is clearly
noticeable, that larger core dimensions results in larger average grain size Da of the core. The
Fig. 4.6, d and e curves, characterize grain distribution in cutted ferrite cores from ferrite tiles,
therefore it is the same for all studied PF in these groups, but the character of distribution is

different for NiZn and MnZn ferrite groups.
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Thus, studied samples show normal, homogenous MST (Fig. 2.13) that obeys (2.28) and
will be used for examine of CIP spectra. The absence of such inhomogenities in
microstructure of studied samples as well as o(InD) value close to 0.5 allows us to assume

that the MST is that of normal grain growth.

4.2 Preparing of samples with similar microstructure

For the research of CIP of the samples we need to make series of experiments on each
researched ferrite group. The quality of MST of samples points to quality of material.

In the following investigations of correlation of MST and CIP spectra it is proposed to
resolve two problems:

1) dependence of CIP spectra on different geometric dimensions under fixed MST;

2) correlation of definite CIP spectrum with the MST of sample.
In the first case there is need for samples of similar composition and MST but of different
geometries. To fulfill this ferrite cores should be cutted off from the same ferrite tile, that had
same preparing and sintering conditions within whole tile area. Similarity of MST (as a grain
aggregate characteristics of which are random variables) can be described by grain size
distribution function, grain average diameter Da, and standard deviation (D).

Generally, ferrite cutting methods are: machine cutting (preferably with diamond disk,
because the ferrite is brittle and can brake if the
sharpness is not enough) aided with coolant, laser

it
Wuiaw

Inlet Water or plasma cutting (lasers and plasma cutting

leaves a burnouts or melting of material at the cut
edge, also performs with high temperature), and
waterjet cutting.

Jewel J

g —Abrasive Tested ferrite cores were cut off from single

ferrite tile with waterjet technique. Waterjet
cutting was selected due to it benefits in relation
to other techniques (mechanical, laser or plasma
Mixing Tube cutting) [77, 158, 161]:
e cutting is performed without overheating;
Figure 4.7. Water Jet cutter head e width of the cut (kerf) is relatively thin
[161] (for abrasive cutting — 0.508 mm to 1.27 mm, for
non abrasive cutting — 0.076 mm to 0.178 mm) which minimizes the loss of material,
e does not add burnouts of the material and does not add material melting;
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e does not add undesired impurity (water under high pressure (up to 4100 bar) is mixed
with abrasives (in our case — garnet) and does not leave remnants on the surface);
e high cutting speed,
e can make every desired form of core.
The only problem of this method is to find the water jet pressure level high enough to

cut through ferrite tile, but not to break the material.

Figure 4.8 Surface of the cutted ferrite sample

There were produced two groups of ferrite cores with different inner/outer diameter
(ID/OD) and cross section area (A) for experiments. First group is cut off from Ferroxcube
4S60 ferrite tiles [40], second group is cut off from Nevaferrit — 6000HM-1 ferrite tiles [112].

The quality of cutted surface is shown on Fig. 4.8.

Table 4.2. Parameters of studied samples

Dimensions, A,

Group Ne , H(0)  u(0)exp
mm mm
Al  R12x8x6 12 2000 2200
NiZn, A2  R20x10x6 30 2000 2100

4S60 [36] A3  R31.5x20.5x6 33 2000 2125
A4 R40x23.5x6 51 2000 2140
Bl R10x4.3x10 285 6000 6750
MnZn, B2 R20x9.1x10 545 6000 6530
6000HM1 B3  R25x12x10 65 6000 6650
[105] B4 R30x14.3x10 78.5 6000 6850
B5  R33x10x10 115 6000 6523
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Figure 4.9. Elemental analysis of NiZn samples [71]

Specteum 1

Weight%

T T T T T T T Tt
1 2 3 4 5 3 7 ]
ull Seale 8801 ots Cursor 0108 (24 cts) k| o M Fe

Figure 4.10. Elemental analysis of MnZn samples [71]

Since the abrasives of cutting may contaminate the ferrite, from different spots of it the
elemental composition (it was assessed by energy dispersive X-ray spectrometry: ESD,

Oxford Instruments 7378, Fig.4.9 and Fig.4.10) and RAMAN spectra (recorded on
“Nanofinder — S” using the 532 nm excitation line; Fig. 4.6, Fig. 4.7).
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Fig. 4.11 RAMAN spectra of NiZn ferrite [71] (red-polycrystal and blue —
single crystal for reference)

In reality the elements analysis didn’t reveal any appreciable contamination, rather — the

cut surface of ferrite cores were clean. Thus, the cutting technique was chosen properly.
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The RAMAN spectroscopy is the powerful tool for revealing the structural properties of
materials [154] (including oxides [4]). The properties of RAMAN spectrum can reveal the
quality of material. For instance — the spectrum of NiZn single crystal (Fig. 4.11) has sharp
peaks (i.e. good quality of the material); but broader width and slight frequency shift of
RAMAN peaks for NiZn as polycrystal (Fig. 4.11) signals about sufficient level of defects in
the MST.
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Fig. 4.12 RAMAN spectra of MnZn and NiZn PF

The study of Zn ferrites in [150] revealed that observation of broad maximum at around
680 cm* can be the result of coexistence of FeO4 and ZnO4 groups (as it is also seen on the
RAMAN spectra of NiZn and MnZn ferrites (Fig. 4.12)). The peaks at around 450 cm™ and
330 cm™ (Fig. 4.7, Nizn ferrite) correspond to that of NiFe2O4 bulk ferrite [4]. The identical
picture lies with the MnZn ferrite (Fig. 4.12): the peak at around 680 cm™ corresponds to that
of FeOs and ZnOa4 groups [150]; the ill-defined maximum at around 350 cm™ provides
information about identical Zn and Mn concentration (or slightly higher Mn concentration) in
MnZn compound [154]. Nevertheless broad width of peaks signals about some defects in the
microstructure.

Therefore we can assume that Raman spectra of NiZn and MnZn ferrites are taken
properly, yet the material itself is not of rather good quality; still there are no traces of

contamination of these materials.
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4.3 Role of microstructure in magnetic power loss of SMPS

From the very outset acceptance of SMPS in electronics (at 70s and 80s of the past
century) efforts are underway to find the magnetic materials that are best suited for them —
first of all with the lowest power loss since low magnetic loss is the most important item for
improving power supply overall efficiency [85]. It turns out that the most appropriate material
at frequencies (0.5...1...) MHz are MnZn ferrites, the power loss of which has been possible to
decrease continuously (Fig. 4.13, [85]) as a consequence of lot of performed studies (mainly
empirical). The studies led to different conclusions, e.g., about needed quality of raw
materials, typical compositions, additives, processing technologies, and microstructure.
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Fig. 4.13 Progress made in MnZn ferrite p;\j\;l;r loss at (a) 100 kHz, 100 mT, 100 °C and
(b) 100 kHz, 200 mT, 100 °C from their development untill today [85].

As for microstructure, generally it is pointed out on its important role (especially on
significance of average grain size Da; sometimes on distribution of grain sizes as well [133]),
but on the whole the guidelines nevertheless are obscure. Thus, in [122] it is stated that eddy
current loss Pe and total one Pt decreases while hysteresis loss Py increases with a decrease
of Da (at frequencies f>500kHz and Da>5 um); in [49] is noted that optimal Da at
f =100 kHz is near 6 um (when there is only intergrain porosity, contrary to the case of
greater ones, e. g., Da=~ 9 um, when intragrain defects clearly appear, Fig. 2.16); in [20] it is
shown, that Steinmetz coefficients for smaller D, ferrites are greater than for higher ones; the
results for newly developed ferrite 6H40 of FDK company [101] gives the loss minimum near

Da~ 16 um (although the experimental data are highly scattered, Fig. 4.14). As the general
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agreement to this broad spectrum of experimental observations is that the hysteresis loss is
dominating at lower frequencies (typically up to 200 kHz [85])but at higher ones both eddy
current and residual ones, because of forced need for considerable lowering of flux density Bm

(to maintain Py at acceptable level).

310 r
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10 15 20 2

Average grain sizely m)

o

Fig. 4.14 Relationship between core loss and grain size of MnZn ferrites
(100 kHz, 200 mT, 100 °C) [101]
In view of the fact that outcomes in relation to the role of microstructure on loss are
rather indefinite, an effort can be performed to use Eq. 2.17 for theoretical estimation of loss.

Consequently, in the case of high frequencies and low fields Eq. 2.17 is presented as:

p =[O/ (D)/u" () or’ (F)mf B, (4.6)

If the frequency dependence of ji(f) in rough approximation is presented by simple

relaxation dependence (Eq. 2.25), then u”"(f)/u'(f)=f/f, and u'(f) =u(0)/[1+
(f/£.)?%], where £, = 1/7 is the relaxation frequency and u(0) = const - D,. Substitution of
these dependencies into Eq. 4.6 gives:

U1+ fuw)?

Ug-const-Dg

LnrB2, 4.7)

p =

Taking into account that usually f « f,,, that for f,, there principally may be at least two
possibilities (subsection 2.1.8.3): f,, < 1/DZ2 or f, «< 1/D,, from Eq. 4.7 follows (with a
precision to constant multiplier):

p X D,f%B2 orp « f2B2. (4.8)

At least the first of these relations is in agreement with aforementioned experimental
data. On the whole, the relations show that principally there is the way leading from complex

permeability spectra to Steinmetz type relations.
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S MEASUREMENTS OF FERRITE MAGNETIC
AND DIELECTRIC PROPERTIES

All items about CIP experimental data are of primary importance for this investigation,
since they are forming the basis for accomplishing the main task — practical evaluation of
suitability of model "accounting for grain size distribution effects” for presentation of CIP.
The data used are of two kinds: firstly, the ones following from our measurement on our
samples, and, secondly, the data published (from different laboratories all over the world).
Such broad experimental basis (the quality of which is verified) provides strong evidence for

making our conclusions.
5.1 Measurement of CIP

For the correct implementation of power supply HF components we need to know their
real characteristics. Often we need to compare component actual parameters to the datasheets.
The analysis involves accurate measurements of different currents and voltages, ratios of
incident and reflected signals etc. For a complete component description (analysis) and, also,
for the best metering device calibration (to perform vector error correction), we need the data
of both magnitude and phase of a signal. To completely characterize an unknown component
we must make measurements under desired conditions and then calculate needed parameters,
thus, the parameters must be universal. For low frequency signals H, Y and Z parameters are
used; all of them require short or open circuit to be applied for measurements. Open or short
circuit application to high frequencies is rather difficult task; also the device can malfunction
if it is not applied correctly. There were developed a parameters that do not have the
drawbacks of low frequency parameters — the scattering or S-parameters [1, 2]. The
S-parameters are defined in terms of travelling waves, and there is no need of open or short
circuit to be applied during measurements as it was with H, Y or Z parameters. Also
S-parameters can be converted to any of other needed parameters.

We are dealing with magnetic components in this work. So, according to [151] the
material permeability is the best parameter in describing the magnetic material's physical
properties (as it directly connects B and H, Eq. (2.18)). The CIP measurements are performed
for a long time period already. So there are a bunch of classical methods (e. g. phase meters,
LRC bridges measurements, etc. [1, 97, 193]) and developed some new ones (like vector
network analyzer (VNA) measurements [1, 2, 58, 59]). All of the developed measuring
methods have their cons and pros in measuring and calculations. For the medium and high
testing frequency range it is suggested to use a toroidal sample (despite the harsh winding
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procedure) [151]. The reasons are several: toroid forms a closed loop, so the losses are
minimal and it represents the standard core shape for inductors and transformers working in
this frequency range [151]. For the medium frequency range the use of impedance analyzers
and phase-shift detectors (phase meters) is suggested [151]. For the higher frequencies it is

suggested to use the shortened coaxial line. Both methods are successfully used in this work.

5.2 Parameters of two port network

To analyze the sample with mostly unknown parameters it is suggested [2, 3, 58, 59] to
use a N-pole model which is described by square matrix of complex numbers. In this work we
are mainly using 2-pole network model, so parameters will be described to 2-pole network
model. The 2-pole network is an electrical network (often a "black box") with two pairs of
terminals for connection. Two terminals form a port when the electric current entering one
terminal is equal to the current emerging from the other. Usually, the input port is called portl

and output port is called port 2 (Fig. 5.1).

il iZ

- -
Terminal 1 Terminal 3

_ ﬁ

port 1 jvl V) l port 2
l Terminal 2 Terminal 4 J
ﬁ
i1 iz
- EE——

Figure 5.1. Two port network

In the Fig. 5.1, i1, v1 and iz, v2 are input and output currents and voltages, respectively. It
is assumed that the linear 2-pole network contains no independent sources of energy and that
the circuit is initially at rest (no stored energy). Furthermore, any controlled sources within
the linear 2-pole network cannot depend on variables that are outside the circuit. Describing
the 2-pole network with a matrix of numbers gives us a way to describe a "black box" without
calculating all inner voltages and currents in the network.

There are described z-parameters, y-parameters, h-parameters, g-parameters, ABCD-
parameters and s-parameters matrix. The z, y, h, g, and ABCD parameters are defined by

voltages and currents at 2-pole network ports, as Vi1— voltage across port 1, I1 — currents into
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port 1, Vo> — voltage across port 2, I> — current into port 2. The s-parameters are described by
travelling waves that are scattered or reflected when a network is inserted into transmission
line with characteristic impedance Z. The application of these parameters is defined by the
need of the model used. All the parameters have their advantages and disadvantages for
example: advantage of z parameters is that they are intuitive, easy to calculate, but requires
difficult open circuit measurements, which add noise and high open-circuit capacitance at
high frequencies; advantage of y parameters is that they are intuitive too, but requires difficult
short circuit measurements, which add noise and high short-circuit inductance at high
frequencies; advantage of ABCD parameters is that they are intuitive, allows easy cascading
of networks, can be easily related to common circuit topologies, disadvantage — that it is
difficult to measure the ABCD parameters directly, and it must be converted from another
parameters.

In the RF measurements the wave quantities are commonly used [58]. Differ incident
(a) and reflected (b) waves at test ports. In 1-pole network the ratio between incident and

reflected wave is described by reflection coefficient I'.

b __z-1

r=2=:a (5.1)
a; b;
— = S — <
Port 1 S11 S5 Port 2
<L 512 40#
— - ﬁ

Figure 5.2. S-parameters of two port network

Reflection coefficient can be calculated by use of normalized impedance z = Z/ZO'

where Z — complex impedance of the device under test (DUT), Zo — the characteristic
impedance (in this work it is 50 Q). In a 2-pole network besides the reflection at two ports
there are 2 additional parameters for transmission from one port to another [2, 59]. These
parameters are called scatter (or scattering, s-parameters) parameters (Fig. 5.2) and for 2-pole
network model in the matrix form are described as follows:
a

()= (s 5 () 62

where a1 > and by are incident and reflected waves from ports 1 and 2 respectively, S11 —

input port voltage reflection coefficient (or input return loss i. e. how good the matching is in

84



relation to Zo), S12 — reverse voltage gain (or isolation i. e. how much power you are getting
on port 1, driving port 2), S21 — forward voltage gain (or insertion gain i. e. how much power
you are getting on port 2, driving port 1), S22 — output port voltage reflection coefficient (or
output return loss).

The measuring of S coefficients is performed by forward measurements (when the
reflection coefficient I' at port 2 = 0), and reverse measurements (when the reflection

coefficient I" at port 1 = 0):

b b b
S11= = ; So1 = =2 ;812 = = ; Sop =— (5.3)

A1lg,=0 1lg,=0 zlg, =0 az

The applied termination of ports greatly influence the accuracy of S parameters. If the
termination is not perfect it will result in a; or a2 not being zero. For this reason we need to
care about source and load match, if the source and load match is imperfect we need to use
two port error correction.

Measuring at very low frequencies the wavelengths are much larger than the line, so the
transmission line can be transformed to a simple wire. This approach can be used for DC or
very low power measurements. In this case the wire resistance is relatively low and has no
influence on low-frequency signals. The measurements do not depend of where the probe is
connected to the transmission line.

Measuring at higher frequencies, wavelengths become comparable to or smaller than the
length of the transmission line, and here the traveling waves or the wave quantities can be
used. In comparison to other RF measurement parameters (Y parameters for example) we do
not need to make the whole line short or open to perform measurements using the
s-parameters [2]. Therefore transmission line can be terminated by different loads (matched,
short-circuit and open circuit loads).

With the matched load (if the line is terminated by characteristic impedance Zo), there
will be maximum signal absorption at the load, because there will not be a reflected signal. In
fact the impedances of source and of load must be complex conjugate (i. e. their resistances
must be equal, and their reactances must be equal in magnitude but of opposite signs). In low-
frequency or DC networks (or networks with purely resistive sources and loads) the
reactances are zero, or small enough to be ignored. So, when the transmission line is
terminated with its characteristic impedance, maximum power is transferred to the load.
When the termination is not equal to the characteristic impedance, that part of the signal that

is not absorbed by the load is reflected back to the source.
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The short-circuit load reflects incident voltage wave back to source with 180 degree
phase difference of an incident voltage wave. The reflected and incident waves have equal
magnitudes but opposite phases.

The open-circuit load reflects incident current wave back to source with 180 degree
phase difference of an incident current wave, and incident voltage wave back to source with
no phase difference of an incident voltage wave, so the current at the load will be zero. The
reflected and incident waves have equal magnitudes but opposite phases.

Advantage of s-parameters are that they can be easily measured by vector network
analyzer, without open/short circuits at high frequencies. Disadvantage — the understanding of
parameters is not that simple as of z or y parameters, and interpretation is difficult.

Z parameters (also known as open circuit impedance parameters since they are obtained
by open-circuiting the input or output ports) are easier to understand, they are measured in
ohms, Q, (since they are obtained as voltage and current ratio), and 2-pole network can be
described with z parameters as follows:

vy = Z11ly + Zy20y;

Vy = Zpqly + Zy,ly; (5.4)
and in the matrix form:
o] ezl [ 55)
all Z parameters can be found as:

Zi1 = ﬂ y Lo = U_z y L1y = ﬁ y Lop = U_Z (56)

51 i2=0 5! i2=0 l2 i1=0 l2 i1=0

where Z11 — open circuit input impedance, Z12 — open circuit transfer impedance from port 1

to port 2, Z>1 — open circuit transfer impedance from port 2 to port 1, Z>> — open circuit output

impedance.
il i2
4> 47
_ ﬁ
Vi Z V2
_ ﬁ

Figure 5.3. Z parameters of the network
For two port network input and output impedance is defined as:
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Z127
Zin =211 — ﬁ (5-7)

where Z; is impedance of the load of the two port network;

Z127
Zout = Zpz — ﬁ (5.8)

where Z is impedance of a two port network source.
The relations between the Z parameters and the S parameters of the same two port
network are expressed as follows [2, 58]:

_ ((1+511)(1-522)+512521)

Zi1 = Zo;
11 (1-511)(1=S22)~S12521 "~ °
7 _ 2512
12 —
(1-511)(1-822)—512521
- (5.9)
Zy = L Zo,
21 (1-511)(1=532)~S12521 ~ ©
7. = ((1-511)(1+822)+512521) ., .
11 (1-511)(1=S22)~S12521 =’
and relations to S parameters are expressed as follows:
S, . = (Z11=Z0)(Z2+2Z0)~Z12721,
W™ (241+420)(Z22+20) 212721
S, = 2Zy3Z¢ .
12 (Z11+20)(Zo2+Z0)—Z12Z21
. 273170 . (5.10)
21 (Z11+20)(Z22+Z0)—Z12Z21"
S . = (Z11+20)(Za2—Z0)—Z12221.
11

(Z11+20)(Z22+Z0)~Z12Z21"

5.3 Measurement methods and equipment.

There are presented many different ways of measuring CIP: waveguide techniques,
coaxial line techniques, bridge techniques, etc.

In our CIP measurements we use toroidal ferrite samples with one layered evenly placed
windings. We use different approaches and methods to obtain CIP data. For lower frequencies
(up to 2 MHz) we use classical methods in coup with VNA (ZVR-E) help, for higher

frequencies we use ZVR-E with shortened coaxial line support [193].
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5.3.1 Classical measurement methods

5.3.1.1 CIP measurements using phase measurer

The phase measurer working principle uses the property of harmonic signals to
determine the phase shift angle. According to which:
UZ=(U, +U,,f =U2+UZ +2U U, Cosp (5.11)

out in~" out

where Uin and Uyt are input and output voltages; then phase shift angle ¢ :

Uz-uUu2-uU?
=arccos —= in out 5.12
7 ( 20,U J 612

in out
Not only harmonic signals can be summarized or subtracted, but specially shaped
rectangular signals too. The essence of the method is to convert the two sinusoidal voltages
into the periodic sequence of short pulses corresponding to the transition moments of these
voltages through the zero with the derivatives of the same sign. The time intervals between
the nearest pulses are proportional to the determined phase difference.
After the convertion the relative value of the time interval is measured (in relation to the

period). Using that we can write a relation for the phase shift:
o = 360°% (5.13)

where tis impulse width, T — period. This transformation of the phase shift in the time

interval is accompanied by a random error due to the influence of noise.
5.3.1.2 Other classical measurement techniques

The main methods, that we are using for measuring CIP spectra are VNA and phase
measurer methods, but for verification of results (or some experimentally gained points) the
measurements are performed with Q-meters and LRC bridges. The resonant method
imperfection is in uncontrolled voltage growth at the resonance, which is influencing
magnetic state of the sample, increasing error value. Also Q-meters have narrow working
frequency range in which CIP can be measured. The low frequency LRC bridges are mainly
used for determination of initial permeability of the sample (at frequencies around some kHz),
more advanced LRC bridges can measure CIP up to 250 MHz [127]. Let’s look more closely
to these measurement techniques.

The bridge method (Fig. 5.4, a): the value of the unknown impedance Zx can be

obtained by the relationship of the other bridge elements as
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Zy = 2324/Z, (5.14)

when there is no current indicating in the measuring element (ME).

The resonant method (Fig. 5.4, b): the value of unknown impedance Lx and Ry values
can be obtained by tuning system to resonance by adjusting a tuning capacitor C, and
measuring resonant frequency, Q and C values.

There is also so called voltage-current method of measurement (Fig. 5.5, a), or V-I

method. An unknown impedance Zx can be obtained by measuring current and voltage as:

Z, =U,/1 = UR/U,. (5.15)
R, N
Q
LX @
/— Co
/
N
a b

Figure 5.4. Block schemes a) for bridge method [1], b) for resonant method [1]
The RF V-1 method is based on the same principle [1], with some changes in
configuration of the circuit, so the measuring frequency range can be expanded to RF

frequencies (with help of coaxial line).
Zx L R

H
R L
|
OO " [rOE
a b

Figure 5.5. Block schemes a) for V-1 method [1], b) for auto balancing bridge method [1]

Auto balancing bridge method (Fig. 5.5, b). The auto balancing bridge usually have
the 4 terminals: Hc — High-current, Hp — High potential, Lp — low potential and Lc — low
current terminals. The value of unknown impedance Zy is obtained by relation of voltage at
High terminal and voltage at R. The V-1 converter-amplifier balances the current through the
Zx and R, so the L terminal has zero potential. There are several connection configurations to

choose, with their own advantages and disadvantages [1].
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5.3.2 CIP measurements with VNA

The basic measurement technique is measuring CIP with vector network analyzer
(VNA, Fig. 5.6). The VNA are used for components, circuits, devices measurements, and it is
a stimulus-response system, i.e. the generated signal is well known. With vector-error

correction VNA provides much higher measurement accuracy then classical methods.

- — — Sample — — 1
port1 | port 2

Source /.

signal

Y
@ @ Reciever channels

Figure 5.6. VNA block diagram

The Source supplies VNA with incident swept signal. It can be the frequency sweep or a
signal power sweep. The source can be based on open-loop voltage-controlled oscillators
(VCO), or more expensive synthesized sweepers. The phase noise of VCOs influenced on
measurement accuracy, so modern VNA uses synthesized sweepers, with excellent frequency
resolution and stability.

The sent and received signal separation in VNA is done for measuring incident and
reflected signals [2]. There are two ways of completing this task: splitters and/or directional
couplers [2]. Splitters are usually resistive and provide 6 dB or more loss, with no directivity.
Directional couplers instead have very low insertion loss, good isolation and directivity but
suffer from frequency range (unusable below 40 MHz). However the finite directivity causes
error to measured results.

The measurement blocks provides detection of a signal. Detection can be provided via
diode, which converts the RF signal to a proportional DC signal. But diode provide only
magnitude part of a signal, the phase information is lost, the detection is broadband, which
involves excess harmonics and higher noise. Another way of detecting a signal is the tuned
receiver with local oscillator, which mixes the RF down to lower "intermediate" frequency

(IF), with band pass filtering. This results in excess harmonics removal, also the harmonics
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associated with the source become at frequencies outside of IF band and are removed by
filtering. VNA generates a sinusoidal test signal and measures the response of a sample.
These two signals have different amplitudes and phases [2, 58]. The S — parameters are
formed from this signal ratios. They are expressed as pairs of real and imaginary parts or
magnitude and phase parts. The displaying of data we can decide by our need — we can view
only magnitude (real) part of measurements, or the phase (imaginary) part. The scale can be
linear or logarithmic, the most common format is a log-magnitude format, as it let us see

wider dynamic range than a linear format [2, 58].

5.4 VNA error sources and calibration

Like in measurements with all other methods, there are measurement errors in
measurements with VNA. Which can be classified as systematic, random and drift errors
(Fig. 5.7).

Crosstalk
—— — T~
/ ~ / ~
/ Reflection\  / A
tracking «
Source |
. Sample
signal Test port 1[I I{Test port 2
| |
_______ - I I
Directivity A i #
Source Load
mismatch mismatch
X
X 7

~ « _ Transmission tracking _
=~ -

— -—
T e ——

Figure 5.7. VNA error sources [2, 58, 59]

Systematic errors are known errors linked to a specific device. They are repeatable and
can be removed with calibration and/or mathematically. The systematic errors can be divided
into signal leakage (directivity and crosstalk), signal reflections (source and load match) and
frequency response (reflection and transmission tracking) errors. So, there are defined twelve
errors for a two-port model (six for the forward direction and six for the reverse direction)
(Fig. 5.9) [2, 58].

Random errors come from an unknown source, and cannot be removed by calibration or
with mathematical solutions. The reason for this kind of errors can be noise source, poor

signal processing through sample, etc. The random errors can be divided into: instrument
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noise errors (due to electrical fluctuations inside the measurement equipment), switch
repeatability errors (if there are used mechanical RF switches) and connector repeatability
errors (if the connectors are worn out).

Drift errors are because of the change of state of measuring equipment. Drift errors
appear after the calibration. They can be removed by maintaining constant environment in
place, where the measurements are done. If VNA was not used for a long time period it
should take about half an hour for it to obtain an operating mode, while it’s ‘warming up’
state is done.

To characterize and compensate the systematic errors, the vector error correction
method is used for VNA calibration. There are different loads with known parameters, stored
in the calibrating kits and definition files in the VNA for different calibration Kits. For
accurate measurements parameters of calibration kit must match the definitions stored in the
VNA file. The calibration [2, 58] can be performed by one of the methods: one-port
calibration and two-port calibration. The one-port calibration provides defense against three
of the systematic errors: directivity, source match and reflection tracking; and requires only
three measurements (open load, short load and match load measurements). With the two-port
calibration all twelve systematic errors are corrected; but requires minimum of seven
measurements with four loads (open load, short load, match load and through measurements).

In this work we are using only one-port and two-port connection models, so the error

correction models are the same: a — for the one-port and b- for the two-port measurements.

Error model
RFi,

I S11a

SllM

<
<
m
|w)
m
(%]
».
>
<

Figure 5.8 One port error model [2, 58]

a. In the one-port error model there are three systematic errors: directivity (Ep),
reflection tracking (Ert), and source match (Es). Taking measurements with
short, open and matched loads we can extract needed errors, and then [2, 58]
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S, —E. +E.| > (5.16)
11, — =D RT 1—ESM .
$911,

where SllM and 511A are measured and actual values of Sii.

b. In the two-port error model all 12 systematic errors are taken into account. Thus
it is the most accurate. There are defined [2, 58]:
Port 1 Ex Port 2
n [ n [ n
> } > } >
a ! | = || oa
I I
y Eb Es4 I YS11a Sang [ vy E
< ! | bz
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Figure 5.9. Two port error model [1, 57]
E, — forward directivity;

Es — forward source match;

E,., — forward reflection tracking;

E, — forward load match;

E,, — forward transmission tracking;
E, — forward isolation;

E_. — reverse directivity;

Es. — reverse source match;
E,. — reverse reflection tracking;
E,. — reverse load match;

E,,.— reverse transmission tracking;

93



E,.— reverse isolation;

As can be seen — VNA need to make forward and reverse measurements, using open,
short, match loads and through connection to obtain all of parameters (as is seen on
Fig. 5.9).

The equations for two-port error correction model are:

il Ear - (5.17)
S, —E —E.. -E —E..\
(T e T EE( xj( xj
RT RT' TT"
(Sle B Ex J(l"' SzzM J
E .
Sa1, = - - = E) (5.18)
1+ “M S Eg [1+72 =2 Sou = Eo Es |- ELE, %12, ~ Ex X
Eqr Eq ETT.
S, —-E
12 11y D _
S ( J( f L ELU (5.19)
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The main benefit here is, that calculation of error correction is done by VNA, when the

SnA =

calibration is performed [2, 58].

Overall we get over 1000 points of data with each measurement in short period of time,
which is far better than the classical approach. After the data is collected we can easily
process this data with a MATLAB® program and construct CIP specter. But measurements at
lower frequencies still ought to be done with classical approach.

5.5 Main measurement methods used for experiments

The phase measurer used for our experiments — ®2-16 can afford frequency range
from 20 Hz to 2 MHz, with error of 0.2°. The measurements can be taken from 0...360°.

For the measurements (Fig. 5.10) we need a ferrite core (sample, with a known amount
of windings) and an etalon element with apriori known parameters (in our case it’s resistor

R =160 Q) in series. The frequency generator is connected to the sample (with frequency f
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and input voltage Uin). We can easily measure input and output voltage (Uin and Uou) of the

circuit and phase shift (¢) between voltage and current.

Phase meter

Sample

GEN K/

Vour

Figure 5.10. Phase meter measurement setup

The main principle of measurement is that we need to hold same output voltage level
within all measurement frequency range (in our case Uout =15 mV). Then we can construct
CIP spectrum knowing voltage before sample (Uin, source voltage), voltage on load (Uou,

voltage on known output load R) and phase shift between these two voltages [193]:

O s o

Our VNA ZVR-E has the frequency range from 9 kHz up to 4 GHz. Thus, there are
many bugs accruing if the whole frequency range is measured at once, so to do more precise
measurements we need to couple the results with narrower frequency ranges (data coupling
errors occur frequently, it can be related to recalibration processes of the unit). There are
several ways of measuring CIP with this unit. Firstly we can connect sample to ZVR-E's 1-
port (Fig.5.11, a) and measure S11 parameter (Z11 can be measured as well, but initial
parameter is S11). From many experimental data measured and proofed with classical
methods it was stated, that there is agreement between the results obtained. To deal with slight
noise there was done a shielded ferrite connection to ZVR-E, with possibility to connect
ferrite both to one or two ports (Fig. 5.11, b). It increased accuracy in comparison with one
port connection and, thus, lasts as our prime measurement technique. CIP can be constructed
by measuring complex value of S11, S12, S21, S22 parameters for two ports and then moving

to Z parameters to obtain complex impedance value Z;,, from them.
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ZVR-E ZVR-E

Sample Sample

a b

Figure 5.11. VNA sample connection methods a) one pole, b) two pole

Zin =211 — ﬁ (5.22)
where Z, = 50Q is characteristic impedance of test port. Then CIP of a sample

. Zin

af) =1+~ (5.23)

where L, — inductance without magnetic sample.

ZVR-E

Figure 5.12. Shortened coaxial line connection to VNA

Also it was stated [26, 130, 137, 193] that ferrite ring core measurements can be done
with shortened coaxial line (SCL) (Fig. 5.12). We made our own SCL with help of R&S
radiofrequency waveguide parts. Main benefit for coaxial line is that magnetic field is
distributed evenly in the whole sample, and we do not suffer from parasitic capacitance that
occurs between windings of a sample. The measuring parameter for SCL is S11. In [130] the

relation for CIP is presented as:
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Z_Zair

_47%air 5.24
jhofn(G) (65:24)

p(fr=1+

where Z and Z;, are complex values of impedances measured with and without sample, dx
and d> is inner and outer diameter of a toroid sample respectively, h — height of a sample. So,

the SCL method gave us another trustworthy results even with one port connection.

5.6 CIP measurement results

The CIP was measured for all studied ferrites in three groups (A, B, C). The results are
representing CIP dependence of frequency. The quality of experimental results was tested for
measured CIP accordance to KKR, as well as for accordance of experimental data taken with
different measurement methods (phase meter, vector network analyzer, LRC bridge and with
shortened coaxial line, when it was possible) for the same sample. VNA was chosen as the
main measurement equipment (as it provides fast and reliable measurement results), and
subsequent CIP spectra are plotted basing on the data taken with VNA (until it is mentioned
otherwise).

First measured ferrite group — A (NiZn ferrite, 4S60) results are presented in Fig. 5.13
(m1, m2 correspondingly stands for u'(f) and u" (f)).

—m1

% —m2
‘ N
2000 , ‘\\ Samples Al...A4
() N\ — X
1500 C
N\
1000 ‘ N\
5001 N
() h |
(mm— ‘ =
| |
| |
-500 l |
105 106 107 f, Hz

Figure 5.13. Measured CIP of samples A1..A4

As it is seen — for samples Al...A4 there is no real difference in CIP dependence on size
of the cores (the results varies within measurement error boundaries). The separate curves for

each measured sample of group A are presented in Appendix 2, Figures A2.1-A2.4.
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The next measured ferrite groups are — B (MnZn ferrite, 6000HM-1 results are shown
on Fig. 5.14), and C — (MnZn ferrite, T37) results are shown on Fig. 5.15.
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Figure 5.14. Measured CIP of sample B1..B5
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Figure 5.15. Measured CIP of samples C1..C3

From the measurement results of B1..B5 samples (Fig. 5.14) it is seen that, ACp
maximum of CIP became dependent on frequency (samples B1...B4, the bigger the core size —
the lower the ACp maximum frequency), and, in case of pronounced resonant character of
sample B5 — dimensional resonance conditions obviously were met. Nevertheless, the DR
phenomena do not manifest itself appreciably (as it does within sample C3, Fig. 5.15). The

separate curves for each measured sample of group B are presented in Appendix 2.
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The results for C1...C3 (MnZn ferrite, T37) proves, that dimensional resonance highly
influence the CIP of MnZn T37 ferrite core, making it more resonant and decrease the ACp
maximum frequency for almost a decade (Fig. 5.15). The separate curves for each measured
sample of group C are presented in Appendix 2, Figures A2.10-A2.13.

As was stated above — experimental measurements in wide frequency range is rather
difficult task. There are many different errors involved — reading measurement inaccuracy in
classical methods, calibration errors, different measurements coupling errors, many parasitic
factors involvement, etc. So, as a final step in measuring CIP — all measurements should be
verified. The verification of experimental data is performed by their agreement to Kramers-
Kronig relations (subsection 5.9) and by comparing the results with phase meter and Q-meter

results (subsection 5.7).

5.7 VNA measurement results comparison with other measurement
methods results

For verification of throughtfulnes of VNA measurements — the classical phase meter
and Q-meter measurements were performed within all of the samples. For the demonstration
of these approaches there are chosen C1 (Fig. 5.16) and C2 (Fig. 5.17) samples.

A T T11
l’l' (f) L L I I L |
6000 S 3,§' Phaze meter | |
o e o T i e e .t \.‘C
\ \ \% M| measurements
5000 e o
\\,\/ /
4000 X p VoA
3000 VNA SN
4." ‘\ ‘\ NN
measurements X \\\ \\
2000 | ~ i S N
| ™ R \ N
1000 () 2N NGNS
| —)a/’“ \, \ \i'.u
0 L ] X “ z
| Q-meter 3
-1000 : ,
10* 10° measurements f, Hz

Figure 5.16 Verification of measured with VNA CIP of sample C1
by classical measurement methods.
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Figure 5.17 Verification of measured with VNA CIP of sample C2
by classical measurement methods.

As it is seen from Fig. 5.16 and Fig. 5.17 data obtained from VNA and phaze meter
measurements are in good correlation. The data obtained with Q-meter has good correlation

only within lower frequencies (the AF data is not precise due to parasitic parameters).

2500
N
2000, X
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Figure 5.18 Comparison of measured with VNA CIP of sample A3
(with SCL and test fixture).

For the SCL measurements there are needed samples within very narrow band of
geometrical dimensions (that can fit inside of the SCL). Therefore this method cannot be used

as a prime one, but it is good enough for the proofing of the results. As it is seen from the
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Fig. 5.18 - the CIP of sample A3 have good correlation, which once again points to correct

measurement method and results reliability.

5.8 Measurements of complex permittivity

Complex permittivity (¢ = &' —j&'") can be obtained by equations of parallel plate
capacitor [140]. The values for real and imaginary parts of complex permittivity for such a

case then are equal:

[
e=c= (5.25)

g1 G _ Gd (5.26)

wCo (l)goA

where C = gd—sstands for capacitance of such capacitor; G = %5, where d - is thickness of a

sample; S stands for sample cross section area; o stands for material characteristic impedance

C, is the geometric capacitance; A stands for sample cross section area; ¢, =

8.85...10712 (%) is vacuum permittivity.
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Figure 5.19 Measured complex permittivity of MnZn ferrite 6000HM-1 sample.

The complex admittance of this capacitor is then:

Y = joC + G = juCy(e' — je) (5.27)
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Table 5.1. Sample parameters for complex permittivity measurements

Material Sample size, Metallization £.(0)
mm area, mm
6000HM-1 11x11x2 8.5x9 1.6x106
T-37a 16x8x1.1 4x9.6 13.3x10°
T-37b 16x8x0.9 3.5x9.5 13.5x10°
T-37 ¢ 16x8x0.8 4x7 13.1x10°

The experimental measurements of complex permittivity were performed on ferrite
samples cut from studied MnZn ferrite ring cores (Table 5.1). On the polished surface of these
samples were sputtered (in Laboratory of Microelectronics, J. Barloti) thin copper electrodes
(about 50 pm).

6
S(f) f)( 10 FPTTT f f
g’ 4| T-37sample
\\ a (red line) T-37 sample b
10 \ \\\ A(—/""'_ (green line)
X \ P
T-37 sample 7
¢ (blue line) ><

oA \

L \

" N
&
10 10° 10° f,Hz

Figure 5.20 Measured complex permittivity of MnZn ferrite T-37 samples.

The results showed that real part of permittivity of MnZn ferrites has at lower part of
frequencies high values (Table 5.1). Therefore, together with high value of permeability,

conditions for dimensional resonance can be achieved.

5.9 Verification of CIP experimental data by KKR

For verification of overall quality of measured data the KKR are used. If ACp or DCp
of the measured CIP spectra does not correlate with the calculated ACp or DCp, then we can
conclude, that the measurements were performed inaccurately. On the following figures m1,
m2 stands for u'(f) and u”(f); mlk and m2 stands for KKR evaluation of u'(f) and

102



' (f). The application of Kramers-Kronig relations to experimental magnetic spectra of
studied Al ferrite core can be seen on: Fig. 5.21 (A2..A4 samples CIP spectra are shown in

Appendix 4 due to their close correlation).
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Fiaure 5.21 KKR application to A1 sample.
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Figure 5.22 KKR application to B1 sample.

The CIP spectra on Fig. 5.22 and Fig. 5.23 stands for B1 and B5 samples (KKR for
B2...B4 samples are presented in Appendix 4, as the CIP spectra of these samples is similar to
the CIP of the B1 sample). The KKR evaluation of CIP spectra of B1-B4 samples showed
good correlation with experimental data. Thus we can conclude that the measurements of CIP

were performed correctly. The CIP of B5 sample is influenced by the DR (e. g., is influenced
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by extrinsic factors), nevertheless — the KKR evaluation showed good correlation with

experimental data, thus we can conclude too, that this CIP spectrum is of good quality

(Fig. 5.23).
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Figure 5.23 KKR application to B5 sample.
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Figure 5.24 KKR application to C1 sample.

The CIP spectra of the C group are presented on Fig. 5.24-5.26. The study of these

samples revealed, that there is C1 sample, that represents CIP as InP and C2, C3 samples

represents CIP as ExP. The influencing factors are different for these samples and moreover —

the influence of DR differs within C2 and C3 samples. Nevertheless the KKR evaluation of

spectra quality of all of these samples showed good correlation, which signals about good

spectra quality within CIP measurements both as InP and ExP.
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Figure 5.26 KKR application to C3 sample.
As is seen from figures, all of the obtained experimental data correlates well with

Kramers-Kronig relation evaluations. This proves that measurement methods are performed

correctly and obtained experimental data is correct (in case of DR too, Fig. 5.23, 5.26).
5.10 CIP measurements methods summary

The verification of measurement results with KKR proved correctness and quality of
obtained data. Comparing the VNA measurement results with other performed measurement
methods (i. e. Q-meter and phase meter measured data) results revealed the good match of
them, which proves the correctness of obtained data as well. The most common [1]
measurement methods cons and pros are combined in the Table 5.2.
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Table 5.2. CIP measurement methods summary

Method Advantages Disadvantages Frequency
range
e High accuracy ¢ Manual balancing
e Wide frequency coverage | e One bridge provides DC —
Bridge method | \\jth different types of narrow frequency range. 300 MHz
bridges
e Low cost
Resonant e Best in measuring Q e Resonance measurements | 14 iz —
method e Low impedance 70 MHz
measurement accuracy.
e Grounded device e Operating frequency is 10 kHz —
V-1 method measurements limited by transformer used | 150 MUz
¢ Probe type measurements in probe
e High accuracy e Operating frequency is 1 MHz —
REV-Imethod | | \yige impedance range at |  limited by transformer used | 5 51,
RF in test head
Network e High frequency range o Recalibration with
analysis e Good accuracy at frequency change 9 kHz and
method matched load e Narrow impedance above
measurement range
e Wide frequency range e Higher frequencies not
Auto balancing | ® High accuracy available 20 Hz —
bridge method | ® Wide impedance 110 MHz

measurement range

e Grounded measurements

The performed measurements of CIP prove that DR can appear if there are met

conditions of high permeability and permittivity within sufficiently large ferrite core

dimension. Such phenomena was observed in MnZn ferrite cores (B and C studied ferrite

groups), especially with C3 ferrite sample. The study of this phenomena revealed, that there is

DR dependence not only from known factors, but from number of turns as well.
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6 STUDY OF CORRELATION BETWEEN THE MODELING
AND EXPERIMENTAL MS
For the proof of the practical validity of Eq. 2.44 for definite MS it should be recalled
that the modeling basically was developed for samples from IQG, and later on modified for
TQG ferrites as well at frequencies corresponding to the large amplitude (domain wall)
dispersion region. The quality of approximation of iy, (f), with the numerical values of o
(or g, and g;,) consistent with the data of microstructure of PF under study, will be taken as

the modelling figure of merit.

6.1 The data and the samples used in the study

For the detailed analysis of the correctness of the model there are used a great number
of various CIP spectra both from international scientific publications, and ones measured by
us on our samples (Tab. 6.1). In the former case the great body of known experimental CIP
spectra allow wider choice of spectra of different types (including, e. g., symmetrical ones,
not found in collection of spectra from our samples). From this large general collection of PF
with different compositions we first use two types of internationally widely studied ferrites
(often viewed as reference ones): yttrium-iron garnet (YIG, Y3sFesO12) [39, 148] and nickel
(NiFe204) [129] ferrites. Despite the quantity of CIP data the full set of data needed for the
ferrite microstructure of interest are, as a rule, not available. Thus sending us in the research
of several similar examples as well.

In the second case, the experimental data for a number of samples from NiZn and MnZn
ferrites available to us and are used; these samples are covered adequately both from CIP and

MST viewpoints.

Table 6.1. The groups and the dimensions of samples studied.

Dimensions, Dimensions, Dimensions,
Group Ne Group Ne Group Ne
mm mm mm
Bl R10x4.3x10
) Al R12x8 x 6

NiZn, MnZn, B2 R20x9.1x10 |[[MnZn, C1 R125x75x5

A2 R20x10x6
4560 6000HM1 B3 R25x12x10 ||T37 C2 R20x10x7

A3 R31.5x205x6
[33] [97] B4 R30 x 14.3 x 10| [31] C3 R40x24x16

A4 R40x235x6
B5 R33x10x10
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6.2 Investigation of symmetrical spectra of CIP

Among the numerous published MS in scientific literature, symmetrical ones are rare
(although it is possible to find such spectra in ordinary reference books, nevertheless these are
in the class of MnzZn-ferrites [38], measured on rather large toroidal cores, when DR may be a
factor (§ 6.4)).
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Figure 6.1 Broad frequency band experimental MS of YIG and its approximations for large-
amplitude dispersion range DW process (experimental data from [39, 148])

One clear example of a symmetrical spectrum (from YIG group), measured in the broad
frequency band at room temperature and having clear two dispersion regions (bimodal
spectrum), is found [39, 148] (Fig. 6.1). This spectrum is well-known, and much-reproduced,
not only as being the prototype of the class, but because of the rather high general quality as
well (quality according to KKR as Curve piyxg exp (f) is shown in the Fig. 6.1). Even so, no
physical analysis of its DW absorption region is known. In the following such an analysis is
performed on the basis of the model.

Close approximation of DW absorption by curve up,, (f) follows from Eq. 2.44 with
o = 0.7. This value exceeds the typical ones (o = 0.45, § 2.1.9) (for ferrites produced in the
process of normal grain growth and no intragranular defects that are supposed for symmetrical
spectrum). Similar results were obtained in the case of decomposition of iron-deficient YIG
(§ 3.3, Fig. 3.9 and 3.10) when spectra were practically symmetrical as well, but with ¢ =
0.6.
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Since these values are not possible to analyze within the context of the corresponding
ferrites” MST data for lack of them, we should look at possible ones from similar ferrites.
Unfortunately, only limited data are available: particular for YIG samples of T- and D-type
materials from [43, b] being correspondingly of special, low temperature technology (Fig. 6.2;
MST practically without intragranular defects) and common technology (Fig. 6.3; MST with
considerable amount of intragranular defects). Experimental spectra data of these ferrites are
rather limited (f varying basically within decade) but they nevertheless allow us to say that
D-sample have asymmetrical absorption corresponding to its MST. The case of T-sample
suffers from a limited frequency range as well but there are possibilities for further analysis.

In this analysis we assume that the ascending part of ACp is experimentally correctly
presented (Fig. 6.2: solid blue, continued as dashed curve at lower frequencies for ability to
use KKR). Symmetrical approximation by the model with ¢ = o, = 0.34 flawlessly
reproduces the ascending part of the experimental ACp; the use of KKR for all symmetrical
curve traces DCp appropriately (Fig. 6.2, blue dotted curve) with a const shift from
experimental curve (due to neglecting NSR dispersion). The value of o used allows us to
determine from this spectrum (Eq. 2.39) that g;,,p, = 0.4, which matches the value a;,,p, =
0.49 relating to the fragment of MST depicted in Fig. 6.2 (our calculation). The only
drawback of this approximation is considerable difference between the descending part of the
experimental ACp and the approximation (within narrow, experimentally poorly presented
frequency band).

To determine the validity of the previously mentioned descending part of the
experimental ACp, it is smoothly extrapolated to higher frequencies (Fig. 6.2, blue dashed
curve) and then KKR is applied to calculate DCp (red dashed curve). It practically coincides
with the experimental DCp curve at lower frequencies accordingly not allowing the place for
contribution from inevitable NSR. Thus the analysis on a whole allows us to conclude that the
spectrum of YIG sample without intragranular defects really tends to a symmetrical one in
accordance with the assumptions of the model.

On the basis of the preceding estimations, it is possible to return to the previously
mentioned symmetrical spectrum of YIG (Fig. 6.1). It is pertinent to note that the ferrite is
sintered at high temperature (1450 °C for 16 hours), has a density of 95 % of the theoretical
value, and MST with average grain size of 12 xm [39]. Undoubtedly this ferrite is of common

ceramic technology and contains a great amount of intragrain defects. For this reason the
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Figure 6.2 Analysis of experimental CIP of YIG sample of T-type material [data from Fig. 2 in 43 b] and its microstructure
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sample’s effective grain size Dest (§ 2.1.8.3 ) is much lower than Da (based on a value of
1(0) =~ 100 and Fig. 2.19c it is near only 4 um). As a consequence, for this coarse grained
ferrite its MST may be thought of as an aggregate of several log-normal distributions
generated by the populations of grains containing, e. g., one, two, three, ..., intragrain defects
pinning DWSs. In the frequency domain the composition of these log-normal components
(similar to the case of asymmetrical MS, § 2.1.9 and § 6.3) causes considerable symmetrical
broadening of the ACp of spectrum. Correlation of the spectrum data with highly defected
MST of this ferrite is only qualitative.
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Figure 6.3 ACp of YIG sample of D-material [data from Fig. 3 in 43 b] and its microstructure

Since there are practically no symmetrical MS within the group of mentioned nickel
ferrites we are searching for the one most close to symmetrical. To find such samples, with
which to check Eg.2.44, we should search among those PF sintered at relatively low
temperatures (in order to avoid defects in the grains [43] (that is one of starting prerequisites
of the model). A large body of such samples were produced by A. Globus' branch [43, 45—
47]; nevertheless some asymmetry occurs in their ACp of CIP spectra as well (evidence of the
existence of at least a few defects in grains). Even so, at this moment these are the best
available representatives. In the following, the most broadband ACp with relative small

asymmetry (Fig. 6.4) is taken as the experimental prototype of gy, (f): this corresponds to

NiFe2O4 ferrite from [43 a] (sintered at relatively low temperature; having D, = 1.8 um and
ACp measured within 0.01...1 GHz). For verification of the quality of this spectrum by KKR,
the full spectrum is needed. Hence, it is extended beyond 1 GHz by adding next typical —
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natural spin resonance region (NSR) dispersion component to experimental ,u'e'xp(f) one
(being studied as DW component which as a such at HF is further extrapolated (Fig. 6.1)).
NSR components are extracted from two recent publication data [143, Fig. 2] and [30,
Fig. 3.1]) by decomposition of corresponding spectra. Such a composite spectrum gives, using
KKR and either of two mentioned puysr(f), almost the same value of 1(0) — 1 and u'(f)
(differing from experimental values only near NSR region). So it is possible to assume that
u'(f) as DW component is measured (for f <1 GHz) and continued properly (for f >
1 GHz) and can be used to verify practicability of Eq. 2.44.
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Fig.6.4. Analysis of experimental /,L'e'xp(f) [43] based on Eq. 2.44 ([u'(f) — 1]kkriS
calculated by KKR) [70]

Estimation based on (2.44) for the ascending part of up,, (f) gives o = 0.35; this
allows for symmetrical spectrum (Fig. 6.4, dotted) that noticeably differs from up,, (f) only
at HF. If values o, = ¢ and o, = 0.44 are used (for descending part of ppy (f)) then
approximation correlates well along the whole pp,y, (f) curve. Thus in this case of rather small
asymmetry of the spectrum the values of o differ slightly: o, = 0.35 and g;, = 0.44; the use
of them now allows us to cover the whole ACp (with very close approximation both for the

ascending and descending parts of ACp, Fig. 6.4). The values of g, and g, regardless of
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publication authors' claim that this PF is of PFI type, nevertheless show that obviously there
are few defects in coarser grains. This means that value of g, is slightly lower, but a;,— higher
than that of true PFI. Because the asymmetry of this spectrum is small, presumably the true
picture may be characterized by the average dispersion o,, = (o, + d5)/2 = 0.4; the use of
(2.29) in this case gives the value for grain's distribution o, = 0.46 and this value thus tells
us that MST of PF under study is really close to the normal one (since the criterion: a;,,p =
0.5 was developed in [89], for normal MST, i. e., one formed in the process of normal grain
growth (§ 2.1.8.1)).

6.3 Application of the model for presentation of asymmetrical spectra

As it was mentioned before, real experimental CIP spectra almost without exceptions
are asymmetrical. Analysis of possibilities of their presentation are based on the modified
model (§ 2.1.9), firstly, on the basis of experimental data for nickel ferrite from different

international publications (§ 6.3.1); later on there are added data following from our samples.

6.3.1 Presentation of CIP spectra of nickel ferrites.
If another nickel PF sample of the same composition as before [143] (Fig. 6.5), but

apparently tending to TQG because of rather pronounced asymmetric character of CIP, is
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Figure 6.5 Application of the model to broadband NiFe.O4-ferrite spectrum
(experimental data from [143])
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subjected to similar analysis (as it was with symmetrical spectra) then it is possible to get the
following data: o, = 0.35 g3, = 0.79, g, = 0.57 (Fig. 6.5).

The character of DCp as DW one (Fig 6.5; i’ .., (f) obtained by the use of KKR to
1 oae(F)) replicates correctly the measured data (up to ~300 MHz) until the influence of
NSR component becomes significant; thus the application of the model to DW component is
successful. The value of g,,points to lower quality of MST of this PF as it was for a ferrite

with a symmetrical spectrum.

a(f) 1 Solid lines and dots on
== AN\ +— . u'(f) curve represent
8*— \‘\“ W) —— experimental spectra [129]
6 ¥ moder () \\\‘ dotted line represents
\\ N approximation by the
N model
4 /‘ N '
" N
K madel(f) ul
27 \ 1 7777", 144 ‘
\1 '« 1 (f) ™
;'c—” RN L]
0 " m = _u \.Il- L
2 8 9 f Hz
10 10 10 '

Figure 6.6 Application of the model to magnetic spectrum of NiFe O ferrite
(experimental data from [129])

In the case of another NiFe.O4 ferrite [129] (Fig. 6.6) the approximation by the model
gives good correlation with the measured data on the whole measured CIP range with the
parameters: o, = 0.42 o, = 0.68, g,, = 0.55. Obviously this ferrite is fine-grained as
compared with previously analyzed samples (because of low value of u(0) and high value of
f.)- Nevertheless its MST characteristics, obtained through the use of the model, are typical

for common ceramic technology samples.

6.3.2 Presentation of CIP of samples with identical microstructure

Analysis of CIP of the above mentioned ferrites show that their spectra are in close
correlation with MST of the specific sample. In the case of industrial grade samples their
MST may vary considerably and so their spectra. In the event of similar MST the spectra as

well should be similar. To prove this hypothesis we analyze the samples with similar MST.

114



In order to obtain the identical MST within the group of samples, we cut such samples
of different inner/outer diameters (Tab. 6.1) from corresponding ferrite tiles (more details in
§ 4.2). In Fig. 6.7 is shown MS of one representative from group (ring sample Al of NiZn-
ferrite Ferroxcube 4S60 measured by us). The application of the model firstly is used as a
symmetrical approximation with one o = g, = 0.51 value (Fig. 6.7, dotted curve), which
shows, that the spectrum is asymmetrical: there is good correlation only within f < f, region.
The use of g, = 0.81 for the frequencies within f > fy provides good approximation for this
region as well (Fig. 6.7, teal dotted line). Thus, ACp parameters: o, = 0.51 and g;, = 0.81
allow for a very close approximation of the entire curve but g,, = 0.66 is rather high
(micrograph in Chapter 4, Fig. 4.2 b, indeed shows a considerable amount of defects in grains,

having D, = 7.5 um).
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Figure 6.7. Spectrum of sample Aland its approximations.

Identical asymmetrical spectra are measured within this group of NizZn ferrite for the
other 3 samples with identical MST (Tab. 6.2, group A; the CIP of samples A2...A4 are
presented in Appendix 3), and the values of the model are similar (Tab. 6.2). The o, value
being greater than 0.5 for this entire group allows us to conclude that MST of these samples
are the normal one but with defects, which is in agreement with micrographs (Chapter 4,
Fig. 4.2) — there are clearly seen a great amount of defects. A summary depiction of the CIP
spectra of samples studied is shown in Fig. 6.8 (slight differences in CIP of measured samples

(Al...A4) are represented by scatter marks). The dashed curve in Fig 6.8 represents data from
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the Ferroxcube databook [40] and shows a slight difference with our measured CIP spectra.
This difference can arise due to different microstructure of test sample material. All this
demonstrates that the hypothesis about similar spectra in the case of similar MST is true, at

least in case of NiZn-ferrites.

Table 6.2. Model parameters for studied ferrite cores.

Group N opp 0, op Ouv The making of samples
Al 055 051 081 0.66
NiZn, A2 055 050 080 0.65
4S60 A3 055 052 081 0.66
A4 055 052 084 0.68
Bl 053 041 053 047
B2 053 043 055 049

Cut from ferrite tile

MnZn,
B3 053 044 054 0.49 Cut from ferrite tile
6000HM1
B4 053 044 057 050
B5 053 <« DR —
Cl1 053 039 o050 044
MnZn, .
C2 052 «— DR - Commercial products
TDK T37
C3 0.53 «— DR N
£ (f) |

———{’_’_7—1“\ Ferroxcube 4560
2000 pmmm=====""7==~

—F— Ringcores: spectrum

and the scatter for
samples Al,...,A4

------ Data from [40]

1000

0 \T

-500
0.1 1 10 f, MHz

Figure 6.8 Collection of CIP spectra of 4S60 NiZn-ferrite [71].

To prove this hypothesis for MnZn-ferrites another group of samples (dimensions in

Tab. 6.1) are cutted from corresponding tile, thus having similar MST are forming group B —
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MnZn 6000HM-1ferrite toroidal cores (Tab. 6.2). The application of the model to the smallest
sample — B1 is presented in Fig. 6.9. The model parameters for B1 sample are g, = 0.41
o, = 0.53, g,, = 0.47. The approximation showed good correlation with experimental data.
Directly carried microstructure analysis provided a value of a;,,, = 0.53, which is in good
correlation with the o, value. In principle it points to a more or less normal microstructure,
with only a few intragrain defects. The micrograph provided by SEM (Chapter 4, Fig. 4.4, a)
indeed show that there is minimal amount of defects, but the porosity level is still is
considerable. Nevertheless the close correlation between the model parameters and of the
microstructure indicates that the assumption that a large amplitude absorption region is

determined by DW processes is correct.
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Figure 6.9. Spectrum of sample B1 and its approximations.

If we look at the spectra of other samples of this group with the succeedingly growing
dimension (Fig. 6.10 and 6.11) then it is noticeable that the maximum of absorption f,
gradually shifts to lower frequencies with the growth of dimensions of the samples (Tab. 6.1).
However the general view of spectra B1...B4 are similar and they can be approximated by
nearly the same parameters of the model: these parameters obviously still represent the MST
and its similarity. Contrary to this the spectrum of sample B5 (Fig. 6.11) is something else
compared to previously mentioned CIPs — it is pronouncedly resonant, near-symmetrical and
narrow band — evidently the dimension resonance (DR, § 6.4) becomes significant and the
spectrum is no longer directly connected with MST. It is likely that a small component of DR

is there in samples B1...B4 as well, and is the chief cause of shift of f,.
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Figure 6.10. CIP of samples B1...B4
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Figure 6.11. CIP of sample B5

The CIP of samples with identical MST for both the NiZn and MnZn ferrite materials
showed good correlation between CIP and MST of different sized samples in each group,
except the sample B5, where the conditions for the DR are realized. With this exception,
evaluation of model parameters for both the ferrite materials studied are in agreement with the

parameters obtained from their microstructure.
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6.4 Presentation of CIP of samples exhibiting dimensional resonance

The dimensional resonance (DR) phenomena still is not well studied. However
understanding of DR is essential — the effects related to this phenomena should be avoided in
designing SMPS magnetic components [140-142]. These effects often need to be obviated
since they convert not only the spectrum of CP (i. e., fiin:(f) t0 tiex: (f)) but can destroy
devices by cracking or shattering magnetic core if excited at DR frequencies f,z. Due to the
work of Brockman, et. al., [26], Snelling [146] and Skutt [140], a simplified theory behind
this phenomena has been developed. This theory is based on calculations for infinite slab;
therefore it addresses the problem only in principle. Thus, the cause of this phenomenon is
based on forming the standing electromagnetic waves that in actual dimensions of devices can
appear due to high values of permeability 4’ and permittivity 'of material simultaneously,
from it there are possible to define several conditions for the dimensional resonance in ferrites
to occur:

- high permeability value;

- high permittivity value;

- one of the core cross-sectional dimensions must be comparable to half of the
wavelength.

So, the wavelength in the material with relative permittivity &, and permeability u, can
be written as [146]:

c
A= fEr iy (6.1)
For a material with losses the Eq. (6.1) can be reworked as [146]:
A/2=[(c2/2f?)/ llullel + @'’ (A — tanbptandy)] (6.2)
where ¢, =1/ upey — Velocity of 212, mm
2
electromagnetic waves in vacuum. 10 ™.
SN = 2000
. : I~ f= <
This means, that for MnZn-ferrite - 10000 TR \\
cores having high permittivity the 10 = 5000
wavelength is shortened, therefore the third i S$
criteria can, in practice, be readily achieved.
Based on Eq. (6.2) and three defined 1
6 (62) 10* 10° 10° fHz 10
Conditions, taklng a typlcal value for MnZn Figure 6.12 Dimensional resonance

ferrites [146] &, ~ 10°, and three different
u, values (2000, 5000, 10000) — it is

relation to %,u and f [146].
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possible to construct DR appearance dependency from wavelength and frequency (Fig. 6.12).
As can be seen — the DR resonant frequency becomes smaller for higher permeability ferrites.
So for a ferrite with u = 5000 and L = 10 mm the DR can occur at a frequency of 1 MHz.
This means that large MnZn cores cannot be used for HF applications [140, 146]. Avoidance
of DR means to ensure, that that cross-sectional dimensions are much smaller than the half-
wavelength obtained by (6.2).

For the experimental study of DR, firstly the industrially made toroidal high
permeability (~6000) MnzZn cores of TDK ferrite T37, with dimensions (in mm)
R125x75x5, R20x10x7, R40x24x16 (Fig. 6.13, Tab.6.3) were selected. The
permittivity of this material was measured on plates cutted from C3 core (largest) with
sputtered copper electrodes (§ 5.6). In the similar way was obtained the permittivity for the
other studied MnZn material 6000HM-1. Measured values of permittivity for both studied
ferrite materials are very high (with values of £(0),,, = 1.5 x 10® for 6000HM-1 and
€(0)exp = 13.5 % 10° for T37 materials (Tab. 6.3)). Obviously, with these high values of
£(0).xp the conditions for DR can be realized already within samples with only moderately

large dimensions.

>

1

Solid and dashed — experimental

Figure 6.13 The advancement of DR in samples C1...C3 (Tab. 6.2.) in relation L and N [70]
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For experiments the ferrite samples were provided with the windings covering most of
the ferrite core surface. The dimensional resonance was observed in ferrite cores with
relatively large cross sectional area (C2 and C3 cores), within MHz frequency range
(Fig. 6.13), while the smallest C1 core did not show this resonance response. In such a
medium, the deciding factor in setting up DR is L: Fig. 6.13 shows that no DR arises (sample
C1) if L is small enough but with its growth DR appears and enhances (samples C2, C3) — fpr
shifts to lower frequencies and i (f) = fiex: (f) as extrinsic characteristic gets more and more
resonant. It is particular remarkable that in these processes u(0) = const, that fig.:(f)

continues keeping with KKR.
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Fig. 6.14. CIP measured with copper foil winding (N = 7) and wire winding (N = 10)

Besides these our investigations show that a great influence on DR comes from number
of turns N of winding (Fig. 6.15), that has not been mentioned in other known publications on
DR. It was verified, that influence from N does not come from stray inductance and self-
capacitance of winding, but is fundamental. There were made special windings from copper
foil in order to cover most of the ferrite core surface . The measured CIP spectra with copper
foil windings (N =7) and wire windings (N = 10) showed practically identical values over
whole measured frequency range (Fig. 6.14).

This DR dependence on N is not fully understood; formally it can be explained on the
basis of Eq. 6.2. If an inductive PF device is powered by const. voltage, then for higher N the
impedance of coil increases (as N2), which results in decreased magnetic field and decreased

magnetic losses, therefore from (6.2) A grows and f; is shifted to lower frequencies.
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Figure 6.15. Dimensional resonance dependence from the number of turns N for sample C3.
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Table 6.3. Characteristics of MnZn ferrite cores used in the study.

A, Da,
Group Ne  Dimensions, mm 2 Eexp  u(0)  u0)exp o OInD
i

©

Bl R10x43x10 285 15x10° 6000 6750 129 0.53
B2 R20x91x10 545 15x10° 6000 6530 129 0.53
B3 R25x12x10 65 15x10° 6000 6650 129 0.53
B4 R30x143x10 785 15x10° 6000 6850 129 0.53
B5 R33x10x10 115 15x10° 6000 6523 129 0.53
Cl R125x75x5 125 135x10° 6500 5800  10.7 0.53
MnzZn, T37 C2 R20x10x7 35 135x10° 6500 5900 127 0.52
C3 R40x24x16 128 135x10° 6000 6000  13.4 0.53

MnZn
6000HM-1

-10

Figure 6.16. Dependence of DR from nonmagnetic gap size & in C3 core [70].

We continued experimental investigations and obtained curves for different numbers of
winding turns (Fig 6.15). It is seen that the number of winding turns N dramatically affects
the fiexer (f, L) — for smaller number of turns the DR effect becomes weaker, and the maximal
frequency of DR shifts to higher frequencies. Thus, by changing the number of winding turns,
we can shift the DR, and with lower number of turns DR effect becomes less pronounced (the
Umax Changes from 15000 at N=70 to 5000 with N = 10; Fig. 6.17, b; Fig. 6.15).

It is well known that non-magnetic gap & for non-DR ferrites translates characteristics

of spectrum to higher frequencies. To appreciate the significance of § for ferrites with DR,
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corresponding experiments are carried out, because it is not known [140; 146] which
permeability assures DR — intrinsic permeability of ferrite sample (measured on toroids
without nonmagnetic gap &) or effective one of circuit (measured on gapped toroids:

calculated by Eq. 6.13), when the high value of intrinsic permeability is lost.
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Figure 6.17. DR characteristic fy and u;,,4, dependence from N in sample C3.

Our experiments show that introduction of the nonmagnetic air gap in the C3 core, as it
usually is, shifts CP spectrum to higher frequencies with dimensional resonant processes
presence in the core (Fig. 6.16, 6.17, 6.18, Appendix 5). The amplitude is getting smaller and
fu. increases with larger gap size. The ACp maximal frequency f,, dependence on air gap size
(for different N) is presented in Fig. 6.18, a; in Fig. 6.18, b is presented ACp maximum value

Umax dependence on air gap size (for different N).

fu

106E e

10°

Figure 6.18. DR characteristic fy and p,,4, dependence from gap in sample C3.

Yet it can be seen (Fig. 6.16) that the shifting is more pronounced for the ascending part
of u,..(f) (controlled by coarser grains) than for the descending part (ensured by finer
grains). This once again (similarly as in modelling of zi;,:(f)) shows that coarser grains with
their higher permeability and lower coercivity are more sensitive to excitations, this time to

demagnetizing fields.
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The ACp maximal frequency f,, dependence on N (for different core gap sizes) is
presented in Fig. 6.17, a; in Fig. 6.17, b is presented ACp maximal value y,,,, dependence on
N (for different core gap sizes). In both cases this dependence for gapped ferrite cores and for
ones without an air gap are similar.

The DR phenomena analysis was also performed on lower permeability MnZn toroidal
sample (sample-DR, with geometrical dimensions of R32 x 16 x 8; 2000HM-A material with
permeability x = 2000, CIP spectrum with § = 0 in Fig. 6.19); the experimental measurements
were performed with a constant number of turns N = 25 (for reference, for confirmation of
DR appearance in our sample-DR the another sample of the same material, presented in [193]
obviously for smaller dimension sample is added). As it is seen (Fig. 6.19) — the CIP spectrum
is shifted to lower frequencies and is showing clear resonance attributes for this permeability

and dimension values of sample as well.
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Figure 6.19 CIP of 2000HM-A ferrite samples (6 = 0)
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Figure 6.20 CIP of 2000HM-A ferrite sample-DR, measured with three different gap § sizes
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Figure 6.21. Effective permeability u, . versus § according to Eq. 6.3 (with parameters: p =
2000; 0 < 6 < 0.5 mm; | =75.4 mm), and measured experimental results from CIP

The DR dependence on air gap for sample-DR, similarly as with C3 core, once again
showed that the amplitude is lowered and f,, increases with increased gap size (the
measurement results for three air gap values are presented on Fig. 6.20). In order to verify the
validity of the experimental results, they should be compared with the theoretical effective

permeability values:
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Herr = M/l + (? [ — 1]) (6.3)

where p.ff is the effective permeability, § — the gap size, | = 2 (?) — the magnetic line

length in the toroidal core of outer radius R and inner radius r.

The close match of theoretical and experimental u. ¢, (Fig. 6.21, experimental points
were measured with VNA, LRC bridge and phase meter for different gap sizes: § =
0.2;0.15; 0.1; 0.06; 0.04;0.025, mm) confirms the validity of the obtained experimental
data. From the above assumptions and experiments we can conclude, that DR cannot be
removed by introducing a nonmagnetic air gap in the core (the gap only shifts the DR to HF

together with lowered g, (Fig. 6.16, Fig. 6.20)).
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Figure 6.22. Model application to C1 sample.

The collection of CIP data for set of T37 ferrite cores is correlated with the standard
Snoek’s relation (Eq. 2.37; zone in Fig. 6.23). There C1 sample data is used as a reference
(without the influence of DR and turns number N of winding, representing the material
properties; Fig. 6.22) The model parameters of C1 sample are: g, = 0.39 03, = 0.50, g, =
0.44, and this points to good MST quality. The data obtained from micrographs o;,, = 0.53
for this sample indeed correlates with the obtained o, (see Tab. 6.1 and Tab. 6.2). Yet, — the
more evident asymmetric character of CIP spectrum and bigger difference between the o,

and o;,,p shows, that there are still some defects.

127



1(0)

—— sample C3 with
. different N and 5=0
2\ sample C2
NZGOQ \K N:;() / sample C1
10°L \N=40 I/ il
<E A ~ 7 < Infl TDR
ol Ve /,' A D Lo ~ Borders set by
A / N=10 SN X Eq. 2.37
N=70  N=50  N=30 SRR
N
3 KQ\\
10 G
sample C3 Influence i(g
with air gaps - : ofﬂgap - ~
and N=55 ~6=03 v
‘ - .
102 i i i /l// '\5=1
10° =06 108 fur HZ

Figure 6.23 Analysis of CIP data of T37 ferrite samples (group C) with of DR on non
magnetic gap ¢ and different winding turn N count for C3 sample.

In Fig. 6.23 sample C1 appears (as blue dot) in zone of Snoek’s Law. For greater
dimension samples (e. g., C3) there is seen clear deviation from Snoek’s Law type relations
on change of N (Fig. 6.23). This once again demonstrates that DR first of all represents the
ferrite as the electromagnetic resonator rather than intrinsic material of ferrite. In its turn the
dependence only on § seems to follow Snoek’s Law type relations (Fig. 6.23, sample C3,

N=const).

6.5 Complex initial permeability as intrinsic and extrinsic property

As a whole the application of the model to experimental CIP spectra of ferrites as
intrinsic property showed good correlation with CIP measurement results and microstructure
(additional graphs of the studied ferrites CIP spectra and data of applied model are presented
in Appendix 3). The data obtained by applying the model to our studied samples is combined
in Table 6.2. The outcomes of modelling — successful quantitative estimations of a;,,, from
CIP spectrum is of principal importance showing that there exists a fundamental connection

between the characteristics of CIP and that of MST. The analysis of CIP spectra measured by
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other scientists revealed that big amount of these spectra belongs to TQG (i. e. [53, 129, 143],
a. 0.), but still there can be found some samples that are close to 1QG (with near-symmetrical
CIP spectra and the value of ¢ ~0.5 [39, 43, 148]).

At the same time the study of CIP as extrinsic properties fi.,:(f) reveals that there is a
significant distinction from intrinsic properties ;. (f) in response to influential parameters.
This results in indirect dependence of ... (f) from the intrinsic influence factors, e. g., the
microstructure of the samples studied. But in opposition to this for extrinsic CIP there is a
definite influence from the core dimensions and number of measurement winding turns (i. e.,
the extrinsic factors). The analysis of influence of a non-magnetic air gap on the DR revealed
that regardless of the gap size — the DR remains within the core. Thus, the only possible
solution found in decreasing the influence of DR to CIP — is to decrease the number of
measurement winding turns. Even so — we cannot completely remove this phenomenon (as
can be seen from Fig. 6.23 — there still remains a difference between C1 sample data and that
of C3 with 5 measurement winding turns). Therefore samples B5, C2 and C3 exhibiting
dimensional resonance, means that CIP is controlled by extrinsic factors (see Ch. 6.4). This
makes it impossible to use the model in present form for the spectra influenced by extrinsic
factors.

Thus, the conclusions on the practical use of the model are:

(1) the modelling of fi;,+(f) based on effects coming from grain sizes distribution and
defects (shorter: MBDD — modelling based on distributions and defects) works well in
practice;

(2) the use of the model MBDD gives grounds for the statement that CIP spectra can be
applied as qualitative nondistructive method for evaluation of MST: ACp typically have the
width (in units of ¢): g, = 0.4 --- 0.5 for high quality laboratory samples, and greater values
for industrial ones;

(3) DCp have pronounced negative values (f > fy) for IQG and small or moderate values
for TQG (if they are not masked with NSR dispersion);

(4) DW processes indeed are related with the large amplitude dispersion region of CIP
spectrum;

(5) in the case of magnetic spectrum with single absorption and dispersion region (when
dispersions from DW and NSR processes overlap), parameters o, and g}, of (2.14) are with
limited exactness (especially a;,) and so there is need for further investigations (aimed for

more clear separation of DW and NSR contributions).
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7 CONCLUSIONS AND FUTURE INVESTIGATIONS

7.1 Conclusions

In the promotion work the applied aspects of analytic presentation of the CIP both for
the intrinsic and extrinsic properties of ferrite materials are investigated. A significant part of
this work is based on experimental measurements of the complex initial permeability of
MnzZn and NiZn ferrites (toroidal samples with different dimensions both — factory made-
cores and those cut from ferrite tiles). As the result of this work there are proved all of the
promoted thesis. Briefly summarizing, the main results of this work can be formulated as
follows:

1. All of the experiments were performed in weak excitation fields. So, the measured
data correspond to CIP. CIP spectra of the nickel-zinc (NiZn, 4S60) and manganese-zinc
(MnZn, 6000HM-1 and T37) ferrites were measured in wide frequency range (from 10%-10*
to 10’—108 Hz), thus covering the large amplitude absorption region of CIP in full measure for
correct evaluation of DW component contribution. The obtained results can be used not only
for the low-power elements of SMPS (such as common-mode chokes ferrite beads a. 0.), but
for magnetic components for high frequencies as well.

2. For the CIP measurement both the classical and less labor-saving approaches were
used. The CIP spectra obtained with the VNA was compared with the classical measurement
methods, such as phase meter and Q-meter measurements, and showed a good correlation
between them. All of the obtained CIP spectra was verified by the correspondence to the
Kramers-Kronig relations. The correlation turned out to be quite good for all of the studied
samples CIP spectra, which proves that the measurement methods used are valid and with a
high degree of accuracy. Thus we can conclude that experimental CIP data is correct and the
analysis based on the use of this data is valid.

3. The use of Water-jet technology to cut the samples from ferrite tiles was the most
appropriate choice of cutting method. As the SEM element analysis of cut samples does not
reveal any contamination nor change (e. g., additives, melting) of microstructure (even on the
cutting edge).

4. The microstructure of the ferrite samples was examined and analyzed experimentally.
The characteristic feature of their MST is that standard deviation of grain size diameter
logarithm (oy,,p) has the value close to 0.5. This approximate equality also holds for many

other ferrites of different compositions (also studied by other authors). Thus this value of
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omp = 0.5 is a characteristic value for ferrites with normal MST and may point to
homogeneity of MST.

5. The study of NiZn and MnZn ferrites with similar MST revealed, that:

- the MST of NiZn 4S60 ferrite material is with moderate amount of defects in grains
and high porosity level (according to micrographs). And the application of the model to these
ferrite CIP spectra although proved that there are defects in microstructure (with g, > 0.5).
The CIP spectra of NiZn ferrite samples remains the same (regardless of the dimensions of the
tested sample) if their MST is similar;

- the MST and model parameters of MnZn ferrites (small dimension samples) showed
better microstructure quality (with a,, close to 0.5). In its turn the CIP for relatively small
and medium MnZn ferrite cores are similar, but f, shifts to lower frequencies with
incrementally increasing dimensions of the sample. That shift of f,, probably is caused by the
weak influence of DR. And, the CIP of the largest of tested samples showed clear resonance
attributes , which points to appearance of DR.

6. The Kramers-Kronig relations optimization for large amounts of data was
successfully developed within the MATLAB® programming language. This proved, that:

- by using the Kramers-Kronig relations, we can evaluate CIP spectra quality (i.e.
evaluate the correspondence of ACp and DCp parts), made more clear the noisy measurement
data and together with CIP spectra model allow for the spectra reconstruction, which is
essential if the measurement equipment does not support all the desired frequency range (or in
case, when there is need in combining of various CIP data from different publications).

- KKR also can be used for CIP spectra decomposition to DW and NSR parts, which
allows evaluating the spectral components and their contribution to whole CIP spectra.

7. The experimental investigations of CIP as extrinsic properties fi,:(f) (mainly on
Mnzn T37 material large toroidal cores) reveals its essential difference from ;. (f), its
response to influential parameters. The results include that:

- that dimensional resonance in fact is dependent from wound coil turns and from non
magnetic air gap.

- the application of the nonmagnetic gap does not remove the DR, the whole CIP is
shifted to higher frequencies with the DR remaining;

- the CIP influenced from DR does not follow Snoek’s Law type relations;

- the analytical model is applicable within ferrites with normal microstructure till the
appearance of the dimensional resonance, when the CIP dependence on MST fades.

The above findings can be used in:
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- calculation of ferrite beads active component for EMI suppression (imaginary part
with KKR)

- designing of a new type of common mode noise filters for better electromagnetic
compatibility;

- for model-based optimization of calculations of common mode chokes for current
SMPS;

- for preventing the damage of magnetic components due to dimensional resonance.

Performed analysis reveals PF CIP physical significance. Besides, the analytical model
in coup with KKR makes it possible to quantitatively analyze the spectra (which, judging
from publications, cannot do other researchers).

7.2 Future investigations

The complex permeability was studied as CIP, so as the next step, there could be
performed experiments within stronger magnetic fields in order to obtain dependencies for
high power elements of SMPS within high frequencies. Besides there is used a number of
empirical parameters for modeling the CIP spectra. Particularly, as such is static permeability
u(0), for which there still is not known a clear theory (of real processes that determine its
value). Thus, the research in this field would be actual as well.

Contrary to the CIP spectra, that were broadly studied and described in this work, a
dimensional resonance phenomena was mainly studied experimentally. On possible future
study of the dimensional resonance phenomena may come from the electrodynamics point of
view. There could be significant practical application for such investigation in the future (for

example for regulated AF resonators).
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APPENDIX 1. MATLAB® PROGRAM FOR KRAMERS-KRONIG
RELATIONS.

for evaluation of imaginary part from real part:

function im=kkim (omega, re)
if size(omega,l)>size (omega,?);
omega=omega'; end;
if size(re,l)>size(re,?2);
re=re'; end;
g=length (omega) ;
im=zeros (size (re)):;
for j=l:g-1
omega (1)=0;%for the evaluation to be made from 0
)+0.0001;% so not to get 0 at f-omega (i)

for i=l:g-1;

m=(re(i+1)-re(i))/ (omega (i+1)-omega (1)) ;

c=(re(i)*omega (i+1l)-re (i+1) * (omega(i)) )/ (omega (i+1) -omega (i) ) ;
imTemp =-m*f/2*...

log (abs (omega (i+1) "2-(f) ~2) /abs ((f) "2-omega (i) "2) ) +...
c/2* (log((abs ((f) -omega (i) ) * (omega (i+1)+(£))) /...
(((omega (1) +(f)) *abs (omega (i+1)-(£))))));

b = b + imTemp; end;

im(j) = 2/pi()*b; end;

and for evaluation of real part from imaginary part:

function re=kkre (omega, im)

if size(omega,l)>size (omega,?2);

omega=omega'; end;

if size(im,1l)>size (im, 2);

im=im'; end;

g=length (omega) ;

re=zeros (size (im)) ;

for j=l:g-1
omega (1)=0;%for the evaluation to be made from 0
f=omega (j)+0.0001;% so not to get 0 at f-omega (i)
b=0;

for i=l:g-1;
im(1)=0.0001;%the imitation of 0 point

m=(im(i+1)-imjan (i) )/ (omega (i+1) -omega (i) ) ;

c=(im (i) *omega (i+1) —-im(i+1) *omega (1)) / (omega (i+1) —omega (i) ) ;

reTemp = m* (omega (1i+1)-omega (1)) - ((m* (£))/2)*...
log ((abs ((f)-omega (i)) * (omega (i+1)+(£))) /...
((abs (omega (i+1) - (f)) * (omega (1) +(£)))))+(c/2)*...

log ( (abs (omega (i+1) "2-(f)"2))/ (abs ((f) "2-omega (i) "2)));
b = b + reTemp;end;
re(j) = 2/pi()*b;end;
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APPENDIX 2. EXPERIMENTAL MEASUREMENTS OF STUDIED

FERRITE CIP SPECTRA
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Figure A2.1. Measured CIP of sample Al (m1 stands for x'(f) and m2 for u" (1))
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Figure A2.2. Measured CIP of sample A2 (m1 stands for x'(f) and m2 for u" (1))
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Figure A2.3. Measured CIP of sample A3 (m1 stands for x'(f) and m2 for u" (1))
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Figure A2.4. Measured CIP of sample A4 (m1 stands for x'(f) and m2 for u" (1))
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Figure A2.5. Measured CIP of sample B1 (m1 stands for ' (f) and m2 for u"' (1))
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Figure A2.6. Measured CIP of sample B2 (m1 stands for ' (f) and m2 for u"' (1))
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Figure A2.7. Measured CIP of sample B3 (m1 stands for ' (f) and m2 for u"' (1))

f(f) == =ml
6000 H' () —m2

5000 \

\
4000 \

3000
/ \
2000 /

1000— H'(f) s N NG

O ﬁ‘ﬁ-
i

-1000
10* 10° 10° fiHz

Figure A2.8. Measured CIP of sample B4 (m1 stands for ' (f) and m2 for u" (1))
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Figure A2.9. Measured CIP of sample B5 (m1 stands for ' (f) and m2 for u"' (1))
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Figure A2.10. Measured CIP of sample C1 (m1 stands for u'(f) and m2 for u" (1))
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Figure A2.11. Measured CIP of sample C2 (m1 stands for u'(f) and m2 for u" (1))
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Figure A2.12. measured CIP of sample C3 (m1 stands for u'(f) and m2 for u"’ (f))
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APPENDIX 3. MODEL APPLICATION TO STUDIED

FERRITE CIP SPECTRA
On the following figures m1, m2 stands for u'(f) and u"'(f) respectively; m2M —

stands for model application on spectra; m1xM stands for KKR evaluation of model u'(f):
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Figure A3.1. Model application to A1 sample.
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Figure A3.2. Model application to A2 sample.
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Figure A3.4. Model application to A3 sample.
u(f) o
-—m2
_____ —— gy \
2000 S~2) -m1, M
» =-m2M
1500 \
1000 \\
! ’—-—-.%.‘.h~
500 1’ \u B
7 N~
2 A ~0 )
0 ~~—w_ N -
-500
10° 10° 10’ f Hz

Figure A3.5. Model application to A4 sample.
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Figure A3.7. Model application to B2 sample.
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Figure A3.8. Model application to B3 sample.
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Figure A3.9. Model application to B4 sample.
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APPENDIX 4. KRAMERS KRONIG RELATIONS APPLICATION
TO EXPERIMENTAL DATA
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Figure A4.1. Permeability of spectra of Nio.ssZno.4sFe204 ferrite, adopted from
[62, Fig. 3, Fig. 4, T = 1300 °C]
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Figure A4.2. Permeability of spectra of Nio.ssZno.4sFe204 ferrite, adopted from
[62, Fig. 3, Fig. 4, T = 1200 °C]
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Figure A4.4. KKR application to A3 sample.
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Figure A4.6. KKR application to B2 sample.
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Figure A4.10. KKR application to B4 sample.
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APPENDIX 5. DIMENSIONAL RESONANCE IN GAPPED C3 SAMPLE
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Figure A5.1 Dimensional resonance dependence from turn count N for the C3 core with nonmagnetic air gap = 0.3 mm.
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Figure A5.2 Dimensional resonance dependence from turn count N for the C3 core with nonmagnetic air gap = 0.6 mm.

159



1(f)
1500 /| 60

1000 J =

| _ [\ — | 30
°00" ‘AT \ 120 | 7

O . 824 A -
IIIIIIIIIIIIIIIIIIIIIIII LEEY ,ll‘“l ’ W nm =N \ o / — 5
mmy B SRV, ’ uﬁﬁ{:ﬂ,' Y&l
D AT, . ! e e bl T T T
O e Ll ! ' | - "y L i A EPTIY
B ,u”(f) “"“ /%._'

500 vV

-1000
10° 10° 10’ f,Hz

Figure A5.3 Dimensional resonance dependence from turn count N for the C3 core with nonmagnetic air gap = 1 mm.
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