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

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

I. INTRODUCTION

HE continuous drive for high-performance energy conver-
T sion and the application of wide bandgap semiconductors
is triggering demand for high-performance magnetic compo-
nents. Due to the high-frequency capabilities, manganese—zinc
(Mn-Zn) ferrites are of primary interest for the investigation of
high-performance magnetic components. Higher switching fre-
quencies set new limits to magnetic component design and mag-
netic material selection. Ferrite manufacturers have responded to
the increased demand with improved Mn-Zn ferrites and offer
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low-cost materials with lower losses and higher permeability.
However, the combination of the high permeability and the high
permittivity of Mn-ZN ferrite affects the high-frequency perfor-
mance due to eddy currents and dimensional resonance [1]—[8].
By default, the ferrite manufacturers’ specifications provide
average material characteristics, which may be of limited use
for detailed analysis. State-of-the-art magnetic modeling often
assumes that the high-frequency effects in ferrites are negligible.
The material definition follows the manufacturers’ specifications
with ferrite parameters provided as a constant for the entire fer-
rite family range. This makes the core material selection during
the design somewhat cumbersome due to excessive design itera-
tions. The poor quality of the material data jeopardizes accurate
modeling; therefore, high-fidelity characteristics of magnetics
materials are required. The magnetic material may be char-
acterized by its complex permeability and permittivity. These
two parameters are of differentiated physical origin, and so two
independent measurements are required. Measurement fixtures
on the market that determine the ferrite’s complex characteristics
are limited to ring cores with an external diameter between 25
and 30 mm [10], [11]. The available fixtures are effective up to
1 MHz as sample size is affected by the frequency effects; thus,
a new approach to ferrite electrical properties measurements
is required to determine magnetic material properties beyond 1
MHz. Core power losses for large-field amplitudes are presented
in addition to the frequency complex characteristics to give a
complete picture of the magnetic material characterization.

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

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

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

design models, and so, eliminate the need to measure complex
characteristic for the different core sizes. The physical size
of the sample impact on complex permeability measurements
is characterized in Section II. A practical method to extrap-
olate the high-frequency complex permittivity of ferrites and
related measurement results for higher frequencies is covered in
Section III. Section IV describes the compression force influ-
ence on complex permeability and permittivity measurements.
Core power loss analysis is shown in Section V. Finally,

Section VI concludes this article. Appendix I presents experi-
mental magnetic material permeability and permittivity charac-
teristics for additional materials: 3E10, 3F36, 3E65, and 3C95.

II. COMPLEX PERMEABILITY

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

Z = jwLs + Rs = jwLo (s — jus) (1

where Rg and Lg are the series resistance and the series in-
ductance, respectively, Ly is the inductance of the core with
unity permeability, w is the angular frequency, j is the complex
operator, and 1" and p " are the real and imaginary permeabilities
in the series model.

Complex permeability characteristics included in the manu-
facturers’ specifications are often measured based on a relatively
small core, such as T29. Unfortunately this core is still too big to
provide material characteristics without visible high-frequency
effects. As an example, a comparison between the material
complex permeability measured for the T29 and the T6 cores
for 3E10 material is presented in Fig. 1. The results obtained
for T29 core by the author correlate with the results in manu-
facturers’ specifications [15]. As can be seen, the dimensions of
the tested T29 ferrite sample (blue line) significantly affect the
measured core permeability characteristics compared with the
high-fidelity T6 core (black line) permeability measurements.
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Fig. 2. Complex permeability measurement fixture for T6 cores.

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

A. Complex Permeability Physical Sample Size Effect

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

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

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

T6 6x4x2.8 2.8 0.04 3C95
T29 29x19x10 50 3.77 3C95
T50 50%x30x19.5 125 16.11 3C95
T87 87x56x20 300 66.92 3C95
T152 152x104x24 576 231.60 3C95
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Fig. 3. 3C95 ferrite real permeability versus frequency based on experimental

data.

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

B. Complex Permeability Temperature Effect

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

Plots of real and imaginary permeability for three Mn-Zn
ferrite materials, 3E10, 3F36, and 3E6S5, are shown in Fig. 7.
Characteristics were measured at 25°C for the toroidal core
T6/4/2.8 that provides the material data with the highest possible
accuracy.
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imental data.

7000
6000 Meas. T152 - 20°C
_ ) Meas. T152 - 100°C
= 1
> 5000 ,’.l
= '
§ 4000 b4 X ! Meas. T6 - 20°C
g e At Meas. T6 - 100°C
5 3000 ssss==——o -
=%
§ 2000
[=4
1000
0
0.01 0.1 1 10
Frequency f(MHz)
T6 - 20°C -=---TI152-20°C
T6 - 100°C - === TI152-100°C
Fig.5. 3C95 ferrite real permeability versus frequency based on experimental
data.
8000
= A
= P
2 I Meas. T152 - 20°C
Z 6000 it eas. T152 - )
:_g :. Meas. T152 - 100°C
Q ] ]
B "
o 4000 st
g ) ¥\ Meas. T6 - 20°C
g [ o Meas. T6 - 100°C
.g RN
eh 2000 ARIA
E 7\\
— , | -
s ! NI
i Seo L
0 Szl | | | Tmebaa
0.01 0.1 1 10
Frequency f(MHz)
T6 - 20°C -=-=--"TI52-20°C
T6 - 100°C - === TI52-100°C
Fig. 6. 3C95 ferrite imaginary permeability versus frequency based on exper-

imental data.



KACKI et al.: MEASUREMENT METHODS FOR HIGH-FREQUENCY CHARACTERIZATIONS

12000 6000
=
_ 10000 - N 5000 >
= Meas. p' \1 ~U Meas. ! =
2 8000 4000 2
% Meas. p" I’ \ S, /| Meas. " 151
S 6000 ! =Y 3000 §
A SRR, @ :
8. 4000 — Meas.p' =1 ko 2000 5
— =
s Meas. p" /' l \\\\ iN "B
& 2000 T — 1000 3
3 . \1‘ <~ é
______ n r Plig
0 — = : 0
0.01 0.10 1.00 10.00
Frequency f (MHz)

u' - Measured 3E10
p' - Measured 3E65
- = == u" - Measured 3F36

Fig. 7.

n' - Measured 3F36
= = == p" - Measured 3E10
= = = = u" - Measured 3E65

Complex permeability versus frequency based on experimental data.

WayneKerr 6550B

Dedicated electrodes with
shielding

inter

face
Compression force
control

15155

TABLE II
CORE PARAMETERS FOR COMPLEX PERMEABILITY MEASUREMENTS
Sample
Parameter Sample 1 Sample 2 Sample 3 4
Shape - ,12‘ <
AxBxC AxB
. . AxB AxB
Dimensions 10x10 mm 10x5 mm 10x2.4x10 1.8x18
mm mm
Core Cross 78.5 mm? 78.5 mm? 24 mm? 2.5 mm?
section
Core 793 mm? 393 mm? 58 mm? 46 mm?
volume
Material 3C90 3C90 3C90 3C90
Dimensional 13.7
resonance 1.28 MHz 1.28 MHz 7.49 MHz |
MHz
frequency
Dy 10 mm 10 mm 2.4 mm 1.8 mm

Fig. 8.

Ferrite electrical properties measurement fixture.

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

III. COMPLEX PERMITTIVITY

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

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

Yp=Gp + jwCp (2)
ep=¢pb —jep 3
Cpd
ro_
ep = T 4)
Gpd o
eh= ——=— ®)

wepl.  weg

where G p is the measured conductance, C'p is the measured ca-
pacitance, ¢ p is the parallel relative complex permittivity, ', is
the real component of the parallel relative complex permittivity,
¢’ is the imaginary component of the parallel relative complex
permittivity, €¢ is the vacuum permittivity,

d is the tested sample thickness, A, is the test sample cross
section, and o is the material conductivity.

A. Complex Permittivity Physical Samples Size Effect

The sample size selection plays an important role in magnetic
material testing as the dimensions of the tested sample may
fall within the range of the electromagnetic wavelength for the
frequencies of interest; and thus, the developed dimensional
resonance may dominate the measured core parameters. In order
to demonstrate the influence of sample size on the complex
permittivity characteristics, four samples of the same material
were tested. The sample details are listed in Table II. Samples
differ from each other in their cross-sectional dimensions, which
directly affect the dimensional resonance when the smallest
dimension perpendicular to the applied electric or magnetic field
equals one half of a wavelength.
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Next, the samples listed in Table Il were tested in the proposed
test fixture. The electrical properties of the tested samples were
extracted from the admittance. Plots of real and imaginary
permittivity as a function of frequency are shown in Figs. 9 and
10, respectively. For tested Samples 1 and 2, the real permittivity
drops sharply at 1.3 MHz, and for Sample 3, the real permittivity
drops at 7 MHz while Sample 4 shows real permittivity decreas-
ing gradually as frequency increases. Imaginary permittivity
characteristics at the mentioned frequencies, 1.3 and 7 MHz,
show significant loss increases. As illustrated in both plots, the
high-frequency effects are visible in the tested samples, and
the difference in the measured complex permittivity for high
frequencies is the result of the dimensional resonance developed
due to the sample size. The sample height (in the direction of
the applied E field) has little effect on the measured complex
permittivity. The difference in the measured imaginary permit-
tivity is explained by the material parameter tolerance spread due
to manufacturing and processing. Usually, ferrite properties are
specified with a tolerance of +20% [ 18], test samples were made
from different material batches, and, therefore, the frequency
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characteristic would vary in the low-frequency region. In addi-
tion, the samples were machined from ferrite blocks. Machining
impacts ferrite properties due to surface processing, and as a
result, it influences the imaginary permittivity characteristic.

B. Complex Permittivity Temperature Effect

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

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

The measured complex permittivity characteristics can be
significantly impacted by the dimensional resonance, as can be
seen in Figs. 9 and 10. However, the dimensional resonance
effect can be eliminated by using an equivalent circuit to ex-
trapolate the measurements. The equivalent circuit assumes that
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Fig. 13.  Equivalent electrical circuit of a Mn-ZN ferrite based on CPE.
TABLE III
3C90 CPE EQUIVALENT PARAMETERS TO MODEL REAL AND IMAGINARY
PERMITTIVITY
Ferroxcube 3C90
R 1.00 x 10° R 8.70 x 10°
[ 1.196 x 10°¢ 0 2.967 x 1071
n; 0.173 n 0.928

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

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

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

Ry Ry
Z () = 6
W=rrgomam T i gorer  ©
per ) (e () )
14w @Ry (2c0s (TH) +w™ Q1 Ry)
i RQ (]. + w™2cos (%) QQRQ)
1+ w™@QoRs (2 cos (7”212) + wn2 QQRQ)
(7
ImZ ) - - W Bysin (75) Qi
1+ wlelRl (2 COS (W;Ll) + w"lQlRl)

w2 Rysin (Tm2 Q2Ro
1+ w”2Q2R2 (2 COs (%) + wn2 QQRQ)
(3)
The equivalent circuit parameters for 3C90 ferrite are listed
in Table III.
The extrapolation accuracy depends on the last point used

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

3 [

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

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

Four Mn-Zn ferrite materials were selected to determine the
electrical properties. Thus, the obtained permittivity frequency
characteristic provides the material data with the highest pos-
sible accuracy for the further calculation. Plots of real and
imaginary permittivity as a function of frequency are shown in
Figs. 17 and 18, respectively. Widely different materials, such
as 3E10, 3C95, 3E65, and 3F36, are presented with the same
value of permittivity in the manufacturers’ specifications. This
does not represent the true situation and can generate significant
error during design.
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w TH { N formance. In order to measure the effect of stress on ferrite
2 o~ VAN .| permeability, an additional fixture was built as shown in Fig. 19.
E ~ NN R Permeability measurements were performed on a ring core with
§ ~ o T b TTTiRs </ View a0 an external diameter of 25 mm, an inner diameter of 15 mm, and
2 S T1ldllle \\\\ . a height of 10 mm with one turn.
g‘ T~ INRRNaREs: -.e The mechanical stress impact on 3C90 ferrite permeability
-ED M= L and permittivity is shown in Fig. 20. Permeability decreases with
g TTe—— increasing pressure. Permittivity is somewhat complementary to
- 30_01 011 1 1‘0 permeability; it increases with the increase in pressure.
Frequency ' (MHz)
----- Ferroxcube 3C95 — — - Ferroxcube 3F36 V. POWER LOSSES
— - — Ferroxcube 3E65 — - - — Ferroxcube 3E10 Material selection is difficult and needs to be examined case-
®  Manufacturers data by-case for each design and application. Accurate core loss

i . o ) o prediction is an essential part of magnetic component design
Fig. 18. Imaginary permittivity versus frequency characteristic based on ex- . . .
perimental data and CPE extrapolation process in power electronics applications. State-of-the-art meth-

ods are based on the sinusoidal excitation loss measurement
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Fig. 21.  Core power loss measurement setup with sinusoidal excitation.
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Fig. 22.  Performance factor versus frequency for 3F36 material based on

experimental data.

5 -
Meas. T29 - 20°C
ac TS0 - 20°C
_ 4 Meas. T50 - 20°C @
N Q)‘b'
jas) S B Bt P &
= 3 e P @Q
5 4, - £
R R —— A
N /_\
\.\ 2 | \“ ~—
Q
Il Meas. T80 - 20°C
E 14 Meas. T80 - 100°C
10 mW/cm?
0 T T T {

00 0.1 02 03 04 05 06 07
Frequency f(MHz)

----T29-3E10-20°
T80 - 3E10 - 20°

....... T50 - 3E10 - 20°
T80 - 3E10 - 100°

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

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

Note that power inductors operate at much higher loss den-
sities than those discussed in this article. The design process of
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Fig. 24. Magnetic loss tangent versus frequency for 3F36 material based on
experimental data.
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Fig. 25. Magnetic loss tangent versus frequency for 3E10 material based on
experimental data.

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

A. Performance Factor

One of the most popular parameters to compare material
losses as a function of the frequency is the performance factor
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TABLE IV
CORE PARAMETERS FOR POWER LOSS MEASUREMENTS
Parameter Unit T29 T50 T80
gggffﬁgf?; mm | 29x19x10.5 | 50x30x14 | 80x45x17.5
Core cross section | mm? 53 140 306
Core volume cm? 3.96 17.59 60.13
Core material - 3F36/3E10 3F36/3E10 3F36/3E10

Core view -

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

PF = B f. )

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

_ ‘/rms\/§ o
“2t-B-f-N

‘/I‘I’IIS\/i
27 -PF- N

Ac (10)
where Ac is the effective core cross section, Vrvs is the root-
mean-square (rms) value of the voltage across the winding and
N is the turns umber.

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

The core losses were measured with the two-winding method,
including an adjustable compensation capacitor to cancel the
reactive voltage [24]. The measurement setup and windings
arrangement are presented in Fig. 21. The test system is supplied
by the amplifier ARSO0OA3B, which is controlled by the Agilent
33220A waveform generator. Voltage and current are measured
with a Tektronix MSOS56 oscilloscope, equipped with a TTVHO08
voltage probe and a TCPOO30A current probe.
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Performance factor frequency characteristics for various core
sizes for 3F36 and 3E10 are shown in Figs. 22 and 23, respec-
tively. The performance factor curves for 3F36 material show
that the power loss density for the tested cores are nearly equal
at low frequency, up to 100 kHz. As the frequency increases,
the power losses also increase. Power losses in the larger cores
increase much faster than for the small cores. At 600 kHz, the
power losses for T80 core are 35% higher than for T29.

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

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

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

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

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

B. Loss Tangent

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

Rs _ yj

tan 0, = ——
" wLs  p

an

where §,, is the loss angle (the phase angle between B and H).

Figs. 24 and 25 show the magnetic loss tangent of the tested
samples. It can be observed that the loss tangent of the larger
cores is the highest for the frequency range of interest. The
magnetic loss tangent follows the performance factor measure-
ment. Measurement of loss tangent, which is based on fre-
quency characteristics of the complex permeability at low-field
amplitude, is faster and quicker than performance factor, it
may be used as the primary method to assess the ferrite core
performance
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VI. CONCLUSION

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

APPENDIX |

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

TABLE V
REAL AND IMAGINARY PERMITTIVITY CHARACTERISTIC

Ferroxcube 3E10 Ferroxcube 3F36
Frequenc , ” , "
(I\C/IIHZ) y £ £ € €
0.01 218962 3292135 61262 76243
0.1 85011 814288 36788 18587
0.2 81232 413498 32208 13651
0.3 77352 289593 29893 11600
0.4 74238 220139 28382 10426
0.5 71206 180479 27275 9645
0.6 68758 156171 26410 9080
0.7 66158 135719 25703 8646
0.8 64065 122039 25109 8299
0.9 62211 111676 24598 8013
1.0 60678 103988 24151 7773
2.5 44943 56722 20622 6134
5.0 33149 39108 18321 5250
7.5 27023 32489 17081 4842
10.0 22925 28670 16284 4576
12.5 19845 26035 15679 4384
15.0 17632 24247 15202 4236
17.5 15747 22909 15810 4116
20.0 14282 21537 14484 4018
Ferroxcube 3E65 Ferroxcube 3C95
Frequenc , " , "
(]\‘}[HZ) Y & & & &
0.01 90788 8162193 213662 373678
0.1 85011 829638 123674 64461
0.2 81232 413498 111522 45085
0.3 77555 284607 105046 37712
0.4 74238 220139 100663 33702
0.5 71206 180479 97373 31130
0.6 68758 156171 94753 29312
0.7 66158 135719 92583 27943
0.8 64364 123885 90738 26867
0.9 62211 111676 89135 25991
1.0 60678 103988 87722 25261
2.5 44934 56722 76209 20441
5.0 33149 39108 68389 17928
7.5 27023 32489 64083 16694
10.0 22925 28670 61228 15931
12.5 20097 26247 59147 15362
15.0 17632 24237 57448 14918
17.5 15747 22909 56021 14556
20.0 14201 21253 54880 14257
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TABLE VI
REAL AND IMAGINARY PERMEABILITY CHARACTERISTIC

Ferroxcube 3E10 Ferroxcube 3F36
Frequency , " , "
(MHz2) u “ " u
0.01 9812 228 1482 8
0.1 10215 621 1479 11.2
0.2 10150 2020 1478 9.8
0.3 9542 3230 1480 10.3
0.4 8529 4032 1483 10.5
0.5 7475 4375 1488 13.1
0.6 6659 4418 1499 13.7
0.7 6024 4349 1509 16.7
0.8 5549 4251 1522 20.4
0.9 5207 4156 1537 25.6
1.0 4806 4025 1561 382
25 2532 3264 1561 503
5.0 1060 2400 1078 763
7.5 524 1776 785 728
10.0 297 1315 606 650
12.5 222 1052 513 593
15.0 173 831 445 545
17.5 161 716 392 508
20.0 155 596 342 471
Ferroxcube 3E65 Ferroxcube 3C95
Fr(e]\%f:)c Y u u" u u"
0.01 5100 10.7 3085 2.3
0.1 5156 57.8 3095 4.5
0.2 5253 290 3124 15.1
0.3 5444 789 3181 32.6
0.4 5425 1339 3265 79.8
0.5 5166 1994 3355 179
0.6 4797 2420 3418 314
0.7 4392 2712 3452 469
0.8 4022 2897 3464 626
0.9 3638 3036 3449 816
1.0 3320 3121 3403 996
2.5 264 2449 1855 1630
5.0 153 932 1078 1388
7.5 141 546 677 1249
10.0 131 371 375 1069
12.5 127 270 215 911
15.0 120 213 102 742
17.5 115 180 57.3 620
20.0 109 147 24.5 528
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