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High Frequency Permeability Measurements and
Modeling of Magnetic Powder Cores Under DC Bias

Arne Schroder

Abstract—Powder cores are attractive magnetic components for
high-current applications due to their high saturation flux densities,
combined with good high-frequency performance and relatively
low losses. Although considered in many applications, only little in-
formation about their high-frequency properties under dc current
bias exists. Therefore, this work describes a novel measurement
methodology to determine the complex permeability of magnetic
powder cores under superimposed dc bias. A comparison against
alternative approaches reveals the advantages of the proposed
methodology with respect to maximum frequency and bias current.
Different types of powder cores are characterized at frequencies
between 10 kHz and 100 MHz and superimposed currents up to
2.5 KA. Moreover, a simple phenomenological model is outlined
that captures the permeability spectrum under dc bias. The model
can conveniently be translated into equivalent circuits for use in
system-level simulations.

Index Terms—Electromagnetic compatibility, electromagnetic
modeling, equivalent circuits, impedance measurement,
permeability measurement, soft magnetic materials.

1. INTRODUCTION

assive magnetic components play a vital role in power
P electronic systems. Their optimization is indispensable to
maximize the efficiency and to reduce both volume and cost of
power electronic converters. Various classes of magnetic core
materials exist, including for example laminated silicon steel,
nanocrystalline alloys, ferrites, and powder cores. The choice
of core material depends on the component type and its specific
application [1]. For instance, the cores of common mode chokes
with comparatively low net currents for use in electromagnetic
interference (EMI) filters are usually made of low-loss ferrite or
nanocrystalline material [2]. On the other hand, for applications
involving high currents and associated high magnetic fluxes,
powder core materials are often considered [1], [3], [4]. These
are made of iron or alloy powder particles and exhibit distributed
air gaps, providing high saturation flux density, low loss, com-
petitive cost, and low hysteresis [5]. Soft saturation, elimination
of fringing fields, and high Curie temperatures are advantages
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over gapped ferrites or nanocrystalline cores [4]. Furthermore,
powder cores are considered to be promising candidates for high
frequency (HF) converters [6]. In the field of electromagnetic
compatibility (EMC), powder cores are applied for example in
differential mode (DM) filters [7], [8].

For HF modeling and design of magnetic components, the
availability of high-fidelity permeability data is crucial. This
is especially true for components like single-turn inductors,
e.g., [9], which do not suffer from parasitic effects, such as
turn-to-turn capacitances, at high frequencies. Besides that, HF
permeability data are required for fundamental research on
magnetic materials. The HF complex permeability of magnetic
materials is typically retrieved from complex impedance mea-
surements on toroidal cores with multiple conductor turns, using
LCR meters, impedance analyzers, or vector network analyz-
ers [4], [10], [11]. To avoid inaccuracies caused by leakage flux
of windings (which is more pronounced for low-permeability
materials) or by stray capacitances of windings, one-port coaxial
sample holders are usually employed [12], [13], [14], [15], [16],
[17]. The maximum frequency for these setups is determined by
the cavity resonance of the sample holder. Characterization up
to several GHz is possible [13]. At even higher frequencies, the
Nicolson-Ross-Weir method is typically applied, which deduces
material properties from reflection and transmission measure-
ments of material samples embedded in transmission lines [18],
[19], [20].

The HF noise current on powder-core inductors is often much
smaller than the fundamental frequency or dc current carried by
the inductor. Accordingly, this HF noise effectively sees the dif-
ferential (or “incremental”) permeability of the material, which
depends, in a nonlinear way, on a superimposed low-frequency
or dc bias. Therefore, it is important to characterize the small-
signal complex permeability as a function of a superimposed dc
bias field.

A multiple-coil setup in which the dc current source is
decoupled from the HF measurements via a decoupling network
was used in [4]. A coaxial sample holder in conjunction with
a bias-T decoupling network for bias currents up to 500 mA
was employed in [21]. An impedance measurement setup with
bias currents up to 200 A was presented in [22]. While the
aforementioned setups rely on a galvanic contact between
device under test and dc source, [23], [24] utilized a dc biasing
via a secondary winding. A coaxial sample holder with bias field
provided by a large external magnetic dipole magnet was em-
ployed in [25]. A cavity with parallel dc bias field was proposed
in [26] and later built and used in [27]. General contactless
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impedance measurements of dc biased systems are subject to
research [28], [29].

For fast and efficient designing of power converter systems
and associated magnetic components, compact models of mag-
netic materials are required. Typically, equivalent circuits are
used for the phenomenological modeling of magnetic properties.
For example, Foster-type networks derived from measurements
have been employed to describe the complex impedance of dc-
biased nanocrystalline cores [23]. Cauer-type HF models com-
bined with hysteresis and saturation models for nanocrystalline
cores and ferrite cores were developed in [30] and later extended
to account for dimensional resonance effects [31]. Higher-order
Debye models with several discrete relaxation times were used
in [32]. The complex permeabilities of magnetic powder materi-
als were described in [33] by general Debye relaxation processes
with continuous relaxation-time distributions.

While many works are devoted to investigation of losses
in powder cores under dc bias (see, e.g., [34] and [35]), high
frequency complex permeability of powder cores under superim-
posed dc bias has, to the best of our knowledge, not been studied
yet. Therefore, this article aims at experimental characterization
and modeling of the permeability of powder cores under dc bias
for frequencies up to at least 100 MHz.

The rest of this article is organized as follows. Section II
introduces a novel measurement setup for permeability char-
acterization under dc bias. Section III assesses the proposed
measurement setup and benchmarks it against alternative ones.
Experimental characterization of two particular powder materi-
als is described in Section IV, and a simple phenomenological
model for the permeability under dc bias is outlined in Section V.
Finally, Section VI concludes this article.

II. MEASUREMENT SETUPS

This section introduces a measurement setup for determining
the complex permeability of toroidal magnetic powder cores un-
der dc bias. Furthermore, three benchmark setups are described.
We consider the complex relative permeability i, as function of
angular frequency w and superimposed dc current [ 4

,ur(waIdC) - N;(W;Idc) *jﬂg(wvldc) . (H

In this work, core permeabilites are extracted from impedance
measurements with a vector network analyzer (VNA). The dc
bias current is provided by an external current source. A major
challenge with this approach is to suppress the coupling between
HF circuit and dc circuit. For this reason, some prior works used
decoupling concepts with two identical powder cores (e.g., [23]).
The setups outlined in the following sections employ a similar
approach.

A. Decoupling of HF and DC Circuits

In all four setups to be described, an (ideally) perfect decou-
pling of the HF measuring circuit from the dc driving circuit is
achieved using the same basic concept [23], illustrated in Fig. 2.
The two circuits are galvanically isolated, and each of them
uses a series-connected pair of identical windings around two
(ideally) identical cores. The connections between windings are
made in such a way that one of these pairs drives (ideally) equal
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Fig. 1.  Illustration of proposed double-cavity measurement setup to determine
the complex impedance of magnetic powder cores under dc bias. (a) Photograph
of setup in laboratory with (b) close-up view of the double cavity including SMA
connection network and (c) connection points. (d) Cross section of double cavity.
Each cavity includes one core.

parallel fluxes in the two cores (“series connection”), while the
other drives antiparallel fluxes (“antiseries connection”). In the
proposed setup as well as in benchmark setups 1 and 2, the HF
windings are antiseries connected in this sense, while in bench-
mark setup 3, the dc windings are antiseries connected. The
decoupling effect is the same for all four variants of the concept
(at least at low enough frequencies such that parasitic capaci-
tances are negligible), and their main difference is the number of
turns in the HF and dc windings, as described in the following.
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Fig. 2. Equivalent circuit of the setup 1, setup 2, and proposed setup.

B. Proposed Setup - Double Cavity

The goal was to develop a measurement setup that can ac-
curately determine permeability spectra of powder cores up
to several tens of MHz under dc bias currents of more than
2 kA. To achieve a good high frequency performance, coils
need to be avoided, as turn-to-turn capacitances cause coil
resonances and deteriorate the high frequency accuracy. A single
turn winding, as used in [23], [24], and [36], can be applied
to avoid such coil resonances. However, stray fluxes diminish
the accuracy when considering low-permeability cores such
as powder cores. Therefore, the proposed setup is based on a
shorted coaxial line [12], which minimizes stray fluxes and has
a high upper frequency limit. The proposed setup consists of a
double coaxial cavity which is arranged around a dc busbar with
circular cross section, as illustrated in Fig. 1. Each cavity forms
a shorted coaxial line and contains at least one toroidal core.
The cores in both cavities are identical, consisting of the same
material and having same dimensions, and are concentrically
aligned by insulating spacers. A dc current source drives the
current I4. through the busbar and induces bias H-fields in
the cores. Using nongalvanically connected dc sources avoids
the usage of a decoupling inductor in the dc path [4], which
would add a residual impedance to the HF path and potentially
diminishes the measurement accuracy. The current is mon-
itored by a flux-compensating current probe. In contrast to
coaxial cavities for measurements without dc bias (like our
reference setup discussed further below), the HF connection
for the VNA cannot be placed centrally on the cylinder axis
in this setup, since the dc conductor runs along this axis. To
minimize stray magnetic fluxes caused by noncentered con-
nection points, the double cavity is connected to the VNA
on four equidistant points along its outer circumference via
a connection network consisting of an SMA splitter with
four legs.

An equivalent circuit of the setup is depicted in Fig. 2. Each
cavity is coupled to the dc path by a certain mutual inductance
M;. The cavities are connected in series on the dc side and in
antiparallel on the HF side. For identical cores M; = M, so
that ideally there is no coupling between the dc and HF circuits.
Thus, the measured impedance Zy,e,s is unaffected by the dc
source impedance.

If the cavity length [ is small compared to the electromagnetic
wavelength in vacuum and attenuation is small (vl < 1, with ~y
being the propagation constant in the cavity), the impedance of
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Fig. 3. Illustration of measurement setup 1 (left) and setup 2 (right) used to

extract the complex permeability from toroidal cores with superimposed dc bias.
The fluxes of the HF windings are oriented opposite to each other, to decouple
the dc source from HF impedance measurements.

each cavity can be approximated as
Zeaw = Zp tanh(yl) & Reay + jwLeay- )

Here, Zj is the wave impedance of the vacuum, R, is the
resistance, and L,, is the inductance of each coaxial cavity. At
high frequencies, cavity resonances occur and (2) does not hold.
The first resonance of the considered cavity with [ = 30 mm
theoretically lies at 2.5 GHz. Extracting the permeability of
magnetic cores with cavities is a well-established approach,
see [12] for details, in which two different measurements are
conducted: one with empty cavities, resulting in Zges", and one
with both cavities containing identical cores, resulting in Z <.
If (2) holds, the core permeability is determined by [12]

_ cores __ rzempty le

Hor a (Zmeas Zmeas )jw,UfOAe + 1 ) (3)
where [, is the effective magnetic length of the cores and A,
denotes the effective core cross section, e.g., [37]. As the cavity
itself adds a certain inductance, the impedance of the empty
cavity needs to be extracted to obtain the impedance of the core
under test. In our case with two parallel cavities, a factorof a = 2
needs to be introduced to obtain the correct inductance.

A major advantage of this setup is the rotationally symmetric
distribution within the cores of both dc and HF magnetic fields,
which minimizes measurement inaccuracies due to stray flux.
Furthermore, its upper limit frequency is determined by the
cavity length only and not affected by any windings.

C. Benchmark Setups

Three benchmark setups to determine the complex permeabil-
ity (1) with superimposed dc bias are outlined next.

1) Setup 1 and Setup 2 - Multiple HF Turns: Two setups with
multiple HF turns are illustrated in Fig. 3. Both setups consist of
two toroidal cores, each equipped with a HF winding of [V turns.
In addition, setup 1 uses a single dc bias winding with M turns
encompassing both cores, while setup 2 uses a single busbar for
biasing. To reach the same dc flux as in setup 1, the current in
setup 2 needs to be M times higher than the current in setup 1.
The HF windings are connected to a VNA. In both setups, the
HF coils are connected in antiparallel, such that their fluxes have
opposite orientation. Thereby, a decoupling of the HF circuit
from the dc source is achieved, such that the HF impedance of
the dc source only has a negligible effect on the impedance
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Fig. 4. [Illustration of measurement setup 3. Two cores reside in a shorted
coaxial cavity which is connected to the ports of a VNA via a T-junction. Both
cores are biased by dc coils, with opposing flux orientation.

measurements, similarly to the proposed setup (Fig. 1). The
complex permeability is extracted from the measured impedance
using the equation

le
UTjw,LL[) Ae N2 )
where the core impedance Z pyr is obtained from the measured
impedance Zeqs by

Zputr = 2(Zmeas — Rur) - (5)

Here, the HF-coil resistance R yr needs to be subtracted to obtain
the correct 11, and a factor 2 is introduced since the HF windings
of the two cores are connected in parallel.

2) Setup 3 - Multiple DC Turns, Single HF Turn: Setup 3
is based on a shorted coaxial cavity, which encompasses two
stacked cores, as depicted in Fig. 4. Each core is biased by an
individual dc coil. The dc coils are connected in antiseries now,
to decouple the HF circuit from the dc source, as before. The
connection wires are guided from the dc source to the coils
through a rectangular hole in the cavity.

3) Setup to Obtain Reference Values: To obtain reference
values for unbiased cores, we have conducted measurements
using a shorted coaxial aluminium cavity, a well-established
setup [12], with an inner diameter of 80 mm and an inner height
of 25 mm. As there are no coils involved in this setup and
the lowest cavity resonance lies at around 3 GHz, the obtained
results are considered as reference values.

My = ZD (4)

III. ASSESSMENT OF PROPOSED MEASUREMENT SETUP

We conducted assessment measurements for frequencies be-
tween 9 kHz and 110 MHz. Two different powder cores as
specified by Table I were used: Carbonyl iron powder Mix 26
from Micrometals [38] and Mega Flux (silicon iron powder)
from Chang Sung Corporation [37]. These materials had been
chosen for their different properties: for instance, Mega Flux
saturates at higher magnetic fields than Mix 26, and its high
frequency properties are superior to those of Mix 26.

Measurements were conducted with a Rohde and Schwarz
ZNB 8 VNA. We performed two-port shunt-through measure-
ments [35] to obtain the impedances of the cores under test.
Thanks to the high dynamic range of the VNA, very low
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TABLE I
COMPARISON OF MEASUREMENT SETUPS FOR CHARACTERIZATION OF
COMPLEX PERMEABILITY OF MAGNETIC POWDER CORES

Material | Mix 26 | Mega flux
Core number T300-26 CK77860
Manufacturer Micrometals | CSC

Initial 75 60

Path length [ 198 mm 200 mm
Cross section Ae | 338 mm?2 277 mm?
Ap 160 nH 85nH

Bgat 1.38T 1.6T

Iron Powder -26, No dc-Bias

100 T

80
P ——

60 [

I

40

20 Proposed Setup
Setup 1
Setup 2

L L L L L

Setup 3
= — —Reference

40 T T T T

4ol . . . .
10* 10° 108 107 108
Frequency (Hz)

Fig.5. Measured complex permeability of iron powder Mix 26 using different
setups. DC bias current is zero.

impedances can be extracted by this procedure. In our case,
the smallest measured impedances were below 2.5 mf). Nev-
ertheless, due to low DUT impedances at the low frequency
end, measurements are affected by the VNA’s noise floor. To
improve the signal-to-noise ratio (SNR) in the low frequency
region, the entire frequency band was split into four channels
with individual measurement bandwidths. For instance, the first
channel measured from 9 to 20 kHz with 1 Hz bandwidth, while
the fourth channel measured from 1 to 110 MHz with 100 Hz
bandwidth. This channel split improves the SNR considerably,
while keeping the acquisition time low. To further improve the
SNR, an elevated output power of 10 dBm was applied.

A. Comparison of Setups

A comparison of permeability spectra measured with the
different setups, for Mix 26 under zero dc bias current, is depicted
in Fig. 5. The permeability of this material shows a typical
relaxation type behavior [33]. The permeability retrieved by the
proposed measurement setup agrees very well with the reference
results that were obtained with a single cavity described in
Section II-C3. A slightly higher real part is observed in the
entire frequency range, see discussion in Section III-C, and slight
deviations are observed at the high frequency end, see discussion
in Section I1I-B. Both setups 1 and 2 with ten HF turns resultin a
higher real part of the permeability due to stray inductances. The
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TABLE II

16365

MEASUREMENT SETUP COMPARISON FOR CHARACTERIZATION OF COMPLEX PERMEABILITY SPECTRA OF MAGNETIC POWDER CORES UNDER DC BIAS

| Proposed setup

Setup 1
| P

Setup 2
|

| Setup 3

Description

Double HF cavity, single
dc busbar (no coils)

Cores with both dc and HF
coils

Cores with HF coils, single
dc busbar

Cores with dc coils, single
HF cavity

# Turns HF coils
# Turns dc bias coils
Max. frequency

1
1
>100 MHz

10
25
10 MHz

10
1
10 MHz

1
25
1 MHz

Advantages ¢ High bias fields e Low-current dc source ¢ Simple Setup e Low-current dc source
e Large frequency range sufficient ¢ High bias fields sufficient
9kHz—100 MHz
Disadvantages e High-current dc source e Max. dc current limited | ¢ High-current dc source e High effort for prepara-

required

by wire heating

e High effort for prepara-
tion of bias windings

e Calibration for stray
fields required

required
¢ Calibration
fields required
e Max. freq. <10MHz

for  stray

tion of bias windings
e Max. freq.< | MHz

imaginary part agrees very well with the reference up to 10 MHz;
above that frequency, a slight deviation is noticeable. Setup 3
exhibits very good agreement with the reference results up to
1 MHz, while above 1 MHz the accuracy is strongly diminished
by the turn-to-turn capacitances of the bias coils. Since only
the proposed setup exhibits a good performance in the entire
frequency range, the following investigations focus on the pro-
posed setup. Table II summarizes pros and cons of all compared
setups. The main advantages of the proposed setup are its wide
frequency range and the high achievable bias fields. The wide
frequency range is obtained as there are no coils involved, neither
on the HF side nor on the dc side (in contrast to the benchmark se-
tups). Accordingly, potential resonances caused by turn-to-turn
capacitances of coils are circumvented and their negative impact
on measurement is avoided. In addition, this setup does not suffer
from effects of stray fluxes like those occurring in setups 1 and 2.
The main disadvantage is the required high current rating of the
dc source and associated cables and connectors, which are more
expensive and bulky than those used in setup 1 and setup 3.

B. De-Embedding of Connection Network

The VNA was calibrated at the reference plane behind the
SMA T-junction, as shown in Fig. 2. The T-junction was
connected with the double cavity by a connection network
consisting of a four way SMA splitter and four SMA ca-
bles. At low frequencies, the network has both resistive and
inductive behavior, and its contribution to the permeability
is canceled out when subtracting the measured empty cavity
impedance in (3). At higher frequencies, the network needs to be
de-embedded.

In this work, we represent the connection network by ABCD
matrices [39]. Using this, the actual impedance of interest Z pyt
can be obtained from the measured impedance Z,,5 by

(ZO — ZL) (Zmeas - ZS)
(ZL* ZS) (Zofzmeas)
Here, Z ¢ is the measured impedance with the connection net-

work ends being open, Z s is the measured impedance with the
connection network ends being shorted, and 7 is the measured

500, (6)

Zpur =

* Max. freq. <10MHz

Fig.6. Custom-made PCB calibration loads used for de-embedding. From left
to right: Open, short, and load.

Mega Flux 604, No dc-Bias

70 T T T
60 {7y 4
n
< 50 L .
=
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% Proposed Setup - De-embedded =
2 20 " 7
g g
T ol J
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'
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10* 10° 108 107 108
Frequency (Hz)
Fig. 7. Validation of de-embedding of connection network from proposed

setup: Measured permeability of Mega Flux cores at zero dc bias obtained with
proposed setup and single-cavity reference setup.

impedance with the connection network ends being terminated
with 50 2. We have used dedicated open, short, and load PCB
terminations with the same PCB design as the SMA to cavity
interface. The open, short, and load terminations are illustrated
in Fig. 6.

Fig. 7 compares the permeability of the Mega Flux cores
obtained by the proposed setup, with and without de-embedding,
with results from the reference setup. Without de-embedding,
differences to the reference become visible above 10 MHz,
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whereas a good agreement with the reference is obtained after
de-embedding.

C. Error Discussion and Data Smoothing

We have observed that the two main contributors to measure-
ment errors are as follows: 1) limited sensitivity of the VNA
at low frequencies and 2) variation of the measured resistance
between empty and loaded cavity measurements. A resistance
variation A R can originate from variations of contact resistance
or temperature during measurements. It affects the retrieved
imaginary part of the permeability

21,
WHo Ae ,

Ap! = AR (7
see (3). The error is inversely proportional to frequency and thus,
most pronounced in the low frequency range. For the considered
examples, a variation of 1 m{ results in Ag” > 6 at 10 kHz.
Therefore, to obtain the actual i/, we extract it instead from the
measured g, via the Kramers—Kronig relation [40]

i) = - 2p " L)

T Jy wW¥—w
where P denotes the Cauchy principal value. For the numerical
evaluation of (8), we smooth the measured . data using a sixth
order polynomial fit and extrapolation towards a constant value
at low frequency. At frequencies above 10 MHz, we use the
measured p! instead of u! obtained from (8), to avoid artifacts
arising from the finite upper frequency limit.

Besides the error sources mentioned above, we noticed a slight
stray inductance due to the four-point HF connection, described
in Section II-B, and the resulting nonuniform azimuthal H-field.
We experimentally determined a value of around 1.4nH and
corrected the measured data accordingly.

Moreover, note that the bias H-field is not constant in radial
direction with respect to the dc busbar. As a consequence, the
core is biased nonuniformly and exhibits a spatial, nonuniform
permeability distribution under dc bias. With the outlined mea-
surement procedure, an averaged permeability for a certain core
dimensions is extracted. We determined that the error introduced
by this averaging is less than 1% compared with an infinitesi-
mal thin toroid, for the materials and dimensions considered.
Furthermore, we noted that manufacturing tolerances lead to
noticeably different permeability spectra. For instance, the dis-
sipation peak frequencies of ten Mix 26 cores varied by more than
1 MHz. For this reason, we have selected two cores with similar
permeability spectra for measurements with superimposed bias.

dw', ®)

IV. EXAMPLES

The complex permeability under superimposed dc bias field of
the two example materials shown in Table I was experimentally
characterized with the proposed setup. We have used three
parallel-connected Agilent 6680 A dc current sources to obtain a
maximum bias current of 2.5 kA, resulting in a mean dc field of
157.8 Oein the considered cores. Measurements were conducted
sequentially at bias currents between 0 A and 2.5 kA with 250 A
increments.
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Fig. 8. Measured complex permeability of Mix 26 for various dc bias fields.

The measured raw data has been smoothed and the imaginary part up to 10 MHz
extracted by Kramers—Kronig (KK) relation, see Section III-C.

Due to conduction losses, the measurement setup heated up,
resulting in core temperature increases by max. 20 °C. Tempera-
ture effects on permeability were neglected, since the considered
materials show less than 2% permeability variations within the
measured temperature span, according to data sheets.

We noticed that the inductance of the empty test fixture
between 9 and 100 kHz slightly decreased under a bias cur-
rent. This effect is probably due to the fact that the aluminum
alloy contains a small amount (<0.5%) of magnetic iron which
reduces the inner inductance of the test setup when saturat-
ing. Therefore, to evaluate (3), measurements of the empty
test fixture were conducted separately for each bias current
value.

Fig. 8 shows the measured complex permeability of Mix 26 for
various dc bias fields between 0.0 and 157.8 Oe. The permeabil-
ity decreases with increased bias field due to partial saturation
of powder core particles. Its real part drops with frequency and
tends to zero at high frequencies. With increasing dc bias, the
dissipation peak of the imaginary part is shifted towards higher
frequencies.

Fig. 9 shows the measured complex permeability of Mega
Flux for various dc bias fields between 0.0 and 157.8 Oe. A
similar behavior as for the Mix 26 is observed. However, the
permeability decrease with dc bias is slower than for Mix 26,
due to the lower initial permeability and higher saturation flux
density of Mega Flux. Furthermore, the real part decline sets in at
higher frequencies than for Mix 26. Accordingly, the dissipation
peak in the imaginary part is located at higher frequencies. Fur-
thermore, the dissipation peak has a different shape compared
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Fig. 9. Measured complex permeability of Mega Flux for various dc bias

fields. The measured raw data has been smoothed and the imaginary part up to
10 MHz extracted by Kramers—Kronig (KK) relation, see Section III-C.

with the Mix 26 and the real part exhibits a trend towards negative
values. These differences are caused by dimensional resonances
in the core [41].

V. PHENOMENOLOGICAL MODEL

This section outlines a simple phenomenological model of the
complex permeability p, (w, I 4.) of powder core materials, cap-
turing its dependence on both frequency and dc bias. We extend
the higher-order Debye modeling approach [32] by combining
it with a scaling assumption for the dc bias dependence, which
leads to a simple phenomenological model with a small number
of adjustable parameters. The model has a natural representation
by a R-L Foster circuit with bias dependent circuit elements.
Moreover, the model parameters have simple physical meanings
and can directly be inferred from measurements.

A. Scaling With DC Bias

In our measurements, we have observed that the bias de-
pendence of pure material characteristics, like those for Mix
26 shown in Fig. 8, can be described as follows by a simple,
approximate scaling law (note that this is not possible in more
complex situations where resonance effects of the measuring
setup become visible, like those for Mega Flux shown in Fig. 9).

As seen in Fig. 8 for the example of Mix 26, the static
permeability 1,(0,14.) is a decreasing function of 4. Let
ws (I 4c) denote the bias dependent frequency of the dissipation
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Fig. 10. Scaled experimental data (red) plotted together with discrete-sum

approximation (13) of the scaling function with n = 7 terms (black dashed
curve). The single-pole form (blue dotted curve) is shown for comparison.
Considered material is Mix 26.

peak (i.e., the maximum of p as a function of w), which
is an increasing function of Ij.. Assuming a proportionality
wa(1 g¢) o< 11(0, T 4) P with some exponent > 0, we can
then, for any given [ 4, plot real and imaginary parts of the
normalized permeability p(w, L ac)/ (0, I 4c) versus the scaled
frequency w/w. (I 4. ). Combining all plots for different I 4. and
adjusting the value of /3, one can obtain a quite good collapse
onto a single curve (see Fig. 10, showing the same data as
Fig. 8, but scaled with 8 = 1.2). This means that our data
approximately obey a scaling law, characterized by the exponent
£ and a “universal” (for the given material) scaling function
F' that represents all collapsed curves in Fig. 10. The peak of
—ImF(x) is located at « = 1. The scaling law may be written
in the following way: for any w and [ g,

Mr(wyldc) — F ( w

,Ufr(oaldc) W*(Idc)
where the constant C' can be determined for instance from the
zero-bias (I 4. = 0) data:

C™' = w,(0) 11:(0,0)7 .

) = F(Cwﬂr(oyldc)5)7 ©)

(10)

The scaling function F' can be approximated by a higher-order
Debye function [32] describing relaxation times distributed
in some range around w; !, i.e., by a rational function with
some distribution of poles on the positive imaginary axis,
with locations close to j. Note that a simple single-pole form
(F(x) =7 jjm> is insufficient, since its imaginary part has a
peak height of —ImF'(1) = 0.5, instead of the value ~ 0.35
implied by our measurements (Fig. 10). A distribution of pole
locations over some interval is required to obtain a satisfactory
fit of height and width of the peak. The end result for the scaling
function F'(z) at real arguments 2 mainly depends on center
position and width of this distribution but is rather insensitive to
its detailed shape.

B. Debye Model for the Permeability Function

In practice, random quantities that are strictly positive (like,
in our case, the relaxation rates in a Debye model) are often well
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described by a log-normal distribution [42]. Here, we choose the
relaxation rates to be log-normal distributed with mean zero and
(dimensionless) variance o2, which we write in the following
way:

7u2/2o'2

—+o0
L e
In fact, the results for ., are rather insensitive to the detailed
shape of this distribution, so other choices are equally possible.
The choice (11) has the convenient property that its peak is
always located exactly at x = 1 for any value of o2, since
—ImF'(z) is an even function of logx. This nice property is
preserved when the integral in (11) is replaced by a sum over
discrete values u; that are placed symmetrically around u = 0.
For instance, we may use n equidistant values u; between —2¢
and 20:

Fx) =

D

2i—n—1
U; = P gL (12)
n—1
The integral (11) is then replaced by a sum
n o
F(x) = —_— 13
() ; o (13)
with discrete weights «; given by
—u? /202
Q= — (14)

— .2 2
27‘7, e S]-/ZO'

j=
In Fig. 10, a scaling function F' of the form (13) is plotted
together with our scaled measurement results. Here, we have
chosen n = 9 (further increasing n did not noticeably improve
the agreement with the measurements). Note that the weights a;
are not independent fitting parameters here: the whole scaling
function F only has a single adjustable parameter o, whose
value 02 22 1.24 is fixed by the requirement that the peak height
of the imaginary part of F' should match the measured value ~
0.35. This “one-parameter fit” is seen to result in good agreement
over the whole argument range, the error being comparable to the
deviations of our measurements from perfect scaling behavior.
For comparison also the (clearly unsatisfactory) single-pole
form F'(x) = 1 +

Finally, substltutmg the argument of Fin (9) back into (13),
we obtain the following approximate expression for the complex
permeability function:

ﬂr(w;IdC Nr 0 Idc (15)

Zl—i—Jan (I4)’

=1

with weights «; as defined in (14) and relaxation times

. g B _ e /Lr(oajdc))ﬁ
Ti(Lge) =" C (0, L gc) () ( 1(0,0) . (16)
Thus, if scaling holds, then the dc-bias-dependent dynamic
permeability of the powder core material is fully characterized
by the bias dependence of the static permeability, along with
only three additional empirical parameters, as follows.
1) The frequency w, (0) of the dissipation peak without bias.
2) The relative height of this dissipation peak [alternatively,
the variance o2 of the log-normal distribution in (11)].
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Fig. 11. Permeability spectra for various dc bias fields obtained by measure-
ments and proposed permeability model. Considered material is Mix 26, see also
Fig. 8.

3) The dynamic scaling exponent 3 in (9).

Fig. 11 compares the measured permeability of Mix 26 with
the outlined model. A very good agreement is observed. Slight
differences go back to the simplistic nature of the model.

C. Circuit Representation

We may use (15) to represent the impedance Z pyr, which is
related to p, by (4), as an electrical circuit. For instance, coded
in the form of a SPICE netlist, it can then be incorporated in a
variety of simulation environments that support this syntax. This
is convenient for building HF models of electrical components
containing powder cores and for their integration into system
level simulations.

As an illustration, we consider the simple example defined
in the previous section, with parameter values n =19, 02=1.24,
and w, (0) /27 = 2.3x10% Hz. From (13) to (16), we obtain

n

1 -1
ZDUT (.d Id(, Z (JWL Idc) Ri(IdC)> ’ (17)

=1

with new definitions

Li(Iac) = Lo pue(0, Lac) (18a)

Ri(lac) = Li(Lac)/7i(Lac) s (18b)
Ae

Lo = po7~ (18c)

where 7;(1 4.) is defined by (16). Expression (17) for Z pyr is
just the frequency-dependent impedance of an R-L Foster circuit
with bias-dependent inductances L; and resistances R; (Fig. 12),
whose conversion into a SPICE netlist is straightforward. In
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Ry Ry R,
L 1 L2 Ln
Fig. 12.  Foster circuit with n L-R elements and modeling the bias-dependent

impedance (17) of a magnetic powder core.

TABLE III
L-R CIRCUIT ELEMENT VALUES FOR THE FOSTER REPRESENTATION IN FIG. 12
OF MATERIAL MIX 26 AT DIFFERENT BIAS CURRENTS AND BIAS H-FIELDS,

RESPECTIVELY

I | 0 05 1 175 25| 0 05 1 175 25

He | 0 317 635 111 159 | 0 318 63.5 111 159
. Li(1ac) Ri(14c)

i ‘ T ‘ TR
1 ]0.01 0.01 0.00 0.00 0.00|0.00 0.00 0.00 0.00 0.00
2 032 020 0.15 0.11 0.08 | 0.01 0.01 0.01 0.01 0.01
3 [391 248 1.81 1.28 0.99 | 042 0.46 049 0.53 0.56
4 | 17.5 11.1 8.13 573 4.42[575 630 6.71 7.19 7.58
5 [28.9 183 134 945 7.28 | 289 31.6 33.7 36.1 38.0
6 |17.5 11.1 8.13 573 442|534 585 622 66.7 70.3
7 391 248 1.81 1.28 0.99 | 36.3 39.7 423 453 478
8 1032 020 0.15 0.11 0.089.06 9.93 10.6 11.3 119
9 [0.01 0.01 0.00 0.00 0.00]|0.83 091 097 1.04 1.10

Bias /;, values are given in kA, corresponding H . values in Oersted.

Table III, values of the dimensionless parameter combinations

Lig“) and fiu““) , which characterize this specific model of
0 o ws(0)

Mix 26, are collected for a subset of the dc bias values that were

used in Figs. 8 and 11.

Before implementation, the Foster circuit in Fig. 12 can of
course be converted to an alternative circuit topology, like an
equivalent Cauer circuit. However, since its present purpose is
illustrative only, we are not concerned with optimizing the form
of its practical implementation in any way.

VI. CONCLUSION

This article proposes a measurement setup for determining the
high frequency, complex permeability of magnetic powder cores
under dc bias. The proposed setup has been benchmarked against
three alternative setups. The main advantage of the proposed
setup compared to existing alternatives is its wide applicable
frequency range of up to at least 100 MHz. For the first time, the
high-frequency spectra of two different powder core materials
are analyzed under dc bias. Moreover, a simple extension of a
higher-order Debye modeling approach is outlined, combining
it with a scaling form of the dc bias dependence. Our model
has only three adjustable parameters, which moreover have
clear physical meanings, and it can easily be represented by
an R-L Foster circuit with bias dependent circuit elements.
Due to its simplicity and the excellent fit, the proposed model
can efficiently be applied in system-level EMC simulations, for
designing, e.g., EMC filters.

In future works, the phenomenological model should be
benchmarked against black-box models, such as those obtained
by Vector Fitting. Furthermore, the phenomenological model
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should be extended to capture also dimensional resonance effects
like those we observed in the Mega Flux cores.
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