i}% electronics

Article

Measurement and Calculation Techniques of Complex
Permeability Applied to Mn-Zn Ferrites Based on Iterative
Approximation Curve Fitting and Modified Equivalent

Inductor Model

Piotr Szczerba *, Slawomir Ligenza ' and Cezary Worek 2

Citation: Szczerba, P.; Ligenza, S.;
Worek, C. Measurement and
Calculation Techniques of Complex
Permeability Applied to Mn-Zn
Ferrites Based on Iterative
Approximation Curve Fitting and
Modified Equivalent Inductor
Model. Electronics 2023, 12, 4002.
https://doi.org/10.3390/
electronics12194002

Academic Editor: Farhad Rachidi

Received: 17 August 2023
Revised: 11 September 2023
Accepted: 15 September 2023
Published: 22 September 2023

Copyright: © 2023 by the authors. Li-
censee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and con-
ditions of the Creative Commons At-
tribution (CC BY) license (https://cre-

ativecommons.org/licenses/by/4.0/).

1 Fideltronik Poland R&D Centre, Aleja Pokoju 18C, 31-564 Krakow, Poland;
slawomir.ligenza@fideltronik.com
2 Faculty of Computer Science, Electronics and Telecommunications, Institute of Electronics,
AGH University of Krakow, Aleja Adama Mickiewicza 30, 30-059 Krakow, Poland; worek@agh.edu.pl
* Correspondence: piotr.szczerba@fideltronik.com; Tel.: +48-12-618-9664

Abstract: In many cases, power inductors are responsible for most of the power loss, volume, and
cost if applied to high-frequency power electronics applications. It is desirable to optimize their
design by the proper calculation of winding and core loss. It allows faster and cheaper commercial
product release, which is the key to being successful in a highly competitive market. This is only
possible if existing calculation techniques and technical data given by, e.g., core manufacturers, are
verified and correct; otherwise, the inductor optimization process is less precise and requires several
iterations to achieve good convergence. This paper addresses existing and proposes improved meas-
urement and calculation techniques with regard to complex permeability, one of the key quantities
that define inductor behavior in the frequency domain. This is done through impedance measure-
ment and improved definition of the equivalent inductor model. Moreover, the proposed calculation
techniques fulfill the need for the simple, accurate analytical methods required in commercial designs.

Keywords: complex permeability; equivalent inductor model; core resistance; winding resistance;
power loss; Dowell equation

1. Introduction

The successful inductor optimization process needs verification and improvement in
the calculation of several quantities, such as winding resistance, core resistance, tempera-
ture rise, and power loss, which define inductor shape, size, and cost. These quantities
depend on each other, so miscalculation in one might cause significant discrepancies in
others, and thus, they must be carefully studied.

The tool, which is commonly used to do so, is a vector network analyzer (VNA). This
relatively easily affordable device sweeps through frequency ranges extracting all the nec-
essary information, which is further required in the design of an equivalent inductor
model. Moreover, the VNA has one significant advantage —it allows measurement in the
“off-line” mode, on the stand-alone inductor, which significantly simplifies the method,
saving time and the resources needed. However, it should be remembered that this type of
inductor analysis is conducted using a small-signal technique, and thus, the large-signal losses
require an additional effort in the measurements, especially if the core loss is considered.

In the model, the inductor equivalent series resistance (ESR) (Figures 1 and 2) consists
of embedded information on winding and core resistance, and thus an engineer must
know both quantities to split the data. The winding resistance is usually calculated using
the Dowell equation [1,2], while the core resistance depends mostly on the imaginary part
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of the complex permeability if an applied testing signal is small enough. Unfortunately,
the precise estimation of the core resistance is not always possible because the core man-
ufacturers’ data are subject to large measurement uncertainties [3]. Moreover, the real in-
ductor itself is a complex system with many other quantities influencing permeability val-
ues. The best way to achieve good convergence in calculations is to obtain the required
information directly from the complex permeability measurement, stripping the results
from unwanted information.

(b)

Figure 1. (a) Toroidal ferrite coil and (b) its equivalent simplified series model.

— Cs - RCW

Figure 2. Series un-gapped high-frequency equivalent inductor model.

However, several existing complex permeability measurement and calculation tech-
niques do not fully reveal how the complex permeability is measured and fitted, or the
fitting is oversimplified [4-10] or overcomplicated [11]. The fittings are performed based
on not fully complete equivalent inductor models with several fitting variables, which can
take arbitrary values and do not represent the physical behavior of the inductor [12,13].
This approach cannot lead to the valid results needed for simulation programs, with inte-
grated circuit emphasis (SPICE) commonly used in the industry to model electronic circuit
behavior and quicken the time-to-market product release [14,15].

This paper discusses the existing complex permeability measurement and calculation
techniques and proposes a new one based on small-signal impedance measurements, an
improved equivalent inductor model, and the iterative approximation curve-fitting tech-
nique. This allows the relatively accurate estimation of complex permeability values re-
gardless of inductor size, shape, winding structure, or frequency range. The method is
simple and intuitive to process, assumes the frequency dependence of most of the induc-
tor model components, and thus overcomes some limitations and the complexity of other
methods [2,5,11-13,16]. This is significant because it might help in the development of
improved inductor loss models, as well as universal simulation models (e.g., SPICE mod-
els) that capture all AC loss mechanisms, which do not yet exist, especially if we consider
high-frequency power electronics applications.
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2. Complex Permeability Verification

The verification of complex permeability values and the characteristics given by the
core manufacturers are crucial to the inductor power loss and its overall optimization pro-
cess [14-18]. This can be successfully performed if the inductor model is well-defined to-
gether, with all its parasitic components influencing inductor impedance measurement. It
has to be considered that most of the existing inductor models used in standard power
electronics applications are valid for switching frequencies up to 3 MHz, the range of
which shall be significantly extended [5].

2.1. Definition of Inductor Lumped Model and Complex Permeability Values

Some of the research work [4,10,12] and the IEC 62044-2 standard [7] simplify the
measurement procedure by assuming that the toroidal lumped inductor model (Figure 1)
is only a series combination of resistance and reactance. In the case of an un-gapped to-
roidal core with only one layer of widely spaced windings, this approach might yield valid
results; however, it is worth the additional effort to go a step further and improve the
model to be even more accurate and include the remaining parasitic components in the
overall calculations.

The existing high-frequency equivalent inductor models, except the simplified R-L
circuit, consider the inductor stray capacitance, core resistance, leakage-inductance-re-
lated components, and the influence of inductor terminals [2,5,14,15,17-19].

Considering the power inductor, these models can be further simplified (Figure 2),
removing all the parasitic components influencing the model until the multi-megahertz
switching frequency is in place, where:

Cs—inductor stray capacitance measured at self-resonance;
R, —inductor stray capacitance equivalent series resistance;
Ls—inductor series inductance measured at low frequencies;
R,—equivalent core series resistance;

R,, —windings resistance;

R, —core and windings equivalent series resistance.

As reported in [14,15], the inductor lumped model should include the equivalent se-
ries resistance of the stray capacitor to make the model more realistic and avoid non-ex-
isting signal spikes if the model is placed in simulation software.

The capacitor ESR is mostly influenced by the dielectric permittivity of the winding
wire coating, which is usually made of polyurethane or polyamide resin, and to a lesser
extent by the dielectric permittivity of the remaining insulation materials such as kapton,
mylar, and others [2]. Usually, the dielectric constant for such materials ranges from 3 to
4 [2,20-22]. Moreover, the IEC 60317-20 [23] imposes on the enameled winding wires an
upper limit for the dielectric loss tangent, which is 300 x 10~* at 1 MHz frequency. Tak-
ing these factors into account, the inductor capacitance ESR (R;s) can be estimated as:

tand

M

c
S w-C

where:

tan § —dielectric loss tangent, which is assumed to be 300 x 10™* for copper-to-copper
wire turn;

w—angular frequency.

The impedance, the real and imaginary parts of the inductor equivalent model shown
in Figure 2 can be expressed as:

_ w4L§CSZRCs + wZCSZRcwRCS(Rcw + RCS) + Rcw

" (1 - szsCs)z + (wCs(Rcw + RCS))Z (2)
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w3LsCs(CsRZ‘s — L) — wCSRZW + wl
X = 2
(1 = w2LgCe)? + (wCs(Rey + Res))

©)

where: R., = R, + R, and thus, the effective real and imaginary parts of the complex
permeability are [7]:

, L x 1
ﬂr ,quCNZ w ( )
. l, T 5
MT - H[)ACNZ W ( )

As is self-evident, the effective complex permeability values depend on the inductor
core geometry and winding structure, and thus are unique for each inductor setup [6]. So,
the data given by the core manufacturers are for close-to-ideal inductors and are valid far
from the inductor self-resonance; otherwise, it may only serve as a base for the initial es-
timation of the core magnetic permeability behavior. This assumption will be verified in
the next subsection.

2.2. Experimental Verification of Inductor Complex Permeability Values

The experimental verification of inductor complex permeability was performed us-
ing Bode 100 VNA from Omicron Lab together with a homemade impedance adapter sim-
ilar to the B-WIC test fixture at 0 dBm testing signal strength (Figure 3). The test prototypes
were built with commercially available cores and winding wires. The inductors” physical
parameters are shown in Table 1, while the test results are shown in Figure 4a—f and the
inductors themselves in Figure 5a,b, respectively, where:

A.—core cross-section area;

[ —length of magnetic path;

N —number of turns;

Gap —length of the air gap;

t—distance between two adjacent winding turns;

SRF —inductor self-resonant frequency;

L —inductance measured at approximately 10 kHz;
Cs;—inductor stray capacitance at self-resonant frequency;
d—winding wire diameter.

Bode 100

Figure 3. Complex permeability test-bench setup.
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Table 1. Physical parameters of inductors under test.

. Ac . N Gap t SRF L G d
Sample No. Core Type  Core Material mm?] [mm] [[]  [mm] [mm] [MHz] [uH] [pFl [mm]
Sample 1 TN 10/6/4 3C90 78 241 10 N/A 2.5 9.907 103.78 2.48 0.28
Sample 2 TN 20/10/7 3C90 33.6 43.6 10 N/A 4.7 2.814 234.17 13.65 0.75
Sample 3 TN 25/15/10 3C90 489 602 10 N/A 6.3 2.954 237.23 1249 0.75
Sample 4 TX 58/41/18 3E25 152 152 10 N/A 15.6 1.262 574.60 27.64 0.75
Sample5  ETD 44/22/15 3C90 173 103 10 N/A 3.2 2.365 331.23 13.67 0.75
Sample 6 ETD 44/22/15 3C90 173 103 10 1.3 3.2 27.663 2117 1.56 0.75
Effective Complex Permeability Effective Complex Permeability
10° 10*

108
= =
_:‘- a
102
10t : 10t
10? 10 104 10° 10° 107 102 103 10% 108 108 107
Frequency [Hz] Frequency [Hz]
« W TN 10/6/43C90 = p" TN 10/6/4 3C90 « W' TN20/10/73C90 = u" TN 20/10/7 3C90
(a) (b)
Effective Complex Permeability Effective Complex Permeability
10 104

10 10 >
10? 10° 10 10° 108 107 10? 10% 104 10% 108 107
Frequency [Hz] Frequency [Hz]
« WTN25/15/103C90 = w" TN 25/15/10 3C90 « W TX58/41/18 3625 = p" TX 58/41/18 3E25
(9 (d)
Effective Complex Permeability Effective Complex Permeability
104 10°

102 108 104 108 108 107 102 108 10¢ 108 100 107 108
Frequency [Hz] Frequency [Hz]
+ W' ETD 44/22/15 3C90 Gap Omm = W" ETD 44/22/15 3C90 Gap Omm + W' ETD 44/22/15 3C90 Gap 1.3mm = " ETD 44/22/15 3C90 Gap 1.3mm
(e) (f)

Figure 4. Effective complex permeability plots: blue—real part of complex permeability; orange—
imaginary part of complex permeability; (a) sample 1; (b) sample 2; (c) sample 3; (d) sample 4; (e)
sample 5; (f) sample 6.
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(a) (b) ()

Figure 5. (a) Sample 2 used in verification of complex permeability characteristics; (b) sample 3 used
in verification of complex permeability characteristics; (c) sample 5 with possible micro air gaps
affecting complex permeability values.

The testing signal strength as per IEC 62044-2 was chosen so as not to exceed Bp,q, =
0.25 mT.

As shown in Figure 4a—f, the core shape and the windings’ structure impact the com-
plex permeability values as predicted. This makes the permeability characteristics unique
for each inductor, especially near the inductor’s self-resonant frequency.

The imaginary part of the effective complex permeability characteristics bends up-
wards at low frequencies. This phenomenon is mostly due to the resistance of the inductor
windings and, to a lesser extent, the remaining parasitic RLC elements of which the phys-
ical inductor is made (Figure 2).

The effective complex permeability model itself represents the physical behavior of a
real inductor, where the resistance of the winding wires and other parasites must be in-
cluded. Therefore, the bending might be removed from the measurement, e.g., by a curve
fitting [4], because it represents a physical change from the dominance of the core loss to
the winding loss.

The possible cracks in the core material or small air gaps not visible to the naked eye,
which, e.g., exist at the joints of core halves, might significantly decrease the complex per-
meability, and thus the inductance of an inductor itself (Figures 4e and 5c).

The above is even more self-evident if the gapped inductor is considered. The influ-
ence of the gap, and thus its resistance and the resistance of the fringing field, dominates,
significantly decreasing the values of the real and imaginary parts of the complex perme-
ability characteristics (Figure 4f).

The low-frequency bending phenomenon will be investigated in the next subsection.

2.2.1. Mathematical Verification of Low-Frequency Effective Complex Permeability

As shown, the measured low-frequency imaginary part of complex permeability
bends upwards to the higher values. Mathematically, this phenomenon might be ex-
plained by the fact that when the frequency decreases toward zero (Equation (2)), the real
part of the inductor impedance tends toward the frequency-independent finite value,
which is the windings’ DC resistance (R, pc). This can be written as:

Llui_ff(l] 7 = Rypc 6)

while at the same time, the imaginary part of the effective complex permeability tends
toward infinity:
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Trace 1: Impedance Magnitude (Q)

100

e

lim u! = Le 1 = Le . Rwpe - (7)
=0 Hr HoAcN? @ poAN?

The bending indeed exists and is caused by a natural phenomenon, which comes from
the inductor lumped model and is a part of the effective complex permeability model itself.

On the other hand, the above phenomenon does not exist if we consider the real part
of complex permeability. In this case, the imaginary part of the inductor impedance tends
toward zero

fimx =0 ®

while the real part of the complex permeability tends toward a high but finite value, which
depends on the inductor’s lumped parameters and can be expressed as follows:

L, x L,

lim y, =

le
w0 ’ HOACNZ ’ Z - ﬂOAcNZ . (_CSREW + LS) ~ L (9)

HoANT

Based on the measurement results from Section 2.2 and mathematical explanation of
the low-frequency bending phenomenon, the new iterative approximation curve-fitting
technique together with the verification of complex permeability characteristics will be
presented next.

2.2.2. Verification of Effective Complex Permeability Characteristics Based on Inductor
Equivalent Model and Iterative Approximation Curve Fitting

The measured complex permeability curves can be verified by the iterative approxi-
mation curve-fitting technique based on a series un-gapped equivalent inductor model
(Figure 2). The inductors chosen to do the fitting are sample 2 and sample 3 with ferrite
core made of 3C90 material from Ferroxcube and wound with 10 turns of widely spaced,
0.75 mm-diameter, enameled copper wire (Figure 5a,b). The average space between adja-
cent winding wires was assumed to be 4.7 mm for sample 2 and 6.3 mm for sample 3
(Table 1). During the fitting process, the samples’ impedance was measured from 100 Hz
to 13 MHz using Bode 100 VNA (Figure 6a—d). The inductance measurement was taken at
a frequency of about 10 kHz, which lies within the plateau range of the measured charac-
teristics. It is suspected that most of the inductor stray capacitance is between the wire
turns and between the wire turns and the core (Figure 7). Therefore, the dielectric loss
tangent of the capacitor ESR is a complex case influenced by the dielectric permittivity of
several materials such as enameled copper wire coating, the air between the wire and the
core, the core coating, and the core material itself.

]
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Figure 6. (a) Sample 2 impedance plot: red —impedance magnitude; blue—impedance phase; (b)
sample 2 inductance plot: red —inductance value; blue—impedance phase; (c) sample 3 impedance
plot: red —impedance magnitude; blue —impedance phase; red —impedance phase; (d) sample 3 in-
ductance plot: red —inductance value, blue—impedance phase.

Copper
Polyurethane Coating
Air
Cln PA11 Coating
@ h k / 3C90 Ferrite Core

@

Figure 7. Sample 2 and 3 cross-section with highlighted turn-to-turn and turn-to-core capacitance.

Unfortunately, too little research has been conducted on the electrical parameters of
such materials, so not many loss tangent characteristics versus frequency are commonly
available [6,24]. It is assumed that most of the capacitor ESR loss tangent is due to the ratio
of the core imaginary and the real part of complex permittivity, which might sharply in-
crease at high frequencies due to the ferrite material structure itself, the core shape, and
its dimensional resonance [6,25]. Based on the complex permeability curve-fitting results,
it was assumed that the loss tangent is equal to 4 across the entire frequency range. This
assumption does not influence the low-frequency calculations but allows reasonably good
curve-fitting results close to and above the inductor self-resonance.

The approximation itself assumes that the inductor windings’ resistance changes
along the frequency range according to the standard Dowell equation [1,2,17]. This as-
sumption yields accurate results, especially if the inductor has no distributed or discrete
air gaps and is made of one layer of widely spaced winding turns.

The extraction assumes that the measured complex permeability values follow Equa-
tions (4) and (5) where r and x come from the impedance measurement. Then, the ob-
tained results are compared with estimated ones, which are also calculated with the help of
Equations (4) and (5); however, this time r and x come from Equations (2) and (3), namely:

r — r
Hrestimatea — Mrmeasured + E#-’r (10)

" 7
Hrestimatea — M measured + EM?’ (11)
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EI‘—-’r = Hrimeasurea ~ Prestimated (12)
i o
EI‘—;’A’ = Hr measurea — Mrestimatea (13)
where:
B measureq — €@l part of effective complex permeability (the measured characteristic);

B measureq —iMaginary part of effective complex permeability (the measured characteristic);
—estimated real part of complex permeability, using Equations (3) and (4);

B7 s rimareq —€Stimated imaginary part of complex permeability, using Equations (2) and (5);
€2 —shift between measured and estimated real part of complex permeability characteristic;
€7 —shift between measured and estimated imaginary part of complex permeability

!
K Testimated

characteristic.

The fitting variable is the imaginary part of the complex permeability, which is part
of the core series resistance (R.), and is expressed as follows:

o N2A.w
R, = Hr ritveatto™ £c® (14)
Le
The w104 s the value, which is stripped away from the influence of the parasitics

and represents the actual core loss. Its value can be obtained during the iterative sweep
(in this case, sweep from 1 to 2400 with a step of 1) when the absolute value of the shift
given by Equation (13) is minimal:

St = MIN l7

n
T measured 'urestimatedl (15)

To obtain the best fitting results, the series inductance L; was assumed to be a vari-
able one, which changes along the frequency range following the changes in the measured
real part of complex permeability, as such:

L= 'ulrmeasured'uONzAC (16)

le

As can be seen from the plots (Figures 8-11), the fitted values of the imaginary part
of the complex permeability flatten out at low frequency, being stripped away from the
influence of winding resistance, as was predicted in [4]. The estimated and measured com-
plex permeability characteristics align at higher frequencies, suggesting that they are
closely fitted. The relative fitting error between p;’ —~ and p; . doesnotexceed

2% for the loss tangent greater than 2 for both of the testing samples. This proves that the
inductor model matches reality and the method proposed seems to be correct.
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Figure 8. Sample 2 real and imaginary parts of complex permeability: dark blue—real part of meas-
ured characteristic; green—real part of estimated characteristic; dark red —imaginary part of meas-
ured characteristic; purple—imaginary part of estimated characteristic; light blue—imaginary part

of fitted characteristic.
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Figure 9. Sample 2 fitting convergence depending on loss tangent value: dark blue—real part of
measured characteristic; green—real part of estimated characteristic; dark red —imaginary part of
measured characteristic; purple—imaginary part of estimated characteristic; light blue—imaginary part
of fitted characteristic; (a) loss tangent 0.03; (b) loss tangent 0.3; (c) loss tangent 2; (d) loss tangent 3.
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Figure 10. Sample 3 real and imaginary parts of complex permeability: dark blue —real part of meas-
ured characteristic; green—real part of estimated characteristic; dark red —imaginary part of meas-
ured characteristic; purple—imaginary part of estimated characteristic; light blue—imaginary part
of fitted characteristic.
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Figure 11. Sample 3 fitting convergence depending on loss tangent value: dark blue—real part of
measured characteristic; green—real part of estimated characteristic; dark red —imaginary part of meas-
ured characteristic; purple—imaginary part of estimated characteristic; light blue—imaginary part of fit-
ted characteristic; (a) loss tangent 0.03; (b) loss tangent 0.3; (c) loss tangent 2; (d) loss tangent 3.

The method heavily depends on the inductor stray capacitor ESR (R¢,) value (Fig-
ures 9a—d and 11a—d). Unfortunately, there are not sufficient data available, which would
prove or disprove this phenomenon and would clearly estimate the ESR value along the
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frequency range. The approach to limit its range and estimate its value will be shown in
the next subsection.

2.2.3. Estimation of Inductor Stray Capacitor ESR Value

The ESR of the inductor stray capacitor (R¢s) depends on the dielectric loss tangent
(Equation (1)) of several materials (Figure 7). As suspected, one of the biggest contributors
to the ESR is the loss tangent of the core coating and the core itself. In order to verify this,
a homemade testing fixture has been developed (Figure 12a,b).

Isolation Plates

(b)

Figure 12. (a) Complex permittivity test-bench; (b) complex permittivity test fixture.

Test Fixture

The test fixture has a set of two electrodes placed on adjustable arms to fit in between
toroidal cores with an external diameter of up to 25 mm. During the test, a sample is
placed between electrodes and its admittance is measured.

In the method presented in this paper, the calculations are performed with an induc-
tor series equivalent model. In addition, the stray capacitance within the model also has
the ESR in series. The relationship between admittance, complex permittivity, and the loss
tangent calculations shall also be described by a series capacitor model, which can be ex-
pressed as follows:

_we' o
tand = ———— (17)
WE,
Y = G5 + jwCs (18)
€ = € —]'61»” (19)
CSdS
r = 2
G=r (20)
G,d o
€ =——-=— (21)

wepd;  we
where:

w—angular frequency;

Gs—measured series conductance;
Cs;—measured series capacitance;

€, —series relative complex permittivity;

€, —real part of series complex permittivity;
€, —imaginary part of series complex permittivity;
o —material conductivity;
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Real and Imaginary Part of Complex Permittivity

10°

ds—sample thickness;
As—sample cross-section.

During the measurement, the inductor core together with the coating is placed be-
tween electrodes, and its impedance is measured by a Bode 100 VNA. Before measure-
ment, to minimize any possible measurement error, the short, open, and load compensa-
tion is performed. Fortunately, the loss tangent is not directly dependent on the sample
size and shape except for the effect of dimensional resonance (Equations (17)—(21)). This
phenomenon [6,25] in this particular case depends on more than the influence of the gran-
ular structure of the 3C90 ferrite, and this will be discussed later in this paper.

The test results show (Figure 13a,b) that the loss tangent of the polyamide 11 (PA11)
dielectric coating to 3C90 ferrite core for both samples (sample 2 and sample 3) can reach
up to 0.048 at the inductor self-resonant frequency and up to 0.16 at 13 MHz, which is the
end of the complex permeability measurement range. The 0.16 value sets the lower limit
for the sought loss tangent. This value, even though expected, is surprisingly low and far
from the assumed 4. In fact, a toroidal inductor has a relatively complex structure, and
thus the loss tangent mechanism might originate somewhere else.

Loss Tangent
0.25
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e
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Figure 13. Coating-to-core permittivity and loss tangent characteristics. (a) Real and imaginary parts of
complex permittivity: grey —real part of sample 2; yellow —imaginary part of sample 2; blue—real part
of sample 3; orange—imaginary part of sample 3; (b) loss tangent: orange—sample 2; blue—sample 3.

One of the ways to figure this out is to look at the inductor’s behavior at and beyond its
self-resonant frequency, where the inductor becomes a capacitor, and the complex permittiv-
ity defines its value and the value of the loss tangent with regard to the whole inductor.

The impedance sweeps of sample 2 and sample 3 were again performed from 100 Hz
up to 40 MHz and the inductor admittance, complex permittivity and the loss tangent was
calculated using Equations (17)-(21) (Figure 14a,d). In this case, we do not know the exact
value of the capacitor thickness and cross-section due to the non-obvious capacitor structure,
which is, in fact, a structure of a toroidal inductor. The loss tangent does not depend very
much on the sample thickness and cross-section, and thus Equation (17) can be simplified to:

"
€y G
tand =~ — =

€' wC

(22)
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Figure 14. Sample 2 and sample 3 loss tangent and complex permittivity characteristics. (a) Loss
tangent: orange —sample 2; blue—sample 3; (b) loss tangent—zoom at self-resonant frequency: or-
ange—sample 2; blue—sample 3; (c) real and imaginary parts of complex permittivity: gray —real
part of sample 2; yellow —imaginary part of sample 2; blue—real part of sample 2; orange —imagi-
nary part of sample 3; (d) real and imaginary parts of complex permittivity zoom at self-resonant
frequency: gray —real part of sample 2; yellow —imaginary part of sample 2; blue —real part of sam-
ple 2; orange—imaginary part of sample 3.

The characteristics show an exponential decay of the loss tangent ranging from ap-
proximately 753 for sample 2 and 156 for sample 3 at the inductor self-resonant frequency
to approximately 2.7 for sample 2 and 2.3 for sample 3 at 13 MHz. The sought loss tangent
value lies somewhere between these extremes, and if we include the value from the pre-
vious measurement, then the possible loss tangent range starts from 0.16 to 753 for sample
2 and 0.16 to 156 for sample 3.

Because the equivalent inductor model beyond the self-resonant frequency consists
of two parallel branches of a series R-C connection, it is difficult to distinguish the exact
value of the inductor stray capacitor ESR (R¢;) directly from the measurement of the over-
all capacitive inductor admittance/impedance. The loss tangent range does not give us an
exact answer to what the loss tangent is, but it narrows the possible choice.

The calculations and the test-bench results show that the best fitting results are with
the peak loss tangent values obtained at the inductor self-resonance. It suggests that the
stray capacitance has only a negligible impact on the complex permeability values in the
method presented herein.

A better understanding of the origin of the inductor stray capacitance and its ESR
requires an investigation of the core resonance phenomena and their influence on the com-
plex permeability values, which will be shown next.

2.2.4. Influence of Core Natural and Dimensional Resonance on Complex Permeability

In general, there are at least three factors that contribute to the resonance in Mn-Zn
ferrites [26-28], namely:
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e resonance due to the windings’ stray capacitance and the inductor self-inductance;
e the windings behave as a distributed constant line;
e inherent characteristics of the magnetic material.

As stated in previous paragraphs, the inductor stray capacitance and its ESR, which
are assumed to be mostly related to the windings, seem not to impact the inductor com-
plex permeability characteristics, and the stray capacitor is somehow excluded from the
overall calculations. It contradicts what one might expect and suggests that the inductor
resonance originates somewhere else.

Moreover, the phenomenon when the winding behaves as a distributed constant line
is mostly profound in inductors with multiple turns at multi-megahertz frequencies in the
form of self-repeating resonance. This phenomenon is not visible in Figure 6a—d, so it shall
also be excluded.

The resonance phenomenon, which still pertains, is the resonance due to the inherent
characteristics of the magnetic material. In this case there are two phenomena:

. natural resonance;
e dimensional resonance.

Natural resonance happens to the ferrites with high magnetic permeability due to the
resonance of magnetization rotation under the action of the anisotropy field [26,27]. Above the
resonance, the real part of complex permeability drops along the line called Snoke’s limit.

Snoke’s limit can be calculated as follows [26,27]:

VB 3
f b=, (23)
u
V=Ge ey (24)
e

where:

fu,—Snoke’s limit in [MHz];

f —switching frequency;

u,—relative magnetic permeability;

v—gyromagnetic constant;

Bs;—assumed magnetic saturation level of ferrite material;
Ho—magnetic permeability of free space;

g.—electron g-factor;

q.—electron charge;

m, —electron mass.

As shown in Figure 15a,b, the change in the real part of the complex permeability char-
acteristics for sample 2 and sample 3 is preceded by the permeability increase and then fol-
lowed by its sharp drop. The drop happens significantly before Snoke’s limit, which suggests
that the magnetic resonance cannot be attributed to the natural resonance but rather to the
second phenomenon, which is related to the shape and dimensions of the inductor core.
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Figure 15. Sample 2 and sample 3 real part of complex permeability characteristics at different num-
ber of turns and Snoke’s limit; (a) sample 2: blue—1 turn; red—2 turns; green—6 turns; violet—8
turns; light blue—10 turns; orange —Snoke’s limit; (b) sample 3: blue—1 turn; red —2 turns; green—
6 turns; violet—8 turns; light blue—10 turns; orange —Snoke’s limit.

For the sake of explanation, in the steady state at low frequencies, the field inside the
core is uniform and in phase with the excitation field provided by the windings, which
represents the quasi-static field assumption. However, if the frequency increases, then the
field tends to be concentrated at the surface of the core, and this is a well-known skin effect
that also applies to conducting materials such as ferrites.

Because of the combined effect of the high-resistivity phase of the ferrite grains and
the high permittivity and high permeability at the same time, the excitation field will prop-
agate through the core at a different velocity than in free space. This reduced velocity can
be expressed as a product of the wavelength, which is:

c
A=—— 25
furer @)
where:
c—speed of light;
f —switching frequency;
u, —ferrite relative permeability;
€, —ferrite relative permittivity.

In this case, the shorter wavelength causes phase displacement between the magnetic
field inside the core and the magnetic field on its surface, and the quasi-static field as-
sumption does not apply anymore. It causes the net flux linking the windings to no longer
be a function of the core cross-sectional area. Moreover, if the dimensions of the core are inte-
ger multiples of the wavelength, then the electromagnetic wave will resonate inside the core
and the crest of the standing wave will trigger the dimensional resonance. If this happens, then
the net flux linkage of the windings is zero, resulting in no apparent inductance [26-28].

As mentioned, the phenomenon of dimensional resonance is clearly visible in Figure
15a,b, where the real part of the complex permeability increases just below the resonant
frequency and then sharply drops above the resonance significantly before Snoke’s limit.
The characteristics show that the resonant frequency is almost independent of the number
of the winding turns, suggesting that the inductor stray capacitance and its ESR in the
given configurations is mostly due to the capacitance and the ESR of the core, which will
be discussed in the next paragraph.

2.2.5. Estimation of Inductor Stray Capacitance Value

An estimation of the core and the winding capacitances and their ESRs would im-
prove the lumped inductor model and help in the more precise extraction of the complex
permeability characteristics.
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The theoretical estimation of the windings’ capacitance has been made using the
method given in [2] (Table 2), namely:

26oMLT / 2 \

= : arctan| |1+ —1 | (26)
1, do e d;
\[(E_r ll‘ld—L + 1) -1 r t

Cl’t
Csn,_- = N—1 (27)

Cl(N—Z)Ctt

Ciy = Cy + =Dt
LN ’ 2C (n-2) + Cyt

(28)

Cs,,e ~ 1.366C;, for N > 10 (29)

Cre
N-1

C

Sdc

~ 1.366C

Snc

= 1.366 for N > 10 (30)

where:

C¢e —turn-to-turn capacitance of single layer inductor;
N —number of turns;

MLT —mean length of turn;

€, —relative permittivity;

€o—Ppermittivity of free space;

dy—winding wire diameter with coating;

d;—bare winding wire diameter;

Cs,.—inductor stray capacitance without a core;

€, y—inductor stray capacitance with a core and N turns;
Cs,,,—approximated inductor stray capacitance with a core;

Swe
Cs,.—approximated inductor stray capacitance with a dummy core;

Sdc

SRF,.—self-resonant frequency of an inductor with a dummy core;

sq —measured inductor stray capacitance with a dummy core;
c(meas)

L4 —inductance of an inductor with a dummy core.

Table 2. Dummy-core-based sample 2 and sample 3 parameters.

MLT di do &r N Lac  SRFac Cu Cswe Csne Csdc Csde(meas)
[mm] [mm] [mm] [] [-] [nH] [MHz] [pFl [pF] [pF] [pF] [pF]
Sample 2 34.5 0.75 0.775 4 10 211 305 7.18 9.80 0.80 1.09 1.29
Sample 3 42.0 0.75 0.775 4 10 328 236 8.74 11.93 0.97 1.33 1.39

Sample No.

This method has been verified two-fold: empirically by laboratory measurements
and by the finite element method (FEM) analysis.

In the laboratory measurement, the inductors” windings are wound on acrylonitrile
butadiene styrene (ABS) dummy cores with an assumed relative permeability (u,) equal
to 1. This approach allows for keeping the turns properly structured without influencing
the ferrite core and with negligible impact on the windings’ capacitance by the non-mag-
netic dummy core.

At the beginning, the windings’ self-inductance is measured at approximately 5
MHz, which is the plateau region of the impedance phase and close to the 90-degree phase
shift (Figure 16a,b). Then, the windings’ self-resonant frequency is captured using
HP8753E VNA (Figure 16c,d) with the one-port method. The measured winding
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Figure 16. Sample 2 and sample 3 width of ABS dummy core. (a) Sample 2 inductance value meas-
ured at 5 MHz: red —inductance value; blue—impedance phase; (b) sample 3 inductance value
measured at 5 MHz: red —inductance value; blue—impedance phase; (c) sample 2 imaginary part
of Zu impedance with visible resonant transition: blue—impedance value; orange—impedance
phase; (d) sample 3 imaginary part of Z11 impedance with visible resonant transition: blue—imped-
ance value; orange —impedance phase.

The empirical results show that the winding capacitance wound on the non-magnetic
dummy core is considered an interwinding capacitance between the wire windings them-
selves (Equation (27)); however, the slight increase in the capacitance due to the presence
of a core material with a certain permittivity (Equation (30)) must be taken into account.
Moreover, the results show that the method given in [2] yields consistent results, with the
relative discrepancy between C, (Table 1) and Cj,,. (Table 2) being 28.2% for sample 2
and 4.4% for sample 3. Even better results are obtained for the inductors with the dummy
cores, with the discrepancy between Cs4. and Csge(meas) being 15.5% for sample 2 and
4.3% for sample 3 (Table 2).

The estimation of the inductor stray capacitance and self-inductance has also been
made by the FEM simulation carried out in Ansys Q3D. In the simulation, the frequency
range has been set from 100 Hz to 6 MHz, which is twice beyond the self-resonant fre-
quency of sample 2 and sample 3. The permeability, permittivity, and conductivity for
both 3C90 and ABS cores have been assumed to be constant to exclude any possible natural
or dimensional core effects. The values of the inductors’ inductance and stray capacitance have
been measured at 10 kHz in the case of the ferrite core and at 5 MHz in the case of the ABS
core, which, as previously assumed, is the inductors’ inductance plateau region. Additionally,
the 1 mm spacing between windings and the core has been added for both samples to account
for copper wire stiffness and its bending curvature around the core (Figure 5a,b).
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The results show (Table 3, Figure 17a-f) that the discrepancy between the theoretical
prediction of the windings’ stray capacitance if a dummy core isused (C;_,) and the FEM

simulation (Cg

#ei) 18 almost negligible, with a relative error of 0.9% for sample 2 and

1.53% for sample 3. Moreover, the simulation shows that the 3C90 magnetic core with a
high permittivity of 105, high permeability of 2400, and relatively high conductivity of 4
has only a negligible impact on the windings’ capacitance, increasing its value only by
17.3% for sample 2 and by 17.6% for sample 3. This suggests that the resonant frequency
seen in the impedance characteristics of sample 2 and sample 3 (3C90 core based), and
thus the overall equivalent stray capacitance of the inductor, is mostly due to the dimen-
sional resonance of the core and associated with these phenomena.

Table 3. Ansys Q3D FEM simulation parameters and results for sample 2 and sample 3.

Sample No. Core MLT di N & L o Lem Csrem
Material [mm)] [mm] [-]1 [-] [-]1 [S/m] [nH] [pF]
Sample 2 ABS 34.5 0.75 10 4 1 6.25 x 10-18 257.3 1.10
Sample 3 ABS 42.0 0.75 10 4 1 6.25 x 10-18 290.7 1.31
Sample 2 3C90 34.5 0.75 10 105 2400 4.00 2289 x103 1.29
Sample 3 3C90 42.0 0.75 10 105 2400 4.00 253.7x103 1.54
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Figure 17. Ansys Q3D FEM RLC parasitic extraction of sample 2 and sample 3. (a) Sample 2 3D
model with mesh shown; (b) sample 3 3D model with mesh shown; (c) sample 2 L-C characteristics
with dummy core: red —stray capacitance; green—inductance; (d) sample 3 L-C characteristics with
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dummy core: red —stray capacitance; green —inductance; (e) sample 2 L-C characteristics with 3C90
core: red —stray capacitance; green—inductance; (f) sample 3 L-C characteristics with 3C90 core:
red —stray capacitance; green —inductance.

2.3. Improved Equivalent Inductor Model

As mentioned, the inductor self-resonant frequency depends not only on the wind-
ings’ capacitance but also on the apparent capacitance of the core.

In the case of the windings’ capacitance, it is assumed that in certain inductor config-
urations, the ferrite core has only a negligible impact on it. Therefore, this capacitance is
mostly defined by the coreless turn-to-turn capacitance (C; ) and the capacitance of the
core coating or bobbin (Cs, ) (Equations (26)-(30)) [2].

In the case of the core, the capacitance exists between core crystal grains due to the
high-resistivity phase deposited on the grain boundaries. This causes a high effective per-
mittivity [26], which, when combined with ferrite high permeability, significantly reduces
the length of the electromagnetic waves propagating through the core. At certain frequen-
cies, the electromagnetic wave will resonate within the core, triggering dimensional reso-
nance, and thus causing a sharp drop in the real part of the complex permeability. We
might call the core capacitance an apparent one because it is not due to the charge storage
but rather due to the complex resonance-based phenomena, which causes a winding-core flux
decay. Its ESR is also a product of complex phenomena inside the ferrite crystal structure.

Nevertheless, to properly model the inductor, its stray capacitance shall be split into
two parts, one related to the windings and one related to the core (Figure 18).

nc

/E/VRCSCW LS

Figure 18. Improved series equivalent inductor model.

Unfortunately, the relationship between the core and the windings is complex and
implicit, and thus, there is not enough scientific evidence as to what is the correct relation-
ship between their ESRs. To keep the model consistent with the obtained data, both ESRs
have been combined into one resistance (R¢sen)-

The windings’ capacitance (Cs,) can be estimated using Equations (26)-(30). The
core capacitance (C;.) can be estimated by simply subtracting the capacitance obtained
from the L-C product at the inductor self-resonant frequency (Table 1). The combined ESR
(Resew) of the windings and the core can be obtained using Equations (17)-(22) and iter-
ative approximation curve-fitting technique until the relative fitting error is small (e.g.,
less than 2%) along the entire frequency range.

3. Discussion

As stated, several existing complex permeability measurement and calculation tech-
niques do not fully reveal how the complex permeability is measured and fitted, or the fitting
is oversimplified [4-10,12] or overcomplicated [11]. Moreover, these techniques are often
based on mathematical approximations and incomplete equivalent inductor models where
several fitting variables fitted at once take any arbitrary values [12,13]. This approach cannot
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lead to valid results and does not represent the physical behavior of the inductor needed for
SPICE-based simulation software commonly used in the industry [14,15].

The proposed method addresses this issue by implementing the iterative approxima-
tion curve-fitting technique. This technique is based on the inductor series equivalent
model, with only one fitting variable, assuming that the inductance and the other quanti-
ties change along the frequency range according to the measured inductor impedance.
This change and the model represent the physical behavior of an inductor, and only one
fitting variable assures high fitting accuracy without the possibility of taking any arbitrary
values by other quantities, which would otherwise be fitted. This allows for the accurate
estimation of complex permeability regardless of inductor size, shape, winding structure,
or frequency range. If the inductor stray capacitor ESR loss tangent is correctly defined (in
case of sample 2 and sample 3 is set above 2), then it is possible to obtain a relative fitting
error less than 2% along the entire frequency range (Figure 19a—d).
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Figure 19. Relative fitting error between g,/ and py .~ (a) sample 1: orange—tands =

0.03; blue tand = 0.3; (b) sample 1: green—tands = 2; grey—tandd = 3; red —tandd = 4; (c) sam-
ple 2: orange—tandd = 0.03; blue tand = 0.3; (d) sample 2: green—tandd = 2; grey—tandd = 3;
red—tand$ = 4.

This careful study shows that the change in inductor inductance and other quantities
is mostly due to the core’s dimensional resonance and the windings’ turn-to-turn and
turn-to-core capacitance. The dimensional resonance also influences the inductor stray ca-
pacitance and its ESR values. The mechanism of how they originate is further investigated
by test-bench measurements, calculations, and the FEM simulation, which are shown to
be in good agreement. This has resulted in the proposal of an improved inductor equiva-
lent model, which splits the stray capacitance into two parts: one related to the windings
and one related to the core and frequency-dependent ESR of the stray capacitor.

However, the proposed techniques shall be further examined, especially if we con-
sider multi-winding, multi-layer inductors with a significant stray capacitance related to
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the windings. Furthermore, the FEM simulation shall be improved using models with
PA11 ferrite core coating and a close winding alignment to the core. This might prove with
higher precision the capacitance relationship between the core and the windings, allowing
for further verification of stray capacitance and its ESR values.

4. Conclusions

This paper shows improved measurement and calculation techniques regarding the
complex permeability of ferrites, one of the essential quantitates that define inductor be-
havior in the frequency domain. This is significant because it might help in the develop-
ment of improved inductor loss models and universal simulation models (e.g., SPICE
models) that capture all AC loss mechanisms (core loss, winding loss, etc.), which do not
yet exist, especially if we consider high-frequency power electronics applications.

The proposed method is based on the inductor equivalent model, and thus allows for
the correct estimation of complex permeability values directly from the impedance meas-
urement regardless of inductor size, shape, winding structure, or frequency range. As the
results show, it reveals with high accuracy not only the low-frequency complex permea-
bility values, e.g., the values of the imaginary part stripped from the influence of wind-
ings’ resistance, but also the permeability peak values existing in the vicinity of the reso-
nance. This information would be otherwise hidden or diminished by parasite(14ic com-
ponents, of which the real inductor is made.

The method is also simple and intuitive to process, assumes the frequency depend-
ence of most of the inductor model components, and thus overcomes some limitations
and complexity of other methods.
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