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of the Parasitic

Capacitances of Single-Layer Toroidal Inductors

Florentin Salomez, Arnaud Videt, and Nadir Idir

Abstract—High-frequency power converters need electromag-
netic interferences filters using common and differential mode
chokes with low parasitic capacitance to comply with the
electromagnetic compatibility standards. This paper proposes a
modelling method of this capacitance and ways to minimize it.
The studied components are ring core inductors with magnetic
materials considered as perfect conductors or with high permit-
tivity, such as nano-crystalline material and most Mn-Zn ferrite
materials. In comparison to other work in the literature, the
proposed approach takes into account the curvature of the turn
in addition to the coating of the core and the insulation layer
of the wire. The hypotheses, used in this work to simplify the
real geometry, are compatible with two dimensional approaches
to compute the parasitic inter-turns and turn-core capacitances.
These capacitances are evaluated thanks to the 2D finite element
method. The obtained model allows accurate evaluation of the
effect of turn-core space on the parasitic capacitance, and enables
to reduce its value with a limited impact on the volume of the
magnetic component.

Index Terms—Modelling, Equivalent Parallel Capacitance
(EPC), inductor, Electromagnetic Compatibility (EMC),
Common-Mode Chokes, Parasitic Capacitance

I. INTRODUCTION

IDE-BANDGAP power transistors, made with SiC and

GaN, allow the development of high-frequency (up
to MHz ranges) static converters. However, these converters
produce high-frequency noises, both conducted and radiated,
that must be mitigated to respect the Electromagnetic Compati-
bility (EMC) standards [1], [2]. Among many other techniques
[3], a passive filter is often used to change the propagation
path of the conducted emissions, thus reducing the impact of
the noise, produced by the converter, toward the grid [2], [4].
Since the bandwidth of the conducted EMC standards spans
along several decades (hundreds of kHz to hundreds of MHz),
a good knowledge of the parasitics of the Electromagnetic
Interference (EMI) filter is required to size it correctly [5]-[8].
In this paper, the model of the equivalent parallel capacitance
(EPC) of a ring core inductor is considered, along with means
of reducing and tuning its value.

In the literature, several models based on Finite Element
Method (FEM) and on the modelling of the full geometry
have been used to determine the value of the EPC for rode
core [9], ring core [10], [11] and spiral inductors [12], [13].
But the difficulty with this numerical approach lays in the
deduction of the relation between geometrical and material
properties, and the overall value of the EPC. To tackle this
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drawback, and to decrease the computation cost of simulations
for optimization purpose [4], several analytical models have
been developed. Most works reviewed hereafter compute the
EPC in two steps:

1) the evaluation of the elementary parasitic capacitive
coupling between turns, between layer of turns, between
turns and core in the middle and at the periphery of the
winding;

2) the resolution of the capacitance network.

For the first step, layers of winding can be assumed as
equivalent cylinder capacitances as in [14]-[16]. These works
are dedicated to multilayer winding transformers with straight
core, but this approach has been used in [17] to study fractional
winding scheme on ring core. Nevertheless it is generally
not accurate enough for loose winding made with round
conductors. In the literature this problem is solved with image
theory [18], equivalent segment or arc parasitic capacitances
[19]-[22], a combination of the two previous methods [23],
conformal transform [24], or 2D FEM [25], [26]. The latter
approach will be used in this paper because it takes into
account insulation layers, coating, inter-turn and turn-core
spaces.

Then for the second step, the popular model developed by
Massarini et al. [19] and the derived ones [22], [27] consider a
pure capacitive network decoupled from the magnetic part of
the component to compute the EPC. But as shown in [25]
the evolution of the EPC with the number of turns is not
correctly reproduced. A more accurate hypothesis based on
energy conservation and presented in several published works
[14]-[16], [18], [25], [26], [28], [29], will be used here.

In addition to the modelling of the EPC, some articles
propose ways to reduce it. The authors of [23] have identified
the turn-core capacitance as the most important one in the total
EPC, and its dependence with the inter-turns space. Therefore
they suggest to keep the winding tight to avoid the increase
of the parasitic capacitive coupling between turns and core,
and thus to reduce the EPC, (this has been confirmed in [18],
[25], [26]). According to them, for this same reason the turn-
core capacitance on the periphery of the winding can not be
neglected in the total EPC. Another way to reduce the EPC
is to increase the space between turns and core, or between
layers thanks to a plastic bobbin as proposed by [15], [30],
or by wave-winding technique as done by radio-frequency
engineers in the sixties [31]. A last innovative solution has
been presented in [8], where the winding is shielded with
aluminium foil to the ground to increase the coupling with it,
and reduce the coupling across the component. This solution
is dedicated to common mode chokes.

For any other purposes permission must be obtained from IEEE.
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Fig. 1. Equivalent circuits of a common mode inductor with EPC" (a) two
phases equivalent circuit, (b) single-phase common mode equivalent circuit.

In this paper a modelling method of the parasitic capac-
itances to determine the EPC of inductors is proposed. In
comparison to the previously reviewed works, the proposed
method will focus on the assumptions required to approximate
the curvature of both the turns and the coating thickness.
In addition it will take into account turn-core and inter-
turn spaces to evaluate the possibility to reduce the value
of the EPC while keeping the impact on the volume low.
The simplified 2D geometry is then used as input of the 2D
FEM simulations of the parasitics capacitances. Furthermore,
a novel method is proposed to evaluate the applicability of the
model for a given magnetic material, notably for ferrite ones
where core permittivity is a key parameter.

This paper is structured as follow: Section II presents the
models of the EPC and of the parasitic capacitances, with a
focus on the compensation of the turn and coating curvatures
in this article. Section III shows the experimental validations
of the proposed model on conducting magnetic materials like
nanocrystalline. Section IV explores applicability of the model
to Mn-Zn ferrite materials. Finally Section V deals with the
reduction of the EPC by tightening the winding, and by the
use of specific plastic spacers. The extension of the model to
take into account bigger turn-core spaces than conventional
component without spacers will be also presented in this last
section.

II. MODEL OF THE EPC

First, in this section, the electrical couplings occurring in
the winding and with the core are explained and an equivalent
parallel capacitance is determined as the one added to the
circuit representation of a common mode chokes presented
in Fig. 1(a) and called EPC,,, with L the inductance with
its losses, Ic s the common-mode current and Uy, the voltage
across the component. Second, the geometry of the component
and the hypotheses used to transform it to a 2D equivalent
one are described in details. Lastly the 2D FEM simulation
setups used to retrieve the values of the elementary parasitic
capacitances are presented.

© IEEE. Personal use is permitted.
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Fig. 2. Equivalent capacitive network of the winding.

A. Capacitive network of the winding

Parasitic capacitance appears between two conductive sur-
faces at different potentials. For the inductor, those are the
core and the wire. Each turn of the winding is considered as
a mono-potential closed loop, hence a turn-core capacitance
Ci. and a turn-turn capacitance Cy; are associated with each
turn, as depicted in Fig. 2. At the beginning and at the end of
the winding there is an additional coupling with the core due
to the remaining space without winding, where electric field
can further spread, modelled here by a fringe capacitance C¥.

The equivalent potential V,, of each n turn is defined as
the mean potential across it, as presented in (1), with Up,
the total voltage across the component, and V a reference
potential. Each loop sees the same voltage drop because of
the Lenz law, as discussed in [18], [25], [26], [32] and under
the hypothesis that no propagation along the wire occurs at
the considered frequencies. The core is floating and according
to circuit theory the symmetry of the capacitive network leads
to a core potential V, equal to the mean potential across the
component, as defined in (2).

Knowing the voltage across each capacitance, one can find
the total electrical energy stored in the winding. Then by
equalizing it to the energy held by an Equivalent Parallel
Capacitance across the component as in [14]-[16], [18], [25],
[26], [28], [29], [32], one can deduce the expression of the
winding capacitance EPC), as a function of the total number
of turns IV, and elementary capacitances CY., Cy; and CY, as
described in (3). As depicted in Fig. 1(b) for a two winding
components excited in comon-mode, the overall EPC is
simply two times the EPC,.

2n —1
1<n<N, V,= SN Ur+W (L
U
V, = 7L+vo 2
N-1 1 N2 — 1(N-1 2
EPCy(N) = —5=Cu+t 5= Lot ) ¢
3)

In this article, the case of a coated ring core is studied. To
retrieve the values of the elementary parasitic capacitances,
the 2D FEM simulations will be performed on a pair of turns
as shown in Fig. 2. But first the turn and coating curvatures
are compensated in the next subsection.

For any other purposes permission must be obtained from IEEE.
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Fig. 3. Description of the geometry of the component: (a) half transversal
cut of the component, (b) section cut A:A with close-up B of a quarter of the
section, and (c) close-up of a pair of turns.

B. Preparation of the geometry for 2D FEM simulations

1) Geometry of the wound component: Fig. 3 shows the
geometry of the wound component with one winding. The
half transversal cut of the core depicted in Fig. 3(a) presents
the internal and external radius, respectively r and R, and the
winding angle [ covered by the N regularly spaced turns.
The core section is defined by its width w and its height h
as shown in Fig. 3(b). The close-up B on one quarter of the
section is presented later in Fig. 4. The distances between
two adjacent turns are presented in Fig. 3 in the close-up (c)
with (., (r the mean inter-turn distances respectively on the
internal and external surface of the core, and (; the mean
inter-turn distance on the top and bottom surfaces. In order
to compute the capacitances C;., Cy; and C'y with a 2D FEM
approach, the presented geometry will be transformed. The
retained hypotheses are described in details hereafter.

2) Focus on one face of the component: Fig. 4(a) presents
a quarter of the section of the component along with the
measured dimensions. The core dimensions h and w are given
by the datasheet from the manufacturer. The coated dimensions
he, w. are measured at the middle of each face using a caliper.
And the same is performed for the dimensions of the wound
component h; an w;. The wire is assumed to touch the coated
core on a small surface on the corner, at a distance e from
the core corner due to coating, with relative permittivity €.
The impact of the corner is first neglected in this section. The
area delimited by the edge of the iron surface and the position
where the wire comes off the coated surface is considered
for the following transformations, as depicted in Fig. 4(b).
The maximum turn-core space s and coating thickness c
are deduced from the previous measurements. The inter-turn
spaces, presented earlier in Fig. 3(c), are deduced from the
measurements of the winding angle (3, the geometry of the
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Fig. 4. Close-up on a quarter of section: (a) Quarter of section B from
Fig. 3(b) with measured dimensions, (b) details of the top face from the core
surface with deduced dimensions.

wound core Ry, r;, the number of turns /V, and the insulated
wire diameter d,, as presented in (4)

CR Bl(Rt+d0/2)7do
Cr = N_-1 (Tt - do/2) - do (4)
Ch 5(Cr +Gr)

3) Compensation of the wire insulation: The wire insula-
tion is a thin layer of enamel (30 pm, or 6% of the wire copper
diameter in our experiments) that requires a fine meshing in
FEM simulation. A transformation of the conductor diameter
is proposed to decrease the number of domains and elements
and speed up the simulation time for optimization purpose.
The Fig. 5(a) depicts a cross section of a pair of turns wound
around the core, with d the copper diameter of the wire, e,, the
insulation thickness and ¢, its relative permittivity. Given the
small size of the wire diameter compared to the core radius,
the curvature of the core is neglected. Considering the thinness
of wire insulation layer, it can be assumed that electric field
lines remain orthogonal to the enamel surfaces, such that the
elementary capacitance of wire insulation dC,, (in series with
the air one dC,) can be replaced by dC',. made of air and
of a smaller thickness in such way that dC,, = dC., as
demonstrated in Fig. 5(b). This leads to an equivalent wire
without insulation, where copper diameter d is increased by
two times the additional length §,,. That gives corrected values
of diameter d., inter-turn space (., turn-core space S., and
turn-core distance at the edge s. as presented in (5) and shown
in Fig. 6.

I
> 1=

Ow :ew-(l—é)

d. =d+ 20,

G =(¢+2¢ &)
Se =S+

Se =t

€w
4) Flattening of the turn and coating curvatures: The
thickness of the coating is not constant, and each turn follows
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Fig. 5. Equivalent model of the wire insulation: (a) before and (b) after the
compensation of the insulation layer is applied.

w/2
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Fig. 6. Diagram of the top surface of the component with the compensation
of wire enamel.

a curve as presented in Fig. 7(a). To simulate the parasitic
capacitances in 2D FEM, every distance of interest must be
constant along the face considered as shown in Fig. 7(b).
Thus, the capacitive behavior of the curvated wire and coating
over the considered width is modeled as series capacitances
Cuir and Cipqy between flattened surfaces. Taking only the
maximum distances s, and c is a first order approximation of
the turn-core distance and coating thickness. But it will lead to
an underestimation of the capacitances as shown in the next
section. A better approximation that conserves the value of
the capacitances is proposed in the following paragraph, with
a focus on Cy;p.

As a geometrical model of the curvature, the turn-coating
distance is assumed to follow a parabola S as defined in (6)
and shown in Fig. 8(a). Assuming that (s, — s.) < w/2, a
straight elementary capacitance per unit area dC' is defined
along a portion dz of the length w/2. One can express the
average capacitance per unit area over the full width as in
(7). By equalizing it to a constant capacitance per unit area
defined between two straight surfaces, an equivalent turn-

© IEEE. Personal use is permitted.
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Fig. 7. Diagram of the top surface of the component (a) before and (b) after
flattening.
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Fig. 8. Diagrams of the flattening of (a) the wire curvature, and (b) the coating
curvature.

coating distance that gives the same overall capacitance value
Clir is extracted. This distance, called s.4, is retrieved from
(7) and presented in (8). If the coating thickness is not constant
on the considered face, as presented in Fig. 7(a) for the top
face, the same approach is used by defining a second parabola
Scoat as in Fig. 8(b) and obtaining an equivalent thickness cq

by applying (8).

1‘2

— 5¢) - (w/2)? (6)

—/dC:—/ O qr=2 )
w w Jo  S(x) Seq
2 (5. —
Seg = V5 (Sji) (8)
lo g <\/§+ Sc se)
Voe—Vse—se
Once all the previous transformations have been applied on
each face, the geometry is ready for the 2D FEM simulations

of the parasitic capacitances C}.,Cy and Cy along the con-
sidered face.

C. Simulations of the elementary parasitic capacitances

The simulation setups of Cj.,Cy and Cy are described
in Fig. 9, they are all planar simulation of the same depth
(depending on the simulated face, for example h for the
inside face), computed thanks to FEMM 4.2 [33]. The margin
with the bounding box hy,, and wy,, are defined as ten
times the characteristic distance of the setup (the maximum
between the inter-turn and turn-core distances) to avoid strong
coupling with the boundaries. Periodic boundary are used
for Fig. 9(a) to avoid coupling with the boundary as shown
by the mirror setup. Anti-periodic boundaries are used in
Fig. 9(b) for the same reason. For each sub-figure (a), (b)

For any other purposes permission must be obtained from IEEE.
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Fig. 9. Electric field map and their equivalent capacitances network for a
pair of turn : (a) Cy for C. extraction, (b) Cy, for Cy; extraction, (c) C for
C'y extraction, the torn edges indicate that the simulation domain extends far
beyond them.

and (c) of Fig. 9, the respective total capacitances C,, C} and
C. are retrieved from the total energy. Then the elementary
capacitance of interest Cy., Cy, C'y are computed thanks to (9).
This process is applied to each face of the core along the cross-
section shown in Fig. 3(b), involving a first set of elementary
capacitances identified by the R subscript (Cycr, Crir, CrRr)
for the outside face, a second set C}, for the inside face,
and Cy, for both the top and bottom faces. Finally, totalized
elementary capacitances are obtained by summing the results
from each face as shown in (10).
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TABLE I
INTER-TURNS AND TURN-CORE SPACES FOR DIFFERENT WINDING CASES.

Cases
Tight Loose ¢ Loose seq Loose
¢ [mm] 0.1 1.0 0.1 1.0
s [mm] 0.1 0.1 1.0 1.0
([ X J e O
. (X ] o O
Drawing | | | |
th = %
Cu =Ch— G 9)
J— CC_C c

Vk € {tc,tt, f},Cr = Chr + Crr +2-Crp, ~ (10)

In comparison to analytical formulations in the literature
[18]-[22], the enamel insulation layer is taken into account, in
addition to the coating of the core. Furthermore, the 2D FEM
setups are easier to implement and faster to compute than a full
3D model of the component. The relevance of this method is
further discussed in the following based on comparisons with
non-FEM approaches.

D. Comparison of methods for determining elementary capac-
itances

The FEM simulations presented in the previous subsection
for determining the elementary capacitances Cy. and Cy; are
compared with analytical methods from the literature [18],
[22]. The method described in [22], takes into account coating
layer of the core and insulation layer of the wire, in addition
to inter-turn and turn-core spaces. So this work is directly
comparable to the proposed approach. On the contrary, the
method described in [18] uses the image theory method, but
with the assumption of no insulation layers on the conductor
and on the core, and the authors make no recommendations
about how to take them into account. In order to make a
fair comparison, three hypotheses will be used hereafter. The
simplest ones are to replace any insulation layer with either
air or conductor as described respectively in (11) and in (13).
The more realistic one, called intermediate, is to replace only
a part of insulation layer by conductor and the other part by air
by using parallel plate capacitor approximation, as proposed
in Fig. 5 and specified in (12). The methods are tested on
four winding cases derived from the geometry presented in
Fig. 9 and described in Table I, while the remaining parameters
are kept constant: d = 0.5 mm, d,, = 0.56 mm, €, = 4,
Ceq = 0.2 mm, €, = 3.

degir =4d
Sequair = Seq T €w +C (11)
Ceair = C+2- ey
dejinter = dec
Seqinter = Seq T ¥+ & (12)
Ceyinter = Ge
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Fig. 10. Comparison of the analytical methods for determining Cj ;.
capacitances for each case to the proposed 2D FEM approach.

dqcond = dw
Seq,cond = Seq (13)
Cc,cond = C

In this subsection, the methods are compared assuming that
the 2D hypotheses to take into account curvatures of wire
are the same and have been applied to all the methods. The
relevance of these hypotheses will be discussed in the next
section. Only the turn-core capacitance is studied because
EPC is more sensitive to it according to (3).

The breakdown of the results for the linear turn-core ca-
pacitance Cj . for each case and for each method from the
literature are shown in the Fig. 10. For [22] there are some
cases that results in the same value, for example Cj ;. both
Tight and Loose ( are identical. However that is expected
since the method that computes Cj;. is independent from
¢. According to these results [22] performs with a relative
error of less than +3% for cases with small ¢ compared
to d. When adjacent turns are far away from each other in
comparison to d the method gives only an order of magnitude
and underestimates the value by at least 30%.

For [18], and for both cases Tight and Loose (, the hy-
pothesis regarding the insulation layers that leads to the best
results is the intermediate one, with a relative error of less
than +10%. For the last Loose cases with ¢ big compared to
d, the method always overestimates C ;..

This study shows that both analytical methods for de-
termining the elementary capacitances [18], [22] are good
compared to the proposed FEM method (relative errors less
than +5%) for the Tight winding only, and by considering
specific hypotheses for the insulation layers with [18]. Yet,
this paper aims at a general method also suitable for Loose
winding in the aim of EPC reduction in section V. Thus, the
proposed FEM method is applied hereafter for determining
Cy. and CY. The accuracy of the method will be discussed
with measurements of EPC in the following sections, based
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Fig. 11. Photographies of the one-turn equivalent brass device for the
characterization of magnetic ring cores : (a) outside, (b) inside with a loaded
core. The red crosses are 3D printed plastic holders for the core.
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on two ring cores from different suppliers and different kind
of materials.

III. APPLICATION TO CONDUCTIVE MAGNETIC MATERIAL

To validate the obtained model, a coated ring core called
Device Under Test 1 (DUT1) is chosen (Vacuumschmelze:
T60004-L2030 W911). This core is made of nanocrystalline
material that is a good conductor and fulfills the perfect
conductor hypothesis. It is wound by hand with one winding
made of copper wire of diameter 0.5 mm with an enamelled
insulation layer of thickness 30 m and relative permittivity of
4 (at 1 MHz, 60 °C according to [34]).

A. EPC measurements

To extract the EPC of a wound DUT, two measurements
of complex impedance versus frequency f are performed.

The first one is done with a single-turn winding, called
Z N1, to characterize the core without parasitics and to obtain
the ideal impedance of the choke without the EPC, called
Zideal, as in (14). To perform such measurements a one-turn
equivalent device has been designed and made of brass as
depicted in Fig. 11. The core is maintained centered on the
axis by a 3D printed device in thermoplastic Poly-Lactic Acid
(PLA) called holder in the Fig. 11(b). The self-impedance of
the device without a core is subtracted from the measured
impedance with the DUT inside it to retrieve the characteristic
impedance of the core Zp;. Parasitic capacitances of the
core with the device are negligible for the cores studied here.
The remaining parasitic capacitance of the device at no load
has been cancelled out by the OPEN compensation of the
impedance.

The second one is performed with the winding, Z,,cqs, t0
deduce the value of EPC. Indeed, the EPC is extracted
by fitting the model impedance Z,,,q, that results from the
paralleling of Z,4.q and EPC presented in (15), to the
measured one Z,,¢qs, With EPC' as the design variable. This
way the possible dispersion of the relative permeability among
the samples, and its decrease with high frequency do not
impact the extracted EPC value of one specific core. The
impedance measurements are carried out with an impedance
analyser HP4294A equipped with the socket /6047E. A space

For any other purposes permission must be obtained from IEEE.
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Proposed as in eq. (8),

Sc, C Smea Cmea Seq, Ceq
== nom. nom. nom.
4 1 uncertainty T uncertainty T uncertainty
X  meas. X X  meas. X X  meas.
E3- o X i o X i
- X X
QO -
8 21 X X —”” T X x T
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X - X
14X =7 41X 4
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Fig. 12. Evolution of the EPC against the number of turns for the nanocrystalline core DUT1 with one winding: comparison of the three hypotheses for the
computation of the turn-core spaces s¢q and coating thickness ceq regarding their curvature, with worst cases min-max.

of 2 cm between the DUT and the socket is ensured to avoid
direct coupling of the winding with the socket. According to
the datasheets of the HP4294A and the 16047E the relative
error on the impedance module dz in the frequency range of
the fitting (10 kHz to 20MHz) is less than +3%. This leads
to a similar maximum relative error dppc = —d7/(1 + dz)
on the extracted EPC' of approximately +3%.
Zigeal(f) = N*Zn1(f) (14)
_ N2Zn1(f)
- 1+j-2xf-EPC-N?Zn.(f)

Zmod(f) (15)

B. Validation on impedance measurements

To apply the model to the DUTI, its geometry is measured
before and after winding with a caliper. The coating thickness
is deduced from the subtraction of the datasheet dimensions
from the coated core measurements. Since the winding has
some irregularities, each distance is measured at several angles
on the component. In addition to the nominal case, two worst
cases are computed to provide an interval of the modelled
value due to uncertainties. The minimal case is defined by
the maximum turn-core compensated distances s., maximum
coating thicknesses ¢, and minimal coating relative permittiv-
ity. The opposite is performed to obtain the maximum case.
Since the model considers only regular winding distribution,
the worst cases give an overestimation of the interval around
the nominal value. The resulted EPC is compared to the
measured one in Fig. 12, for several hypotheses regarding
the 2D approximation of the turn and thickness curvature:
the maximum distances s. and ¢, the mean distance under
the core and thickness on the top and bottom of the core as
proposed in [25], [26], and the inverse of the mean inverse
distances s.q and c., according to (7) and (8). For the three
hypothesis the evolution of EPC with number of turns has the
correct trend. This justifies the use in the three cases of the
energetic approach to solve the capacitative network. The value
of the EPC when using s. underestimates the measured value
by more than 30% for the nominal case, and the maximum

© IEEE. Personal use is permitted.

value is below the measurement by 20%. It means that this
hypothesis is not correct for the modelling of the EPC. The use
of Spean and Cpean gives better results. Indeed the relative
error compared to the measurements is below 20%, and some
measurements points are encompassed in the min-max area,
though they remain near the upper bound of the interval.
The last one that uses (8) as s., performs better than the
previous one: its relative error for the nominal case is only
6% in average. This means that the model is able to give both
the correct value and its evolution over the number of turns.
Introducing the min-max cases, the model value is comprised
in an interval of —15% to +30%. As a consequence even
with some imperfections and uncertainties the correct order
of magnitude of the EPC is given by the proposed model.
These measurements validate the 2D hypotheses described
earlier, and the energetic approach used to solve the capacitive
network. The comparison of the impedances in Fig. 13 shows
that the proposed EPC model allows to extend the frequency
range of the modelled impedance up to 20MHz in this specific
case.

IV. APPLICATION TO HIGH PERMITTIVITY MN-ZN
MATERIAL

The validity of the model regarding the hypothesis on the
electric behaviour of the magnetic material is studied for Mn-
Zn ferrite materials commonly used in EMI filter design.

A. Characterization of the dielectric behaviour of the mag-
netic material

The model is applicable on all material that can be consid-
ered as a perfect conductor and on all material with a high
permittivity, because it would cause a negligible voltage drop
along the core. To verify this assumption, a simple and non
destructive test is performed on two cores of similar geometry
and of different material, Mn-Zn N30 and Ni-Zn 4F1. The
proposed capacitive measurement will give an estimation of
the dielectric properties of the core and its coating, and will
help to decide whether the model is applicable or not on this
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e €,y = mB TR (17)
S, ] n- =5
.i:; 3 2C,,C,
E E R Tom (1%)
E Since C), and C, capacitances are in series, if the core
Y T T, ] permittivity €,, is high so that C,, > C,, then the voltage
QF T T 3 drop in the core remains negligible and C., ~ C. whatever
[ 1 the inter-electrode angle 7. On the other hand, if low ¢, brings
B 1 C,, to a comparable or lower value than C,, then increasing
E Y 1 7 should reduce Ccq in (18) as a result of lower C,, in
£ [ s 1 (17). Thus, Fig. 15 presents C¢, capacitance measurements
—45 4 for different angles on the two core materials: DUT2 (Mn-
I uncertainty ’ Zn N30 of reference B64290L0632X830) and DUT3 (Ni-Zn
7?8 k_Hz — 100 IkHZ . . 11\/|le . . 10 'MHZ . 4F1 of reference TX20/10/7). In addition, C.. is estimated at
Frequency 15.3 pF from (16) (using ¢, = 3 and e, = 125pum from

Fig. 13. Comparison of the measured and modelled impedance of the DUT1
with 50 turns.

the measurements), so that the trend of C,, is also plotted
for different ¢,, values. According to the localisation of the
measurement points in Fig. 15, it can be concluded that on one
hand the Mn-Zn material N30 has a high relative permittivity
and the proposed model of the EPC can be readily applied,

while on the other hand the Ni-Zn material 4F1 has a low

V4 copper V+
tape ec.R—re. C C
y < T e |
; A
SR\r
"\ i B Em Jcm
<
e,
Kec o C. | C.
V- V-
(a) (b) (©

Fig. 14. Non destructive test of the core relative permittivity €, : (a) drawing
of the core equipped with copper tape electrodes, (b) section of the coated
core, (c) equivalent capacitive network.

material. In Fig. 14(a), copper tape of width  (here 5 mm) is
used to build surface electrodes on the coated core, separated
by an angle 1 and symmetrically duplicated in two branches
such that only the portions of the core comprised within the
n angles undergo electrostatic excitation, called active area.
Thus, the electric flux goes from one pair of electrode (V' +)
through a first layer of coating, then the core, and finally a
second layer of coating to the other pair of electrodes (V —).
An equivalent capacitive network of the measurement is shown
in Fig. 14(c) with C, the capacitance through the coating
under one electrode, and C), the capacitance through the
magnetic material. According to the diagram of the section
of the core, shown in Fig. 14(b), the coating capacitance can
be estimated as in (16) with e, the mean thickness of coating.
The material capacitance is assimilated to a plane capacitance
in the active area as in (17). The resulting overall capacitance
Ceq is expressed in (18).

C. = €0€2(R— 1+ h)y (16)

€c

© IEEE. Personal use is permitted.

permittivity and the model is not applicable. Thus, the test
setup proposed in this section allows simple evaluation of the
model applicability to a given ferrite core.

B. Experimental validation with impedance measurements

DUT4 is a Mn-Zn N30 core of reference
B64290L0618X830, and of similar size to DUTI1. Direct
application of the proposed model to this high-permittivity
ferrite material is confirmed by the comparison of the extracted
and measured EPC on the wound DUT4 as presented in
Fig. 16. The evolution and the order of magnitude of the
EPC is correctly reproduced, the average relative error to the
measurement is 20%. It should be noted that the geometry
of the core DUT4 is slightly different than DUT1. The top
and bottom sides are more bumpy. This could account for the
bigger relative error than for DUTI.

V. REDUCTION OF THE EPC

The validated model to extract the EPC is used here to
propose actions to reduce its value. According to (3) the main
contributor is C;.. To minimize its value, two methods can
be used: one based on the inter-turn spacing, the other on the
turn-core spacing. For this section the same core reference as
DUTI is used but with two windings to validate the model for
common-mode inductors at the same time.

A. Small inter-turn spacing

According to 2D FEM simulations (setups described in
Fig. 9) performed on the inside face of the component for
different values of s, and (., and presented in Fig. 17, the
inter-turn space ¢ should be kept as small as possible to
minimize C}.. Indeed the electrical field lines can reach more
surface of the core when two adjacent turns are far apart each
other. Since keeping the winding tight is already performed
on regular components to increase their power density, this
design rule does not compete with existing ones.
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Fig. 16. Evolution of the EPC against the number of turns for one winding
for the Mn-Zn core DUT4.

B. Increase of the turn-core spacing

As depicted in Fig. 17, C}. is also inversely proportional to
the turn-core spacing s. Thus specific devices called spacers
are proposed to increase this space on all the faces of the
component.

1) Design of the spacers: The spacers are designed to
increase the turn-core spaces while adding a minimum of
dielectric material, thanks to their placement on the corners
of the section. They are made of three parts built by additive
manufacturing with PLA material, and glued together. Three
wound components are shown in Fig. 18(a): one without

T T
s [mm]
0.2
0.5
—= 1.0
...... 20

10!

Fig. 17. Evolution of Ctc, as a function of s, and (.
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(b) (©)

Fig. 18. Wound components series with different turn-core space: (a)
photography of Al without spacers, A2 and A3 equipped with spacers of
thickness 0.8 mm shown in drawing (b), and of thickness 1.6 mm shown in
drawing (c), respectively.
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Fig. 19. Drawings of (a) the outside top corner of a turn, and (b) its 2D
transformation.

spacer (named Al) and two others (A2 and A3) equipped
with spacers shown in Fig. 18(b) with thickness 0.8 mm and
(c) with thickness 1.6 mm, respectively.

2) Taking into account the corners in the model: Fig. 19(a)
shows a close-up view of the corners of a turn, which where
not taken into account so far. However, as the turn-core
distance is increased, their contribution to overall C;. may
not be neglected. Thus, this small part is taken into account
by increasing the domain simulation of the inside and outside
faces, as depicted in Fig. 19(b). The increase J, of the height
h for the simulation, on the outside of the core, is equal to
the path of the mean space under the corner sq,4 as defined
in (19) and as presented in Fig. 19(b). This is repeated on the
other corner on the same side, and on the two inside corners
of the core. This new hypothesis is added to the model and
the resulting model is called extended model.

T Savg T SeqgR T CR + Seqh + Ceqh
op = — = — 19
T2 T4 2 (19)
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3) Experimental validation: The Fig. 20 shows the mea-
sured and modelled values of the EPC as a function of the
spacer thickness es. To compute the modelled values the
following theoretical values have been applied to all faces:
a constant space es; on all the faces of the component,
a maximum turn-core distance s defined as in (20) from
empirical observations, and inter-turn distances ¢ computed
accordingly with (4) and estimated R; and 7;.

2
= €5 7do
s=e +3

As expected the EPC decreases with bigger e;. For instance,
between Al and A3 designs, the EPC has been reduced by
73%, while the cylinder volume of the wound component has
been increased by 54% between Al and A3 designs. It is worth
pointing out that between A/ and A2 designs the decrease on
the EPC is still significant (65%) while the impact on the
volume is only +37%. This behaviour is explained by the fact
that Cy. is approximately inversely proportional to es. This
means that with a small increase in e, the EPC will drop fast,
with low volume penalty. This is emphasized in Fig. 21 where
an area of low increase in volume and high decrease of EPC
has been highlighted. In Fig. 20, the underestimation of the
models to the measured value are at maximum 26.8% and
17.5% respectively for the base model and the extended one.
This demonstrates that the corners play a relatively bigger role
in the case of larger e;. But the overall underestimation of
EPC with both models shows that a discrimination of each
face of the components and a precise knowledge of each
distance on each face may be necessary to further improve
accuracy. This is confirmed by the application of the extended
model to the measured devices called ext. model corr. in
Fig. 20, for which the relative error is reduced between —10%
and 12.8%. The overestimation for Al is consistent with
previous results, and the underestimation for A2 and A3 might
be due to the neglected PLA material of the spacers (such
dielectric has relative permittivity of around 3 at the considered
frequencies according to [35]), which represent roughly 20%
of the perimeter of the section of DUT1. Nevertheless, even
without the correction, the proposed model is able to give a
robust and precise order of magnitude of the EPC as a function
of the turn-core space, which can be beneficial to anticipate the
high-frequency response of a coupled inductor at the design
stage.

Finally, it has been checked that the differential mode
inductance (leakage inductance) of the common mode chokes
does not increase with bigger turn-core spaces. It has even
decreased of roughly 25% compared to tight case Al because
of the increase of the angle covered by the windings. This
behaviour is confirmed and explained by [36].

(20)

VI. CONCLUSION

A model of the equivalent parallel capacitance of induc-
tors due to parasitic capacitances of the winding has been
developed. The proposed 2D FEM model is applicable to
coated ring core, with one winding or two excited in common-
mode, and is robust even for determining the elementary
capacitances for loose windings. In addition to the classical
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Fig. 21. Evolution of the EPC against the cylinder volume.

inter-turn and turn-core capacitances, the contribution of the
fringe and of the corner capacitances have been integrated
into the model. It is valid for magnetic material that can be
considered as perfect conductor or with a high permittivity. In
addition, a simple non destructive test has been proposed to
help designers to determine whether the model is applicable
or not to a specific magnetic material. The model gives the
value of the EPC as a function of the number of turns with a
satisfactory relative error of 15%, even for loose windings,
thanks to accurate 2D transformation of the curved turns
and coating thickness. The assumption used was compared
to simpler assumptions and found to be better. The model
has been validated for different design parameters including
turn-core space, allowing to propose a solution for the fine
tuning and reduction of the EPC as a trade-off with the total
volume of the component. Hence plastic spacers are used to
increase the turn-core distance and thus decrease the EPC.
The perspectives of this work concern the extension of the
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proposed model regarding low permittivity magnetic material
like Ni-Zn and its application to EMI filters optimization.
Indeed for magnetic material with low permittivity the perfect
conductor hypothesis might not hold and some revisions of the
parasitic capacitances model are needed. To use the model as
a fully predictive tool of the EPC, a model for the turn-core
distance s as a function of the core geometry, the diameter
of the wire, and the mechanical tension applied on the wire
during the winding should be derived. Other winding shapes
are also a perspective of this work. The case where turns are
kept close to the core thanks to plastic ties for cores with
a big height compared to their radius, is a good example. A
loss and thermal models of the component are also desirable to
study the thermal advantages and drawbacks of the proposed
solution to reduce the EPC, based on loose winding. Finally
the proposed model will be used in the optimization of the
volume of the inductor under the constraints of the EMC
standards for high frequency power converters.
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