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Parasitic Capacitance Modeling of Copper-Foiled
Medium-Voltage Filter Inductors Considering
Fringe Electrical Field

Hongbo Zhao, Student Member, IEEE, Zhizhao Huang, Dipen Narendra Dalal, Student Member, IEEE, Jannick Kjaer
Jorgensen, Asger Bjorn Jorgensen, Xiongfei Wang, Senior Member, IEEE, and Stig Munk-Nielsen, Member, IEEFE,

Abstract- This paper characterizes three parasitic capacitances
in copper-foiled medium-voltage inductors. It is found that the
conventional modeling method overlooks the effect of the fringe
field, which leads to inaccurate modeling of parasitic
capacitances in copper-foiled inductors. To address this problem,
the parasitic capacitances contributed by the fringe electrical
field is identified first, and a physics-based analytical modeling
method for the parasitic capacitances contributed by the fringe
electrical field is proposed, which avoids using any empirical
equations. The total parasitic capacitances are then derived for
three different cases with three different core potentials, from
which a three-terminal equivalent circuit is derived, and thus, the
parasitic capacitances in copper-foiled inductors are explicitly
identified. The calculated results show a close agreement with the
measured capacitance by using an impedance analyzer. Two
recommendations for reducing the parasitic capacitances in
copper-foiled inductors are given in this paper.

Index terms- Parasitic capacitance, copper-foiled, medium-
voltage, filter inductor, fringe field, physics-based modeling.

1. INTRODUCTION

Thanks to the advances in the power semiconductor
devices, the wide-band-gap (WBG) transistors are widely used
in modern power conversion systems [1], where the power
converters can be designed with higher switching frequency
and less switching losses [2], [3]. Yet, the high dv/dt problem
becomes more significant during the switching transitions of
WBG transistors [4]. Under the high dv/dt conditions, the
parasitic capacitances of passive and active power
components, such as the common-mode capacitance of gate
drivers [5], [6], the ground capacitance of heatsink [7], the
parasitic capacitance in power modules [8], [9], and the
parasitic capacitance in transformers [10-12] and inductors
[13-15], can bring large common-/differential-mode current
into the converter circuit [13], causing electromagnetic
interferences [4] and accelerating the aging of power
components [16]. It is also reported that the parasitic
capacitances in medium voltage (MV) inductors are larger
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than them in low voltage inductors due to the required higher
inductance and extra insulation [13].

The windings of inductors are commonly constructed with
round cables for a low cost. Yet, in high-frequency
applications, both the copper foil and the litz wire are
commonly used for a lower ac-resistance [17], and the copper-
foil is more popular in high-voltage and high-power
applications [17-20], due to its higher power density and more
flexibility than round cables and Litz wires in the
manufacturing  process. However, the intra-winding
capacitance of the copper-foiled inductors and transformers is
large due to the extensive interleaving of the windings [17],
which is not desirable in applications with high dv/dt
operations. Therefore, it is important to characterize and
reduce the parasitic capacitances in copper-foiled filter
inductors, especially when they are used in the converters
based on WBG devices.

A few works have been reported on modeling the parasitic
capacitance of copper-foiled magnetic components [17], [20],
[21]. Basically, the parasitic capacitance in magnetic devices
is divided into static capacitance and dynamical capacitance.

1) Static capacitance [21], [22]. It represents the
capacitance between two planes when disconnected,
where there is no ohmic voltage drop on each plane.
Therefore, the static capacitance is merely dependent
on the geometrical structure and material information
of the two planes.

2) Dynamical capacitance [21], [22]. This capacitance
represents the total electrical field energy stored
between any two planes, which is related to the voltage
potential distribution. In practice, the voltage potential
on each plane is not a constant value, due to the current
flows through the winding, which results in ohmic
voltage drops in the windings. The dynamical
capacitance can be calculated by the static capacitance
and dynamical voltage potential distribution.

In [17], the parasitic capacitance of a copper-foil-based
transformer between the primary side and secondary side is
calculated by using the formula of parallel plate capacitance,
which is, however, merely a static capacitance, and thus fails
to capture the dynamical capacitance in practice [14], [21],
[22]. An air-coiled inductor wound by copper foils is modeled
in [20], where the first resonant frequency caused by the intra-
winding capacitance is identified, yet the modeling of parasitic
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capacitance is not addressed. In [21], both the static and
dynamical capacitances are calculated, considering the eddy
current effects. However, the core is assumed to be always
floating in this work, where only one equivalent capacitance
can be calculated. An improved modeling method is reported
in [22] to consider the grounding effects of the magnetic core,
yet it is only focused on the round-cable based inductors. As
found later in this paper, the method reported in [22] fails to
characterize the capacitive couplings between the core and
terminals of the copper-foiled inductor, where the fringe field
between the winding and core is significant for modeling the
parasitic capacitance in typical copper-foiled inductors.

In [23], a modeling method is proposed to calculate the
parasitic capacitance of a high-power transformer, where the
fringe electrical field between different sections are considered
by using the empirical equations that are derived from very-
large-system-integration (VLSI) applications [24]. The
parasitic capacitance contributed by the fringe field is usually
neglected in most previous modeling methods [10, 12, 14, 20,
25]. The parasitic capacitance introduced by the fringe field
has also been discussed in transmission lines [26], antenna
applications [27], and micro electronics [28]. However, these
empirical equations are actually restricted by the geometrical
structure [24], which is not applicable to model the fringe-
field capacitance between the winding and core in copper-
foiled inductors due to a more complex geometrical structure.

This article thus attempts to fill this gap by first identifying
the fringe electrical field in the copper-foiled medium-voltage
(MV) filter inductors, based on which, a physics-based
modeling method for static and dynamical capacitances is then
proposed. Subsequently, the total capacitance of the filter
inductors is obtained by summing the dynamical capacitance
contributed by the fringe field, the electrical field between the
inner layer and core, the electrical field between windings, and
the electrical field between two adjacent layers. The
theoretical calculations show good agreement with the
measurements of a practical copper-foiled inductor by using
an impedance analyzer.

II. MV COPPER-FOILED INDUCTORS

An MV copper-foiled inductor (30 mH) is taken as an
example in this study. The MV inductor is designed for a
SkHz 2-level voltage source converter based on SiC
MOSFETs with 4.16 kV line-to-line ac voltage and 6 kV dc-
link voltage. The insulation level of this inductor is 10 kV, and
the current rating is 8 A (rms). The windings and insulation of
the inductor are constructed by copper- and mylar-foils, which
are arranged in multiple layers. Two U-type amorphous cores
are used for the magnetic loop with an air gap in between.

The schematics of the studied MV copper-foiled inductor
are given in Fig. 1. Fig. 1 (a) shows the front view and Fig.
1(b) gives the cross-section view. Two windings are connected
in parallel for sharing the current. Spacers are used to reduce
the capacitive couplings between the inner layer and core, and
they will be modeled later.

The parameters of the studied MV foil-based inductor are
summarized in Table I, along with the definitions of symbols

used in Fig. 1.

The insulation material is selected as Dupont Mylar A [29].

The material of the bobbin and spacer is Durethan BKV 30 H3

[30], which is based on Polyamide 6 with 30% glass-

reinforced. The values for the relative permittivity of materials

are listed in Table II, which are identified from the datasheet.

The conductivity of the amorphous core is 130 uQ/cm,

according to the datasheet [32].
The insulation material is selected as Dupont Mylar A [29].

The material of the bobbin and spacer is Durethan BKV 30 H3

[30], which is based on Polyamide 6 with 30% glass-

reinforced. The values for the relative permittivity of materials

are listed in Table II, which are identified from the datasheet.
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Fig. 1. Schematics of the studied MV copper-foiled inductor. (a)
Front view. (b) Cross-sectional view schematic of an MV copper-
foiled inductor.

Table I. Key parameters of the MV foil-based inductor

Description Symbol Value
Thickness of the copper foil de 0.05 mm
Width of the copper foil We 30 mm
Thickness of the mylar foil dm 0.05 mm
Width of the mylar foil Wm 60 mm
(Height of the winding) (h)
Distance between the two windings Dw 19 mm
Width of the winding w 55.5 mm
Width of the spacer Wh 10 mm
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Thickness of the core do 40 mm
Distance of the air gap between the bobbin po 1.5 mm
and core
Distance between the inner layer and bobbin pi 12 mm
Thickness of the bobbin dr 2 mm
Number of layers m 190
Total inductance (designed value) L 30 mH

TABLE II. RELATIVE PERMITTIVITY OF THE MATERIAL

Description Symbol Value
Relative permittivity of the mylar foil &m 3.25
[29]
Relative permittivity of the bobbins and &b 4.0
spacers [30]
The permittivity of vacuum [31] &0 8.82x10"2F/m

In Fig. 1, the terminal labeled as “0 mH” is also defined as
the hot terminal Py, which locates at the inner layer. The
terminal labeled as “30 mH” is defined as the cold terminal
Pcold, which locates at the outer layer. The core/frame is also
labeled as G.

The focus of this paper is to analytically model the
equivalent capacitance between Ppoc and Peoia Ci, between Py
and G Ci, and between P.q and G Ci, based on the
geometrical and material information of the copper-foiled
inductors.

III. MODELING OF THE FRINGE FIELD CAPACITANCE

In this section, the electrical field in the copper-foiled
inductors are identified. Based on [22], most capacitive
couplings in copper-foiled inductors are identified, which
includes the couplings between the inner layer and core,
between two different layers, and between two windings. Due
to the special structure of copper-foiled inductor, there is only
one turn in a single layer. Therefore, the couplings between
turns are the same as those between layers.

However, the fringe field between winding and core is not
considered in the modeling in [22], which will be proved that
is not neglectable in copper-foiled inductors by the later
sections of this paper.

A. Identify the fringe electrical field

A finite element method (FEM) simulation is given to
identify the fringe field in the copper-foiled inductors by using
Ansys, which is presented in Fig. 2. In the simulation, the
voltage potential along the layers of the copper-foils is
configurated equally, therefore, the electrical field strength
between two adjacent layers is zero in this simulation. The
core is configured as reference ground. 19-layer copper-foil
and 20-layer mylar-foil are used to construct the winding. In
this simulation, the thickness of the copper- and mylar-foil is
configurated as 0.5mm, where the distance between the inner-
layer and core is 4 mm. The width of the copper-foil is 30 mm,
where the width of the mylar-foil is 60 mm in Fig. 2. The
parameters of material used in FEM simulation are the same
as Table II.

It is worth mentioning that the geometrical parameters of
the copper-foiled inductor in FEM simulations are not exactly
the same as the designed value since the main target here is to
identify the all possible electrical field existed around the
copper-foiled inductor.

According to Fig. 2, although the electrical field is strongest
between the inner-layer and core, the fringe field between the
winding and core are still obvious on both edges. Both the
fringe field between the sidewall of the inductor and core, and
the fringe field between the top-surface and core can be
identified from Fig. 2.

The energy stored in the fringe electrical field will
contribute to an equivalent capacitance (The fringe field
mentioned in this paper is the fringe electrical field). This
capacitance cannot be neglected in the copper-foiled inductors
since the extensive area of the sidewall and top surface of the
copper-foiled inductors. Usually, the fringe field is neglected
for modeling the parasitic capacitance of inductors in previous
research since its impacts are limited. However, in the copper-
foiled inductor, due to a large number of layers, the sidewall
area of the copper-foils is significant. Therefore, the impacts
of the fringe field may not be neglected for the purpose of
modeling the parasitic capacitances.

E [Vim]

299.9991
I245 6884
2012099
164.7837|
134.9519|

1105207|
90,5125

741265
. 60.7069
497168
407182

333451
273084
22354
18.3166
15.0000

Fig. 2 Fringe field between the winding and core of the copper-foil
inductors

Fringing-field between Fringing-ficld between

the edge and core the outer layerand core

Field between two
adjacent layers

Field between the
--------- . ====-=-=-Field between the two windings
inner layerand core

I m\

_— Upper-edge

Lower-edge

Fig. 3 Identify the capacitive couplings in copper-foiled MV
inductors
Fig. 3 illustrates the field distributions between the winding
and core of the copper-foiled inductor. Besides the well-
known field between two neighbour layers (illustrated with
blue lines), the field between the inner layer and core
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(illustrated with red lines), and field between the two windings
(illustrated with pink lines), it also contains the fringe field
between the sidewall of winding and core (illustrated with
green lines) and the fringe field between the top-surface and
core (illustrated with purple lines).

B. Empirical equation in VLSI applications

In VLSI applications [24], a schematic to illustrate the
parasitic capacitance with considering the fringe field effect is
presented in Fig. 4.

_p‘ ~ - y /’T”_Cﬁ_
Ly L vy ' ™ 4
C Cpp %/, Cs

—l_ i
\\\\\\\\\\\\\\\\\\\\\'\\\\\\\\\\\\\\
Fig. 4 Schematic of a chip and ground in VLSI applications

In Fig. 4, Ci, G5, G5, and Cy4 are the parasitic capacitance
contributed by the fringe field. Cp, is the parallel capacitance
between the bottom surface and reference ground. An
empirical equation [25], which is widely used in VLSI
applications, is given to calculate the total parasitic
capacitance.

Cou =C+C,+C+C,+C,

total
0.25 0.5 1
~ee x| L40.7741.06x| 2| +1.06x| L M
h h h

However, there are some restrictions for applying the
empirical equation in calculating the parasitic capacitance of
copper-foiled inductors:

1) Only applicable for the cases with simple structures. In
VLSI applications, the structure of the conductor is
with only one layer. The conductor is assumed to be
surrounded by the same material, therefore, only one
relative permittivity is used in (1).

2) Only applicable for the cases with specific geometrical
structures. The empirical equation requires w/i > 0.3
and #/h < 10. Otherwise, it can introduce significant
errors.

3) The calculated capacitance by the empirical equation is
the static capacitance, where the voltage potential on
the inductor is assumed to be the same.

For the copper-foiled inductor illustrated in Fig. 1, it has a
more complex geometrical structure than the structure in Fig.
4. Besides, the voltage potential is distributed linear on the
windings in practice, where the calculated static capacitance
from the empirical equation cannot be correctly revealed the
energy stored in the electrical field, which is typically
represented by the dynamical capacitances.

C. Physics-based modeling method of the fringe field
capacitance

The parasitic capacitance contributed by the fringe field is
modeled as two independent capacitances, which are, the
fringe field capacitance between the sidewall and core of the
inductor, and the fringe field capacitance between the top-
surface and core. The static capacitances are derived first. The

0885-8993 (c) 2020 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.

dynamical capacitance will be modeled based on the derived
static capacitance.

Some assumptions are made before modeling the fringe
field capacitance:

1) The electrical lines between the sidewall of winding and
core are assumed to be an arc of a 90-degree sector, which is
illustrated in Fig. 5(a), where the electrical field is orthogonal
to the conductor surfaces.

2) The electrical lines between the top-surface and core of
the inductor are the arc of a half-circle plus a straight line,
which is also illustrated in Fig. 5(b). The electrical field is
orthogonal to the conductor surfaces. This is an approximation
for describing the field line between the top-surface and core
of the inductor shown in Fig. 5.

3) The voltage potential on the sidewall of winding is
continuous. The sidewall of the mylar-foil is assumed to have
a virtual voltage potential, which is contributed by the fringe
field from the top and bottom surface of each copper-foil
approximately. However, it is only applicable for the cases
that we>>d., which is not strict for normal copper-foils. A
schematic to illustrate the assumption is presented in Fig. 6.

4) The core is a perfect conductor. The voltage potential on
the core is always the same.

5) The voltage potential on the same layer is assumed to be
the same. The error introduced by this assumption can become

less when the number of layers is larger.
(b)

Fig. 5 Elementary capacitances contributed by the fringe field. (a)
elementary capacitance between the sidewall and core; (b)
elementary capacitance between the top-surface and core.

(I )

et N

(a)

|
;P1+d1

)

\\\
)

J)

[ h

)
Fig. 6 Approximation made for distributing the voltage potential
continuously on the sidewall
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C.1. Static capacitance

In order to calculate the static capacitance contributed by
the fringe field, all copper-foils are assigned to have the same
voltage potential. The capacitance contributed by the fringe
field is classified into two parts, which are the capacitance
between the sidewall of winding and core, and between the
top-surface and core, respectively.

C.1.1 Static capacitance between the sidewall of winding and
core

The elementary static capacitance contributed by the fringe
field between the sidewall of winding and core is derived in (2)
according to Fig. 6.

C, . ——2tabudh @)

-l +p+d)

[ is the direct distance between the elementary capacitance
and the start point at the sidewall. g4 is the dynamical relative
permittivity, which is contributed by both air and mylar-foils.
At different layers, the contributed ratio on the equivalent
permittivity of the mylar foil and air are different due to the
different geometrical structures. Therefore, €41 should be
related to the position of the elementary capacitance, which
can be approximately presented as (3).
1+¢,

p +d + A

Ey R 3)

The equivalent static capacitance between the two sidewalls
of winding and core for single winding in 2-dimension is
presented in (4).

L +p +d,

Lyinding
Czdisc = 2J‘0 Cclcfsc
4
_ J-twmdmg 28d1 80 i ( )
0 7(l,+p +d,) 1

A coefficient two is used in (4) since there are two sidewalls
in each winding.

C.1.2 Static capacitance between the top-surface of winding
and core

Similarly, the elementary static capacitance contributed by
the fringe field between the top-surface of winding and core is
derived in (5) according to Fig. 5.

Cclc te gdz go dlz (5 )
- nl+p+d +t

winding

[ is the direct distance between the elementary capacitance
and the start point at the top surface. €4, is the dynamical
relative permittivity, which can be presented as (6).

1+¢,

p +d + Ttwinding +7l, —
Ep = (lz<—)
pl + dl + twinding + 7[[2 2 (6)
w_ —WwW,
Ep =1 4, = %)

The equivalent static capacitance between the top surface of
winding and core in 2-dimension is presented in (7).

Czdgc = 2‘[0%] C

ele_tc
7)
Wil EHE, (
=2f i dl,
Ozl +p +d +t
Due to the same voltage potential on all copper-foils, there
is no parasitic capacitance between adjacent layers. The

equivalent parasitic capacitance between the inner layer and
core is derived as (8).

winding

€ EoWhil
CZdilc =
d, +p +d, ®)

_dig,+p +d ¢

" dm + p 1 + d
Then, the total 2D equivalent capacitance illustrated in Fig.
4 is presented as (9).
Czditotal = C2disc + C2d71c + CZdﬁ]c )

By substituting the geometrical and material parameters
used given at the beginning of Section III-A, a comparison of
parasitic capacitance obtained using the FEM simulation, the
empirical equations and the proposed modeling method versus
the number of copper-foil layers is given in Fig. 7, where the
proposed model shows a better agreement with FEM
simulations than using the empirical equation (1).

180y T T T T T T T T
160r
140
120r
100r
80r 1

60r 1
== FEM simulation
401 —#&— Empirical equation
20k Proposed method

Parasitic capacitance (pF)

0 . . . . . . . .
0 5 10 15 20 25 30 35 40 45

Number of layers
Fig. 7 Comparison of the static capacitances obtained using the FEM

simulation, the empirical equations, and the proposed modeling
method [24], respectively.

C.2. Dynamical capacitance

The dynamical capacitance is dependent on both static
capacitance and practical voltage potential disturbance. Three
cases with different voltage potential distributions are
considered in this paper. The dynamical capacitance between
the sidewall of winding and core, between the top-surface and
core are calculated, respectively.

In Fig. 8, the voltage potential on the inner layer is assumed
to be 0, where the voltage potential on the outer layer is
assumed to be V1.

Case 1: Core is floating. The schematic of Case 1 is
illustrated in Fig. 8(a). [14] indicates that the core potential is
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floated around (0+77)/4 in inductors with multiple layer
structures. 0 and V7 are the voltage potential at the terminals of
the inductor.

Case 2: Core is connected to the hot layer, where the core
potential is equal to 0. The schematic of Case 2 is illustrated in
Fig. 8(b).

Case 3: Core is connected to the cold layer, where the core
potential is equal to V;. The schematic of Case 3 is illustrated

in Fig. 8(c).
Cold laycr
V) e A AT - 1
. '
4 * ¥
0 v L0
v Hot layer iy
()
Cold laycr
V) e A AT - 1
. '
0} v 0
v Hot layer iy
(b)
Cold laycr
Vi s 1
.
* 4
> * A
0 ] v 0
N Hot layer 4
(©)

Fig. 8 Schematic of the winding with linear voltage potential
distribution. a) Casel: Core is floating; b) Case 2: Core is connected
to the hot layer; c) Case 3: Core is connected to the cold layer.

In the three cases, the voltage potential on the copper-foils
is distributed linearly. Therefore, the voltage potential is not
equal at different layers of foil-winding. The energy-
conservation law is used to derive the dynamical capacitance
in this section.

C.2.1 Dynamical capacitance between the sidewall of winding
and core

In Case 1, the elementary energy stored between the
sidewall of the winding and core is presented as (10).

sc_casel 2 ele_sc

2
aw.__=lc (0—0+If‘j+(l/]—0) h
N N 4 twinding

2
1 Enko (0_0+VIJ+(VI_0)
27l +p +d,) 4

where the total energy is given as
Wscicasel ZZ_U. A dwscicasel

2
2
“- Euéo 0— 0+V1 +(Vl ~0) ll dll
Al 2 ﬂ.(l +pl +d ) 4 twinding

(11
Al is the surface of the sidewall of the winding in 3-
dimensional. Since there are two sidewalls in a single winding,
there is a coefficient 2 in front of the integration.
Then, the equivalent sidewall-to-core capacitance to
represent the stored energy is derived by

1
¥, -1y

l 2
! } dl,
twinding

(10)

C

sc_casel 2 eq_sc_casel

2W,

_ sc_casel

¥, -1y

Similarly, the equivalent sidewall-to-core capacitance in
Case 2 and Case 3 is presented as (13) and (14), respectively.

(12)

eq_sc_casel

2
28 £ /
ZWMM
eq_sc_case2 (VIT)Z
(13)
2
e =2l et s 0o
_2We cases
eq_sc_case3 v, - 0)

(14)

C.2.2 Dynamical capacitance between the top-surface of
winding and core

In Case 1, the elementary energy stored between the top
surface and core is presented as (14).

2
1
dwtcicasel = E Celeitc |:[ VI ) (V 14 ) }
twmdmg

2
SR [[VI—OW‘}(V[—VI) Ll a,
2zl +p +d + Lyinding [ 4 winding

0+7,

(15)

If the boundary surface of the top layer in the winding is

defined as A2 in 3-dimensional, the equivalent top-surface to
core capacitance in Case 1 is obtained as
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2
tc casel — J. gdzgo Vl 0 V + (V V) l dlZ
23 7l + P+ dy + 1 nging 4 t

winding
2W,

tc_casel

-0y’

eq_tc_casel

(16)
Similarly, the equivalent top-surface to core capacitance in
Case 2 and Case 3 is calculated as (17) and (18), respectively.

2
Epéy L
c_case2 (V_0)+(V_V) dl
W caser .[.[42 27l +p +d, 1 inding |: : b winding ’
2chicase2
eq_tc_case2 (V] _ 0)2
(17)
l 2
Ep€
W -9 2&o V—VY+ (V. = V,)—2 dl
fe-case3 IIAZ 2 7[[2 + P + dl + twindmg |:( I I) ( 1 I)t“’i“di“g} :
2chicase3
eq_tc_case3 (VI _ 0)2

(18)
C.2.3 Dynamical capacitance in total

To sum Cegsc and Ceqe in the three cases, the dynamical
parasitic capacitance Ceq fringe contributed by the fringe field in
the single winding is presented in (19).

eqfringe_casel = Ceq;scicasel eq_tc_casel
= 19
eqfringe_case2 Ceq;scicaseZ + CqucfcaseZ ( )
=C,

eqfringe_case3 eq_sc_case3 + eq_tc_case3

IV. TOoTAL CAPACITANCE

Besides the fringe field capacitance, the inner layer to core
capacitance, layer to layer capacitance, and winding-to-
winding capacitance need to be considered in order to obtain
the total capacitance of the copper-foiled inductor, where the
basic principle has been introduced in [22]. However, the
equations of the copper-foiled inductor are not exactly the
same due to the different geometrical structures.

The equivalent inner layer to core capacitance Ceqic 1S
calculated for Case 1, Case 2 and Case 3, respectively.

Ciate case
eqlc_casel ( 16 4

A3 n,lc Ie
1 20
chlcicascz - W II A3 Cclcilc ( )
3m* -3m+1
eqle_case3 T IJ. A3 Cclcilc

where Cele ic1s the elementary capacitance between the inner
layer and core, A3 is the boundary surface of the inner layer of
the copper-foil inductor.

Based on the geometrical structure of the researched
copper-foil inductor illustrated in Fig. 1 and the parameters are
given in Table I, the equivalent permittivity 43 between the
inner layer and core of the researched copper-foil inductor,

which is dependent on the geometrical structure and material,
is given as

p+d& +p,
. w, +d, ! @1
3=
p+d, +p,

Then, the equivalent permittivity used for calculating
the fringe field capacitance between the sidewall of
winding and core, which is fully dependent on the
geometrical structures and material information of
designed inductors, is given in (22), approximately.
(I+¢&) /

1

(p+d, +py)es +

(22)

gd 1_new ~

L+p +d +p,

The equivalent permittivity used for calculating the fringe
field capacitance between the top-surface of winding and core
is given in (23).

(1+&,)
(pl + d] + p0)6d3 + twinding + ”12 w
gd27ncw = (12 <
pl + dl + pO + twinding + ﬂ-l2
Wm - WC
gd27new = 1 (lz 2 2 )
(23)

The equivalent capacitance between two adjacent layers is
defined as (24). Due to the cylinder structure of the winding,
the boundary surface of the inner layers is always less than the
outer layers. Therefore, in order to simplify the model, the
average boundary surface 44 of all layers is used to be the
surface integral. Ce 11 is the elementary capacitance between
two adjacent layers.

C

eql]

~ED ], 4)

The equivalent capa01tance between the two windings is
quite dependent on the geometrical structure and winding
layout. If the two windings are totally symmetrical, there is no
parasitic capacitance. However, the geometrical structure
illustrated in Fig. 1 is a quasi-symmetrical structure. Therefore,
the equivalent capacitance between the two windings has to be
considered. A schematic to illustrate the capacitive couplings
between the two windings is given in Fig. 9. The voltage
potential on the start point and endpoint of winding is assumed
as Vi and (m-1)V1/m, respectively.
The equivalent winding-to-winding capacitances in the Region
I and II are presented as (25). A5 1 represents the boundary
surface in 3-dimensional of Region I illustrated in Fig.§,
where 45 2 represents the boundary surface in 3-dimensional
of Region II. €43 and €44 are the equivalent permittivities in
Region I and II, respectively. Ceq ww is the sum of the
equivalent capacitance in Region I and II.

It is worth to mention that the elementary capacitances
Cele_1c, Cele 11, Cele_ww can be calculated according to [22].

The total capacitances for three cases are obtained by
summing the equivalent capacitances in (19), (20), (24), and
(25).
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. V2t 6, +20 +w,
@ \/Etm +\/El3 +w,
2WWW71
eq ww_1 (ml/l _0)2
’ (25)
W, , :Jf 1wty LA dl,
- 22w +2t | 4m(a+Db)
o = 2e,t, +wW,
®2 w,
o W
eq ww 2 (mV; _0)2
CSCLWW = 2C”eq;wwﬁl + Ceq;wwj

m-1)V\/m+bV/4a+4b
(m-D% 3 2m—l)V]/m

(m-1)V/m
(4m-3)V /Ay

HeWw )
() b‘ > [y

Current direction Region: 11
(m-D)Vi/m+Q2b+a)Vy/
(4a+4b)

I3
(m-1)Vy/m+aV,/(4a+4b)

)

Current direction

(4m-3)V1/4m

Region: 1

Cm-1)V\/2m

(m-1)V\/m+(2b+a)V,(4a+4b)

Fig. 9 Schematic of the capacitive coupling between two windings.

Case l: Ceqlutall :Ceqfringe_casel + Ceqlc_casel + Ceqll + Ceq_ww

. = 26
Case 2 . Ceqtotalz Ceqﬁ'ing6703562 + CeqlcicaseZ + Ceqll + Celw ( )
Case 3 CeqtotaB :Ceqfringe_caseS + Ceqlc_case3 + Ceqll + Ceq_ww

A three-terminal equivalent circuit is illustrated in Fig. 10
for representing the copper-foil inductor.

Cll

th I_NNWTI Pcoli

Core

Fig. 10 Three-terminal equivalent circuit to represent the copper-
foiled MV filter inductor

Pt 1s the terminal at the inner layer (hot layer), Pcowis the
terminal at the outer layer (cold layer). The equivalent
capacitance between the two terminals is Cy, where the
equivalent capacitance between the terminals and core are Cici
and Cie, respectively.

Based on [22], the three equivalent capacitances in Fig. 10
are calculated by

0885-8993 (c) 2020 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.

C _ C 4 thl th2
eqtotall — “tt C C
tcl + tc2
- 27
CeqtotalZ - Ctt + thZ ( )
Ceqlotal} = Ctt + thl

V. MODEL VALIDATIONS

The parasitic capacitances of the copper-foil inductor
introduced in Section II are analytically calculated by using
the equations derived in Section IV.

A 10 kV/8 A copper-foiled inductor is manufactured based
on the schematic given in Fig. 1, where the pictures are
presented in Fig. 11.

I llr‘
|
1

—

(a) Front view (b) Side view
Fig. 11 Pictures of the manufactured copper-foiled MV filter inductor

A. Theoretical calculation results

By using the derived equations (2)-(27) and physical
parameters of the copper-foiled inductor, the calculated
equivalent fringe field, inner layer to core, layer-to-layer, and
winding-to-winding capacitances for the three different cases
are listed in Table III. It is worth to mention that the calculated
capacitances are only valid before the first resonant frequency
of the copper-foiled inductor due to the assumptions used for
calculating the elementary capacitance.

Based on (27), the three-terminal equivalent circuit of the
researched inductor is presented in Fig. 12. The inductance
value is used as the rated value of the researched inductor.

52.1 pF

OmH (P E!!Z | 30mH (Peon)
30 mH

278 pF 132 pF

Core

Fig. 12 Calculated three-terminal equivalent circuit of the researched
copper-foiled MV inductor

B. Experimental verifications

In this section, the parasitic capacitances of the copper-
foiled inductor are measured to verify the theoretical analysis
using a Keysight E4990A impedance analyzer [33] and its
adapter 16047 [34], where the accuracy is between 0.1% and
1% for the measured impedance smaller than 100 kQ. Before
measuring the impedance of the inductors, both open-loop and
short-circuit calibrations are applied to guarantee the
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Table III Total capacitance for the three different cases

. Equivalent fringe | Equivalent layer to | Equivalent inner layer | Equivalent winding-to- Total
Case Description . . . . . .
field capacitance layer capacitance to core capacitance winding capacitance capacitance
Casel Core is floating 6.1 pF 1.3 pF 61.1 pF
Case2 | Core is connected to Phot 11.6 pF 53.7 pF ~0 pF ~0 pF 65.3 pF
Case3 | Core is connected to Pcold 4.8 pF 21.5pF 80.0 pF

measurement accuracy. A picture of the experimental setup is
given in Fig. 13.

The conventional measurement method and the guarding
measurement method are used to measure the parasitic
capacitance for the three different cases, where the core
potential is different, as discussed in Section V. The principles
of the two measurement methods are well described in [35].
The measured impedance is fitted by using an equivalent LC
parallel circuit, which is integrated in Keysight E4990
impedance analyzer. Then, the inductance and capacitance of
the equivalent LC parallel circuit are obtained.

y AR

—

ight E4990

Fig. 13 Experimental setup for measuring the parasitic
capacitances in an MV copper-foiled inductor

Fig. 14 shows the comparisons between the calculations and
measurements. The dc-bias voltage and current are selected as
0 V and 0 mA in these three researched cases. More tests
under different dc-bias voltage and current are measured,
which is however, do not show any difference on the
impedance around the first resonant point.

The value of inductance in the calculated impedance is
derived with the known value of the designed (rated)
inductance. Fig. 14(a)-(c) is the comparison between the
theoretical calculations and measured impedance using the
conventional measurement method. Fig. 14(d)-(f) is the
comparison between the theoretical calculations and measured
impedance when using guarding technology. Since there are
no damping resistors in the calculated equivalent circuit, the
magnitude at the resonance point in Fig. 14(a)-(d) is infinitely
high. Therefore, the frequency of the first resonant points
matches well, which means the calculations are close to the
measured results. In Fig. 14(e) and (f), the calculated

impedance before the first resonant point (is smaller than
IMHz in this paper) is close to the measured impedance. The
numerical comparisons are also given in Table. IV. Overall,
the theoretical calculations show good agreement with the
measurements.

C. Comparisons

The modeling method introduced in [22] is used to calculate
the parasitic capacitance of the same copper-foiled inductor,
with the same geometrical and material parameters. The
comparisons among the calculated three-terminal equivalent
circuit using the method in [22], proposed method, and two
different modeling methods are presented in Table I'V.

For the three cases, compared to the measurements by using
guarding technology, the calculated parasitic capacitance
without considering the fringe field has 11.2%, 15.2%, and
13.5% error in three cases, respectively. The errors of
calculations using the proposed method in the three cases are
1.0%, 3.2%, and 7.8%, respectively. The proposed modeling
method has better accuracies with considering the fringe
electrical field effects.

For the calculated three-terminal equivalent circuits, it can
be found that the measured capacitance between Pcog and G is
11.0 pF by using the guarding technology, instead of the
theoretical calculations 0 pF by using the modeling method in
[22], which means the modeling method [22] fails to
characterize the capacitance between the terminals and core.
However, this capacitance is successfully characterized by
using the proposed modeling method, where the fringe field
effects is important in modeling the parasitic capacitances in
copper-foiled inductors.

D. Error analysis

The values of the geometrical and material parameters in
the manufactured inductor cannot be the same as the designed
value since the complex structure is utilized in the copper-
foiled inductors. Several assumptions are made to simplify the
electrical field distribution for analytically modeling the
parasitic capacitance, which can introduce errors to the
calculations. Besides, the measurements can also introduce
errors. Especially the values can be easily changed by
temperature, humidity, and so on. As can be seen from Table
IV, the maximum difference between using two different
measurement methods is close to 2%. However, in this article,
the maximum error is observed as less than 10%, which is
acceptable compared to relevant research [14], [22], [36], [37].
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Fig. 14 Comparisons between the calculations and measured impedance (dc-bias voltage 0 V and current 0 A). (a)-(c) are Case 1, Case 2 and
Case 3, respectively, by using the conventional measurement method; (d)-(f) are Case 1, Case 2 and Case 3, respectively, by using the
measurement method with guarding technology.

Table IV Numerical comparisons of parasitic capacitances between the measurements and calculations

. . . ted it
Case Calculations Calculations Measured capacitance bai}(:in(\)/zrtge rcrifz:llr:rr;ceilts
(w/o considering the fringe field [22]) (Proposed method) (Normal measurements) with guarding method

Case 1 53.7 pF 61.1 pF 61.2 pF 60.5 pF
Case 2 53.7 pF 65.3 pF 65.3 pF 63.3 pF
Case 3 75.1 pF 80.0 pF 85.1 pF 86.8 pF
Two-terminal 337 pF 6L.1 pF 61.2 pF 60.5 pF

equivalent circuit Pho ElT cod P 30 i o Pha 30 mH Peua Pin 30 mH i
54.6 pF 52.1 pF 51.3 pF 52.3 pF

Three-terminal Phot cold Phot, Peou Phot Peaa Phn'Tm_l__Pmld

equivalent circuit 215pF 20 0 27.8pF 7 20 ™ L1308 33.8pF 50 ™ 214 0 pF 32.5pF 3 20 M2y gpF

G G Core E

E. Recommendations for reducing the parasitic capacitances

Two recommendations for reducing the parasitic
capacitances in copper-foiled inductors are obtained based on
previous theoretical analysis:

1) The parasitic capacitance between two adjacent layers is
able to be reduced with a larger number of layers used in the
winding, according to (24).

2) The parasitic capacitance between the winding and core
(fringe field capacitance and inner-layer-to-core capacitance)
is able to be reduced by using spacers with a larger thickness,
according to (15)-(18) and (20).

VI. CONCLUSIONS

The parasitic capacitances in copper-foiled MV filter
inductor paper have been modeled in this article. Besides the
conventional elementary capacitances, the elementary
capacitances contributed by the fringe electrical field have
been identified. A physics-based modeling method has been
proposed to analytically calculate the parasitic capacitance
contributed by the fringe electrical field, which is
computationally efficient. A three-terminal equivalent circuit
was further developed to characterize the couplings between
the terminals and the core of the inductors. The measurements
on a copper-foiled inductor have been presented. The
experimental results verified the validity of the proposed
modeling method, where the parasitic capacitance between the
cold terminal and ground was failed to be revealed in the
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conventional modeling method without considering the fringe
effects. Two recommendations for reducing the parasitic
capacitance in copper-foiled inductors are also given in this

paper.
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