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Abstract—The analytical modeling of parasitic
capacitances in inductors is commonly based on the
energy-conservation law. Yet, in order to calculated the
equivalent capacitances of inductors, the floating voltage
potential of magnetic core is required to be pre-known in all
previous modeling methods. This letter proposes an
analytical method for calculating the parasitic capacitances
of the inductors with low-resistivity cores, which does not
require any prior knowledge of the floating core potential.
The proposed modeling method can be extended to the
transformers as well as multi-terminal magnetic devices.
The experimental results verify the effectiveness of the
proposed method.

Index Terms— Parasitic capacitance, inductor, floating
core potential, analytical method.

[. INTRODUCTION

he modeling of parasitic capacitance in magnetic devices

attracts increasing attention in modern power electronics
applications [1-3]. Under the high dv/dt operations, the parasitic
capacitance of inductors contributes with the additional
capacitive current circulating in the circuit and result in more
switching noises, aggravating electromagnetic interference
issues [4], [5] and worsening the reliability of power modules
[6]. The setup and experimental waveforms of two different
inductors used in 5000V/12A double pulse tests are shown in
Fig. 1, where the inductor with air core (10 pF parasitic
capacitance) has a smaller current spike compared to the
inductor with amorphous core (60 pF parasitic capacitance),
since the smaller parasitic capacitances contribute to less
capacitive currents. Therefore, it is important to model and
reduce the parasitic capacitance of inductors and transformers
[71-121.

The physics-based modeling methods that are based on the
energy conservation law have been widely used in deriving the
equivalent parasitic capacitance of inductors and transformers
[8]-[11]. The inductor with a floating core is modeled as a two-
terminal component, where only one parasitic capacitance is
aimed to be identified [8], [10]. In order to simplify the models,
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the low-resistivity cores, e.g., nanocrystalline core, silicon steel
core, and amorphous core, are usually assumed to be perfect
conductors without any ohmic voltage drops in previous
research works [8], [10], [11].

Although effective, the previous methods have a common
restriction, that is, the floating voltage potential on the inductor
core needs to be known before modeling. The floating core
potential on the core can be identified by applying Kirchhoff’s
current law into a simplified lumped circuit of inductors [10],
but with limitations in characterizing the three-terminal
equivalent circuit of inductors. Finite-element-method (FEM)
simulations are also applicable to simulate the floating core
potential of inductors, yet it requires a 3-dimensional computer-
aided design model for initiating the simulations [10], where the
model complexity is still high for engineers.
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Fig. 1 Inductor current and output voltage in 5000V/12A double
pulse tests with two different inductors. (a) a picture of the DPT
setup; (b) 30 mH inductor with amorphous core, equivalent parasitic
capacitance is 60 pF; (c) 49 mH inductor with an air core, equivalent
capacitance is 12 pF.

The inductor with a grounded core can be described as a
three-terminal component, where the three capacitances
between the each of these terminals can be characterized
individually [11]. A similar method for characterizing the six
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parasitic capacitances in a four-terminal circuit is also
introduced for the planar transformer design [12]. However, the
method given in [12] is only applicable for analysis using the
FEM simulations as well as in final measurements, which is not
an analytical solution, and thus, the floating core potential is
simulated by FEM software directly (it is unnecessary to know
the floating core potential in practice measurements). Therefore,
it is still a challenge to find a general representation of the
parasitic capacitance in inductors without using the floating
voltage potentials of the cores.

Thus, this letter proposes a modeling method to analytically
calculate the parasitic capacitances in the inductors, which, in
contrast to conventional methods, offers one prominent feature:
no prior knowledge on the floating voltage potential of the core
is required. The inductor is characterized as a three-terminal
component first, where the floated core is regarded as an
individual terminal. Further, three equivalent capacitances
between the two terminals and the core are derived without
having a prior knowledge of the floating core potential, where
the parasitic capacitances between the terminals and core are
derived. Upon the three identified capacitances, a three-
terminal equivalent circuit of the inductor is built, which can be
readily simplified to a two-terminal equivalent circuit. Then,
the parasitic capacitance in the inductor with a floating core is
obtained. Finally, experimental results verify the theoretical
analysis.

[I. LIMITATION OF THE CONVENTIONAL APPROACH

In this section, the limitation of the conventional approach
for calculating parasitic capacitances of the inductors with
floating low-resistivity cores is addressed.

A. Static and dynamical capacitances

This paper classifies the parasitic capacitances into two
types: 1) static capacitance Cs, and ii) dynamical capacitance
Cgyn. The static capacitance is only dependent on the
geometrical structure and the physical properties of the
materials, thus with given geometrical structure and material of
the inductors, the static capacitance is constant. When the
inductor is being used in the circuit, the voltage drop occurs
across the winding due to the current flow, which gives rise to
capacitive couplings across different segments. Such capacitive
couplings will store the electrical field energy, where the
equivalent capacitance to represent the actual stored electrical
field energy is named as dynamical capacitance in this letter.
Both static capacitance and the voltage potential distribution
will determine the stored electrical field energy. The concept is
in line with the approach reported representations for the final
calculated capacitance. The dynamical capacity under dynamic
load can be a complex situation to handle but as will be shown
later can be managed using the energy-based approach which
gives an effective way of solving for the equivalent dynamic
capacitance [3], [8], [9]-[11], [15].

In this letter, the voltage potential in the winding is assumed
to be distributed linearly with the equal ohmic voltage drop AV
contributed by resistance and inductance, before the first
resonant point when the inductor is in active use. The voltage

potential on the core is equal due to the perfect conductor
assumption, where the low-resistivity cores are using.

B. Example of a two-dimension inductor

In order to intuitively elaborate the principle of both static
and dynamical capacitances in this letter, an inductor in two-
dimension (2D) is used as the example in this letter, where the
schematic is given in Fig. 2. It is noted that the modeling
method can also be applied to 3D structures. Here the 2D
inductor is chosen for the sake of simplicity.

Three static parasitic capacitances are considered in this
letter: 1) Static capacitance between two adjacent layers Cgar, i)
Static capacitance between the inner layer and core Cgualc, and
iii) Static capacitance between the adjacent turns Ciay.

It is mature to analytically calculate the static capacitances
Cstate, Cstan, and Cgay, with using the known geometrical
structures and material information [8], [10], [11]. Detailed
derivations of Ciaic, Cstall, and Cyare are also given in Appendix
A. The values of these capacitances depend on geometrical and
material parameters. The static capacitances mentioned in this
paper are also named “inherent capacitances” in [10], “lumped
capacitances” in [11], and “disconnected capacitances” in [8].

In order to calculate the dynamical capacitance, an accurate
voltage potential of the floating core is required to be pre-
known, which will significantly influence the calculated
dynamical capacitance Cgynic between the winding and core.

~“Store electrical-field energy
(Cagne)
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J_ Store electrical-field energy J_
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| | |

Fig. 2 Schematic of the electrical-field energy stored
in between the winding and core (Blue triangles represent the
voltage potential distribution in the winding)

It is assumed in the following that the voltage potential on
the core is Veore, the voltage potential at the terminal of the inner
layer is 0, and the voltage potential at the terminal of the outer
layer is Vi1, where Vi=nmAV. Cgynic 1s derived as (1) according

o [11]. The edge effects (fringe electrical field) are neglected
in order to reduce the complexities the analytical model of the
exampled 2D inductor.

| ) 7474
dynlc = 12 (;2_ Lot +3Vctz)re Cstalc
3 km m
4(m-1)
Cdynll = 3 Coar (D
~m(n-1)

dyntt (nm)z statt
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where m is the number of layers. The detail derivations of Caynic
and Cgynn are attached in Appendix B.

According to (1), both Caynit, Caynic, and Caynye depend on m,
but it is noted that Caynic additionally depends on the floating
core potential.

USing C'dynl(:/ Cstalc, Cdynll/ Cstall, Cdyntt/ Cstatt, Vcore/ Vl, and m as
the variables, (1) are represented by three figures given in Fig.3
(here n is assumed as 1). It can be seen that Cyynic/Cstae Will
significantly change under different core potential and the
different number of layers, whereas Cayni/Cstan and Cayni/ Cstart
are independent of the different core potential.

If the inductors with floating low-resistivity cores are
represented as two-terminal equivalent circuits, only one total
equivalent parasitic capacitance is needed whcih can be
expressed addressed as (2).

C =C,_ +C,. +C Q)

total = dynlc dynll dyntt
C. Limitation

It can be found that different floating core voltage potential
finally results in a different dynamical capacitance between the
winding and core, which will also influence the total equivalent
capacitance of the inductor.
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Fig. 3 Variation of (a) Caynie/ Cstaic; (b) Caynll/ Cstan; (¢) Cdyntt/ Cstatt(n=1)
with respect to different core voltage potential and number of layers.

In practice, with a given geometrical structure and input
voltage of inductors, there is only a single deterministic value
of the floating core potential. Thus, it is significant to get an
accurate value of the floating core potential before modeling,
where this value is calculated by estimations, simplifications or
simulations in all previous research, which are either time
consuming or inaccurate.

[ll. PROPOSED MODELING METHOD

In contrast to using a two-terminal equivalent circuit to
characterize the inductors with floating cores in previous
research, this letter proposes using a three-terminal equivalent
circuit, where the core is regarded as the third terminal of the
circuit. Therefore, three capacitances, instead of one
capacitance in the conventional method, need to be modeled in
the proposed modeling method. The same two-dimension
inductor illustrated in Fig. 2 is used in this section for
elaborating the principle of the method.

Three different configurations given in Fig. 4 are used for
numerical calculations, where the floating core potential is not
needed in any of the three configurations.The terminal at the
inner layer is defined as hot terminal Py, with a given voltage
potential Vo, where the terminal at the outer layer is defined as
cold terminal Pcoq with a given voltage potential V.

A. Configuration 1

In this configuration, the current flows through the winding
due to the different voltage potential at the terminals Py and
Pcoa. Therefore, the voltage potential on the winding is linearly
distributed. The core is connected to Pho, then the voltage
potential on the core is clamped to the same voltage potential as
Phot due to the “perfect conductor” assumption.

Using the inductor given in Fig. 2 as an example, the total
equivalent capacitance Ciorar1 in Configuration 1 is calculated as
(3). The derivations of the dynamical capacitances are given in
Appendix C.

totall = Cdynlc + Cdynll + Cdyntt
- - 3
_ 1 c +4(m 1) m(n 1)6 3)

2 stalc 2 stall statt
3m 3m

(nm)*
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According to the right figures in Fig. 4(a), the total equivalent
capacitance Cionl in Configuration 1 is also given as (4) from
the circuit model. Cy is the equivalent capacitance between Phot
and Peod. Cie2 1s the equivalent capacitance between Peoiq and
Core.

Cln(ul]

-V Vi v,
. P:uld (Pu, Core) L Peoa
' {
Py 7
0-O000000000000~ Vilm Cu
Phoc <L Peoa
Core potential =0 S te2
Core
(a)
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L " V2
i Phot T (Peoia» Core)
. Pcold i
0-QO000000000O0O+ Vilm Cy
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Fig. 4 Schematics for the three configurations. a) Configuration 1; b)
Configuration 2; ¢) Configuration 3.

Ctutall = Ctt + thZ

)
B. Configuration 2

Since the current flows through the winding, the voltage
potential on the winding is also linearly distributed in this case.
However, the core is connected to Py, then the voltage
potential on the core is V). Similarly, the total equivalent
capacitance Cioal2 of the inductor in Configuration 2 is derived
as (5) and (6) in physics and circuit levels, respectively. Ci is
the equivalent capacitance between Pn, and Core. The
derivations of the coefficients of dynamical capacitances are
given in Appendix D.

3m*-3m+1 4(m-1) m(n-1)
Ctotalz = 2 stalc 2 stall 2 statt
3m 3m (nm)
®)
CtotalZ = Ctt + thl (6)

C. Configuration 3

The terminal Pyt and Peoq are shorted and clamped to the
voltage potential V;. The voltage potential on the core is
clamped to the voltage potential 0. Therefore, there is no current
flow through the winding, which means there is no ohmic
voltage drop. Then the total equivalent capacitance Cioiz 0f the
inductor in Configuration 3 is derived as (7) and (8),

respectively. The derivations of the coefficients of dynamical
capacitances are given in Appendix E.

Ctotal?) = Cstalc (7)
C = thl + thZ (8)

total3

It is worth mentioning that the voltage drops between
segments of the same winding are zero, since there is no current
flow through the winding. Thus, the dynamical capacitance s
contributed by neighbour layers and neighbour turns are zero in
this configuration. Moreover, according to the derivations in
Appendix E, the coefficient for Cyynic is only one. Thus in (7),
the total equivalent capacitance is exactly equal to Cgalc.

D. Combination

By using (3), (5) and (7), the total capacitances are
analytically calculated based on the geometrical structure and
material information. Then, Cy, Ci1, and Ci; in the three-
terminal equivalent circuit are derived by using the calculated
Ciotatl, Crota2, Crotais, (4), (6), and (8). Once the three-terminal
equivalent circuit shown in Fig. 5 is obtained, it is also able to
be converted to a two-terminal equivalent circuit, which
represents the same inductor when its core is floating. The total
equivalent capacitance of inductors with a floating core is
calculated as (9).

Cu Cy
l'_l_'l ¢ —
Core thl C!cZ

Fig. 5 Converting the three-terminal equivalent circuit to the
corresponding two-terminal equivalent circuit when the core is
floating

c .C
Coa :C + tcl ~ te2 (9)
o ‘ thl +th2

Throughout the calculation of capacitance in (3)-(8), the
equivalent capacitances of the inductors with a floating core or
grounded core is calculated, where the floating voltage potential
on the core Veore is not required.

It is worth mentioning that the(1), (3), (5), and (7) are
dependent on the geometrical structures and material of
inductors. Thus, (1), (3), (5), and (7) are only valid for the
inductors with the inductor shown in Fig. 2 and Fig. 4.
However, the (4), (6), (8), and (9) are general for all inductors,
which are the equivalent representations of three-terminal
equivalent circuits, and not limited by the geometrical
structures and material of inductors. The calculated parasitic
capacitances are valid up to the first resonant frequency of
inductors, due to the assumption made before the derivation [8],

[11],[15].

IV. EXPERIMENTAL VERIFICATIONS

An MV copper-foiled filter inductor is used as the case study
for verifying the principle in this letter. The impedance of the
inductor in the above three different configurations are
measured by using a Keysight E4990A impedance analyzer and
its adaptor 16047 [13], from 20 Hz to 120 MHz [14] . Then a
circuit model (LC parallel circuit in Configuration 1 and 2,
single C circuit in Configuration 3) is applied to fit the
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Table I Numerical comparisons of the experimentally measured and calculated parasitic capacitances of the inductor

Cayle Cayi Cowi(Calculations) Comi(Measurements)
Configuration 1 11.6 pF 53.7 pF 65.3 pF 65.5 pF
Configuration 2 26.4 pF 53.7pF 80.0 pF 84.9 pF
Configuration 3 42.1 pF 0 pF 42.1 pF 449 pF

Table II Numerical comparisons of the parasitic capacitances for the different modeling methods

Methods Model in [11] Model in [15] Model in [10] Model in this letter
L L By calculating the val
By estimating the value as By estimating the value as sz(::l (;l;ihl:gsime l\i,;;;
Floating core potential the average potential in the 25% of the total winding . P Not needed
inner layer voltage drop circuit model and charge-
conservation law
. . . X .8 pF
Two-terminal 65.3 pF 61.1pF 60.9 pF 60.8 p
equivalent circuit Phot T Peoa Phot T Peaa Phot T Peoa|  Phot T Peoa
65.2 pF 52.1 pF 51.6 pF
Three-terminal Phot T,:%T‘Lr Peoa Phot T Peoa Not valid Phot _l_,ji’:‘_l_ Peoa
; o 14.7 pF 0 pF 27.8 pF 13.2 pF 28.4 pF 13.7 pF
equivalent circuit
Core Core Core

T | I 108 T I
Cy Cy H Measurement
10— st Measurement 1010+ i Measurement| | o SR s
10 Puoc *IJ:JI(,QT Peoa Calculation Puoc T% Pooa Calculation . | Calculation
Ca T T Ca Ca T T Ce 105 Frmmmo e
a Core a Core % S E | ;
Et Configuration 1 T Configuration 2 e i i e B e
< ] s 107FT : sty
S10°F 108 1% . N
é- [ é g Cet C j
g : : v = dl - 1()2 Fn Core
N \4_ Configuration 3 W\
10° 10° : : :
10° 10 10° 108 10° 10* 10° 108 10° 10* 10° 108
Frequency (Hz) Frequency (Hz) Frequency (Hz)
(a) (b) (c)

Fig. 8 Comparison between the measured and calculated impedance. (a) Configuration 1; (b) Configuration 2; (c) Configuration 3

Table IIT Measurements of the parasitic capacitances by using an impedance analyzer

. . Two-terminal equivalent Three-terminal equivalent
Methods Floating core potential . oq L q
circuit circuit
52.8 pF
2.0 pF
M t result Not needed el o g oua
easurement results ot neede Prot Peod 32.2pF 12.8 pF
Core

measured impedance, where either L or C values are obtained
as results [10], [11]. The calculated capacitances are only valid
before the first resonant frequency of inductors, due to the
assumptions made for deriving the static and dynamical
capacitances [3], [8], [10], [11], [15]. A picture of the
measurement setup is given in Fig. 7.

This inductor is constructed by two U-type amorphous cores,
which are electrically connected by the steel belt [15]. The two
windings are in parallel, where 190 layers of copper-foil are
used in a single winding [15]. Since the total capacitances
derived in Section II is only valid for the exampled 2D inductor,
(3), (5), and (7) cannot be used for calculating the total
capacitances of the copper-foiled inductor. However, the total
capacitances of three configurations can be calculated by using
the same method proposed in the letter and the derived static

capacitances for copper-foiled inductor in [15]. Then, with
using (4), (6), and (8), the three equivalent capacitances of the
three-terminal equivalent circuit are obtained.

-~ 10 kV/8A MV induc
with copper foil

-
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Fig. 7 A picture of the setup for measuring the
impedance and parasitic capacitances of inductors

With using (9), the equivalent capacitance of the copper-
foiled inductor with a floating core is obtained. The calculated
capacitances are listed in Table I and II. In order to plot the
equivalent impedance for three configurations, the inductance
of the copper-foiled inductor used in calculations is assumed to
be known as 30 mH as the designed value, where the impedance
is given in Fig. 8.

The total equivalent capacitances of the inductor in these
three configurations are measured by using the setup shown in
Fig. 7, where the measured impedances of the inductor under
three configurations are compared to the calculated impedance.

Fig. 8 compares the calculated impedances (red curve) with
the measured impedances (blue curve). In Fig. 8(a) and (b), the
calculated impedance has a large magnitude at the resonant
frequency since the damping resistance is not modeled in this
letter. With using the parallel LC circuit fitting analysis together
with the Keysight E4990A impedance analyzer, the equivalent
parasitic capacitances of the inductor with three configurations
are measured and listed in Table. I, where the fitted inductance
is 27.5 mH from the impedance analyzer.

The calculated parasitic capacitance is compared to three
conventional modeling methods and measurement methods in
Table I, which require to estimate or calculate the floating core
potential before calculating the total equivalent capacitance of
inductors. The first two columns by using the modeling
methods proposed in [11] and [15] are based on the estimations
of the floating core potential, where both two-terminal and
three-terminal equivalent circuits of the inductor can be
obtained. The third column is calculated by using the modeling
method proposed in [10], where the floating core potential is
analytically calculated. However, the modeling method [10]
can only obtain the two-terminal equivalent circuit. The last
column is calculated by using the proposed modeling method
of this letter, where both two-terminal and three-terminal
equivalent circuits are obtained without knowing the voltage
potential of the floating core.

The two-terminal and three-terminal equivalent circuits of
the MV copper-foiled inductor by using the measured results
are given in Table III. By comparing Table II and III, the
calculation by using the method in [11] has the largest error
since it only uses the average potential of the inner layer. The
calculation by using the method in [10] and [15] has similar
results to the calculation by using the proposed method.
However, the method in [10] does not reveal the parasitic
coupling between the terminals and core, where [11] and [15]
need to estimate the floating core potential.

V. EXTEND THE PROPOSED METHOD TO TRANSFORMERS

Although the research subject of this letter is an MV inductor
with a grounded core and frame, which is a three-terminal
component, the proposed modeling method is possible to be
extended for the in transformers with more than four terminals.
Some suggestions are given by using an example of a
transformer with two windings (a four-terminal component) as:

1) The static capacitance of the transformer can be

calculated by using the same method in Appendix, based

on the geometrical structure and material information of
the transformers.

2) There are six equivalent capacitances in a four terminal
transformer with six different configurations. The first
four configurations can be obtained by modeling the
dynamical capacitance between one of the terminals and
the rest, where the rest of the three terminals are shorted
toghther. The last two configurations can be selected by
modeling the dynamical capacitance between the two
pairs of the shorted terminals. Each of these
configuration can be regarded as a two-terminal
configuration, which is the same as Section III of this
letter. Finally, the six equivalent capacitances can be
calculated by the dynamical capacitances for each of
these six configurations.

For a magnetic component with x number of terminals, x(x-

1)/2 configurstions are needed for deriving the equivalent
capacitances between any of these two terminals.

VI. CONCLUSIONS

This letter proposed a modeling method to analytically
calculate the parasitic capacitances for the inductors without
having the prior knowledge on the floating voltage potential of
the magnetic cores, while maintaining the comparable accuracy
as with previous methods. It is known that requring to obtain
the foating core potential is a complex procedure and this letterr
proposed a method to calculate capacitance without having the
prior knowledge of that. Experimental measurements verify the
proposed modeling method. The proposed modeling method
provides a general flowchart for modeling the parasitic
capacitances in magnetics with multiple terminals, which can
be further implemented to inductors and transformers with
arbitrary number of terminals
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APPENDIX

A. Derivations of the static capacitances in the exampled 2D
inductor

The elementary capacitances should be derived first [10]. In
the researched 2D inductor given in Fig. 2, there are two
elementary capacitances: 1) Elementary coating capacitance
between two turns dC(6); 2) Elementary air gap capacitance
dCy(0). These two elementary capacitances contributed to
elementary  turn-to-turn  capacitance and turn-to-core
capacitance, where their schematics are given in Fig. Al. Only
the elementary capacitance between the two adjacent turns are
considered since the capacitive couplings between two non-
adjacent turns are relatively small, which is neglected in this
research. This is a common concept in [3], [10], [11], [15].

Then the elementary coating and air-gap capacitance can be
presented as (A1), based on the geometrical information given
in Fig. Al. & is the relative permittivity of the coating, where
£ 1s the vacuum permittivity.

In Fig. A1 (a), if the length po in dCq1(0) is replaced by p,
then (A2) is obtained.
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Fig. A1 Schematic of the two basic elementary capacitances
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dC(0)= (A2)

deo

p, +2r,(1-cosd)
where (A1) will be used for calculating the static capacitance
between the inner layer and the core, (A2) will be used for
calculating the static capacitance between two adjacent layers.

The schematic of the researched 2D inductor is shown in Fig.
A2, which is composed by static turn-to-turn capacitance Cgay,
equivalent layer-to-layer capacitance Csai, and equivalent
layer-to-core capacitance Cialc.

------- m-th layer

------- Second layer

n turns in a single layer

------- First layer

Core

Fig. A2 Schematic of the 2D inductor with main geometrical
parameters and static capacitances
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These static capacitances are composed by the elementary
coating capacitance and air-gap capacitance. It is assumed that
each layer has the same number # of turns. The edge effects
(electrical fringe field) is neglected for simplifying the model.

Then Cguay, Csan and Cgare are presented as (A3), (A4), and
(AS), respectively. The integrated angle is [-n/2, 7/2].

1 _ 2 N 1
dCeleftum_m_mml(H) dCC(H) a’Cgl @) (A3)
€™ Ij,z,dcele,mm.m.mma)

1 _ 2 . 1
dC,, ymiorm2 (@) dC(0) dC,(0) (Ad)
Con=n de @)

1 _ 1 N 1
dC,, wmrocore(0)  dC(0) dC,(0) A3)
Coae=1] 2 C s ©)

:

B. Derivations of the dynamical capacitances in the exampled
2D inductor

The dynamical capacitances are dependent by both static
capacitances and voltage potential difference. A schematic for
illustrating the voltage potential distribution is given in Fig. B1.
In this part, the current is assumed to flow through the winding,
where the derivations are only valid for Configuration 1 and 2
of this letter.

Electrical-field energy stored
between two adjacent layers ( )
Electrical-field energy stored
between layer and core ( )
Electrical-field energy stored
between two adjacent turns (Cyy,)

———
000000000000 !

n turns in a single layer

AV

Core

Fig. B1 Schematic of the 2D inductor with three different
stored electrical-field between adjacent surfaces

Then the energy stored between the inner layer and core can
be written as (B1), based on the energy-conservation law [8].
The first line of (Bl) acts as the defining quantity of the
dynamical capacitance Cdynlc.
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Thus, the dynamical capacitance Caynic contributed by the
electrical field energy stored between the inner layer and core
is obtained as (B2).

|44
:i 1 _ 771 core +3V2 C

dynlc 3V12 mz m core stalc (Bz)

Similarly, the dynamical capacitances Cgynii and Cgyn are
defined and derived as (B3) and (B4), respectively.

E-fieldll 2 dynll (V 0)
(m-1)C_,
m/E-ﬁeld 1l Tt“ ( 1) (B3)
4(m-1)C stall
= Cdynll = th
1
Efield tt o 2 dyntt W -0)°
_ m(n - 1)Cstatt 3(L)Z (B4)
E-field_tt 6 — mn
m(n-1)C_
= Cdyntt = Tttt

C. Derivations of total equivalent capacitance in Configuration
1

In Configuration 1, the core is connected to the hot terminal
with 0 voltage potential. By substituting Veore=0 to (B2), Caynlc
of Configuration 1 is derived as (C1).

:LC (CI)

dynlc 3m2 stalc
Since the current is flowing through the winding in
Configuration 1 due to the different potential at the terminals,
the distribution of the voltage potential within the winding is
still the same as Fig. B1, before the first resonant frequency of
the inductor. Thus, Cgynii and Cayni are the same as (B3) and
(B4), respectively.

Based on (2), the total equivalent capacitance of
Configuration 1 is obtained as (C2).

1 4(m-1) . m(n-1)

Ctotall = 3m2 stalc + 3m2 ~ stall + (nm)z statt ( 2)

D. Derivations of total equivalent capacitance in Configuration
2

By substituting Veore=V1 to (B2), Cyynic of Configuration 1 is
derived as (D1).
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2
3m°-3m+1 (D1

dynlc - 2 stalc

3m

Since the current is flowing through the winding in
Configuration 2 due to the different voltage at the terminals, the
distribution of the voltage potential within the winding is still
the same as Fig. B1, before the first resonant frequency of the
inductor. Thus, Cayni and Cayny are still the same as (B3) and
(B4), respectively.

Based on (2), the total equivalent capacitance of
Configuration 2 is obtained as (D2).

3m* -3m+1 4(m-1)

2 stall

m(n-1)
(nm)z statt
(D2)

C

total2

2 stalc

3m 3m

E. Derivations of total equivalent capacitance in Configuration
3

As opposed to Configuration 1 and 2, the voltage at the
inductor terminals are equal in Configuration 3. Thus, there is
no current flow through the winding, where the voltage
potential is always the same within the winding, before the first
resonant frequency of the inductor. Thus, the electrical-field
energy stored between two adjacent layers is zero, where Cgynii
is also zero. Similarly, the electrical-field energy stored
between two adjacent turns is also zero, where Cayny 1S zero.

The electrical-field energy stored between the inner layer and
core is also different with (B1), which is re-written as (E1).

1

E-field,lc 2 dynlc

¥,-0)°
(ED)

M/E-ﬁeld,lc

:%((Vl-of +(V,-0)(V,-0)+(V,-0)")

Thus, the dynamical capacitance between the inner layer and
core of Configuration 3 is derived as (E2).

c. =C (E2)

dynlc stalc

Finally, to sum Caynii, Cayntt, and Caynic, the total equivalent
capacitance of Configuration 3 is obtained as (E3).

Ctotal3 = Cstalc (E3)
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