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Physics-Based Modeling of Parasitic Capacitance in
Medium-Voltage Filter Inductors

Hongbo Zhao
Jannick Kjer Jgrgensen, Xiongfei Wang
Stig Munk-Nielsen

Abstract—This article proposes a general physics-based model
for identifying the parasitic capacitance in medium-voltage (MV)
filter inductors, which can provide analytical calculations without
using empirical equations and is not restricted by the geometrical
structures of inductors. The elementary capacitances of the MV
inductor are identified, then the equivalent capacitances between
the two terminals of the inductor are derived under different
voltage potential on the core. Further, a three-terminal equivalent
circuit, instead of the conventional two-terminal equivalent circuit,
is proposed by using the derived capacitances. Thus, the parasitic
equivalent capacitance between the terminals and the core are
explicitly quantified. Experimental measurements for parasitic ca-
pacitances show a good agreement with the theoretical calculations.

Index Terms—Filter inductors, medium-voltage (MV), parasitic
capacitance, physics-based modeling, three-terminal equivalent
circuit.

1. INTRODUCTION

ITH the recent advancements of the Silicon Carbide
W (SiC) technology, the blocking voltage of SiC metal—
oxide—semiconductor field-effect transistor (MOSFET) devices
has been increased to 10 and 15 kV [1], which brings several
benefits to the medium-voltage (MV) power converters, such
as a simpler circuit topology [2], [3], and lower turn-ON and
turn-OFF switching energy dissipation than in Si devices [4].

Due to the faster switching behavior (higher dv/dt) of SiC
MOSFET devices, the parasitic capacitances of MV converter
systems are of significant concern [5]. The adverse effects of
the parasitic capacitances on the converter operation are recently
revealed, e.g., the transient heatsink grounding current [6], the
drain current oscillations caused by power modules [7]-[9], and
the common-mode current in the gate drivers [10], [11]. It has
been shown that the parasitic capacitance of MV filter inductors
can bring large spikes to the drain current and the load current
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[12], [13], which can be three times larger than the nominal
load current [13], and consequently deteriorate electromagnetic
interference issues [14] and accelerate the aging of the power
modules [15].

The modeling and analysis of the parasitic capacitances in the
MYV converter filters have also attracted increasing attention. The
physics-based modeling methods, which are based on the geo-
metrical structures of inductors, are widely applied to calculate
the parasitic capacitance of the filter inductors. Those methods
can be broadly categorized into two groups, i.e., finite element
methods (FEM) and analytical modeling methods.

The FEM models have better accuracy than the analytical
models. In those models, the commonly used FEM-based soft-
ware, e.2., ANSYS and COMSOL, are first used to extract the
parasitic electrical parameters of components by means of a
two-dimensional or a three-dimensional computer-aided design
(CAD) tool [16], and then, the RLC matrix can be exported at
certain frequencies [17]. Although convenient, this method has
two restrictions, i.e., it is time-consuming if the components
have complex structures and it is hard to derive design-oriented
insights that can map the geometrical parameters to parasitic
RLC parameters.

It is, therefore, of interest to develop the analytical modeling
methods for calculating the parasitic capacitance of inductors,
which is computationally more efficient and applicable for the
model-based design and optimization when compared with the
FEM-based alternatives [18]. Analytical modeling methods are
capable of fully characterizing the capacitive couplings in induc-
tors. Two approaches have been reported to derive the analytical
models.

The first approach is based on the energy-conservation model-
ing [18]-[22], which is developed by assuming the equal voltage
drops across the windings and using the energy-conservation
law. A relative capacitance of the two adjacent planes between
the two terminals of inductors can be derived, which is, however,
dependent on the capacitance when the two adjacent planes
are completely disconnected [19]. The empirical equations are,
therefore, widely used for deriving the capacitance when the two
adjacent planes are disconnected [19]-[22]. Yet, the empirical
equations are not precise when the geometrical structure of
inductors is complex, and hence, it is important to compensate
for the errors. For that purpose, an improved model with equiv-
alent relative permittivity is recently reported in [18]. However,
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the improved model is still not a general modeling method for
inductors with a complex geometric structure.

The second method is based on the lumped-circuit modeling,
which is, in theory, based on the charge-conservation law and
the equivalent circuit network [23]-[28]. The circuit network
is composed of multiple capacitances, where each capacitance
can be theoretically calculated based on the charge-conservation
law and the geometrical structure [23]. Although intuitive, the
computational burden of this approach increases with the ris-
ing complexity of the equivalent circuit network. In case that
the geometrical structure of the inductor winding is simple, the
explicit analytical equation of overall capacitance between the
two terminals of the inductor can be readily derived, based on
the symmetry of the circuit without considering inductive effects
[23]. However, when the geometrical structure is complex, or
the inductive effects are considered, it is difficult to simplify
the circuit network into the explicit analytical equations. It is,
therefore, necessary to solve the circuit by using matrix-based
calculators [27] and circuit-based simulators [28].

A common restriction of the previous analytical models is
the two-terminal circuit assumption, which is merely valid for
calculating the parasitic capacitance of inductors with a floating
core. Yet, the same does not apply to inductors with a grounded
core, since the inductor should be represented by a three-terminal
equivalent circuit. The IEEE Std. C57.12.01 requires to ground
the frame and core of the high-power dry-type transformers
[29] such that the extra common-mode current injectioncan
be observed [30], and thus the couplings between terminals
and core cannot be neglected. Although there are no specific
standards on the grounding requirements for high-power filter
inductors, their frame and core are usually grounded in practice
due to the safety requirements. Especially for the MV inductors,
the potential of the core can float with high value if not grounded,
due to the high voltages at the dc link and ac grid side.

Two major challenges can, therefore, be identified from the
prior art, which are summarized as follows.

1) The energy-conservation modeling is constrained by the
accuracy of the used empirical equations, while the
lumped-circuit modeling is limited by the computational
burden.

2) The two-terminal equivalent circuit is inadequate for mod-
eling inductors with grounded cores, where the capacitive
couplings between two terminals and the ground cannot
be overlooked.

To address these challenges, this article proposes a physics-
based modeling approach, where instead of directly using em-
pirical equations as in [19], the inductor is modeled first as
a circuit network of elementary capacitances, which are then
lumped as total capacitances between inductor terminals by
using the energy-conservation principle. Thus, a more general
and computationally efficient modeling procedure than the con-
ventional approaches is obtained. Further, based on the lumped
capacitances of inductors, a three-terminal equivalent circuit,
considering three different core potentials, is developed, which
not only enables us to characterize the capacitive couplings
between terminals and ground when the core is grounded but
can also be readily adapted to inductors with floating cores.
The calculations of the parasitic capacitance of the researched
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inductor by using the proposed modeling method have been
verified experimentally.

II. CAPACITIVE COUPLINGS IN MV INDUCTORS

An MV filter inductor is given as an example in this article.
The MV inductor is designed for a 5 kHz two-level voltage
source converter based on SiC MOSFETs with4.16 kV line-to-line
voltage and 6 kV dc-link voltage.

Two U-type amorphous cores are used for the magnetic loop
with a 2 mm air gap in between. Due to the high inductance of
the required filter inductor, the dual windings are designed with
a three-layer structure, which can increase the power density of
the filter inductor. There are 63 turns in each layer. With 189
turns of a single winding, a 30 mH inductance is achieved with
the dual windings. The inductor is designed to the rated RMS
current of 8 A.

Three schematics of the MV inductor are shown in Fig. 1 to
illustrate the physical structure. Fig. 1(a) is the CAD model of the
designed MV 30 mH inductor. Fig. 1(b) is the horizontal cross-
sectional view of the designed inductor. Fig. 1(c) is the vertical
cross-sectional view of one of the dual windings of the designed
inductor. As can be seen, some spacers are added between the
two adjacent layers to provide an extra distance for reducing
the equivalent parasitic layer-to-layer capacitance. Bobbins are
added between the inner layer and core for insulating the core
and windings. The key parameters of the physical structure of
the inductor are listed in Table I.

The values for the relative permittivity of the materials are
listed in Table II, which are identified from the datasheet.

The cables for windings are selected as DAMID 200 [31]. The
coating material of the cables is THEIC-modified polyester. The
bobbins are selected as UI/120/41 for c-type cores [32]. The
material of bobbin is Durethan BKV 30 H3, which is based
on polyamide 6 with 30% glass-reinforced [33]. The spacers
between the two adjacent layers are manufactured by using the
same material as bobbins. The relative permittivity of polyester
is between 2.8 and 4.5 [34]. Therefore, the average value of 3.7
is used in this article.

The capacitive couplings in this inductor are identified as
follows.

1) The turn-to-turn capacitive coupling contributed by the
voltage potential difference between two neighbor turns
in the same layer.

2) The layer-to-layer capacitive coupling resulted from the
voltage potential difference between two neighbor turns
at different layers.

The layer-to-core capacitive coupling caused by the volt-
age potential differences between the inner layer and the
core.

The winding-to-winding capacitive coupling resulted
from the voltage potential differences between the two
windings.

3)

4)

III. CONVENTIONAL ANALYTICAL MODELING METHODS

This section reviews two commonly used analytical modeling
methods, and the constraints for calculating the parasitic capac-
itance of the researched MV filter inductor are highlighted.



ZHAO et al.: PHYSICS-BASED MODELING OF PARASITIC CAPACITANCE IN MV FILTER INDUCTORS 831

Geometrical structure of the MV inductor

CAD of the designed MV inductor
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Fig. 1.
section). (c) Cross section B (vertical cross section).

A. Lumped-Circuit Modeling Method

Based on [23]-[26], the lumped-circuit modeling method
is used for characterizing the parasitic capacitance of the re-
searched inductor.

The turn-to-turn, layer-to-layer, and winding-to-winding ca-
pacitive couplings can be decomposed into elementary turn-to-
turn capacitances since all of them can be represented by the
voltage potential difference between the two turns. The bobbins
(spacers) can be used between the two adjacent layers, and
hence, the elementary turn-to-turn capacitance with and without
bobbins needs to be considered, respectively. In contrast, the
layer-to-core capacitive coupling is composed of multiple ele-
mentary turn-to-core capacitances. Since the bobbins are always
used in high-power inductors, only the elementary turn-to-core
capacitance with bobbins is derived.

Therefore, three elementary capacitances of the researched
MYV inductor are developed, which are given in Fig. 2. r, and g
are the radii of the conductor and turn including coating. p and
p. are the lengths of the air gap between two turns for calculating
elementary turn-to-turn and turn-to-core capacitance. /1 and lpo
are the thickness of the two different bobbins. © is the elementary
angle.

N e e e — e —— L

Schematics for deriving geometrical parameters of the MV inductor. (a) CAD model and capacitive couplings. (b) Cross section A (horizontal cross

InFig.2, C.(0) is the elementary coating capacitance, Cy1 (),
Cy2(0), and Cy3(8) are the elementary air capacitances. Cy ()
and Cjo(6) are the elementary bobbin capacitances, and Ceore
is the elementary core capacitance.

The derived equations for representing the elementary turn-to-
turn capacitances without bobbins Cele_turn-to-turn Of Fig. 2(a)
are shown as follows:

_ &réo - €070
dCe(6) = In7e d9 - dCyu(0) = p+2ro(1 — cosb)
! I )
dCele_turnftofturn(e) B dCc(e) ngl(e) dc’c(e)

where, £ and ¢, are the permittivity of vacuum and coating,
respectively. Therefore, the integrated elementary capacitance

“le_turn-to-turn DEWeeN two neighbor turns in Fig. 1(a) can be
represented as the following equation, where the integrated angle

is from [—x/2, 7/2] [24]:

dcelefturnftofturn(9> (2)

jus
2

! _
Celefturnftofturn -
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TABLE I
KEY PARAMETERS OF THE MV INDUCTOR
Description Symbol Value
Diameter of the cable do 1.4 mm
Length of the air gap between the bobbin pi 0.75 mm
and core
Thickness of the bobbins between the di 2 mm
inner layer and core
Length of the air gap between two p2 5.7 mm
adjacent layers
Average length of the air gap between p3 0.45 mm
two turns in the same layer
Height of the windings h 11.9 cm
Width of the spacers between two Wb 4.8 mm
adjacent layers
Length of the outer layer per turn I 24.7 cm
Length of the middle layer per turn h 22.2 cm
Length of the inner layer per turn 3 19.7 cm
Average length of per turn for three / 22.2 cm
layers
Average length of the air gap between the p4 3 mm
two windings
Number of turns of per layers n 63
Number of layers m 3
Number of the winding w 2
Total inductance L 30 mH
Equivalent inductance per turn Li 0.079 mH
TABLE II
RELATIVE PERMITTIVITY OF THE MATERIAL
Description Symbol Value
The permittivity of the bobbins [33] &b 4.0
The permittivity of the coating of &r 3.7
cables [34] (average value)
The permittivity of vacuum [35] &0 8.82x10"2F/m

Similarly, the integrated elementary turn-to-turn capacitance
with bobbins C}_ ;0 to-turn wh ad turn-to-core capacitance
C(lelefturn—to—corefwb are derived.

By using the integrated elementary capacitance, the equiva-
lent circuit of the parasitic capacitive couplings of the researched
inductor can be constructed as

1
dCele_turn—to—turn_wb (6)

_ 2 2 1
= .o T oL T wnm

, ud
C ele_turn—to—turn_wb — ff% dCele_turnftofturn_wb(0)

(3)
1 _ 1 1 1
T rurm o corewn (@) — A0.(0) T AC0(@) T Ca(0)
o,
C/clc_turnftofcorc_wb - f,fg dCclc_turnftofcorc_wb(a)~
“)
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Fig. 2. Elementary capacitances of the researched inductor. (a) Turn-to-
turn capacitance without bobbins. (b) Turn-to-turn capacitance with bobbins.
(c) Turn-to-core capacitance.

However, the explicit analytical equation of the parasitic ca-
pacitance cannot be identified in this application, since the math-
ematical induction methods reported in [23]-[25] are only valid
for the inductors with simple geometrical structures, where the
researched MV inductor has a three-layer and double-winding
structure.

B. Energy-Conservation Modeling Method

The parasitic capacitance between two adjacent planes can
also be described by using the stored electrical-field energy [18]—
[22]. The voltage potential on the plane is assumed to be linearly
distributed.

Using this theory, the lumped turn-to-turn capacitance of m-
layer cable with n-turns per layer, which is presented in Fig. 3,
can be derived as (5) for two windings. V; is the voltage potential
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Vi Vi+(Vy-Vy)am Vitm-1)(Vo-V1)/nm V,
° ® o o

nXxmturns
Fig. 3. Schematic of multiple turns within a winding.
~Avs,
e ¢
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Connect to inner layers i & Comnect to inner layers
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Fig. 4. Schematic of the two windings.
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e Layer m
--------- Layer m-1
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core ® 1/2m V l-‘loa{ing
Fig. 5. Schematic of multiple layers and a core within a winding.

at the first turn, where V5 is the voltage potential at the last turn.
n is the number of turns in one layer, m is the number of layers

nm — 1

Ceqfturnftofturn = 2 2 X C'e(Lturrlft(>7tur1r17dis (5)

(nm)
where Coq_turn-to-turn_dis 1 the capacitance between two ad-
jacent turns when disconnected. The detailed derivations are
attached in Appendix A.

In Fig. 4, the lumped winding-to-winding capacitance is ad-
dressed, where the equation is presented in (6). In this case, only
the region within P;P2P3P, is assumed to store the electrical
field energy between the two windings.

ch_winding_to_winding

(Av? + Av3 + Av; Avg)
3nm(V2 —V1)2

Ceq_windingftofwinding_dis (6)

where Coq winding-to-winding_dis 15 the capacitance between the
two adjacent windings of P;P3 and P,P, when disconnected.
The voltage potential between P1 and P2 is Avy, where the
voltage potential between P3 and P4 is Avs. The detailed
derivations are attached in Appendix B.

Similarly, the lumped layer-to-layer capacitance, shown in
Fig. 5, is derived as

4(m —1)

3m X Ceq_layerftoflayer_dis (7)

Ceq_layerftoflayer =

where Ceq_layer-to-layer_dis 18 the capacitance between the two
adjacent layers when disconnected. The detailed deviations are
attached in Appendix C.

Finally, the lumped layer-to-core capacitance between the
inner layer and core shown in Fig. 5 is calculated as the following
equation for the two windings, where the core is assumed to be
floating in this case:

1
Ceq_layerftofcorel = 1212 X Ceq_layerftofcore_dis (8)

where Ceq_layer-to-layer_dis 15 the intermediate capacitance be-
tween the inner layer and core. The detailed derivations are
attached in Appendix D.

The total lumped capacitance can be calculated as
the sum of (5)—(8). Generally, the intermediate ca-
PaCitanCC ch_winding—to—winding_dis,
Ceq_layer—to—layer_disa and Ceq_layer—to—core_dis can be derived
by using the empirical equations in [19].

However, the empirical equations will introduce significant
errors when the geometrical structure of the inductors is complex
since it is not a general solution for deriving the intermediate
capacitances. Besides, this method is derived based on the
assumption that the core is floating. Therefore, it cannot charac-
terize the parasitic coupling between terminals and ground when
the core is grounded.

ch_turn-to—turn_diSa

IV. PROPOSED ANALYTICAL MODELING METHOD

The step-by-step modeling processes of the proposed analyt-
ical modeling method are given in Fig. 6.

In Fig. 6, Steps 1)—4) can be obtained by using the previous
modeling methods introduced in Section III. The processes of
Steps 5)-9) are given in detail as follows.

A. Step 5) Deriving the Intermediate Lumped Capacitances
When Adjacent Planes Are Disconnected

Fig. 7(a) is the equivalent circuit of the capacitive coupling
between the two neighbor turns with elementary capacitance
and inductance, where the two neighbor turns are assumed to be
disconnected. The equivalent circuit in Fig. 7(a) is simplified as
(b). The impedance of the submodule is given as the following
equation:

. 1
ZaB = jwLele_turn—to—turn + = C . 9
Jw eq_turn—to—turn_wb_dis

For frequencies much smaller than the characteristic fre-
quency, the submodule is simplified into a single capacitor,
which is given as

1
ZAB R -
JWcoq_turnftofturn_wb_dis
f< -
2 2Lclc_turnftofturnC'c _turn—to—turn_wb_dis
q.

(10)
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Step 1: Identifying capacitive couplings in inductors

Step 2: Decomposing capacitive couplings by elementary capacitances

h

Step 3: Deriving elementary capacitances with physics-based model

.

Step 4: Representing capacitive couplings in inductors by a complex circuit network
of'elementary capacitances

-

Step 5: Deriving intermediate lumped capacitances when adjacent planes are disconnected

—

Step 7: Deriving lumped capacitances between inner layer
and core under the different core potentials
Case I: Core is floating

Step 6: Deriving lumped capacitances between two adjacent Case 2: Core is connected to the terminal closed to the
planes when adjacent planes are connected (excluding the core) outer layer

Case 3: Core is connected to the terminal closed to the
inner layer

Step 8: Deriving total lumped capacitances between two terminals under the different core potential

Case I: Core is floating
Case 2: Core is connected to the terminal closed to the outer layer

Case 3: Core is connected to the terminal closed to the inner layer

Step 9: Deriving a three-terminal equivalent circuit to represent the inductor with considering the ground effects

Fig. 6. Flowchart for the proposed physics-based modeling method.

Disconnected

Lclcillu'n—l(\—mrr‘:r‘ """ (:‘r C “1‘ turn-to-trnl :rl}imn}'m tumn 5 A Turn,
! Z \Y% Turn
Disconnected l =y 2
Ceq urm-to-turn_dis )( Disconnected
(2) (b) (c)

Fig. 7. Parasitic capacitance between two neighbor turns. (a) Equivalent circuit. (b) Simplification of the equivalent circuit. (c) Equivalent circuit when the
frequency is much smaller than the characteristic frequency.
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Ceq tum-to-tum

Vi Second layer

Ceq um-to-turn2 wh_dis

xi
iDisconnected

(’eq turn-to-turn2_dis

T

Vs

First layer

Ceq wurn-to-turn

Fig. 8. Equivalent circuit of the parasitic capacitance between two layers.

Therefore, the equivalent circuit can be simplified as Fig. 7(c),
which is represented by a single capacitor. Then the intermedi-
ate lumped capacitance between the two neighbor turns when
disconnected can be presented as

Ceqfturn—to—turnfdis =n X C(e(Lturn—to—turnfwadis

(1)

!
== lturn X C ele_turn—to—turnl

where Iy, is the length of a single turn.

The equivalent circuit between two neighbor layers is pre-
sented in Fig. 8, where partial layers (red region in Fig. 8) are
inserted with bobbins in between. The width of the bobbin is
labeled as wy, where the width of a layer is labeled as h. L; is
the equivalent inductance per turn.

The equivalent capacitances per turn with and without layers
are given as the following equation, where x is the ratio of turns
that have bobbins between the adjacent layers and y is the ratio
of turns that only have air between the adjacent layers:

i
Ceq_turn—to—turnQ_dis =C ele_turn—to—turn2 X lturn X T

!
Ceq_turnftofturn2_wb_dis =C ele_turn—to—turn2_wb X lturn Xy

(12)

where = wy/handy = 1 — wy/h.

Similarly, the intermediate lumped capacitance between the
two layers when disconnected is obtained as the following equa-
tion when the frequency is much smaller than the characteristic
frequency:

C’eqfla»yerft()flauyerfdis

=nX (Oeq_turn—to—turnZ_dis + Ceq_turn—to—turnZ_Wb_dis)

1
)
2m \/Ll Ceq_turnftofturnZ_dis
1

27 \/Ll Cvelefturnftofturn27wb7dis

f < min

)

1
27T \/Ll C(eq_turn—to—turn_dis

13)

The equivalent circuit between the inner layer and the core is
presented in Fig. 9. The equivalent capacitance per turn between

To the second layer

C eq_turn-to-turn

Vi—_ Inner layer
Air gap '
Cuuurn—tu—curc) b dis -V,

Core (prefect conductor assumption)

Fig. 9.
and core.

Equivalent circuit of the parasitic capacitance between the inner layer

Disconnected
P4 chimm—m—m m3_dis

Ly L,

ch turn-to-turn “eq_turn-to-turn

Outer layer of Outer layer of

Winding 1 Winding 2
Vi Disconnected ~ V>
Fig. 10.  Equivalent circuit of the parasitic capacitance between two windings.

the inner layer and core is presented as

(14)

/
Ceq_turn—to—core_wb_dis - Cele_turn—to—core_wb X lturn-

The intermediate lumped capacitance between the inner layer
and core when disconnected is obtained as the following equa-
tion when the frequency is much smaller than the characteristic
frequency:

Ceq_layerftofcore_dis =n X Ceq_turnftofcore_wb_dis

f < mi !
min ,
27 \/Ll Ceqfturnftofturnfdis

1
2m \/Ll Ceq_turn—to—core_wb

15)

The equivalent circuit between the two windings is presented
in Fig. 10. The equivalent capacitance per turn between the two
windings is presented as
(16)

!
Ceq_turnftofturnfi_dis - Cele_turnftofturn?) X lturn~

The intermediate capacitance between the two windings when
disconnected is presented as the following equation when the



836

frequency is much smaller than the characteristic frequency:

Ceqfwingdingftofwindingfdis =nX Ceqfturnftofturn37dis
1

)
27 \/Ll Oeq_turn—to—turn3_dis

1
27 \/Ll Ceqfturnftofturnfdis

for f < min

a7

The obtained intermediate capacitances will be further used
in the following derivations.

B. Step 6) Deriving Lumped Capacitances Between Two
Adjacent Planes When Adjacent Planes Are Connected
(Excluding the Core)

In this step, the adjacent planes are connected, and thus,
the voltage potential on each plane is assumed to be linearly
distributed. With the intermediate lumped capacitance obtained
in Step 5), the energy stored in the electric field of two connected
adjacent planes can be derived, which is then used to calculate
the lumped capacitance seen from the terminals of planes, based
on the former derivations by using the energy-conservation law.

1) The total lumped turn-to-turn capacitance is calculated in
(5) by substituting (11).

2) The total lumped winding-to-winding capacitance is given
in (6) by substituting (17). This method is also adapted to
the inductors with multiple windings.

3) The total lumped layer-to-layer capacitance is given in (7)
by substituting (13).

C. Step 7) Deriving Lumped Capacitance Between the Inner
Layer and Core Under Different Core Potentials

Three cases of the inductor with three different voltage po-
tentials on the core are analyzed.

In this step, it is assumed that the voltage potential on the core
is distributed equally. For the inductors with multilayer winding
structure, the terminal at the outer layer has less capacitive
couplings to the core due to larger coupling distance, and hence,
the terminals at the inner layer and outer layer are characterized
separately. The hot terminal and cold terminal are defined here,
where the terminal closest to the inner layer is named as hot
terminal, and the terminal closest to the outer layer is named as
cold terminal. The voltage potential of the hot terminal is defined
as V1, while the voltage potential of the cold terminal is defined
as V.

The lumped capacitances between the inner layer and core
are discussed in three cases as follows.

1) Case 1: The core is assumed to be floating. Then, the
voltage potential on the core is equal and assumed to be
the average value of the potential in the inner layer. The
derived capacitance is already given as (8).

2) Case 2: The core is connected to the hot terminal, which
is presented as Fig. 11(a). Since the voltage potential of
the hot terminal is Vi, the potential on the core is equal
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Cold term mg‘l\\‘vz

L Layer m
~~~~~~~~~ Layer m-1
Hot terminal
LV, Vi+(Vo-Vi)/m
k' o Layer 1
Vl core
(a)
Cold tcrminal____ v,
BEMS A Layer m
~~~~~~~~~ Layer m-1
Hot terminal
LV, Vi+(Vo-Vi)/m
"4 o Layer 1

Fig. 11.  Schematic of the inner layer and core with different configurations.
(a) Case 2: Core is clamped to the hot terminal. (b) Core is clamped to the cold
terminal.

and clamped to V. The derived equation is presented as

Ceq_layerftofcore2 =2x w X Ceq_layerftofcore_dis
(18)
3) Case 3: The core is connected to the cold terminal, which
is presented as Fig. 11(b). Since the voltage potential of
the cold terminal is Vs, the potential on the core is equal
and clamped to V5. The derived equation is given as

Ceq_layerftofcoreB

3m2 —3m+1

=2X B} X Ceq_layerftofcore_dis.' (19)

3m

Equations (18) and (19) can be solved by substituting (15).

The detailed derivation process of (18) and (19) is attached in
Appendix D.

D. Step 8) Deriving Total Lumped Capacitance Between Two
Terminals Under Different Core Potential

Based on the energy-conservation law, the total lumped ca-
pacitances represent the total electrical field energy stored in the
inductor, which is composed of the electric field energy stored in
between the neighbor turns, neighbor layers, neighbor windings,
and the inner layer to the core. Therefore, the total lumped capac-
itances Ciotall, Ciotal2, and Cioraiz between the two terminals
of the inductor in the three cases are calculated as the following,
which is a sum of the derived lumped turn-to-turn, layer-to-layer,
winding-to-winding, and layer-to-core capacitances:

In (20), shown at the bottom of the next page, for the inductors
with single-layer windings, the calculated total capacitances
Ciotal2 and Ciotars should be the same due to the symmetrical
structure. However, for the inductors with multilayer windings,
Ciotaiz and Ciogays are different due to the voltage potential
difference between the inner layer and core, respectively.
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Case 1: Cy
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G
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i
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G

© @

Fig. 12. Derivation of the three-terminal equivalent circuit schematic. (a)
Schematic diagram. (b)—(d) Representation of three cases with different terminal
connections.

E. Step 9) Deriving Total Lumped Capacitance Between Two
Terminals Under Different Core Potential

Since the lumped total capacitance is dependent on three dif-
ferent core potentials, it is still not straightforward to understand
the capacitive couplings between the two terminals and core, es-
pecially when the core is grounded. Therefore, a three-terminal
equivalent circuit presented in Fig. 12(a) is introduced to account
for the couplings, which is based on the derived total lumped
capacitances in three different cases.

In the three-terminal equivalent circuit, the cold terminal
of the inductor is represented by P.o1q, the hot terminal is
represented by Py, and the ground point of the frame/core
is represented by G. L, is the equivalent inductance. Cy; rep-
resents the coupling capacitance between P.o1q and Pot. Ciel
represents the coupling capacitance between Py and G. Cica
represents the coupling capacitance between Pcq and G.

The mathematical transformation can be formulated by map-
ping the three cases to a practical three-terminal equivalent
circuit in the low-frequency range.

1) Case lisrepresented by the equivalent circuitin Fig. 12(b),

where the ground point and the core are floating as well.

2) Case 2 is modeled as the equivalent circuit in Fig. 12(c),
where the ground point is connected to the hot terminal,
which means Ci.1 is shorted in this case.

3) Case 3 is modeled as the equivalent circuit in Fig. 12(d),
where the ground point is connected to the cold terminal,
implying that Cico is shorted in this case.

Consequently, the total equivalent capacitances can be ob-

tained as

Ciotai1 = Cit + (Cye1//Cio2)

Crotalz = Ciy + Cie2
Ciotarz = Cit + Cer.

2L

|27 cm

€

16.5 cm
Fig. 13.  Photographs of the researched MV inductor.
8.0 pF
| T |_|~m|_| T Peota
30 mH
245pF T o T 489 F
G
Fig. 14.  Three-terminal equivalent circuit for the researched MV inductor.

For the inductors with multilayer windings, Ci.; and Cico
are not equal, due to the different value Ciotaio and Ciotals
of inductors with a multilayer structure. Therefore, the capaci-
tances of equivalent circuits are unbalanced in the cases of the
inductor with multilayer windings. It is worth mentioning that
the three-terminal equivalent circuit is obtained mathematically,
where a negative capacitance may result in the calculation.

V. MODEL VALIDATIONS

By using the explicit equations derived from the proposed
physics-based modeling method, the parasitic capacitances of
a 30 mH MV filter inductor are calculated theoretically based
on the geometrical structure and material information of the
researched inductor. The pictures of the researched 30 mH MV
filter inductor are shown in Fig. 13.

A. Theoretical Calculations

Based on the derived equations (1)—(21) and physical param-
eters, the lumped turn-to-turn, layer-to-layer, layer-to-core, and
winding-to-winding capacitance, and total lumped capacitances
for three cases are calculated, which are listed in Table III. It is
worth to mention that the electrical field energy stored between
two windings is zero since the voltage potential on P;P3 and
P5P, are the same in this case.

By using the calculated values of the three capacitances for
three cases presented in Table III, the three-terminal equivalent
circuit is derived based on (21), which is given in Fig. 14. It is

Case 1: The core is ﬂoating Ctotall — Ceqfturnftofturn + Ceqflayerftoflayer + Ceqflayerftofcorel + C’eqfwindingftofwinding
Case 2: The core is Clamped to Vl CtotalQ = Ceqfturnftofturn + CVeqflayelrjoflayelr + Ceqflayerftofcore2 + C'e(Lwindingftofwindimg
Case 3: The core is Clamped to V2 CtotalS - Ceq_turn—to—turn + C(eq_layelr_to_layer + Ceq_layer_to_coreS + C(e _winding_to_winding

(20)
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TABLE III
TOTAL PARASITIC EQUIVALENT CAPACITANCE FOR THE THREE DIFFERENT CASES

Equivalent turn-to-

Case .
turn capacitance

Description

Equivalent layer-to-
layer capacitance

Total
capacitance

Equivalent layer-to-
core capacitance

Equivalent winding-to-
winding capacitance

Casel G is floating

G is connected to the
Case2

0.06 pF 45.98 pF

Pcold
G is connected to the

Phot

Case3

2.72 pF 48.76 pF

10.86 pF 56.90 pF

0 pF

206.5 pF 252.54 pF

—

Fig. 15. Impedance measurement setup by using the Keysight E4990A and
its adapter 16047.

worth to mention that the equivalent capacitance between the
Prot and G is different from the equivalent capacitance between
the P.,1q and G.

The valid frequency range of the designed MV inductors for
using the proposed physical-based lumped-parameter model is
calculated as the following equation based on the minimum
characteristic frequency given in (10), (13), (15), and (17):

f < 6.8 MHz. (22)

B. Experimental Verifications

In order to verify the calculated parasitic capacitances of the
designed inductor, the experimental results are carried out in this
section. The parasitic capacitances of the three different cases
are measured directly or indirectly by using a Keysight E4990A
impedance analyzer and its adapter 16047. The measurement
principle is based on the autobalancing bridge method [36]. Both
measurement methods with and without guarding technology
are utilized to validate the theoretical analysis, where the setup
is shown in Fig. 15. The principles and measurement processes
for these two measurement methods are well described in [36].

Fig. 16 shows the comparisons between the impedance mea-
surement using the traditional measurement method, the guard-
ing technology, and the theoretically obtained impedance, which
is derived with the known value of designed inductance (30
mH) paralleled with the calculated parasitic capacitance. The
measured parasitic capacitance is obtained with fitting by using
an equivalent circuit in the impedance analyzer. Fig. 16(a)
shows the comparison between the measured impedance and
theoretically calculated impedance.

Since the guarding technology is a three-terminal measure-
ment method, where each impedance of the equivalent three-
terminal circuit is measured directly and individually. The mea-
sured three different capacitances are converted into the to-
tal equivalent capacitances Cases 1-3 by following (20). The
calculated impedance shows good agreement with measured
impedance at the resonant point before the calculated valid
frequency range. Fig. 16(b) shows the comparison between the
theoretically calculated impedance and converted impedance
based on the measurements with the guarding method. In Fig. 16,
since the damping resistances are not modeled in the theoretical
calculations and converted impedance, both of them have an
infinite magnitude at the first resonant frequency (FRF).

The valid frequency range should be much smaller than
6.8 MHz, which is verified in Fig. 16 as well. The unbalanced
terminal-to-ground capacitances of inductors with multiple lay-
ers are also predicted by the proposed modeling method, accord-
ing to Fig. 16 since the FRF in Cases 2 and 3 are not equal.

C. Comparisons and Error Analysis

The results calculated by using the proposed modeling method
and the other two analytical energy-conservation based model-
ing methods are compared with the measurements in Table I'V.

It can be found that the two typical modeling methods are
only valid in Case 1, where the proposed modeling method has
the least error ¢, around 2% using the normal measurements and
15% using the guarding technology. As expected, [18] and [19]
can only characterize a two-terminal equivalent circuit for the
inductors.

In Cases 2 and 3, the calculations of using the proposed
modeling method are close to the measurement results, where the
maximum errors are 10% with using the normal measurements
and 15% using the guarding technology. It is worth noticing
that the calculations are based on purely geometrical input and
material parameter estimates and thus are not fitted to any
measurements. Therefore, the errors are acceptable since the
absolute value is still in the pF level. Multiple reasons might be
responsible for the errors.

1) The value of relative permittivity bobbin and coating
material has a direct impact on results.

Geometrical errors might arise from the deviations of
the idealized winding structure in Fig. 1 relative to the
practical inductor.

The assumptions made for simplifying the modeling will
influence the final results. For example, the voltage poten-
tial is assumed to be distributed linearly on the conductor,
which might not be realistic. However, these assumptions

2)

3)
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100 Case 1 10"} Case?2 101 Case 3
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§ FRF=131.6 ng‘ FRF=135.1 kHz 2 FRF=121.8 kH{~ FRF=115.0 kHz § FRF=578 kHz | FRF=61.9 kHz
3 5 o 3 - b5 1
g 10 g 10°% g 10°
j=% [=9 o
: Py, £ = %
6.8 MHz, 6.8 MHz 6.8 MHZ
10° 10° 10
10° 10* 10° 10° 107 10* 10° 10° 10° 10* 10° 10%
Frequency (Hz) Frequency (Hz) Frequency (Hz)
(a)
Theoretical calculation Converted impedance based on the
measurements with guarding technology
10 Case | 101 Case 2 10'° Case 3
g g g
T - T FRF=121.8 kH - g L
g FRE=13LOKHz f ppe 1o s i, g Z) FRF=1122 kiz g FRE=ST8KHz | oo o
! S g F .
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(b)
Fig. 16. Comparisons of the measured and calculated impedance of three cases. (a) Based on the theoretical analysis and measurement methods without using

guarding technology. (b) Based on the theoretical analysis and calculations by measurements with the guarding technology.

TABLE IV
NUMERICAL COMPARISONS OF PARASITIC CAPACITANCES BETWEEN THE MEASUREMENTS AND CALCULATIONS
Converted capacitance
Case Calculations Calculations Calculations Measured capacitance based on the
(Proposed method) (method [19]) (method [18]) (Normal measurements) measurements with
guarding method
Case 1 48.76 pF (Ciotant) 27.63 pF 43.22 pF 49.9 pF 53.6 pF
Case 2 56.90 pF (Ciown2) Not valid Not valid 63.0 pF 67.1 pF
Case 3 252.54 pF (Cotai3) Not valid Not valid 230.1 pF 218.9 pF
. 48.76 pF 27.63 pF 43.22 pF 49.9 pF 53.6 pF
Two-terminal
equivalent circuit P I;%"E' Pesa P ch Peaa Phot E“IE—IH Peoa Pha. l;)"LEI Peata P gy Pesta
8.0 pF 6.5 pF 12 pF
Three-terminal Phos Peoa . . Pha Pooa Pro Peoa
equivalent circuit 2aasprE 0L 4gopp Not valid Not valid 22aprT 0 T 606 pF 2089 pFF 0™ 2 618 pr
G G G

are compromises between the complexity and accuracy of
models.

4) The measurement methods can introduce errors to them-
selves. As can be seen from Table IV, the maximum error
between two different measurement results is up to 5%.

VI. CONCLUSION

This article has discussed a physics-based modeling method
for calculating the parasitic capacitances in inductors with con-
sidering the ground effects. Instead of using empirical equations,
a computationally efficient approach for calculating the lumped
capacitances between the adjacent layers, turns, windings, as

well as the inner layer and core has been introduced. Further-
more, a three-terminal equivalent circuit has been developed,
which enables us to characterize the capacitive couplings be-
tween two terminals of inductors and the capacitive couplings
between the terminal and the core. The measurements on a
commercial MV filter inductor have been shown. The results
verified the correctness of the proposed modeling method, where
the unbalanced capacitances between the terminals and ground
of inductors are revealed.

APPENDIX

Derivation of the lumped capacitance when the adjacent
planes are connected.
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V1 QVi+Vo)/3 (Vi+2V)3  V,
L] [}
Py Py Ps
C(\lm §o_turn
3 turns
Fig. 17. Schematic for the lumped turn-to-turn capacitance of three turns

(example) with linear voltage potential distribution. The lumped turn-to-turn
capacitance is derived according to (al).

A. Lumped Turn-to-Turn Capacitance

Using a winding with three turns as an example in Fig. 17,
the voltage potentials at Py, P, P2, and P are V1, (2V1+V5)/3,
(V142V3)/3, and Vs, respectively.

1 2
WEfﬁeld = iceq_turnftofturn (Vé - Vi)
_ Ceqfturnftofturnfdis 2V + Vs 2
WEg-field = 5 ( TR Vl)
2V, + V& Vi+2Vs 2V + V&
+( 1;-2_V1)X(1-; 2 1;- 2)
(V1+2V2 2+ V2)2
3 3
Ceqfturnftofturnfdis ‘/i+2V2 2‘/1 + Vé 2
E (75 )
Vi+2Vy  2Vi+ V5 V142V,
+(3_ 3)X(V2_3)
Vi+2Va 2
+ (v - V2 >
3
Ceq turn—to—turn dis(VZ - ‘/1)2
S s 1
9 (al)
2
Ceqfturnftofturn = §Ceq7turn7tofturnfdis~ (32)

For general cases considering the winding with mxn turns,
the lumped capacitance contributed by turns is presented as
nm —1

2 Ceqiturnftofturnfdis-

3
() (a3)

Ceqfturnftofturn =

B. Lumped Winding-to-Winding Capacitance

The lumped winding-to-winding capacitance is represented
by the electrical field energy stored in between the two windings.
Fig. 18 gives an example to illustrate it. It is found that the
lumped capacitance is determined by the potential difference
between the two windings in the efficient area.

However, the potential is fully determined by the winding
layout. It is assumed that the potential difference between P
and Ps is Avq, and the potential difference between P3 and P,
is Avs. n is the number of total turns. (x; — x2) is equal to (y;
— y2) because the voltage potential is distributed evenly in the
winding.
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AV,

Connect to inner layers & f; Connect to inner layers
V|+(V3—V1)/mnz Av ijﬁr(V;—V])/nm

Vi

Fig. 18.  Schematic for the equivalent lumped capacitance of dual windings
with linear voltage potential distribution.

\&
@ Layer 3
(V1+2Vy)/3
oy Layer2
2V i+Vy)/3e
o— It Layer 1
Vi

Fig. 19. Schematic for the lumped layer-to-layer capacitance of three con-
ducted layers with linear voltage potage distribution.

The total electrical-field energy stored between the two wind-
ings is presented as (bl).

Therefore, the lumped winding-to-winding capacitance is
obtained according to the following:

1 2
WE—_fiela = iccq_winding_to_winding (V2 - Vl)
2
C(wind.ing—to—winding Avl AUl
WE field = (==
6 n n

(b1)

(B4 (A))

C(eq_winding_to_winding

(Av% + AvZ + Alew)

C1eq_vvincling—to—winding_dis .

2
3nm<V2—V1)

(b2)

If both Av; and Avy

C(eq_winding_to_winding 1S Zero.

are equal to zero, then

C. Lumped Layer-to-Layer Capacitance

The variations of the core potential have impacts on the
electrical-field energy stored between the two adjacent layers
since the potential of the winding is assumed to be distributed
evenly.

By using the same schematic shown in Fig. 19, as an example,
the total electrical-field energy between the two adjacent layers
is presented as

1 2
WE—ﬁeld = 5 Ceq_layer—to—layer (VQ - ‘/1)

C'eq_layerfto7layer_dis ( (Vvl +2V2)
6 3

WE_field = - V1)2
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- Layer 3
e (V+2V,)/3
--------- Layer 2
v, 2V +V,)/3
K' L S Layer 1
Vi core
(b
o (Vi +2V,)/3
Vi

core

Fig. 20.  Schematic for the lumped layer-to-core capacitance of three layers
with linear voltage potential distribution on each layer and different voltage
potential on the core. (a) Core is floating (core potential is (5V1+V2)/6). (b)
Core is clamped to the hot terminal with V. (c) Core is clamped to the cold
terminal with V.

n (Vl —;2‘/2) v xore?] s ch_laycrfftioflaycr_dis
X V2—<2V13+V2))2+<V2— <2V1;-VZ)) x 04 02

2
o 4Ceq71ayerftoflayer7dis‘/1
27 '

(cl)

The lumped layer-to-layer capacitance is derived according
to the following:

8

ch_laycr-to-laycr = Eccq_laycr-to-laycr_dis' (CZ)
For general cases considering the winding with mxn turns,

the lumped capacitance contributed by turns is presented as

4(m —1)

b) Ceq_layer-to-layer_dis . (C3)

Ce layer-to-layer —
q_lay Y 3Im

D. Lumped Layer-to-Core Capacitance

By using a winding with three layers as an example, the
schematic of the winding is shown in Fig. 20. The potential
at the hot terminal is assumed to be V1, and the potential at the
cold terminal is assumed to be V5. Three different cases with a
different voltage potential of the core are as follows:

Case 1: The core is floating. In this case, the core is closer to
the inner winding; thus, the potential of the core is an
approach to (0 + V4/3)/2.

The core is connected to the start point. Therefore, the
potential of the core is clamped to V;.

The core is connected to the endpoint. Therefore, the
potential of the core is clamped to V5.

The lumped layer-to-core capacitance of the three cases is
different because of the potential difference between the inner
layer and core.

Case 1:

The electrical-field energy stored between the inner layer and
core for Case 1, shown in Fig. 20(a), is presented as follows:

Case 2:

Case 3:

1 2
WEfﬁcld - ich_laycr_to_corcl (‘/2 - Vl)

Oa er—to—core 5V + V 2
WE—ﬁeldzily 6t <<V1( 16 2))
(51 +12)
(v

6

WitVe (5V1+V2) 2V1_|_V2_(5V1+V2)
3 6 3 6

_ Clayer—to—core(VQ - ‘/1)2
216 '

By solving (dl), the lumped layer-to-core capacitance is
presented as

(dl)

1

ch_laycr_to_corol = 108 Claycrftofcor@

(d2)

For general cases of a winding with m layers, the lumped
layer-to-core capacitance in Case 1 is presented as

1
Ceqflayerftofcorel — 12m2 Clayerftofcore-

(d3)

Case 2:

The total electrical-field energy stored between the inner layer
and core for Case 2, shown in Fig. 20(b), is presented as (d4).

By solving the (d4), the lumped layer-to-core capacitance is
presented as (dS).

For general cases of a winding with m layers, the lumped
layer-to-core capacitance in Case 2 is presented as (d6)

1

2
7Ceq71ayer7tofcore2 (VQ - ‘/1)

Wg_field = 5

Ca er—to—core 2
twﬁm”(;«va+(mm)

2Vi+ Vs 2 2
X 7< 3 )—Vl +<(V1;V2)—Vl>

_ Clayerftofcore(VQ - V1)2
54

(d4)
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1

Ceq_layer_to_coreQ - 277Clayerftofcore (d5)
1

Ceq_layer_to_coreZ = 32 Clayer—to—core~ (d6)

Case 3:
The electrical-field energy stored between the inner layer and
core for Case 3, shown in Fig. 20(c), is presented as

1
WEfﬁcld = iccq_laycr_to_cocmS(VQ - V1)2
Clayer—to—core 2
Wi = =220 [ (Vi15)" + (1 - V3
2
(2v1+12) (2v1 +12)
AN A V5 A~y
X 3 2| + 3 2
2
1961123Lyer7t07<:ore (VvZ - Vvl)
. (d7)

54

By solving the (d7), the lumped layer-to-core capacitance is
presented as

19

27 Clayer—to—core~ (d8)

Ceq_layer_to_coreS -

For general cases of a winding with m layers, the lumped
layer-to-core capacitance in Case 3 is presented a

(1]

(2]

(3]

(4]

(51

(6]

(71

(8]

(91

[10]

3m? —3m+1

3m? @)

Ceqflayerftofcore?; - C(layerftofcore .
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