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Abstract—In high-power medium-voltage applications, induc-
tors usually have multiple windings on a single core, due to the high
inductance value and high current stress. The multiple coils are
electronically connected in either series or parallel, with considera-
tions of windings loss and cost. However, the differences in parasitic
capacitance of inductors using parallel and series connections are
not discussed. Therefore, this article reveals that in comparison
to parallel connections for windings, utilizing series connection
for winding can significantly reduce the parasitic capacitance in
multiwindings inductors without sacrificing the power density and
adding manufacturing complexities. Physics-based models of par-
asitic capacitance in inductors with round-cable and copper-foil
windings are developed for theoretical analysis. According to the
theoretical analysis, the equivalent capacitance contributed by the
stored electric field energy between two layers can be halved at
least. The theoretical analysis is also verified by FEM simulations.
Six prototyped inductors are experimentally compared to validate
the theory.

Index Terms—Inductors, multiple windings, parasitic
capacitance, parallel connections, series connections.

I. INTRODUCTION

PASSIVE components are essential in power electronic con-
verters [1], [2]. For the converters utilizing wideband-gap

devices [3], [4], the parasitic capacitance in magnetic compo-
nents, including inductors [5], [6], transformers [7], and motors
[8], is of significant importance due to the fast switching charac-
teristics (high dv/dt value) of the wideband-gap devices [8], [9].
It is reported that such parasitic capacitance can significantly
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Stig Munk-Nielsen are with the Department of Energy Technology,
Aalborg University, 9220 Aalborg, Denmark (e-mail: hzh@et.aau.dk;
zhya@energy.aau.dk; slu@energy.aau.dk; dnd@et.aau.dk; jkj@et.aau.dk;
rwa@et.aau.dk; sbe@et.aau.dk; smn@et.aau.dk).

Xiang Zhou is with the College of Electrical Engineering, Xi’an Jiaotong
University, Xian 710049, China (e-mail: pecel_zhouxiang@163.com).

Bjørn Rannestad is with the KK Wind Solutions, 7430 Ikast, Denmark (e-mail:
bjran@kkwindsolutions.com).

Color versions of one or more figures in this article are available at
https://doi.org/10.1109/TPEL.2022.3187449.

Digital Object Identifier 10.1109/TPEL.2022.3187449

contribute to the capacitive current during the switching tran-
sients [10] and may result in increased conducted noise and in-
creased switching energy dissipation in the transistors [11]–[14].
In [15] authors indicated that the parasitic capacitance is more
important in medium-voltage applications since more electrical
field energy is stored in the parasitic capacitors due to the higher
voltage. Especially for medium-voltage SiC MOSFETs, greater
than 99% is reported for kVA rated efficiency in converters
at 5–10 kHz switching frequency with hard switching [16],
where the parasitic resistance (skin and proximity effects) are not
dominant, but the parasitic capacitance will be more significant
due to the ultrafast switching speed (dv/dt up to 250 V/ns)
[8]. Therefore, modeling and reducing parasitic capacitance is
important for novel medium voltage power electronics systems
enabled by advanced medium voltage SiC MOSFETs [17], [18].

Both physics-based [19], [20] and behavior-based [21], [22]
modeling methods can be used to identify the parasitic capac-
itance and capacitive couplings in inductors. For reducing the
parasitic capacitance in the inductors, besides using advanced
dielectric material with lower permittivity, two main solutions
have been researched: 1) Using spacers to decrease the electric
field between the two plates [23], [24], at the cost of the power
density. 2) Using advanced winding structures to decrease the
electric field strength between the two adjacent plates [25], sac-
rificing manufacturing simplicity. The physical insights of the
two main methods could be revealed by physics-based modeling
methods of parasitic capacitance [26], [27].

To obtain the same current ripple to 15–30% ratio in medium-
voltage inductors, a larger inductance value is required compared
with low-voltage inductors at the same power rating. This im-
plies a larger number of turns [14], [28], where multiple wind-
ings have to be placed [29]. Therefore, more electric field energy
will be stored by the multiple windings and larger parasitic
capacitance is introduced [19], [20]. More notably, in order to
achieve lower dc/ac resistance and to simplify the manufacturing
process (lower bending torque requirement), multiple windings
are usually preferred to be electrically connected in parallel [30].
The multi-windings of inductors connected in either parallel or
series can also be ruled by cost and manufacturing complexity.

However, no previous research has reported and studied the
difference in parasitic capacitance in inductors between using
the series connection and parallel connections of multiwindings.
Therefore, a research gap can be identified as the potential
impacts and analysis of using a series connection or parallel
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connection of multiwindings on parasitic capacitance. Thus,
this article analyzes and compares the parasitic capacitance in
multiwinding inductors with parallel or series connections. The
model is developed based on the winding layout, geometrical
structures, and material parameters. The analytical analysis
theoretically proves that the parasitic capacitance in inductors
using parallel connections and series connections is significantly
different.

Compared to the previous research, the main contributions of
this article are summarized as follows:

1) This article indicates that the parasitic capacitance of
inductors can be significantly reduced by using the se-
ries connections of multiple windings, especially for the
inductors that have more electric fields stored between
adjacent layers. The theoretical analysis is addressed using
physics-based modeling methods.

2) Both round-cable-based [20] and copper-foil-based [29]
inductors are compared and analyzed, where this article
concludes that using series connections of multiwindings
in round-cable-based inductors can reduce more parasitic
capacitance compared to the copper-foil-based inductors.

The remaining of this article is organized as follows. Section II
gives a brief overview of the methodologies or approaches
for reducing parasitic capacitance in multiwinding inductors.
Section III presents the theoretical analysis and comparison
of multiwinding inductors using either parallel connections or
series connections. Both round-cable- and copper-foil-based
inductors are discussed in Section III. In Section IV, the FEM
simulations are presented to verify the theoretical analysis. Six
prototyped inductors using the parallel connection and series
connection of windings are shown to verify the theoretical
analysis in Section V. Finally, Section VII concludes this article.

II. BRIEF OVERVIEW ON STATE OF THE ART

As introduced in [19], [20], [24], and [25], the parasitic
capacitance of inductors is contributed by the energy stored
inside the winding Eintra, between the winding and core Ewc, and
between the two neighbor windings Eww, and therefore, could
be written as (1). Then, the total capacitance can be represented
by (2). Cintra is the intrawinding capacitance contributed by
the electric field energy between two neighbor turns, and the
electric field energy between two layers. Cwc is the capacitance
contributed by the electric energy stored between winding and
core, Cww is the capacitance between two windings

Etotal = Eintra + Ewc+Eww (1)

Ctotal = Cintra + Cwc+Cww. (2)

According to previous research [20], [29], Cww usually has
a very limited impact on the total equivalent capacitance due to
the small overlapping area. Therefore, if Cwc and Cintra can be
significantly reduced, Ctotal can be reduced.

The parasitic capacitance in inductors could be reduced by
adopting state of the art solutions such as using advanced
dielectric material with low relative permittivity, as well as
using improved geometrical structures and layout of windings
according to the state of the arts.

Fig. 1. Schematics of round-cable based inductors. (a) Original solution.
(b) Improved solution with extra spacers between winding and core.

Fig. 2. Schematics of round-cable-based inductors with reduced layer-to-layer
capacitance. (a) Using extra spacers between two adjacent layers. (b) Using the
“flyback” winding layout.

A. Reducing Capacitance Cwc Between Winding and Core

In order to reduce Cwc, spacers could be added between the
inner layer of winding and the core. Fig. 1(a) is the original
design without any spacers, Fig. 1(b) is the improved design
with spacers. Obviously, using extra spacers in Fig. 1(b) will
will result in larger area occupied by the windings occupied
by the winding. According to the physics-based modeling of
inductors, with a larger thickness of the extra spacer, Cwc will
become smaller.

B. Reducing Intrawinding Capacitance Cintra

Cintra is contributed by the capacitance between two adjacent
layers Cll and between two adjacent turns Ctt, however, Ctt can
be neglected due to the large number of turns [20]. In order to
reduce Cll, both extra spacers and improved winding structures
can be utilized, as shown in Fig. 2. According to Fig. 2(a), using
spacers between two adjacent layers can reduce the electric field
energy stored in-between. However, it requires to have spacers
between any two adjacent layers, which will further reduce the
power density of the inductor. Similar to Cwc, if the thickness of
spacers is larger, Cll will become smaller. As shown in Fig. 2(b),
Cll can also be reduced by around 8% using the “flyback”
winding structure [25], without sacrificing the power density
of winding but with increasing the manufacturing complexity.
Other improved designs of winding are also reported, however,
the reduced capacitance is still limited by either sacrificing
winding power density or increasing manufacturing complexity.
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C. Summary

According to the brief overview, there is no efficient method
that can significantly reduce parasitic capacitance in inductors
without sacrificing the power density of winding and increasing
the manufacturing complexity.

Especially for medium-voltage inductors, due to the require-
ment of grounding of the core and the frame, a bobbin [23] and /
or an extra spacer between the winding and core is provided for
required dielectric satrength dielectric strength. Therefore, the
winding to core capacitance Cwc could be reduced by the spacers
between winding and core, and consequentially the layer-to-
layer capacitance Cll becomes dominant in such inductors.

Besides, state of the art does not discuss the impacts of
parasitic capacitance using series or parallel connections of
multiwindings, which is interesting and important to investigate.

III. ANALYSIS USING PHYSICS-BASED MODELING METHOD

In this section, the physics-based modeling method is imple-
mented in calculating parasitic capacitance in round-cable-based
and copper-foil-based inductors, with both parallel and series
connections of multiwindings. Two different capacitance, static
capacitance and dynamic capacitance are mentioned in this sec-
tion. The static capacitance is only dependent on the geometrical
structure [29], [31]. The dynamic capacitance is dependent on
the static capacitance [28], [31], and the actual voltage potential
distribution across, where it is usually assumed to be linearly
distributed in practice [25], [29], [32]. The dynamic capacitance
mentioned in this article is the practical capacitance identified
in real inductors [19].

For fair comparison of the inductors using either parallel or
series connections of multiwindings, the researched cases in
this article are constrained by the same electrical conductivity
(cross-sectional area of the conductor), same inductance (same
number of turns and same core structure), and the same main
winding parameters (using the same winding layout, bobbins,
and spacers). In this section, most parameters are parametrized
values instead of constant values, therefore, the conclusions
are valid for many cases and can be easily extended to more
situations.

A. Round-Cable-Based Inductors With Two Windings

Fig. 3 shows the schematic of round-cable-based inductors
with two windings in series and parallel connections.

As a constraint, the total effective cross-sectional areas (the
same current rating) of the two inductors are designed as the
same. Therefore, the inductor with series winding must have a
larger wire diameter compared to the inductor with the parallel
winding of the same power level. The two inductors considered
in this studies have the with similar core structures, the same
number of turns, and the same length of the air gap.

For developing the physics-based model, Table I summarized
the critical geometrical parameters of the two inductors.

Since the resistivity of amorphous core and silicon steel is
relatively low, the core is assumed to be a “perfect conductor,”
which has no ohmic voltage drop [19], [32]. Similar to the

Fig. 3. Schematics of two-winding three-layer round-cable based inductors.
(a) Windings are connected in parallel. (b) Windings are connected in series.

TABLE I
KEY PARAMETERS OF THE ROUND-CABLE-BASED INDUCTOR

state-of-the-art modeling methods, the voltage potential on the
winding is assumed to be linearly distributed [19], [32].

To simplify the theoretical derivations, the parasitic capac-
itance contributed by the electric energy stored between two
windings is considered very small in this article, since the
distance between the two windings is usually large and can only
contribute to a very small parasitic capacitance to the system.
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Also, the coating material on the cable is neglected to simplify
the physics-based modeling.

As mentioned previously, due to the extra spacers decreasing
the electric field strength between the winding and core, the
capacitance Cwc contributed by the stored electric field energy
could be reduced by the distance between the inner layer and
core, where the relevant derivations are elaborated in [19] and
[20]. The total equivalent capacitance contributed by two adja-
cent turns in the same layer is relatively small and, therefore,
is not discussed in this article. Therefore, this article will only
emphasize modeling and comparing Cll (Cintra).

If there is an air gap between the two adjacent layers, most
electric field energy will be stored in the air instead of the coating
of cables, where the static layer-to-layer capacitance of inductors
with parallel winding is represented as (3). Detailed derivation
could be found in [20]

Csta−par = nl

∫ π
2

−π
2

ε0r0
p+ 2r0(1− cos θ)

dθ (3)

where ε0 is the value of permittivity in a vacuum.
The static layer-to-layer capacitance of inductors with series

winding is represented as (4), where the only difference is the
radius of the conductor. Detailed derivation could be found in
[20]. It can be found that Csta-ser is always small than

√
2 the

times of Csta-par

Csta−ser =
nl

2

∫ π
2

−π
2

√
2ε0r0

p+ 2
√
2r0(1− cos θ)

dθ

Csta−ser <

√
2

2
Csta−par. (4)

The electric energy is stored between two adjacent layers due
to the voltage drops on the windings. Snelling [19], Zhao et al.
[20], and Biela and Kolar [25] elaborated the derivations of cal-
culating stored electric energy between two adjacent windings
according to the linear voltage potential distribution. Therefore,
based on the energy-conservation-law of the electric field [19],
[20], [25], the dynamic capacitance (equivalent capacitance of
electric field energy) of inductors with parallel winding can be
represented as

Cll−par =
16

27
Csta−par (5)

where (5) is only available for two-winding three-layer induc-
tors. However, it is feasible to extend the equation to inductors
with more windings and layers.

Similarly, the dynamical capacitance of the inductor with
parallel winding can be derived as

Cll−ser =
4

27
Csta−ser. (6)

If the Csta-ser is the same as Csta-par, it will imply that using
the series connection of multiple winding can reduce 75% of the
capacitance contributed by the energy stored between adjacent
layers in round-cabled based inductors.

Indeed, due to the smaller number of turns is used in round-
cable-based inductors, Csta-ser should be smaller than Csta-par.
Therefore, the equivalent layer-to-layer capacitance Cll-ser in

TABLE II
KEY PARAMETERS OF THE ROUND-CABLE-BASED INDUCTOR

∗It is assumed that the turns are placed close to the neighbor turns in the same layer. p1 is
the distance between the inner layer and core

TABLE III
KEY PARAMETERS OF THE COPPER-FOIL-BASED INDUCTOR

a round-cable-based inductor with series connections of two
windings should be further reduced by 25% of Cll-par in a round-
cable-based inductor with parallel connections. For example, in
the presented case with 2 windings and 3 layers in each winding,
Cll-ser is around 18% of Cll-par.

The area of the windings in inductors with either series or
parallel connections are compared in Table II. It could be found
that using series connections in round-cable-based inductors can
help to achieve higher winding power density due to the smaller
width of windings.

In this article, the number of layers is fixed as 3. It is worth
mentioning that the parasitic capacitance contributed by adjacent
layers can be further reduced by increasing the number of layers,
however, the volume of winding will increase.

B. Copper-Foil-Based Inductors With Two Windings

In copper-foil-based inductors, a single-layer copper-foil is
constructed by a single foil.

To constrain the same electrical conductivity, the width of
copper-foil is configured as a constant value w, where the
thickness (tc) in series configuration is double that of parallel
configuration as tc and 2tc, respectively. The schematics of
copper-foil-based two-winding inductors with parallel and series
connections are shown in Fig. 4. The key parameters of their
geometrical structures for modeling the parasitic capacitance
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Fig. 4. Schematics of two-winding three-layer copper-foil-based inductors.
(a) Windings are connected in parallel. (b) Windings are connected in series.

contributed by adjacent layers are shown in Table III. The two
configurations utilizes similar insulating material (mylar).

The static capacitance of copper-foil-based inductors could
be written as (7) for parallel and series connections, which are
the same in this configuration due to the same width of foil

Csta−par = Csta−ser =
ε0r0lw

tm
. (7)

Since tm is usually very small, the static capacitance between
two adjacent layers is usually very large, according to (7).

Then the dynamic capacitance Cll-par of the presneted / two-
winding copper-foiled inductor can be calculated as

Cll−par = 2
4(n− 1)

3n2
Csta−par = 2

4(n− 1)

3n2

ε0r0lw

tm
. (8)

Based on the energy-conservation law [19], the dynamical
capacitance Cll-par of the presented or considered two-winding
copper-foiled inductor can be calculated as

Cll−ser =
4(n− 2)

3n2
Csta−ser =

4(n− 2)

3n2

ε0r0lw

tm
. (9)

Comparing (8) and (9), it can be found that using the series
connection of the two windings in copper-foil-based inductors
can reduce Cll by at least 50%. The parasitic capacitance in

TABLE IV
KEY PARAMETERS OF THE COPPER-FOIL-BASED INDUCTOR

∗ wm is the width of the mylar foil. To guarantee reliable insulation, wm is always wider
than w (width of copper foil).

inductors can be further reduced by using increased number of
turns, however, it will increase the cost and winding area.

It can also be found that using a series winding structure
can help to use less insulating material, e.g., in this case, the
copper-foil inductor with the parallel connections requires to
have 2(n + 1) layers of mylar foils, where the inductor with
series connection only require to have n+ 2 layers of mylar foils.
Therefore, using the series connection in copper-foiled inductors
can save cost and further increase power density depending on
the thickness of copper-foil and mylar-foil. This is also reflected
in the winding section area, where Table IV clearly shows the
comparison of width and thickness of windings using series and
parallel connections.

C. Comparison and Physical Insights

According to the theoretical analysis, using series connections
of multiwinding can help to reduce the parasitic capacitance
between two adjacent layers by 82% in round-cable-based in-
ductors, and reduce by up to 50% in copper-foil-based induc-
tors, compared to the inductors with parallel connections of
multiwindings at the same power level and core configurations.
This is because in the round-cable-based inductors, using series-
connection can also reduce the capacitance contributed by two
adjacent layers, where the copper-foiled-based inductors have
the same electrical field strength between two adjacent foils that
implies the same value of parasitic capacitance contributed by
adjacent foils, with using either series or parallel connections of
windings. Therefore, the reduction of parasitic capacitance using
the series connection is smaller in copper-foil-based inductors,
in comparison to the round-cable-based inductors.

Based on physics-based modeling, the basic difference be-
tween series and parallel connections of multiwinding configu-
rations is that the stored energy between two adjacent layers is
different. Using the parallel connections, each winding will be
stressed by the full voltage drop. If the series connections are
applied, the voltage drop on each winding is shared by multiple
windings. According to the physics view point, with smaller
voltage drop on the windings can result in less electric field
energy stored in the winding, therefore, the parasitic capacitance
could become smaller using the series connection of multiwind-
ings.

It is also found that using series connections of multiwindings
could help to achieve a smaller volume of windings, which
is around 20% in the exampled cases. Besides, using series
connections of multiwindings will not bring extra manufacturing
complexity compared to the parallel windings of inductors
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Fig. 5. Simulated results of electrical field distribution and equivalent parasitic capacitance of round-cable-based inductors. (a) Using series-connection of two
windings. (b) Using parallel-connection of two windings.

TABLE V
KEY PARAMETERS OF ROUND-CABLE-BASED INDUCTORS SIMULATION

IV. FINITE-ELEMENT-METHOD SIMULATIONS

In this section, the FEM-based simulations are presented to
verify the theoretical analysis. Both round-cable and copper-
foil-based inductors are studied using FEM analysis. The Ansys
Maxwell is used to simulate the electric-field distribution and
extract the total equivalent capacitance. In order to reduce the
computation complexity, the three-dimensional (3-D) simula-
tion of inductors is simplified to 2-D models [33], where the
results can be easily integrated by the length of turns. The voltage
potential of the winding is assumed to be linearly distributed,
where each turn/foil is configurated as a discrete value from 0 V
to (N-1) V, and N is the number of turns.

A. Round-Cable-Based Inductors With Two Windings

Case studies of two-winding round-cable-based inductors
with series and parallel connections are simulated in Ansys.
Table V shows the geometrical parameters of the simulated
round-cable-based inductors. The geometrical parameters for
FEM simulations are selected for approaching the real applica-
tions. However, it is not reasonable to have the same number
of turns/layers as practical applications, e.g., 190 turns/layers in
the prototyped inductors shown in the later section.

The simulated electric-field distribution of a round-cable-
based inductor with the series connection of windings is shown
in Fig. 5(a), where Fig. 5(b) shows the result of a round-cable-
based inductor with parallel the connection of windings.

TABLE VI
KEY PARAMETERS OF COPPER-FOIL-BASED INDUCTORS SIMULATION

In Fig. 5, the electrical-field distribution is more intensive
in the round-cable-based inductors with parallel connections
than with the series connection of two windings, where more
electric-field energy is stored by the parallel connections of two
windings.

According to the simulations, the simulated capacitance of
round-cable-based inductors using the parallel connection of
windings is 211.42 pF/m, as opposed to 45.02 pF/m while
using the series connection of windings. Therefore, the parasitic
capacitance in round-cable-based inductors using the series
connection of windings is only 21.3% compared to using the
parallel connection of windings. The result is very close (around
4% errors) to the theoretical analysis shown in (6). The error
is caused by the parasitic capacitance contributed by the stored
energy between the inner layer and core, where (6) only consider
the parasitic capacitance between two adjacent layers.

B. Copper-Foil-Based Inductors With Two Windings

The simulated electric-field distribution of the round-cable-
based inductor with the series connection of windings is shown
in Fig. 6(a), where Fig. 6(b) shows the round-cable-based induc-
tor with parallel the connection of windings. The geometrical
parameters of the simulated copper-foil-based inductors are
shown in Table VI, where the corresponding simulation results
are presented in Fig. 6.

In Fig. 6(a), the electric field distribution in copper-foil-based
inductors with parallel connections of the two windings is more
intensive than using the series connection of the two windings.
The equivalent capacitance is simulated as 833.27 pF/m with us-
ing the series connection of two windings, where the equivalent
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Fig. 6. Simulated results of electrical field distribution and equivalent parasitic capacitance of copper-foil-based inductors. (a) Using series-connection of two
windings. (b) Using parallel-connection of two windings.

capacitance in the copper-foil-based inductor using the parallel
connection of two windings is simulated as 1730.10 pF/m.
Using series connection results in a 51.8% reduction of para-
sitic capacitance compared to using parallel connections of the
two-windings, which also shows very close agreement with the
theoretical analysis.

C. Summary

The FEM analysis of electric field distribution, as well as the
simulated equivalent parasitic capacitance, are presented in this
section. The FEM simulations can verify the theory that using
the series connection of multiple windings can significantly
reduce the equivalent capacitance compared to using parallel
connections, especially for round-cable-based inductors.

V. EXPERIMENTAL VERIFICATIONS

In total, six inductors, including two round-cable-based induc-
tors with parallel and series connections, two copper-foil-based
inductors with parallel and series connections, and two planar
inductors with parallel and series connections, are prototyped to
further validate the theory.

The four prototyped medium-voltage high-power inductors
are constructed by two U-type amorphous cores with the same
geometrical structures, with a length of 2 mm air gap. The two
planar inductors are constructed by the same two C-type cores
with no air gaps. The six inductors are configurated with two
windings.

The prototyped inductors are not the most optimized inductors
with reduced parasitic capacitance and increased utilization of
window section (power density). Indeed, the prototyped induc-
tors are aimed to verify the theoretical analysis of parasitic
capacitance in multiwinding inductors using parallel or series
connections. Therefore, only the amorphous cores in stock of
suppliers are used, and it results in lower utilization of window
section area. For the same type of inductors, the same electrical

TABLE VII
KEY PARAMETERS OF THE TWO ROUND-CABLE-BASED INDUCTORS

conductivity (cross-sectional area of the conductor), same induc-
tance (same number of turns and same core structure), and the
same main winding parameters (using the same winding layout,
bobbins, and spacers) are ensured for a fair comparison.

To measure the parasitic capacitance of these inductors, the
Keysight E4990A impedance analyzer and its adapter 16047E
with a conventional two-terminal measurement method are ap-
plied [34], [35].

A. Round-Cable-Based Inductors With Two Windings

Fig. 7(a) is the picture of the prototyped round-cable-based in-
ductor with parallel connections, whereas Fig. 7(b) is the picture
of the prototyped round-cable-based inductor with series con-
nections. The detailed parameters of the two round-cable-based
inductors are listed in Table VII. By comparing Fig. 7(a) and (b),
the prototyped inductor with series connections of windings has
smaller width of winding compared to the prototyped inductor
with parallel connections of windings.

The measured impedance of round-cable-based inductors
with parallel and series connections of two windings are shown
in Fig. 8(a) and (b), respectively. The inductance of the two
inductors is the same due to the same number of turns contributed
by both windings. However, the first resonant frequency in
Fig. 8(a) is lower than Fig. 8(b), which indicates the equivalent
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Fig. 7. Pictures of prototyped round-cable-based inductors. (a) Windings are
connected in parallel [the schematic is shown in Fig. 3(a)]. (b) Windings are
connected in series [the schematic is shown in Fig. 3(b)].

parasitic capacitance using a parallel connection is larger than
using the series connection of two windings. According to the
measured impedance, the equivalent circuits of round-cable-
based inductors with the parallel and series connections of
windings are also given in Fig. 8. The equivalent parasitic capac-
itance using series connections is reduced by 78.3% compared
to parallel connections of multiwinding in round-cable-based
inductors, which is in a good agreement with the theoretical
analysis.

B. Copper-Foil-Based Inductors With Two Windings

Fig. 9(a) is the picture of the prototyped copper-foil-based in-
ductor with parallel connections, whereas Fig. 9(b) is the picture
of the prototyped copper-foil-based inductor with series con-
nections. The detailed parameters of the two round-cable-based
inductors are listed in Table VIII. In Fig. 9, although the width
of winding is the same in both prototyped copper-foil-based
inductors, the thickness of the copper-foil-based inductors with
series connections of windings is smaller than the copper-foil-
inductors with parallel connections.

The impedance of the two prototyped copper-foil-based in-
ductors is measured, as shown in Fig. 10. Based on the mea-
sured impedance, the equivalent parasitic capacitance of the
copper-foil-based inductors using either parallel connection or
series connection of two windings are identified, where the
series connection of two windings in copper-foil-based inductors
reduce the parasitic capacitance by 57.9% compared to using the
parallel connection. The experimental results and comparisons

Fig. 8. Measured and fitted impedance of prototyped round-cable-based in-
ductor. (a) Using parallel connections. (b) Using series connections.

verify the theory that using a series connection can significantly
reduce the parasitic capacitance in copper-foil-based inductors.

C. Planar Inductors With Two Windings

The planar inductors with two windings are also prototyped
and compared in this article. The two planar inductors are
constructed by two C cores with Ferroxcube 3F36 material [36].
Fig. 11(a) is the picture of the prototyped planar inductor with
two windings in parallel, where Fig. 11(b) shows the picture
of the prototyped planar inductor with two windings in series.
The detailed parameters of the two planar inductors are listed in
Table IX.

The impedance of the two prototyped planar inductors is also
measured, as shown in Fig. 12(a) and (b), for parallel and series
connections of two windings, respectively. It can be found that
for the same current level planar transformers using the same
core, using the series connection of two windings can help to
reduce the equivalent capacitance by around 71.5%, where the
volume of windings also becomes smaller. The experimental
results prove that using series connections of multiple windings
in planar inductors can significantly reduce the equivalent capac-
itance without adding manufacturing complexity and sacrificing
winding power density. The conclusion should be applied to
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Fig. 9. Pictures of prototyped copper-foiled inductors. (a) Windings are
connected in parallel [the schematic is shown in Fig. 4(a)]. (b) Windings are
connected in series [the schematic is shown in Fig. 4(b)].

TABLE VIII
KEY PARAMETERS OF THE TWO COPPER-FOILED INDUCTORS

various types of inductors at the same power level by using
series connections of the multiwindings.

VI. ADVANTAGES AND DISADVANTAGES OF USING SERIES

CONNECTIONS OF MULTIWINDINGS

A. Advantages

The advantages of using series connections have been both
theoretically and experimentally proved in this article. Most

Fig. 10. Measured and fitted impedance of prototyped copper-foil-based in-
ductor. (a) Using parallel connections. (b) Using series connections.

TABLE IX
KEY PARAMETERS OF THE TWO PLANAR INDUCTORS

importantly, the parasitic capacitance of inductors can be signifi-
cantly reduced using the series connections of multiwindings (at
least by 50%). In the round-cable-based inductors, the voltage
stress between the adjacent layers can also be reduced, which
may help reduce partial discharge in medium-voltage applica-
tions [37]. Besides, the volume of windings could be reduced
using the series connections of multiwindings.
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Fig. 11. Pictures of prototyped planar inductors. (a) Windings are connected
in parallel. (b) Windings are connected in series.

B. Disadvantages

Since the parallel connections can share the current and at
the same frequency, the ac resistance caused by skin effects and
proximity effects [1], [38], is smaller than using the series con-
nections of multiwindings. Therefore, using series connections
of inductors with multiwindings can result in larger ac-resistance
and more winding loss at high frequency.

C. Discussions

The main applications of this article are high-power applica-
tions, especially for medium voltage SiC MOSFET applications.
In these cases, the inductors usually act as line filters, where the
fundamental frequency is 50/60 Hz and the switching frequency
is 5–10 kHz. Therefore, the ac-resistance at high frequency is
not the most critical parameter in these applications. Instead, due
to the high dv/dt of medium-voltage SiC MOSFETs, the parasitic
capacitance in magnetics is the bottleneck. Therefore, it can be
a solution to electronically connect then multiwindings in series
for reducing parasitic capacitance, even with introducing larger
ac-resistance.

Besides, in the case of further reducing the ac resistance, litz
wire (without considering the cost) can also be applied with
series connections of multiwindings.

Fig. 12. Pictures of prototyped planar inductors. Measured and fitted
impedance of prototyped planar inductors. (a) Using parallel connections.
(b) Using series connections.

Regarding the manufacturing complexity, using series con-
nections of multiwindings will not add extra cost, which is
almost the same as the manufacturing of inductors with parallel
connections of multiwindings.

VII. CONCLUSION

This article investigates the difference in parasitic capacitance
in inductors using parallel and series connections of multiwind-
ings. The theoretical and experimental results prove that the mul-
tiwinding inductors with series connections of windings should
exhibit a much smaller parasitic capacitance compared to the
multiwinding inductors using parallel connections of windings
without adding extra manufacturing cost and complexity. This
article reveals that the equivalent layer-to-layer parasitic capaci-
tance in inductors can be significantly reduced by means of series
connections of windings, where the effects are more obvious in
round-cable-based inductors compared with copper-foil-based
inductors. The volume of windings can also be reduced using
the series connections of multiwindings. Therefore, it is advan-
tageous for medium-voltage and high-power inductors to use the
series connections of multiwindings.
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