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Rethinking Basic Assumptions for Modeling
Parasitic Capacitance in Inductors

Hongbo Zhao

Yuan Gao, Dipen Narendra Dalal*”, Rui Wang

and Stig Munk-Nielsen

Abstract—This article rethinks the basic assumptions often used
in analytically modeling parasitic capacitance in inductors. These
assumptions are classified in two commonly-used physics-based
analysis methods: the lumped capacitor network method and
the energy conservation method. The lumped-capacitor network
method is not the proper solution for calculating the equivalent
parasitic capacitance in inductors at the first resonant frequency,
but rather represents the equivalent parasitic capacitance above the
last resonant frequency. The energy-conservation based method is
shown to be more accurate and a reasonable solution to model the
equivalent parasitic capacitance at the first resonant frequency.
Multiple case studies of inductors are used for verifying the theory.

Index Terms—Assumptions, inductors, modeling, parasitic
capacitance.

1. INTRODUCTION

HE PARASITIC parameters in passive components are
T of growing importance [1]-[7] due to the exponentially
increasing use of wide band-gap devices in power electronic
converters to operate at higher frequencies with faster switching
transients [8]-[10]. Faster switching speed can result in larger
currents due to the parasitic capacitance in inductors [11], which
will cause extra losses in transistors [12] and EMI/EMC issues
[1], [13], and therefore, limit the potential performance of high-
frequency converters. In order to mitigate the effects of parasitic
capacitance in magnetic components, it is important to properly
model and analyze parasitic capacitance in inductors.
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Physics-based modeling methods are widely used to ana-
lytically predict the parasitic capacitance of inductors [14],
[15] since the value can be calculated from geometric val-
ues and material properties [16]-[18]. As opposed to finite-
element-based (FEA-based) modeling, physics-based modeling
more readily produces guidelines for designing and improving
components.

Generally, there are two state-of-the-art physics-based mod-
eling methods that can provide the explicit equations of the
equivalent capacitance at the first resonant frequency: 1) the
lumped capacitor network method [14], [19]-[21] and 2) energy
conservation method [15]-[18], [22]-[24]. Both methods repre-
sent the inductors with an equivalent circuit constructed from
multiple inductors and capacitors, with resistance usually ne-
glected. However, two different assumptions are further used in
these two modeling methods for simplifying the physics-based
models of parasitic capacitance at the first resonant frequency
in inductors.

In the lumped capacitor network method [14], [19]-[21], the
original equivalent circuit is simplified to a purely capacitive
network, where elementary inductors are completely neglected
since this method assumes that the impedance of elementary
inductors is negligibly high at the first resonant frequency. In
the energy-conservation based method [15]-[18], [22]-[24], the
effects of elementary inductors are considered by the voltage
drop between turns, where the voltage drop is assumed to be
distributed linearly at each turn. Then, the equivalent capacitance
between the two terminals of inductors is calculated by deriving
the total energy in the electric field between the turns and
matching it to the energy stored in the equivalent capacitance.

As mentioned, although both the lumped capacitor network
method and energy conservation method have been widely used
in calculating the equivalent capacitance of inductors at the
first resonant frequency, the similarities and differences of these
two methods are only partially elaborated. For example, [14]
indicates that the lumped capacitor network method is only
suitable for inductors with simple structure, i.e., the single-
layer inductor with ferrite core or air core since the pi-circuit
transformation used is only applicable in the equivalent circuit
with a simple geometrical structure. However, the description is
still not accurate and comprehensive. Most importantly, the key
limitation of the lumped-capacitor method is still not revealed
in prior publications.

This work is licensed under a Creative Commons Attribution-NonCommercial-NoDerivatives 4.0 License. For more information, see
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Fig. 1. Toroid inductor. (a) 3-D model. (b) 2-D equivalent circuit representa-
tion with neglected mutual inductive couplings and capacitive couplings between
nonadjacent turns.

In this article, the basic simplifying assumptions used in the
lumped capacitor network and the energy conservation methods
are reviewed. Then, a significant contradiction between the
lumped capacitor network method and the energy conservation
method is identified. Then, three theoretical comparisons
of these two methods at the circuit-level are elaborated and
validated in LTspice, where the limitations are addressed. The
comparisons show that the lumped capacitor network method
is improper for calculating the total equivalent capacitance
at the first resonant frequency of inductors, while the energy
conservation method is the proper solution. This article also
validates this conclusion with experimental measurements of
the parasitic capacitance of multiple prototype inductors.

II. PROBLEM FORMULATION

A single-layer toroid inductor with a ferrite core is used as an
example in this section, though we emphasize that the conclu-
sions apply to a broader class of components. Fig. 1(a) shows
the 3-D structure of the toroid-inductor, where multiple turns of
conductors are constructed as the winding. The high-frequency
equivalent circuit of the exampled toroid-inductor is given in
Fig. 1(b), where the resistance is neglected as usual.

The high-frequency equivalent circuit of the toroid inductor
is based on the following three assumptions.

1) Eachturn canbe simplified as a 2-D element, i.e., a circular
conductor running into the page. Therefore, the capacitive
coupling between two adjacent turns is simplified as a
single capacitor Cy. The capacitive couplings between
each turn and core are simplified as the single capacitor
Ci.. Between two adjacent turns, there is an elementary
inductor L.

2) The complicated coupling among all the turns is neglected
in favor of a simplified model with a series inductance
between each turn. Similarly, the capacitive coupling be-
tween nonadjacent turns is also neglected. Losses are also
neglected.

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 37, NO. 7, JULY 2022
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Fig. 2. Simplified equivalent circuit using the lumped capacitor network

method [11].

3) The core is assumed as a perfect conductor, as is com-
monly done. Even high-resistivity cores often have rela-
tively high permittivity [25], which has a similar effect
when modeling electric field distributions.

The rationality of these three assumptions has been deeply
elaborated in [11]-[21]. They are important for obtaining ex-
plicit expressions of parasitic capacitance in inductors (or trans-
formers) by making the analytic problem tractable. Both the
lumped capacitor network method and the energy conservation
method are based on the three above assumptions, with different
new assumptions further introduced for simplifying the model-
ing and calculations, which will be elaborated in the following
sections.

A. Lumped Capacitor Network Method

In [14] and [19]-[21], the lumped capacitor network method
has been used for solving the explicit expression of total equiv-
alent capacitance between Turnl and Turn N.

The additional assumption made in the lumped capacitor
network method is to neglect elementary turn-to-turn induc-
tance shown as Lgy1—Lit(n-1). The lumped capacitor network
method argues that the impedances of elementary turn-to-turn
inductances Lgg1—Liy(n-1) are very high at the first resonant
frequency, and therefore could be considered as open circuits.
This assumption should immediately appear improbable as the
first resonance is by nature a magnetic—electric interaction.

Thus, the equivalent circuit is shown in Fig. 1(b) is simplified
to a purely capacitive network [14], as shown in Fig. 2. By using
the delta-to-star transformation, the total equivalent capacitance
Ciotal(NV) of the inductor with a different number N of turns can
be calculated [19], which is given here as follows:

Cie
Ctotal (2) - Ctt + 2t
o Ci | Chc
Ctotal(g)— 9 + 9
Crotat(N —2) x &= i
Ciotai(N) = 2 4 —CifN> 3. 1
‘total (V) Crorat(N —2) + Ca 5 o1 (1)

v ‘

According to (1), if N > 3, Ciota1(N) is an iterative sequence.
The authors in [14] and [19]-[21] found that the iterative se-
quence is convergent if N is large enough, which is given as an
analytical equation as follows:

C C
) _ i (a + _ tc )
4 Cit
For example, if o = 2 (approximately the case if the turn-to-
turn and turn-to-core spacing are set by wire insulation), then

Chotar (o0 o? +4a),a (2)
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Simplified equivalent circuit using the energy conservation method.

Fig. 3.

the total capacitance between Turnl and Turn N is convergent
to 1.366C}¢ when N is larger than about 10 [19]-[21]. Thus, the
lumped capacitor network method predicts that the equivalent
capacitance does not vary with the number of turns N so long as
N is large enough.

B. Energy Conservation Method

The energy conservation method has also been used for
calculating the explicit expressions of parasitic capacitance in
inductors [15]-[18], [22]-[24], using a different assumption
compared to the lumped capacitor network method.

The energy conservation method assumes that the voltage
potential is linearly distributed along the winding (Viym =
Viotal/(N — 1)) due to magnetic coupling between the turns. The
elementary inductors are not considered as open-circuit elements
in this method. Since the core is floating, the voltage potential
on the core is assumed to be Vi,,1/2 according to [1], [3], and
[24].

For the equivalent circuit illustrated in Fig. 3, the total parasitic
capacitance between Turn 1 and Turn N can be obtained as (3),
based on the energy conservation law introduced in [15]

N 2
E N - Voa Voa CC
Ctotal(N): <( TL) total . ttl) ¢

n=1 N-—1 2 ‘/t%)tal
N-1

+ ( V;;otal )2 Ctt (3)
n=1 N-1 ‘/tQOtal

Since the voltage potential is discrete in (3), the sum sequence
is used to represent the total equivalent capacitance. In the limit
of many turns, the sum can be approximated as an integral and
Ciotal(N) can be presented as (4)

Ctotal(N) - N1C2tc + ]\?itl
Ctotal(oo) = 0.

Thus, the total parasitic capacitance is unbounded as N grows.
This stands in contrast to the lumped capacitor network method,
which predicts that capacitance converges as N increases.

“)

C. Contradictions

Although both methods are aiming to analytically calculate
the total equivalent capacitance of inductors at the first resonant
frequency, the results and conclusions of (2) and (4) are totally
different, especially as N becomes large.

The lumped capacitor network method claims that the total
equivalent capacitance of the inductor will be convergent with
increasing the number of turns, where the energy conservation
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Fig. 4. Equivalent circuit for inductors before the first resonant frequency.

method claims that the total equivalent capacitance of induc-
tor will continue to grow with increasing number of turns.
Therefore, one or both methods are improper in solving the
total equivalent capacitance of the equivalent circuit at the first
resonant frequency.

The difference comes from the lumped capacitor network
assumption that the elementary inductors can be considered
as open circuits versus the energy conservation method’s as-
sumption of linear voltage distribution across turns owing to
magnetic coupling. In a way, each model makes the opposite
assumption—the lumped capacitor model assumes that magnetic
effects are irrelevant, while the energy-conservation approach
assumes that the voltage distribution between turns is entirely
determined by magnetic effects.

We will show that neither assumption is entirely accurate,
though the energy-conservation approach is much more accurate
and can be considered a reasonable solution for calculating the
parasitic capacitance and predicting the first resonant frequency.

III. EVALUATION OF MODEL ASSUMPTIONS

As mentioned, the lumped capacitor network method appears
improbable as it ignores magnetic effects while the first resonant
frequency is, by definition, a magnetic-electric interaction. This
section will prove that it is improper to consider the elementary
inductors as open circuits around the first resonant frequency
of inductors. We will further show that the energy conservation
method reasonably predicts the equivalent parasitic capacitance
around and below the first resonant frequency. In order to prove
it, multiple circuit simulations are applied in LTspice.

A. Impedance Measurement Evaluations

First, the original equivalent circuit shown in Fig. 1(b) is
established in LTspice, where the parameters are Ly, = | mH, Cy;
=5 pF, Cic = 10 pF, and N = 10. The impedance of the original
equivalent circuit, which includes every interturn inductance,
turn-to-turn capacitance, and turn-to-core capacitance, is mea-
sured and shown as the yellow curve in Fig. 4. Meanwhile, with
the known value of Cy, Cy., and N, the calculated total equivalent
capacitance of the network is calculated as 6.9 pF using the
lumped capacitor network method, and as 10.8 pF using the
energy conservation method. Therefore, for the behaviors of
inductors before the first resonant frequency, they could be
represented by the equivalent circuit shown in Fig. 4. C,, is the
total equivalent capacitance that needs to be modeled.

By paralleling (N — 1) Lty =9 mH inductance to the calculated
total equivalent capacitance, the equivalent circuit impedances
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Fig. 5.  Comparison of simulated impedance using LTspice and calculated

impedance using energy conservation method and lumped capacitor network
method (N = 10 is used in this case).

of each network are plotted in Fig. 5, which should be only
valid before the second resonant frequency due to the common
assumptions.

The measured impedance of the original circuit in LTspice,
can also be fitted near the first resonant frequency with Liota)
= 9 mH and Cita1 = 11.9 pF. The lumped capacitor network
method has the largest error of around 42%, for the equivalent
capacitance at the first resonant frequency of the equivalent
circuit shown in Fig. 1(b), where the energy conservation method
has a smaller error of around 9%.

B. Voltage Potential Distribution Evaluations

Although the lumped capacitor network method shows huge
error when predicting the total equivalent parasitic capacitance,
it can match well with the measured impedance of the orig-
inal equivalent circuit after the last resonant frequency. This
makes sense, as the lumped-capacitor approach explicitly as-
sumes that the frequency is high enough to ignore any mag-
netic impedances, where the frequency after the last resonant
frequency point is high enough to consider the elementary turn-
to-turn inductance L1 —Lit( v-1) as completely open-circuits.

In order to further elaborate the comparisons, the individual
voltage potentials versus frequencies of Turns 1-10 is simulated
and compared using LTspice. The magnitude of ac perturbations
is fixed at 1 V in LTspice. The simulated results of the original
equivalent circuit and lumped capacitor network are shown
in Fig. 6(a) and (b), respectively [the results for the energy
conservation method are constant by assumption, in Fig. 6(c)].

The voltage potential distribution at each turn in the original
equivalent circuit is not constant with respect to frequency. In
lumped capacitor network method, the voltage potential is con-
centrated at the first and last turn, where the results for the energy
conservation method are evenly distributed. By comparing the
results at the first resonant frequency in Fig. 5, the voltage

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 37, NO. 7, JULY 2022

I
Voltage-Turnl |
Voltage-Turn2
Voltage-Turn3 I
Voltage-Turn4 I
Voltage-Turn5 |

Voltage-Tumé
First resonant|

Voltage-Turn7 "
frequency

9 Voltage-Turn8 I
\cu/ Voltage-Turn9 |
% ysr Voltage-Turn10
=
o
>

Voltage-Turnl
Voltage-Turn2
Voltage-Turn3
Voltage-Turn4
Voltage-Turn3
Voltage-Turn6
Voltage-Turn7
Voltage-Turng

First resonaml
frequency |

Voltage-Turn9 |
1sh Voltage-Turn10 B

Voltage (V)

(S = =

2 3 4 5 6
Frequency (Hz)

(b)

3 T

Voltage-Turnl
Voltage-Turn2
Voltage-Turn3
Voltage-Turnd

251

Voltage-Turn$
Voltage-Turn6
First resonant

Voltage-Turn7
frequency

Voltage-Turn8
Voltage-Turn9
st Voltage-Turn10

Voltage (V)

0.5¢

Frequency (Hz)

(©)

Fig. 6. Voltage potential distribution versus frequencies of Turns 1-10. (a)
Original equivalent circuit (simulated by LTspice). (b) Lumped capacitor net-
work method (simulated by LTspice). (c) Energy conservation method (accord-
ing to assumption).

potential of the lumped capacitor network method has a huge dif-
ference compared to the original equivalent circuit, which means
the assumption used in lumped capacitor network method fails to
represent the actual voltage potential distribution. Although the
voltage potential distribution is unevenly distributed at the first
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Fig. 7. Comparison of the calculated and simulated capacitance of the equiv-
alent circuit with the different number of turns.

resonant frequency in the original equivalent circuit, it is still
quite similar to the even voltage potential distribution, which
means the assumption made in the energy conservation method
is reasonable up to the first resonant frequency.

C. Equivalent Parasitic Capacitance Evaluations

In this section, the equivalent capacitances at the first resonant
frequency are calculated using both methods with different
numbers of turns and compared with the simulated value of the
original equivalent circuit using LTspice, as shown in Fig. 7.

In Fig. 7, the number of turns in the inductor is varied from
5 to 25 turns. The parasitic capacitance of energy conservation
method and LTspice simulation at the first resonant frequency
shows a positive correlation with the number of turns. The
errors between the energy conservation method and LTspice
simulation at the first resonant frequency can be explained by
the nonuniform voltage potential difference, which has been
elaborated in previous sections. The lumped capacitor network
method shows huge errors between the simulated capacitance at
the first resonant frequency, and the errors become larger with
an increased number of turns.

However, the calculated impedance using the lumped capaci-
tor network method shows good agreements with the simulated
equivalent capacitance after the last frequency, which still makes
sense since the lumped capacitor network method assumed the
frequency is high that the elementary turn-to-turn capacitance
could be considered as open-circuits.

D. Summary

According to the evaluations presented in this section, the en-
ergy conservation method can predict the equivalent capacitance
of network at the first resonant frequency, introducing some
acceptable errors due to the actual nonlinear voltage potential
distribution of winding. The lumped capacitor network method
predicts the equivalent capacitance in the limit of high frequency,
where previous research still used the method to calculate the
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TABLE I
GEOMETRICAL AND MATERIAL PARAMETERS OF PROTOTYPE A
Core size 50mm/
(Outer diameter/Inner diameter/Height) 30mm/
20mm
Core material [27] TDK N30
Mean length of per turn 68 mm
Number of turns 41 - 81
Average distance of the airgap between 0.1 -0.3 mm
the winding and core (p2)
Average distance of the airgap between 0.1 mm
two adjacent turns (p1)
Diameter of conductor 0.6 mm
Diameter of cable includes coating 0.7 mm
Relative permittivity of the turn coating 3.7

equivalent capacitance of inductors at the first resonant fre-
quency. Therefore, [14], [19]-[21] mis-state the valid frequency
range of the lumped capacitor network method.

IV. EXPERIMENTAL VERIFICATIONS

In order to verify the theory, three prototypes (inductors A,
B, C) are researched by comparing the results of theoretical
modeling methods and experimental measurements, where the
parasitic capacitance of inductors is calculated and measured
with the different number of turns.

The total equivalent capacitance of the inductors A—C under
the different number of turns is theoretically calculated using the
energy conservation method, where the voltage potential is as-
sumed to be linearly distributed within the winding. The parasitic
capacitance of the prototyping inductors A—C at the first resonant
frequency is also measured using Keysight E4990 impedance
analyzer and its adapter 16047E. The valid frequency range
of the Keysight E4990 impedance analyzer is up to 120 MHz,
and therefore it is not always possible to identify the equivalent
parasitic capacitance after the last resonant frequency, due to the
high-frequency limit. Therefore, only the equivalent capacitance
of the inductor at the first resonant frequency is fitted by using
the resonant method [24], according to the measured impedance.

The voltage potential distribution of inductors under different
frequencies is not verified by experiments in this article, since
the parasitic capacitance of probes and scopes can significantly
influence the measured voltage distribution [26]. Therefore,
the actual voltage potential distribution of inductors cannot be
obtained using voltage probes directly.

A. Prototype A: R50mm/30mm/20mm N30 Toroid Inductor

Prototype A is constructed by a toroid core, using N30 core
material from TDK [27]. The optimal frequency range of N30
material is below 0.4 MHz, where the measured frequency of
the first resonant frequency should also be below 0.4 MHz for
ensuring relatively constant permeability. Therefore, at least 51
turns are implemented in prototype A.

The rest parameters of Case A toroid inductor are listed in
Table I, and the prototyping Case A is shown in Fig. 8. The
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Fig. 8.
tor.

Photograph of Prototype A: RS0mm/30mm/20mm N30 toroid induc-

30

—3%¢— Experimental measurements
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Fig. 9. Comparison among calculated equivalent capacitance (energy conser-
vation method), calculated equivalent capacitance (lumped capacitor network
method), and measured equivalent capacitance of Prototype A.

average distance between winding and core ps is highly relevant
to predicting the parasitic capacitance of the inductor, and due
to the bending ratio of copper, the value could be varied by
the position of windings. In this case, the average distance is
estimated from 0.1 to 0.3 mm according to the measurement by
using a vernier caliper.

The calculations and measurements of parasitic capacitance
at the first resonant frequency in Prototype A are shown in
Fig. 9. The measured equivalent capacitance at the first resonant
frequency versus the different number of turns is shown as
the blue curve. The calculated capacitance versus the different
number of turns is shown as a region of possibilities to account
for the uncertainty in the average wire-to-core spacing p2. The
measured equivalent capacitance at the first resonant frequency
increases when the number of turns is increased. The energy
conservation method can predict the equivalent capacitance at
the first resonant frequency, by introducing some uncertain-
ties of geometrical errors. The calculated capacitance using
lumped-capacitor modeling method shows huge errors (mini-
mum 250%-600%) compared with the measured capacitance,
especially when the number of turns is large.

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 37, NO. 7, JULY 2022

TABLE II
GEOMETRICAL AND MATERIAL PARAMETERS OF PROTOTYPE B

Core size 102mm/
(Outer diameter/Inner diameter/Height) 65.8mm/
15mm
Core material [28] TDK N87
Mean length of per turn 72 mm
Number of turns 66 - 148
Average distance of the airgap between 0.1 —0.3 mm
the winding and core (p2)
Average distance of the airgap between 0.1 mm
two adjacent turns (p1)
Diameter of conductor 0.6 mm
Diameter of cable includes coating 0.7 mm
Relative permittivity of the turn coating 3.7

TABLE III
GEOMETRICAL AND MATERIAL PARAMETERS OF PROTOTYPE C

Core size 59mm/
(Length/ Height/Width) 31mm/
22mm
Core material [29] TDK N97
Mean length of per turn 70.7 mm
Number of turns 30-63
Average distance of the airgap between the 0—0.05 mm
winding and core (p2)
Average distance of the airgap between two 0.1 mm
adjacent turns (p1)
Diameter of conductor 0.6 mm
Diameter of cable includes coating 0.7 mm
Relative permittivity of the turn coating 3.7

Fig. 10.
inductor.

Photograph of Prototype B: R102mm/65.8mm/15mm N87 toroid

B. Prototype B: R102mm/65.8mm/15mm N87 Toroid Inductor

Prototype B is constructed by a toroid core, using N§7 mate-
rial from TDK [28]. The parameters of the prototype are listed
in Table II . In order to guarantee a constant permeability that
the first resonant frequency of the inductor will be below the
optimal frequency range (0.5 MHz), a minimum number of turns
is selected as 66. The maximum number of turns is 148 in this
case. The photograph of Prototype B is shown in Fig. 10.
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—¥— Experimental measurements

—¥— Energy-conservation-based method (p2 = 0.1 mm)
Energy-conservation-based method (p2 = 0.3 mm)

—¥— Lumped-capacitor-network method (p2 = 0.1 mm)

~—¥—— Lumped-capacitor-network method (p2 = 0.3 mm)
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Fig. 11. Comparison among calculated equivalent capacitance (energy con-

servation method), calculated equivalent capacitance (lumped capacitor network
method), and measured equivalent capacitance of Prototype B.

The calculations and measurements of parasitic capacitance at
the first resonant frequency in Prototype B, versus the different
number of turns, are compared in Fig. 11.

Using the lumped capacitor network method, the calculated
capacitance is always a constant value versus the number of
turns. However, the measured capacitance is increased when the
number of turns becomes larger. The minimum error between
lumped capacitor network method and measurement is between
500% and 1900%. According to Fig. 10, when ps is between 0.1
and 0.3 mm, the energy conservation method predicts the mea-
sured equivalent capacitance at the first resonant frequency. The
calculated equivalent capacitance using the energy conservation
method keeps increasing when the number of turns is larger,
which is shown experimentally.

C. Prototype C: ETD 59mm/3 Imm/22mm N97 Inductor

The inductor in Prototype C is constructed by two E-type
cores, using core material N97 from TDK [29]. Similar to
before, the minimum turns are 30 for ensuring the first resonant
frequency within the optimal frequency range. The parameters of
the prototype are listed in Table II1. The photograph of Prototype
C is shown in Fig. 12. The calculations and measurement of
parasitic capacitance at the first resonant frequency in Prototype
C, versus the different number of turns, are compared in Fig. 13.

Similar to Prototype A and B, the calculated capacitance using
lumped capacitor network method is always a constant value
under the different number of turns, where the minimum error is
calculated between 200% and 400%. The measured equivalent
capacitance at the first resonant frequency in Prototype C could
be predicted by using the energy conservation method, by esti-
mating the average distance of the airgap between the winding
and core from 0 and 0.05 mm. With a given value of the airgap
distance between winding and core, the calculated capacitance
at the first resonant frequency using the energy conservation
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Fig. 12.
inductor.

Photograph of prototype C: ETD 59mm/31mm/22mm N97 E-core
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—¥— Experimental measurements
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—¥— Lumped-capacitor-network method (p2 = 0 mm) g
——3¢—— Lumped-capacitor-network method (p2 = 0.05 mm)
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Fig. 13. Comparison among calculated equivalent capacitance (energy con-

servation method), calculated equivalent capacitance (lumped capacitor network
method), and measured equivalent capacitance of Prototype C.

method is increased when the number of turns is larger, which
is aligned with the experimental measurements.

D. Summary

The experimental results show that equivalent capacitance
should increase with a larger number of turns, as predicted by
the energy conservation method and not by the lumped capacitor
network method. Therefore, this experiment shows the predic-
tion of the lumped-capacitor method, namely that capacitance
should converge with increasing number of turns, is incorrect.

The equivalent parasitic capacitance at the first resonant fre-
quency is sensitive to the distance of airgap between core and
winding; therefore, this article introduces the range of the airgap
distance and predicts the equivalent capacitance using a region.
The experimental results for all three inductors always fell within
the range predicted by the energy conservation method.
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V. CONCLUSION

This article rethinks the methods of calculating the parasitic
capacitance of inductors. Two methods are explained, and their
assumptions are critiqued. According to technical comparisons,
the misunderstanding concepts and limits of these two methods
are classified.

1) The lumped capacitor network method assumes that only

capacitive impedance is significant. Therefore it predicts
the capacitance in the limit of high frequency and is im-
proper to predict the equivalent capacitance at the first res-
onant frequency, which is the more usual case of interest.

2) The energy conservation method assumes that the voltage

distribution between turns is uniform and is shown to
be more proper for analytically calculating the parasitic
capacitance at the first resonant frequency. However, the
voltage potential distribution of winding is shown to be
nonuniform at the first resonant frequency according to
the LTspice simulations of the equivalent circuit, though
by a relatively small amount, which can still introduce
some errors in predictions.

The two modeling methods are compared by experiments
using three prototypes. The lumped capacitor approach is con-
firmed to be inappropriate, while the errors of the energy con-
servation method are found to be tolerable based on both circuit
simulations and experiments.

The conclusions are not limited to the applications of in-
ductors, but can be extended to transformers since the physical
concepts behind them are the same.

REFERENCES

[11 Y. Li and S. Wang, “Modeling and increasing the high-frequency
impedance of single-layer Mn-Zn ferrite toroidal inductors with elec-
tromagnetic analysis,” IEEE Trans. Power Electron., vol. 36, no. 6,
pp. 6943-6953, Jun. 2021.

[2] H.Zhao, “Modeling and reducing parasitic capacitance in medium-voltage
inductors,” Ph.D. dissertation, Dept. Energy, Aalborg Univ., Aalborg,
Denmark, 2021, Accessed: Oct. 13, 2021. [Online]. Available:
https://vbn.aau.dk/en/publications/modeling-and-reducing-the-
parasitic-capacitance-in-medium-voltage

[3] B. Liu, R. Ren, F. Wang, D. Costinett, and Z. Zhang, “Winding scheme
with fractional layer for differential-mode toroidal inductor,” IEEE Trans.
Ind. Electron., vol. 67, no. 2, pp. 1592-1604, Feb. 2020.

[4] H. Zhao et al., “Modeling and design of a 1.2 pF common-mode ca-
pacitance transformer for powering MV SiC MOSFETs gate drivers,” in
Proc. IEEE 45th Annu. Conf. Ind. Electron. Soc., Lisbon, Portugal, 2019,
pp- 1-7.

[5] P Yang, W.Ming,J. Liang,I. Liidtke, S. Berry, and K. Floros, “Hybrid data-
driven modeling methodology for fast and accurate transient simulation of
SiC MOSFETs,” IEEE Trans. Power Electron.,vol. 37, no. 1, pp. 440451,
Jan. 2022.

[6] H.Li,P. Yao,Z. Gao, and F. Wang, “Medium voltage converter inductor in-
sulation design considering grid requirements,” IEEE J. Emerg. Sel. Topics
Power Electron., to be published, doi: 10.1109/JESTPE.2021.3131602.

[7]1 Z.Zhao, P. Davari, W. Lu, H. Wang, and F. Blaabjerg, “An overview of
condition monitoring techniques for capacitors in DC-link applications,”
IEEE Trans. Power Electron., vol. 36, no. 4, pp. 3692-33716, Apr. 2021.

[8] H. Zhao, D. Dalal, J. K. Jgrgensen, M. M. Bech, X. Wang, and S.
Munk-Nielsen, “Behavioral modeling and analysis of ground current in
medium-voltage inductors,” IEEE Trans. Power Electron., vol. 36, no. 2,
pp. 1236-11241, Feb. 2021.

[9] Z. Ouyang and M. A. E. Andersen, “Overview of planar mag-
netic technology-fundamental properties,” IEEE Trans. Power Electron.,
vol. 29, no. 9, pp. 4888-4900, Sep. 2014.

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 37, NO. 7, JULY 2022

[10] Z.Qin,Z. Shen, F. Blaabjerg, and P. Bauer, “Transformer current ringing in
dual active bridge converters,” IEEE Trans. Ind. Electron., vol. 68, no. 12,
pp. 12130-12140, Dec. 2020.

[11] B. Ahmad, P. Jayathurathnage, W. Martinez, and J. Kyyra, “Parameter
extraction technique for evaluation of inductive and capacitive elements of
three-winding coupled inductor,” I[EEE J. Emerg. Sel. Topics Ind. Electron.,
to be published, doi: 10.1109/JESTIE.2021.3112929.

[12] A. Anurag, S. Acharya, S. Bhattacharya, and T. R. Weatherford, “Thermal
performance and reliability analysis of a medium voltage three-phase
inverter considering the influence of high dv/dt on parasitic filter elements,”
IEEE J. Emerg. Sel. Topics Power Electron., vol. 8, no. 1, pp. 486-494,
Mar. 2020.

[13] S.Acharya, A. Anurag, Y. Prabowo, and S. Bhattacharya, “Practical design
considerations for MV LCL filter under high dv/dt conditions considering
the effects of parasitic elements,” in Proc. 9th IEEE Int. Symp. Power
Electron. Distrib. Gener. Syst., Charlotte, NC, USA, 2018, pp. 1-7.

[14] A. Massarini and M. K. Kazimierczuk, “Self-capacitance of inductors,”
IEEE Trans. Power Electron., vol. 12, no. 4, pp. 671-676, Jul. 1997.

[15] E. C. Snelling, SoftFerrites: Properties and Applications. London, U.K.:
Butterworth, 1988.

[16] X. Liu, Z. Deng, Q. Qiu, R. Wang, Y. Deng, and X. He, “Analytical
estimation method of winding parasitic capacitance for high-frequency
high-voltage application,” IEEE Access, vol. 8, pp. 7374673755, 2020.

[17] J. Biela and J. W. Kolar, “Using transformer parasitic for resonant
converters-areview of the calculation of the stray capacitance of transform-
ers,” IEEE Trans. Ind. Appl., vol. 44, no. 1, pp. 223-233, Jan./Feb. 2008.

[18] H.Zhao et al., “Parasitic capacitance modeling of copper-foiled medium-
voltage filter inductors considering fringe electrical field,” IEEE Trans.
Power Electron., vol. 36, no. 7, pp. 8181-8192, Jul. 2021.

[19] G. Grandi, M. K. Kazimierczuk, A. Massarini, and U. Reggiani, “Stray
capacitance of single-layer solenoid air-core inductors,” IEEE Trans. Ind.
Appl., vol. 35, no. 5, pp. 1162-1168, Sep./Oct. 1999.

[20] A. Ayachit and M. K. Kazimierczuk, “Self-capacitance of single-layer
inductors with separation between conductor turns,” IEEE Trans. Electro-
magn. Compat., vol. 59, no. 5, pp. 1642-1645, Oct. 2017.

[21] G.Dong,F.Zhang, Y. Liu, W. Meng, and C. Xu, “Analytical method for ex-
traction of stray capacitance in single-layer CM chokes,” in Proc. IEEE En-
ergy Convers. Congr. Expo., Baltimore, MD, USA, 2019, pp. 3185-3191.

[22] H. Zhao et al., “Parasitic capacitance modeling of inductors without using
the floating voltage potential of core,” IEEE Trans. Ind. Electron., vol. 69,
no. 3, pp. 3214-3222, Mar. 2022.

[23] H. Zhao et al., “Physics-based modeling of parasitic capacitance in
medium-voltage filter inductors,” IEEE Trans. Power Electron., vol. 36,
no. 1, pp. 829-843, Jul. 2021.

[24] Z. Shen, H. Wang, Y. Shen, Z. Qin, and F. Blaabjerg, “An improved stray
capacitance model for inductors,” IEEE Trans. Power Electron., vol. 34,
no. 11, pp. 11153-11170, Nov. 2019.

[25] Ferroxcube, “Soft ferrites and accessories.” [Online]. Available: https://
www.ferroxcube.com/en-global/download/download/11

[26] A. Cremasco, D. Rothmund, M. Curti, and E. A. Lomonova, “Voltage
distribution in the windings of medium-frequency transformers operated
with wide bandgap devices,” IEEE J. Emerg. Sel. Topics Power Electron.,
to be published, doi: 10.1109/JESTPE.2021.3064702.

[27] TDK group, “SIFERRIT material N30.” [Online]. Available: https://www.
tdk-electronics.tdk.com/download/187204/11a3ca92549b8d3b7cce
210eace3dc3c/pdf-n30.pdf

[28] TDK group, “SIFERRIT material N87.” [Online]. Available: https:/www.
tdk-electronics.tdk.com/download/528882/71e02c7b9384de1331b3f625
ce4b2123/pdf-n87.pdf

[29] TDK group, “SIFERRIT material N97.” [Online]. Available: https:/www.
tdk-electronics.tdk.com/download/528886/cf0d9784d3d2438b52ade72
fbb86ecf6/pdf-n97.pdf

Hongbo Zhao (Member, IEEE) received the Ph.D.
degree in power electronics from Aalborg University,
Aalborg, Denmark, in 2021.

T He is currently a Postdoctoral Researcher with
L naalkiar i Aalborg University, Aalborg, Denmark. His research
~n interests include high-frequency modeling and anal-

= ysis of high-power magnetics and filters, as well as
medium-voltage converters enabled by wide band-
gap power devices.


https://vbn.aau.dk/en/publications/modeling-and-reducing-the-parasitic-capacitance-in-medium-voltage
https://vbn.aau.dk/en/publications/modeling-and-reducing-the-parasitic-capacitance-in-medium-voltage
https://dx.doi.org/10.1109/JESTPE.2021.3131602
https://dx.doi.org/10.1109/JESTIE.2021.3112929
https://www.ferroxcube.com/en-global/download/download/11
https://www.ferroxcube.com/en-global/download/download/11
https://dx.doi.org/10.1109/JESTPE.2021.3064702
https://www.penalty -@M tdk-electronics.tdk.com/download/187204/11a3ca92549b8d3b7ccepenalty -@M 210eace3dc3c/pdf-n30.pdf
https://www.penalty -@M tdk-electronics.tdk.com/download/187204/11a3ca92549b8d3b7ccepenalty -@M 210eace3dc3c/pdf-n30.pdf
https://www.penalty -@M tdk-electronics.tdk.com/download/187204/11a3ca92549b8d3b7ccepenalty -@M 210eace3dc3c/pdf-n30.pdf
https://www.penalty -@M tdk-electronics.tdk.com/download/528882/71e02c7b9384de1331b3f625penalty -@M ce4b2123/pdf-n87.pdf
https://www.penalty -@M tdk-electronics.tdk.com/download/528882/71e02c7b9384de1331b3f625penalty -@M ce4b2123/pdf-n87.pdf
https://www.penalty -@M tdk-electronics.tdk.com/download/528882/71e02c7b9384de1331b3f625penalty -@M ce4b2123/pdf-n87.pdf
https://www.penalty -@M tdk-electronics.tdk.com/download/528886/cf0d9784d3d2438b52ade72penalty -@M fbb86ecf6/pdf-n97.pdf
https://www.penalty -@M tdk-electronics.tdk.com/download/528886/cf0d9784d3d2438b52ade72penalty -@M fbb86ecf6/pdf-n97.pdf
https://www.penalty -@M tdk-electronics.tdk.com/download/528886/cf0d9784d3d2438b52ade72penalty -@M fbb86ecf6/pdf-n97.pdf

ZHAO et al.: RETHINKING BASIC ASSUMPTIONS FOR MODELING PARASITIC CAPACITANCE IN INDUCTORS

Shaokang Luan received the B.S. and M.S. degrees
in electronic engineering from the Huazhong Univer-
sity of Science and Technology, Wuhan, China, in
2017 and 2020, respectively.

He is currently a Research Assistant with AAU
Energy, Aalborg University, Aalborg, Denmark.
His research interests include design and modeling
of high-frequency planar magnetics with parasitic
parameters.

Zhan Shen (Member, IEEE) received the B.E. degree
in electrical engineering and automation from the
Nanjing University of Aeronautics and Astronautics,
Nanjing, China, in 2013, the M.E. degree in electri-
cal engineering from Southeast University, Nanjing,
China, in 2016, and the Ph.D. degree in energy tech-
nology from Aalborg University, Aalborg, Denmark,
in 2020.

He conducted his research as a Postdoctoral Re-
searcher in Aalborg until 2021 and as an Associate
Research Fellow with Southeast University. He was
a Visiting Student and pursued his master’s thesis with RWTH Aachen Univer-
sity, Aachen, Germany, from October 2014 to February 2016, and a Visiting
Scholar with the Massachusetts Institute of Technology (MIT), Cambridge,
MA, USA, from October 2018 to January 2019. He was with ABB Corporate
Research Center, Beijing, China, in 2016. His research interests include the
electromagnetic-thermal-reliability modeling and design of magnetic compo-
nents in power electronic converters, and EMI.

Dr. Shen was the recipient of multiple Best Paper and Best Presenter Awards
of the IEEE PELS sponsored conferences.

Alex J. Hanson (Member, IEEE) received the B.E.
degree from Dartmouth College, Hanover, NH, USA,
in 2014, and the S.M. and Ph.D. degrees from the
‘ Massachusetts Institute of Technology, Cambridge,
| MA, USA, in 2016 and 2019, respectively.

In2019, he joined the University of Texas at Austin,
Austin, TX, USA, where he is currently an Assis-
tant Professor with the Department of Electrical and
Computer Engineering. His research interests include
power electronics, power magnetics, and their appli-
cations. Dr. Hanson was the recipient of the William
M. Portnoy Prize Paper Award in 2016. In 2022, he was a recipient of the Air
Force Office of Scientific Research Young Investigator Award. He serves as an
Associate Editor for the IEEE JOURNAL OF EMERGING AND SELECTED TOPICS
IN INDUSTRIAL ELECTRONICS.

J

Yuan Gao received the B.S. and M.S. degrees in
electronic engineering from Southwest Jiaotong Uni-
versity, Chengdu, China, in 2017 and 2020, respec-
tively. She is currently working toward the Ph.D.
degree with Energy Department, Aalborg University,
Aalborg, Demark.

Her research interests include medium voltage SiC
power module packaging design.

8289

Dipen Narendra Dalal received the M.Sc. degree
in energy engineering with specialization in power
electronics and drivers from Aalborg University, Aal-
borg, Denmark, in 2016, and the Ph.D. degree in
power electronics from the Department of Energy
Technology, Aalborg University, in 2021.

He is a Postdoctoral Researcher with Aalborg Uni-
versity. His current research interests include wide
band-gap power semiconductor devices and medium
voltage high power converters.

Rui Wang (Student Member, IEEE) received the
B.S. degree in electrical engineering and automation
from Hunan University, Changsha, China, in 2017,
and the M.S. degree in electrical engineering from
the Huazhong University of Science and Technology,
Wauhan, China, in 2020. He is currently working
toward the Ph.D. degree with Aalborg University,
Aalborg, Denmark.

Hisresearch interests include wide band-gap power
semiconductor devices, their active gate drivers,
series-connection technology, and converter design.

Shuhan Zhou (Member, IEEE) received the B.S.,
M.S., and Ph.D. degrees in electrical engineer-
ing from Southwest Jiaotong University, Chengdu,
China, in 2014, 2016, and 2020, respectively.

From October 2018 to December 2019, she was
a Visiting Scholar with the Cockrell School of En-
gineering, the University of Texas at Austin, Austin,
TX, USA. She is currently a Lecturer with the Col-
lege of Electrical Engineering, Sichuan University,
Chengdu, China. Her research interests include mod-
ulation and control techniques of multiple-port con-
verter, dynamical modeling, and analysis of switching dc-dc converter.

Stig Munk-Nielsen (Member, IEEE) received the
M.Sc. and Ph.D. degrees from Aalborg University,
Aalborg, Denmark, in 1991 and 1997, respectively.

He is currently a Professor with the Department
of Energy Technology, Aalborg University. His re-
search interests include LV and MV Si, SiC, and GaN
converters, packaging of power electronic devices,
electrical monitoring apparatus for IGBTs, failure
modes, and device test systems. In the last ten years,
he has been involved in or has managed ten research
projects and has authored or coauthored 242 interna-
tional power electronic papers.




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Algerian
    /Arial-Black
    /Arial-BlackItalic
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /BaskOldFace
    /Batang
    /Bauhaus93
    /BellMT
    /BellMTBold
    /BellMTItalic
    /BerlinSansFB-Bold
    /BerlinSansFBDemi-Bold
    /BerlinSansFB-Reg
    /BernardMT-Condensed
    /BodoniMTPosterCompressed
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /BritannicBold
    /Broadway
    /BrushScriptMT
    /CalifornianFB-Bold
    /CalifornianFB-Italic
    /CalifornianFB-Reg
    /Centaur
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /Chiller-Regular
    /ColonnaMT
    /ComicSansMS
    /ComicSansMS-Bold
    /CooperBlack
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EstrangeloEdessa
    /FootlightMTLight
    /FreestyleScript-Regular
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /HarlowSolid
    /Harrington
    /HighTowerText-Italic
    /HighTowerText-Reg
    /Impact
    /InformalRoman-Regular
    /Jokerman-Regular
    /JuiceITC-Regular
    /KristenITC-Regular
    /KuenstlerScript-Black
    /KuenstlerScript-Medium
    /KuenstlerScript-TwoBold
    /KunstlerScript
    /LatinWide
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaBright
    /LucidaBright-Demi
    /LucidaBright-DemiItalic
    /LucidaBright-Italic
    /LucidaCalligraphy-Italic
    /LucidaConsole
    /LucidaFax
    /LucidaFax-Demi
    /LucidaFax-DemiItalic
    /LucidaFax-Italic
    /LucidaHandwriting-Italic
    /LucidaSansUnicode
    /Magneto-Bold
    /MaturaMTScriptCapitals
    /MediciScriptLTStd
    /MicrosoftSansSerif
    /Mistral
    /Modern-Regular
    /MonotypeCorsiva
    /MS-Mincho
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /NiagaraEngraved-Reg
    /NiagaraSolid-Reg
    /NuptialScript
    /OldEnglishTextMT
    /Onyx
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Parchment-Regular
    /Playbill
    /PMingLiU
    /PoorRichard-Regular
    /Ravie
    /ShowcardGothic-Reg
    /SimSun
    /SnapITC-Regular
    /Stencil
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /TempusSansITC
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanMTStd
    /TimesNewRomanMTStd-Bold
    /TimesNewRomanMTStd-BoldCond
    /TimesNewRomanMTStd-BoldIt
    /TimesNewRomanMTStd-Cond
    /TimesNewRomanMTStd-CondIt
    /TimesNewRomanMTStd-Italic
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Times-Roman
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /VinerHandITC
    /Vivaldii
    /VladimirScript
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZapfChanceryStd-Demi
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 900
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.00111
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 1200
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.00083
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00063
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create PDFs that match the "Suggested"  settings for PDF Specification 4.0)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


