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Design of Inductor Winding Capacitance
Cancellation for EMI Suppression
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Abstract—In this paper, the parasitics in both differential-mode
(DM) and common-mode (CM) inductors are first discussed. The
methods for both DM and CM inductor winding capacitance can-
cellation are then proposed. Prototypes are designed and tested,
using a network analyzer. Finally, the prototypes are applied
to practical power converters and electromagnetic interference
(EMI) is measured. Both small signal measurement and practical
EMI measurement prove that the proposed methods can efficiently
reduce the effects of winding capacitance and therefore improve
the inductor’s filtering performance.

Index Terms—Electromagnetic interference (EMI) filter, EMI
noise, winding capacitance, winding capacitance cancellation.

I. INTRODUCTION

HE IMPEDANCE of an ideal inductor is proportional to

frequency, so it is usually used as a filtering component to
conduct the low-frequency (LF) signal and block the high-fre-
quency (HF) noise. For power electronics applications, the elec-
tromagnetic interference (EMI) filter is usually a low-pass filter.
In order to build a high performance filter, the inductor must
maintain its inductive characteristics in the applicable frequency
range. EMI standards specify the conducted EMI limit up to
30 MHz, so the inductor must suppress the noise within this
frequency range. However, the parasitic capacitance of the in-
ductor changes the behavior to capacitive at high frequencies.
The filter is therefore no longer the expected low-pass filter.

EMI filters are conventionally classified as differential-mode
(DM) and common-mode (CM) filters based on the purpose of
the filter in the noise suppression. The inductors of the filter are
generally located in both the lines to attenuate either DM or CM
noise. The capacitors are generally located across two lines or
between the ground and two lines to attenuate DM or CM noise.
Fig. 1(a) and (b) show the EMI filter schematics including the
equivalent parallel capacitor (EPC) formed in the inductors.

In Fig. 1, above the self-resonance frequency of the induc-
tors, the filters would no longer be the expected low-pass fil-
ters. The HF noise would not be well attenuated because the in-
ductors are bypassed by the EPC. The conventional lumped in-
ductor model is shown in Fig. 2, where, the EPC represents the
effects of turn-to-turn and turn-to-core capacitance. The equiv-
alent parallel resistance (EPR) represents the effects of core
loss and winding loss. The inductance L resonates with EPC
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Fig. 2. Conventional inductor model.

at f = 1/(2mv/L x EPC) and above that the inductor is not in-
ductive but capacitive. In order to broaden the EMI filter oper-
ation frequency range, EPC should be minimized. For practical
inductors, the parasitic model could be a little bit different from
the conventional model. This paper will first investigate the ca-
pacitive parasitics in inductors, and then discuss the theory of
inductor winding capacitance cancellation for both the DM and
CM inductors. The prototypes are designed and built based on
the theory. Finally, the measurements are carried out using a
network analyzer to verify the approaches. The EMI measure-
ments for practical power converters prove that the inductor’s
filtering performance is significantly improved using the pro-
posed winding capacitance cancellation technique in the fre-
quency band up to 30 MHz.

II. THEORY OF WINDING CAPACITANCE CANCELLATION

A. Parasitic Models of Inductors

Two DM inductors in Fig. 1(a) can be two separate compo-
nents or one integrated component. For separate inductors, each
inductor can be represented by the conventional inductor model
in Fig. 2 as shown in Fig. 3. However, if the two DM induc-
tors are built on one core, Fig. 2 may not represent them very
well because of the capacitive couplings between the two in-
ductors. For this case, the two DM inductors can be coupled or
non-coupled (if they are the leakage of CM inductors). Fig. 4(a)
shows the cross section view of two coupled toroidal induc-
tors. Three kinds of parasitic capacitance are shown in Fig. 4(a):
turn-to-turn capacitance C,, turn-to-core capacitance C} and
winding-to-winding capacitance C.. [8], [9]. The equivalent cir-
cuit of the inductor is shown in Fig. 4(b). The effects of C, and
Cy can be represented by EPC. The effects of C}, and C, can be
represented by an equivalent capacitor Cly.
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Fig. 4. Parasitic capacitance between two inductor windings in two coupled
DM inductors: (a) inductor structure and (b) equivalent circuit.

It is assumed that the two inductors (windings) are identical,
so that all parasitic parameters are the same. The four inductors
in Fig. 4(b) have the same inductance L/8 and the coupling coef-
ficient is 1. Based on network theory, Fig. 4(b) can be decoupled
to Fig. 5(a) and is theoretically equivalent to the network shown
in Fig. 5(b).

In Fig. 5(b), the effects of C'y on the two inductors are rep-
resented by two negative capacitances —C)y /2 in parallel with
two inductors, respectively. If the EPC is larger than C' /2, the
total of the equivalent winding capacitance is still positive. The
parallel resonant frequency is given by (1). If the EPC is smaller
than Cp /2, the total of the equivalent winding capacitance is
negative. There is no parallel resonance between the inductance
L and negative capacitance EPC — Cy /2. For this case, min-
imum impedance exists at the frequency given by (2). Cy can
be easily determined via (1) and (2) after measuring the inser-
tion voltage gains of inductors

fi = . ()
2ry/L (EPC — <¥)
1
fo= 2

o\ /L (S — EPC)

For the case when two DM inductors are the leakage of two
CM inductors, they are not coupled. The effects of C'y can still
be represented by the models in Fig. 5(b) as long as unit coupling
coefficient between two half windings is assumed.
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Fig. 5. Equivalent circuit for coupled DM inductors: (a) decoupled circuit and
(b) final equivalent circuit.
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Fig. 6. Equivalent circuit for coupled CM inductors: (a) equivalent circuit and
(b) the final decoupled circuit.

For CM inductors in Fig. 6(a), since CM current does not flow
through the parasitic capacitance between two inductors, there
is no need to consider this parasitic capacitance. Each decoupled
CM inductor can still be represented by the model in Fig. 2 as
shown in Fig. 6(b).

B. EPC Cancellation for DM Inductors

For the separated DM inductors in Fig. 3, it is assumed that
the two DM inductors are exactly identical. If two inductors to-
gether with their parasitics are characterized as two equal admit-
tances Y7 given by (3), the DM inductors can then be described
by the network in Fig. 7. The Y parameters of this network and
the relationship of port voltages and currents are given by

1 1
— WX FPC 4 ——
Yi=juxBPCH oo+ o on )
I
Yon = — ,(m,n=1,2) 4
Vn Vi =0
I\ _ (Y1 Y Vi
)= \Yar Ve ) \ W

N7 N
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(@)
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Fig. 9. Cancellation of inductor winding capacitance: (a) parallel of two net-
works and (b) equivalent network after EPC cancellation.

The trans-admittance Y75 and Y5 in (5), which represent the
inductor’s capability for signal transfer, should be as small as
possible at HF since the inductor is supposed to suppress HF
noise. The —jw x EPC/2 term in the trans-admittance, which
represents the effects of winding capacitance, makes trans-ad-
mittance large at high frequencies, so it should be canceled in
order to improve the inductor’s HF performance. If a network
can be found with a trans-admittance equal to jw x EPC/2
and this network can be paralleled with the network in Fig. 3,
then the resultant network has a trans-admittance independent
of EPC, since the Y matrix of two paralleled networks equals
the sum of their Y matrixes. Fig. 8 shows a network having this
property. Its Y matrix and the relationship between the port volt-
ages and currents are shown in

<11> B (jw x EPC/2 jw x EPC/Z) <VL> ©
I, ] \jwx EPC/2 jwx EPC/2 Vy )

After the network in Fig. 8 is paralleled with the DM induc-
tors in Fig. 3, the resultant network is shown in Fig. 9(a) and its
Y matrix is given by (7), shown at the bottom of the page.

In (7), EPC no longer exists in the trans-admittance; therefore
it does not affect the HF performance of the inductors anymore.
For self-admittance, since there is a jw X EPC term, there is a
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Fig. 10. Winding capacitance cancellation strategy: (a) EPC> C'y /2 and (b)
EPC< Cy/2.

shunt capacitance, with value equal to EPC, on both the input
and output sides of the DM inductors. So, the parallel combi-
nation of the two networks not only cancels the effects of EPC,
but also results in an equivalent shunt capacitor on both input
and output sides, which builds a 7 type EMI filter as shown in
Fig. 9(b).

For the coupled DM inductors in Figs. 4 and 5, if Cn /2 is
smaller than EPC, the total capacitance is positive. In order to
cancel this positive capacitance, two capacitors with capac-
itance EPC — Cy /2 should be diagonally connected to the
two inductors (windings) as shown in Fig. 10(a), to cancel
this positive equivalent winding capacitance. If the Cn /2 is
smaller than EPC, the total winding capacitance is negative.
In order to cancel this negative capacitance, two capacitors
with capacitance Cn/2-EPC should be paralleled with two
inductors (windings), respectively, as shown in Fig. 10(b) to
cancel this negative winding capacitance.

Since Fig. 5(b) is also the inductor model when the two DM
inductors are formed by the leakage of the CM inductors, EPC
cancellation approaches similar to those described in Fig. 10
also apply.

C. EPC Cancellation for CM Inductors

CM inductors are a single-ended structure, so if an extra
winding is allowed in the grounding path, the idea of EPC
cancellation for DM inductors can also be applied here. In
that case, two CM windings are in the power paths and the
third winding, which may be reversely coupled to the other
two windings, is in the grounding path. The small cancellation
capacitors are diagonally connected between the two windings
in the power lines and the third winding in the grounding path.
If there is a DM capacitor on the input or output side, then only
one cancellation capacitor is needed on either side, since the
DM capacitor can balance the CM noise. Fig. 11 illustrates this.

jw X BPC + (b + 7r ) /2

1 1
- (m + j‘-‘JLDM) /2

(N

_(W}R+m)f2 ) <x‘2>

jwo x BPC + (b +

jwLpwm
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Fig. 11. Cancellation of EPC for CM inductors.
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Fig. 12. Cancellation of winding capacitance for CM inductors: (a) two capac-
itors are connected to center taps of two windings, and (b) equivalent network,
and (¢) EPC canceled network.

However, if the impedance is not allowed in the grounding
path, the method proposed in [1] should be considered. A
method using two small capacitors to cancel the effects of
EPC is introduced for integrated CM EMI filters in [1]. The
basic idea is shown in Fig. 12. The two windings of the CM
inductors are center tapped and two grounded capacitors Cy
are connected to the center taps as shown in Fig. 12(a). Its
equivalent 7 network is shown in Fig. 12(b). The Z, is given by

JwlL

Ze = TP L(RPC = Cy /)"

®)

In (8), if C; equal 4 x EPC, then Z. = jwlL, so that the cir-
cuit is equivalent to a 7 type filter without EPC, as shown in
Fig. 12(c). The effects of EPC are then canceled. This method
has been applied to integrated CM inductors successfully in a
planar magnetic structure because the high coupling coefficient
(> 0.9999) between two halves of one CM inductor winding is
easy to achieve in planar structures. The conventional discrete
CM inductors are not planar structure, so the coupling coeffi-
cient is not so high (< 0.999). As a result, the leakage induc-
tance L of two half windings resonate with the introduced ca-
pacitance 4EPC at a frequency give by (9), which makes the
CM inductors performance worse than the CM inductor without
EPC cancellation at high frequencies [2]. In order to apply this
idea to a conventional discrete CM inductor, the design of a dis-
crete CM inductor with high coupling coefficient (> 0.9999)
between two half windings is very critical.

1
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10 W/O EPC cancellation

Magni t ude( dB)
8

W/ EPC Cancellation

1. 0E+06 1. 0B+ 07 1. 0E+08

Frequency( Hz)

Fig. 14. Improvement of inductor performance with winding capacitance can-
cellation.

III. DESIGN OF WINDING CAPACITANCE CANCELLATION

A. Design of Winding Capacitance Cancellation for DM
Inductors

For the separated DM inductors, two toroidal cores, Kool My
powder 77059 [7], are used in the experiment. The impedances
of the inductor are first measured, and then the parameters are
determined through curve fitting. The inductance of the two in-
ductors is 42.34 pyH and 42.44 4 H. The winding capacitance
EPC of the two inductors is 10.3 pF and 10.1 pF. The equiva-
lent parallel resistance EPR of the two inductors is 10.9 k{2 and
10.7 k2. According to the analysis in Section II, the cancella-
tion technique shown in Fig. 9 should be used. The cancellation
capacitors used in the experiment are 9.9 pF and 10.2 pF.

The measurement setup is shown in Fig. 13. An Agilent
E5070B, four-port balanced ENA RF network analyzer [4] is
used in the experiments. The measured differential insertion
voltage gains (SDD21) with and without EPC cancellation
are compared in Fig. 14. It is shown that there is a parallel
resonance around 7.5 MHz for the original inductor. After
the winding capacitance cancellation technique is applied,
the resonant frequency increases to 29 MHz. As a result, the
insertion voltage gain with winding capacitance cancellation
is better than the original inductor above 10 MHz and a 29 dB
improvement is achieved at 30 MHz.

For the second experiment, two DM inductors are coupled on
one toroidal core, MPP 55308A2 [7]. The parameters of the in-
ductor are determined by measurements. The inductance L of
one winding is around 20 pH. The winding capacitance EPC of
one winding is 2.2 pF. The equivalent parallel resistance EPR of
one winding is 3.2 k(2. The parasitic capacitance Cy between
two windings is 14.8 pF, which is determined by (2) via insertion
voltage gain measurement. Because Cy /2 is larger than EPC,
the total winding capacitance is negative, —5.2 pF. In order to
cancel it, two 5.2-pF capacitors should be paralleled with the
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Fig. 15. Improvement of inductor filtering performance at high frequencies due
to the EPC cancellation.
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Fig. 16. Coupling coefficient of conventional CM inductor winding structure
is not high enough.

two windings respectively as described in Fig. 10(b). The mea-
surement setup is same as that in Fig. 13. The measured differ-
ential insertion voltage gains with and without EPC cancellation
are shown in Fig. 15.

In Fig. 15, for the case without EPC cancellation, the min-
imum impedance occurs at 11 MHz, which is predicted by (2).
As a comparison, two 4 pF capacitors are first paralleled with
the two windings respectively; and then two 5.2-pF capacitors
are used. It is shown that 4 pF compensation is not enough; the
best performance is obtained with 5.2 pF cancellation, because
the winding capacitance is almost cancelled. There is 17 dB im-
provement at 30 MHz.

B. Design of Winding Capacitance Cancellation for CM
Inductors

For most cases, impedances are not preferred in the grounding
path, so the concept in Fig. 12 is considered for the winding ca-
pacitance cancellation. For a conventional CM inductor struc-
ture, in order to implement the idea, the two windings must be
center tapped. Two grounded cancellation capacitors are then
connected to the center taps respectively, as shown in Fig. 16.
The toroidal core of the inductors used in the experiment is .J
material from the Magnetics Company [7]. The parameters of
the inductor are determined through measurements. The induc-
tance of two windings is around 2.7 mH. The winding capac-
itance EPC of one winding is 5.8 pF. The equivalent parallel
resistance EPR of one winding is 15 k2. Leakage inductance
between two half windings is 4.24 yH (K = 0.994). The can-
cellation capacitors have a capacitance of 24 pF.

Experiments are carried out to test the performance of the
prototype. The setup is the same as in the previous experiment
as shown in Fig. 13. The measured common mode insertion
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Fig. 17. EPC cancellation is not good at HF due to leakage inductance for the
conventional windings structure.

Fig. 18. Proposed winding strategy to increase the coupling coefficient of two
half windings.

voltage gains with and without EPC cancellation are compared
in Fig. 17.

In Fig. 17, from 1.25 to 18.5 MHz, the inductor performance
is improved; however from 18.5 to 30 MHz, the performance is
even worse. As predicted by (9), the peak around 23 MHz is the
result of the resonance between the leakage inductance of two
half windings and the cancellation capacitance. In order to guar-
antee the inductor’s high frequency performance, the leakage in-
ductance between the two winding halves must be minimized.

For a conventional CM inductor as shown in Fig. 16, the two
winding halves do not have very high coupling coefficient be-
cause they are not at the same position. To achieve a high cou-
pling coefficient, a bifilar winding as in Fig. 18 must be used.
The leakage energy is now only stored in the air gap between
two turns. Compared with the conventional winding strategy,
the measured coupling coefficient is increased from 0.994 to
0.99995, which makes EPC cancellation possible for discrete
CM inductors.

The toroidal core of the inductors used in the experiment is
J material [7], which is same as that in Fig. 16. The parameters
of the inductor are determined via measurements. The induc-
tance of two windings is around 2.65 mH. The winding capac-
itance EPC of one winding is 10.1 pF. The equivalent parallel
resistance EPR of one winding is 14.6 k(2. Leakage inductance
between two winding halves is 33 nH (K = 0.99995). The can-
cellation capacitors have a capacitance of 40 pF.

Although the proposed winding strategy introduces larger
winding capacitance (10.1 pF versus 5.8 pF), the leakage
inductance is greatly reduced. After the winding capacitance
cancellation is applied, the inductor has much better perfor-
mance than the previous case. The measured common mode
insertion voltage gains with and without EPC cancellation is
compared in Fig. 19.

In Fig. 19, the inductor’s performance is greatly improved
above 800 kHz compared with the case without EPC cancel-
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Fig. 19. Insertion voltage gains with and without EPC cancellation.
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Fig. 20. Using prototypes to build L type EMI filters: (a) DM filter and (b) CM
filter.

lation. There is a 28-dB improvement at 30 MHz. Compared
with the EPC cancellation in Fig. 17, the EPC cancellation in
Fig. 19 has much better performance above 12 MHz. A 22-dB
improvement is achieved at 30 MHz through the proposed
winding strategy.

The bifilar winding structure proposed in Fig. 18 can also be
used for the DM inductor EPC cancellation in Fig. 10 to pre-
vent the possible resonance between Cy and the leakage induc-
tance of two winding halves. For many of cases, the resultant
resonance is above 30 MHz, which makes the resonance not as
critical as that in CM inductors.

C. Applications to EMI Filters

The inductor prototypes are then used with capacitors to build
L type EMI filters, as shown in Fig. 20. A DM capacitor (C =
3.22 uF, ESL= 20.9 nH, ESR= 13.6 m{?) is first used with the
non-coupled DM inductors in Fig. 14 as an L type DM EMI
filter, as shown in Fig. 20(a). The measured differential insertion
voltage gains with and without EPC cancellation are compared
in Fig. 21(a). The performance is improved above 11 MHz and
there is a 26 dB improvement at 30 MHz.

In the second experiment, a DM capacitor (C' = 477 nF,
ESL= 18.5 nH, ESR= 35.4 m{?), is used with the coupled DM
inductors in Fig. 15 as an L type DM EMI filter, as shown in
Fig. 20(a). The measured differential insertion voltage gains
with and without EPC cancellation are compared in Fig. 21(b).
The performance is improved above 5 MHz and there is a 16-dB
improvement at 30 MHz.

For the CM inductors in Fig. 19, two 2200-pF CM capacitors
are used to build an L type CM filter, as shown in Fig. 20(b).
The measured common mode insertion voltage gains with and
without EPC cancellation are compared in Fig. 22. The perfor-
mance is improved above 1 MHz and there is a 22-dB improve-
ment at 30 MHz.

The proposed winding capacitance cancellation technique
can also be used for other applications besides EMI filters. For
example, for a dual boost PFC, two identical boost inductors
are located on two power lines, so the winding capacitance
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Fig. 21. Improvement of DM filter performance at high frequencies due to the
EPC cancellation: (a) separated inductors and (b) coupled inductors.
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Fig. 22. Improvement of CM filter performance at high frequencies due to the
EPC cancellation.

cancellation technique introduced in Fig. 9 can be easily used to
cancel the inductor winding capacitance. By applying winding
capacitance cancellation to dual boost inductors, the HF DM
noise source can be reduced [5]. The techniques may also used
to cancel the DM winding capacitance in a transformer.

IV. EMI MEASUREMENTS

Because the measurements in Section III are carried out with
small signal excitation and 50-Q2 load and source impedances,
it is necessary to verify the performance improvement for the
inductors with current bias, large signal excitation, and a prac-
tical source and load. It is expected that the current bias does
not affect HF noise reduction because HF noise flows through
winding capacitance [6]. The prototypes in Figs. 14, 15, and 19
are finally tested in practical power converters. In Fig. 23, either
DM or CM noise is measured for each prototype by using two
line impedance stabilizing networks (LISNs), a noise separator
[3], and an Agilent EMC7402A EMC analyzer. The measured
data for the original inductors and EPC canceled inductors are
compared in Figs. 24-26.

In Fig. 24, the power converter used for noise measurement is
a flyback converter. The non-coupled DM inductor prototypes
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Fig. 26. CM noise reduction for CM inductors with winding capacitance can-
cellation technique.

in Fig. 14 are tested in the measurement. The noise with EPC
cancellation has a lower value than that without EPC cancella-
tion above 5 MHz. There is a 22-dB improvement at 30 MHz.
In Fig. 25, the power converter is the same flyback converter
as in Fig. 24. The coupled DM inductor prototypes in Fig. 15
are tested in the measurement. The noise with EPC cancella-
tion has a lower value than that without EPC cancellation above
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6 MHz. There is a 22-dB improvement at 30 MHz. In Fig. 26, the
power converter used for noise measurement is a boost power
factor correction (PFC) converter. The CM inductor prototypes
in Fig. 19 are tested in the measurement. The noise with EPC
cancellation has a lower value than that without EPC cancella-
tion above 1 MHz. There is a 20-dB improvement at 30 MHz.

V. CONCLUSION

This paper discussed the winding capacitance cancellation
techniques for both DM and CM inductors. The theory is first
developed and refined from existing technologies. The proto-
types are then designed, built, and measured using a network
analyzer. Finally, the prototypes are used in practical power
converters for EMI measurement. It is shown that the proposed
technique can efficiently reduce the winding capacitance of in-
ductors by simply improving winding structures and using two
small capacitors. EMI measurements prove that it can signifi-
cantly reduce HF noise.
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