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Abstract—In this paper, effects of parasitic parameters on the
electromagnetic interference (EMI) filter performance are first dis-
cussed. The parasitic cancellation techniques for both self- and
mutual parasitics are then reviewed and their constraints are iden-
tified. The possibilities of integrating parasitic cancellation tech-
niques into one EMI filter are analyzed. It is found that three par-
asitic cancellation techniques can be integrated into one EMI filter
to improve both differential-mode and common-mode filter perfor-
mances without any conflicts and compromises. Experiments are
finally carried out to verify the integration of these three cancella-
tion techniques.

Index Terms—Electromagnetic interference (EMI) filter, equiv-
alent parallel capacitance (EPC), equivalent series inductance
(ESL), mutual coupling, parasitic cancellation.

I. INTRODUCTION

LECTROMAGNETIC interference (EMI) filters are

widely used in power electronics systems for EMI noise
suppression. Conventional passive EMI filters are one- or two-
stage LC filters. EMI filters are usually composed of common-
mode (CM) and differential-mode (DM) filters. CM filters are
used to suppress CM noise, which propagates through the
parasitic capacitance between the power electronics systems,
ground, line impedance stabilization networks (LISNs), and the
power lines. The capacitance of the CM filter is usually limited
by the safety standard, such as IEC60950-1. As aresult, the total
CM capacitance cannot be too large. In order to get a low corner
frequency to achieve high attenuation of the CM noise, the CM
inductance in CM filters is usually relatively large (for example,
3 mH). DM filters are used to suppress DM noise, which propa-
gates between two power lines. For DM filters, the capacitance
of the DM capacitors does not have very strict limitations. It is
loosely limited by power factor, inrush current, size, etc. As a
result, the total DM capacitance can be more than 1 4F in many
applications. To achieve the attenuation needed to meet EMI
standards, the DM inductance in DM filters may therefore not
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need to be very large (for example, 20 uH is enough). Because
of this, the DM inductor can be integrated with the CM inductor.
Since the two CM inductor windings are directly coupled on a
ferrite core, the leakage between these windings is used as a
DM inductor.

The inductors and capacitors in EMI filters are not ideal
components. First, they have self-parasitics. For capacitors, the
equivalent series inductance (ESL) is very important for their
performance. For inductors, the equivalent parallel capacitance
(EPC) is very important for their performance. Second, there
are parasitic couplings between individual components. Two
mutual couplings: 1) the mutual inductance between DM induc-
tors and DM capacitors and 2) the mutual inductance between
two DM capacitors, are the most important for DM filters [1].
The coupling between the input and output loops of the filters
are also important [1], and they can be minimized by mini-
mizing the input and output loop areas. For DM EMI filters, if
the DM inductance is the leakage of the CM inductor and the
physical dimensions of the DM capacitors are appreciable, the
mutual couplings would be significant, due to stray magnetic
flux pickup by the DM capacitors. For CM filters, the EPC of
the CM inductors is usually the most important parasitic pa-
rameter since it may resonate with the CM inductance at very
low frequencies [2] that degrade the filter’s HF performance.
The magnetic flux of the CM current is contained inside the
magnetic cores of the CM inductors, and consequently, does not
easily couple to other components.

Fig. 1 shows a typical one-stage single-phase power-line filter
that has the same structure as that analyzed earlier. DM inductors
are the leakage of the CM inductors. ESL;, ESL,, and EPC are
the self-parasitics of the components. It should be pointed out
that the EPC of the DM inductors is different from that of CM
inductors [5], although there is only an EPC shown in Fig. 1.
Fig. 2 shows the insertion gains of the DM filter part. Three
curves are shown in Fig. 2. The first one is the ideal insertion gain
of the filter, the second one is the simulated insertion gain with
self-parasitics only, and the third one is a measured insertion
gain, which includes both self- and mutual parasitic couplings.
Fig. 3 shows the insertion gains of the CM filter part. Three
curves are shown in Fig. 3. The first one is the ideal insertion
gain, the second one is the simulated insertion gain with self-
parasitics, and the third one is the measured insertion gain.

Fig. 2 experimentally shows that the mutual couplings be-
tween components determine the DM filter’s HF performance.
Effects of ESL and EPC on filter performance are not signif-
icant unless the mutual couplings are reduced greatly. On the
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Fig. 1. Typical one-stage single-phase power-line filter in power electronics
systems.
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Fig. 2. Effects of parasitics on the DM filter insertion gains.
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Fig. 3.  Effects of parasitics on the CM filter insertion gains.

contrary, for the CM filter in Fig. 3, the measured insertion gain
can well match the simulated insertion gain with self-parasitics
only. This indicates that the mutual couplings in CM filters
are not as important as those in DM filters for the filter under
investigation.

In order to improve the DM filter performance, mutual par-
asitic couplings between components should be reduced first.
Only after the mutual couplings are reduced can ESL and EPC
reduction have significant improvement on filter performance.
On the other hand, in order to improve the CM filter perfor-
mance, self-parasitics, especially the EPC of inductors, should
be reduced.

Many techniques have been developed to cancel mutual par-
asitic couplings and self-parasitics in EMI filters [3]—[8]. These
techniques have been theoretically proved and experimentally
verified. However, how to efficiently apply them into EMI filter
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Fig. 4. ESL cancellation for capacitors.

design has not been investigated. There are some issues that
need to be addressed. For example, can these techniques be
used together without any conflicts? Can these techniques be
applied to both DM and CM filters at the same time? This paper
will first review the developed parasitic cancellation techniques.
The possibilities to integrate them are then investigated. Some
conclusions are drawn based on the analysis. Experiments are
finally carried out to verify the analysis.

II. REVIEW OF PARASITIC CANCELLATION TECHNIQUES

In this section, self-parasitic cancellations and mutual para-
sitic cancellations will be reviewed, and the constraints for their
applications will be addressed.

A. ESL Cancellation for Capacitors

ESL cancellation techniques have been reported in [3] and [4].
Basically, the effects of ESL can be canceled using either an X—
capacitor—inductor structure [3] or mutual inductance [4]. This
paper will review the method of using X—capacitor—inductor
structure only. Fig. 4 shows the ESL cancellation concept.

In Fig. 4(a) and (b), two capacitors are connected diagonally.
ESR is the equivalent series resistance of the capacitors. Two
small inductors L, which can be made using printed circuit
board (PCB) traces, are connected to the top and bottom sides.
If the inductance of these two inductors is equal to ESL, the
resultant circuit is a 7w-type filter without the effects of ESL, as
shown in Fig. 4(c) and (d). In experiments, it has been proven
that the ESL cancellation is effective for the suppression of
HF noise when the effects of the mutual couplings between
the capacitors and other components are negligible. Its typical
applications include the noise suppression capacitors in bus bars,
input bulk capacitors of converters, and the input capacitors
of boost power factor correction (PFC) converters. For these
applications, the mutual couplings between the ESL-canceled
capacitors and other components are small.
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B. EPC Cancellation for Inductors

EPC cancellation techniques have been reported in [5]-[7].
This paper will review the methods developed in [S] and [7].
The effects of EPC of a CM inductor can be canceled with a
grounded capacitor, whose capacitance is four times the value
of EPC, connected to the center tap of the CM inductor winding.
The winding is made with a bifilar structure to maximize the cou-
pling coefficient between the two winding halves. The concept
is shown in Fig. 5. In Fig. 5, EPR represents the equivalent paral-
lel resistance of the inductors. The same cancellation technique
can also be applied to DM inductors in some applications [10].
For separate DM filters, each line usually has an identical DM
inductor for balance purposes, since an unbalanced filter struc-
ture will cause mode transformations between DM and CM
noise, which makes the noise suppression difficult [9]. If these
two DM inductors are two separate (noncoupled) inductors, the
X—capacitor structure can be applied for EPC cancellation. The
concept is shown in Fig. 6. In Fig. 6, two cancellation capaci-
tors C, whose capacitance is equal to the EPC, are diagonally
connected to two DM inductors. The resultant circuit is a 7-type
filter without the effects of EPC.

If two DM inductors are coupled, the cancellation is more
complicated. In Fig. 7, there is parasitic capacitance Cy between
two coupled windings. This capacitance represents the total
effects of the direct capacitance between the two windings and
the capacitance via the magnetic core. If C'y is less than twice the
value of EPC, the method in Fig. 6 still applies. Two capacitors
with capacitance equal to the difference between the EPC and
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half of Cy are diagonally connected to the DM inductors for
cancellation. However, if C) is larger than twice the value
of EPC, a capacitor with capacitance equal to the difference
between the EPC and half of Cy is paralleled to the inductor on
each side to cancel the effects of parasitic capacitance [5].

The EPC cancellation techniques have been proven effective
for HF noise suppression when the mutual couplings between
the inductors and other components are negligible [5]. A typical
application is the EPC cancellation for CM inductors in EMI fil-
ters. In this application, the mutual couplings between the EPC-
canceled CM inductors and other CM components are small,
because the CM magnetic flux is contained within the core.

C. Cancellation of the Mutual Inductance Between Inductors
and Capacitors

The parasitic model for the DM filter part in Fig. 1 is shown in
Fig. 8, with the mutual parasitic magnetic coupling indicated. In
Fig. 8, M, and M; are the mutual inductance between DM in-
ductor Lpy; and DM capacitors Cpyr; and Cpyyo, respectively.
Effects of M; and M, are significant because of two reasons.
First, physical dimensions of DM capacitors are large, so DM
capacitors easily couple stray magnetic flux. Second, the DM
magnetic flux, which is the leakage of the CM inductor, is ex-
tended into air, so it easily couples DM capacitors. Depending
on the directions of the windings, M; and M5 could be positive
or negative. Their effects are equivalent to an inductance, which
is equal to M, or Ms, in series with the DM capacitors. Since
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their values are much larger than the ESL of DM capacitors
(for example, 89.3 nH versus 14 nH) [1], their effects are sig-
nificant. It was proposed to rotate the inductor windings by 90°
to minimize M; and M- [1]. After rotating, the magnetic flux
of the DM inductors is symmetric to the center line of the DM
capacitors, so the net coupling is very small. Fig. 9 shows this
technique. In experiments, M; and M, are reduced by more
than 90% from 89.3 to 7.5 nH [1].

It should be pointed out that since M; and M, are much larger
than the ESL of DM capacitors, the DM filter’s performance is
not determined by ESL, as shown in Fig. 2.

D. Cancellation of the Mutual Inductance Between Two
Capacitors

In Fig. 8, M3 is the mutual inductance between two DM ca-
pacitors. Because the ratio of the currents in Cpy; and Cpyo
is large (for example, 10% times) at HFs, a very small mutual
inductance between these two DM capacitors can lead to per-
formance degradation at HFs. Mj is the mutual inductance be-
tween input and output trace loops. Its effects are as significant
as those of M for the same reason. At HFs, M3 and Mg provide
a back door for noise, making it bypass the DM inductor. The
left diagram in Fig. 10 illustrates the coupling between two DM
capacitors. In the right diagram, a cancellation turn is proposed
to be integrated with one DM capacitor Cpyr2 to cancel the
effects of Mj [8]. Fig. 11 shows the equivalent circuits for this
cancellation.
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Fig. 12. Investigation of the possibilities of integrating parasitic cancellation
techniques.

In Fig. 11, when the mutual inductance between the can-
cellation turn and the capacitor Cpyy; is equal to the mutual
capacitance M3 between two capacitors, the effects of M3 are
canceled. The same technique can also be applied to two-stage
EMI filters. Another benefit of a cancellation turn is that it also
partially cancels the ESL of capacitor Cpyo [8].

An alternative method to reduce M3 has been proposed by
locating Cpyr1 and Cpype in perpendicular planes [8]. M3 can
also be greatly reduced but it is not as good as a cancellation
turn, because the filter footprint is increased. Mg in Fig. 8 can be
minimized by minimizing the input and output trace loop areas.

As stated earlier, for the investigated DM EMI filters, mutual
couplings M;—M3 and Mg have the most important influence on
filter performance. Effects of ESL and EPC are not important,
unless mutual couplings are minimized. For the investigated CM
filter, on the contrary, the EPC of the CM inductors is the most
important. Effects of mutual couplings may not be important
because the CM magnetic flux is contained within cores.

III. INTEGRATION OF PARASITIC CANCELLATION TECHNIQUES

Both the self- and mutual parasitic cancellation techniques
have been reviewed and their restrictions identified in Section II.
In this section, the integration of these parasitic cancellation
techniques for an EMI filter design with discrete components
will be discussed. The investigation focuses on the restrictions
of cancellation techniques when they are implemented in a fil-
ter system instead of a single component. The investigation
also focuses on the interactions among different cancellation
techniques. Since there are several cancellation techniques, for
convenience, the investigation is carried out following the steps
shown in Fig. 12.

A. Integration of Mutual Parasitic Cancellations
for DM EMI Filters

It has been shown in Section II that there are two important
mutual couplings in a one-stage DM EMI filter. One is the induc-
tive coupling between inductors and capacitors. The other is the
inductive coupling between the two capacitors. For a two-stage
EMI filter, there is a third coupling, namely the inductive cou-
pling between two inductors [1]. Since the inductive coupling
between two inductors in a two-stage EMI filter is advantageous
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to the filter’s low-frequency performance improvement, it does
not need to be canceled, so that only the cancellation of the first
two mutual couplings will be discussed here.

As discussed in Section II, simply rotating an inductor’s wind-
ing by 90° can greatly reduce the mutual coupling between the
inductor and capacitors in the filter, since the leakage flux of the
inductor is symmetric to the capacitors, reducing the net flux
linking to the capacitors greatly. A cancellation turn integrated
with a capacitor is introduced in Section II to cancel the mutual
coupling M3 between two capacitors. The basic principle for
this method is that the induced voltage in the cancellation turn
has a similar amplitude to that induced in the capacitor. At the
same time, they have opposite directions so that their effects are
canceled. It will be shown, with respect to Figs. 13 and 14, that
the cancellation turn L), integrated with the capacitor Cpyo
can also help to cancel the mutual inductance between Lpyg
and CD M2-

In Fig. 13, the magnetic leakage flux ®,;- links capacitor
Cpme- Its effect is represented with the mutual inductance My
in Fig. 14(a). Since the cancellation turn Lj, is very close to
the capacitor, most of ®,,5 also links Lj;. If this coupling is
represented with mutual inductance My o, the value of Myo
would be very close to M,. The equivalent circuit for these
couplings among Lpy, Cpme, and cancellation turn Ly, is
shown in Fig. 14(b). With the aid of the network theory, three
mutual couplings can be decoupled to obtain the network in
Fig. 14(b).

In Fig. 14(a), the original ESL of capacitor Cpy;2 is ESLy. If
there is no cancellation turn L, , the inductance of the capacitor
branch would be ESLy—M,. After the inductor winding is ro-
tated by 90°, M, is reduced greatly. If the cancellation turn L,
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is integrated with capacitor Cpyro, the cancellation turn Ly,
would have a mutual inductance Mp with capacitor Cpyo. Mp
can partially cancel ESLy since the magnetic fluxes generated
in the cancellation turn and the capacitor Cpy2 cancel each
other partially. The effect of Mo on the capacitor branch is
equivalent to increasing the inductance of the capacitor branch
by M. Because My, is close to Mo as discussed earlier, Mo
can cancel most of M. Based on this analysis, after L, is in-
tegrated with capacitor Cpyr2, both the effects of ESL, and M,
are reduced greatly, as described in Fig. 14(b). The capacitor’s
HF filtering performance is thus further improved.

Experimental results are shown in Fig. 15 to verify the afore-
mentioned analysis. The impedance of the capacitor Cpyps is
first measured using an Agilent impedance analyzer. The mea-
sured impedance is the curve 1 in Fig. 15. There is a series res-
onance between ESLy and Cpyyo at frequency f1 (2.07 MHz).
The measured Cpyo is 461 nF, ESL; is 12.8 nH, and ESR; is
14.1 mf). In the second step, the scattering parameters of the
network (an LC network with mutual inductance M between
the inductor and the capacitor) in Fig. 16(a) are measured using
a four-port, balanced RF network analyzer, Agilent E5S070B.
The impedance of the branch of capacitor Cpyo is extracted
using measured scattering parameters [12]. Curve 2 in Fig. 15 is
the extracted impedance curve that includes the effects of M>.
There is a minimal impedance at f5. It is different from either
the series or parallel resonant frequency [1]. Based on the the-
ory developed in [1], the effects of the mutual inductance M,
on the capacitor is equivalent to — M5 in series with ESLo, as
shown in Fig. 16(b). M> can be calculated since fo and ESL,
are known [12]. The calculated M5 is —78.1 nH, and the sum
of M5 and ESL is —65.3 nH.
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ESL reduction with cancellation turn.

Fig. 17.

In the third step, the inductor winding is rotated by 90° to
reduce M,. The scattering parameters are measured and the
impedance of the capacitor branch is extracted. The curve 3
in Fig. 15 is the extracted impedance curve. It shows that the
impedance is much lower than curve 2 at HF, which indicates a
big performance improvement of the capacitor. There is a series
resonance at frequency f3 (2.3 MHz), which corresponds to a
10.4-nH inductance in the capacitor branch. In the last step, a
cancellation turn L, is integrated with the capacitor. The equiv-
alent circuit for the mutual inductance Mgy, Ly, and ESLs is
shown in Fig. 17(a). Fig. 17(b) shows Mg’s effects on reduc-
tion of the ESL of the capacitor Cpyr2 [8]. The final equivalent
circuit of the network with Lj; added is represented by Fig. 14.
The extracted impedance of the capacitor branch is shown as
curve 4 in Fig. 15. The series resonant frequency is increased to
f1 at 4.4 MHz. The corresponding inductance in the capacitor
branch is now 2.84 nH only. It is a 78% reduction of the induc-
tance compared to the inductance in curve 1 (the impedance of
the single capacitor) and a 95.7% reduction on inductance com-
pared to the inductance in curve 2 (the impedance of a capacitor
affected by the mutual coupling). This inductance reduction is
due to the cancellation effects of the cancellation turn Lj;; on
both ESLy and My, as described by the diagram in Fig. 14(b).
These experimental results verified that the cancellation can not
only cancel ESLy and M3, but also M. As a conclusion, the
two mutual coupling cancellation techniques of rotating the in-
ductor winding by 90° and integrating a cancellation turn can
be integrated simultaneously into an EMI filter design without
any problems.

B. Integration of Self-Parasitic Cancellations

It has been shown in Section II that the self-parasitic cancella-
tions can reduce the ESL of capacitors and the EPC of inductors
when the effects of mutual couplings are insignificant. Although
the self-parasitic cancellation could reduce self-parasitics, when
the effects of mutual couplings are more significant than those of
the reduced self-parasitics, the self-parasitic cancellation would
be meaningless. Experiments are carried out in accordance with
Fig. 18 to prove this.

In Fig. 18, the left box includes a capacitor with a cancella-
tion turn Ly, integrated. The right box includes two capacitors
with the ESL cancellation technique (X—capacitor) applied. The
top branch is the parasitic model of inductor Lpy;. As shown
in Section II-A, the cancellation turn greatly improves the ca-
pacitor’s HF performance, since it cancels both ESL and mutual
couplings. It is therefore not necessary to add ESL cancellation
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Fig. 18. EMI filter with cancellation turn and ESL cancellation.

(X—capacitor) to Cpyr2. Also, based on the theory of the cancel-
lation turn, the cancellation turn should only be applied to one
capacitor [8], so there is no need to integrate a cancellation turn
with the capacitors on the right side.

There are two difficulties in integrating ESL cancellation with
mutual coupling cancellations. First, the mutual inductance be-
tween Lpy; and the X—capacitor is much larger than the can-
celed ESL even after the inductor winding is rotated by 90°.
For example, although the mutual inductance between inductor
Lpy; and the capacitors can be reduced by up to 93% (from 80
to 7.5 nH) [1], its value is still much larger than the canceled
ESL (around 1 nH) [3]. Second, the X—capacitor introduces
one additional capacitor and two additional small inductors to
the filter; as a result, more mutual couplings are introduced be-
tween capacitor Cpyro and the X—capacitor. The cancellation
turn Ly, is originally designed to cancel M; (see Fig. 8). More
mutual couplings would make Lj; more difficult to design.
Following this reasoning, ESL cancellation by X-capacitor,
used simultaneously with mutual coupling cancellation, does
not readily lead to useful results. The problem is much more
complicated than analyzed here and outside the scope of this
paper.

The integration of the EPC cancellation for Lpy; with can-
cellation of mutual coupling between the DM inductor and the
DM capacitors also proves to be not a good choice. At first sight,
it seems that the cancellation of the mutual couplings between
the DM inductor and the DM capacitors can be integrated with
the EPC cancellation of the DM inductor since one is related to
the magnetic field and the other is related to the electric field.
However, the practical situation is somewhat more complicated.
The mutual inductance between the DM capacitors and the DM
inductor actually affects both the DM capacitors and the DM
inductor. Fig. 19 shows an example for analyzing this situation.

In Fig. 19(a), there is a mutual inductance M> between the
DM inductor and the DM capacitor. If the current in the capacitor
branch is I; and the current in the inductor is I, the effects of
M can be analyzed, as shown in Fig. 19(b). In this diagram,
a current-controlled voltage source jwM, I is in series with
Lpy. Since I; and I have a difference of 40 dB/decade, at
HFs, the amplitudes can be much different. As a result, at HE,
the current-controlled voltage jwM, I; can be much larger than
the voltage drop of I, on inductance Lpy;. If the voltage drop
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Fig. 19. Effects of the mutual inductance between an inductor and a capacitor
on the inductor.

on the inductor is V7, the effect of mutual inductance M5 on the
inductor can be described as

VL :]LU(LIQ + MQIl)

L L
IF — — 1
I > YA (1)
=V = j(.UMQ_Tl. )

In Fig. 19(b), because I and I, are not in phase, the charac-
teristics of the inductor branch (EPC and EPR are not included)
are very complicated at HFs. It can be either inductive or capac-
itive. It can also behave like a negative inductance or a negative
capacitance. The amplitude of its impedance can even be pro-
portional to f3. A detailed analysis has been presented [11] but
is not given here. Because of these effects on Lpyr, even with
cancellation of EPC, Lpy still cannot behave like an ideal in-
ductor. As a result, the filter’s performance cannot be improved
as expected. Although rotating the DM inductor winding by
90° can reduce M3 by up to 93%, the coupling effects are still
significant at HFs when I; and I, are significantly different. Be-
cause of this, integrating EPC cancellation with mutual coupling
cancellations does not generally benefit the filter performance.

Three measurements are shown in Fig. 20 to verify the previ-
ous reasoning. Fig. 20(a) shows the configurations. The insertion
gain of an LC filter is measured for each case and compared with
the ideal case in Fig. 20. The measured EPC of the inductor is
negative in these experiments. In case 1, the LC filter is com-
posed of two parallel capacitors and an inductor. It is expected
that the mutual coupling between the inductor and capacitors
would significantly degrade the EMI filter’s HF performance.
The bump around 2 MHz is caused by the ESLs and the trace
inductance between two capacitors. In case 2, the inductor wind-
ing is rotated by 90° to reduce the mutual inductance between
the inductor and capacitors. The EMI filter’s performance is im-
proved over case 1 from 300 kHz to 20 MHz. In case 3, although
the ESL cancellation technique is applied to two capacitors, the
mutual inductance between the inductor and capacitors is much
larger than the canceled ESL. The improvement of the filter per-
formance is, therefore, limited, especially compared with the
ideal case. The filter’s performance is even worse than case 2
below 10 MHz. It should be pointed out that based on the analy-
sis in [11], the mutual coupling between the inductor and capac-
itors modifies the behavior of the inductor. The inductor could
behave like a negative inductance at HF. The impedance valley
between 20 and 30 MHz in case 1 is actually caused by the reso-
nance between this negative inductance and the EPC (negative)
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Fig. 20. Comparison of measured insertion gains. (a) Three configurations
measured. (b) Comparison of measured insertion gains.

of the inductor. The impedance valley around 20 MHz in case 3
is also due to the same reason. On the other hand, the impedance
valley around 2.5 MHz in case 2 is due to the series resonance in
the capacitor branches with the effects of the coupling between
the inductor and capacitors [11]. The experiments in Fig. 20
show that the effects of mutual couplings are dominant in either
the capacitor branches or the inductor branch. The result of this
is that the improvement of the self-parasitic cancellations on
the filter performance is very limited. Furthermore, when the
filter structure in Fig. 18 is considered, the mutual coupling be-
tween Cpyro and the X—capacitor would be another important
restriction on the integration of self-parasiti cancellations.

For a CM filter with the circuit structure shown in Fig. 1, the
EPC of the inductor is the most important parasitic to be can-
celed [2] since the effect of mutual coupling is not as significant
as those in DM filters [2].

The mutual couplings in a DM filter do not affect the per-
formance of its CM counterpart unless there are mode transfor-
mations between CM and DM noise due to unbalanced filter
structures or parameters [9]. Basically, when asymmetry exists
in the filter or any parts in the system, the DM and CM noise
in the system can transfer to each other. The more asymmet-
ric, the more mode transformation happens between DM and
CM noise [9]. When the transformed noise is comparable to the
noise without transformation, the effects of mode transforma-
tion cannot be ignored [9]. The mix-mode scattering parameters
can be used to characterize this mode transformation. Because
of this, if the system is perfectly symmetric (balanced), the can-
cellation for mutual couplings in DM filters does not make the
EPC cancellation for the CM inductors in CM filters ineffective.
They can certainly be integrated together.

Based on this reasoning, three types of parasitic cancellations
can be integrated into one EMI filter. The first one is rotating the
DM inductor winding by 90° to reduce M; and M, (see Fig. 8).
The second one is integrating a cancellation turn with one DM
capacitor to cancel Mj (see Fig. 8). The third one is the EPC
cancellation for CM inductors.
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Although ESL cancellation and EPC cancellation for DM
filters cannot be integrated with other mutual coupling can-
cellations, they can be applied to those applications when no
significant mutual couplings are present. An example is that
ESL cancellation can be applied to decoupling capacitors in a
bus bar [13].

IV. EXPERIMENTAL RESULTS ON INTEGRATION OF PARASITIC
CANCELLATION TECHNIQUES

An EMI filter with the structure given in Fig. 1 was built. The
components used in the filter are the same components used in
the measurements in Section III. For the DM inductor, Lpy is
19.5 pH, EPR is 38 k{2, and EPC is —3.8 pF. For the CM in-
ductor, Ly is 3.1 mH, EPR is 14.5 k€2, and EPC is 8.9 pF. For
the DM capacitors, capacitance is 461 nF, ESL is 12.8 nH, and
ESR is 14.1 m2. The two CM capacitors are 4.7 nF each. The
PCB layout of the prototype is shown in Fig. 21, and measured
insertion gains are compared in Fig. 22. All insertion gains and
network parameters are measured using an Agilent four-port
balanced network analyzer E5070B. The mutual parasitics are
extracted using the methods reported in [12]. Three cases are
investigated for the DM filter. For the first case, the DM filter’s
insertion gain is measured without any cancellation techniques
applied. For the second case, the inductor winding is rotated by
90°, and it is found that M, is reduced from —78.1 to —2.4 nH.
The DM filter performance is improved by several decibels
after rotating the inductor winding by 90°. For the third case,
the cancellation turn is integrated with one capacitor to cancel
Ms. Tt is found that M; is reduced from 257 pH to 20 pH.
There is 28 dB improvement at 30 MHz. The peak at 16 MHz
on each curve is caused by the resonance between the DM ca-
pacitor Cpyr; and the CM capacitors. The ESLs of DM and
CM capacitors and the parasitic inductance of traces cause a
series resonance in the loop of the DM and CM capacitors in
Fig. 1. For the CM filter, the insertion gain of the filter with a
conventional inductor winding structure is first measured with-
out applying any CM parasitic cancellation techniques. The CM
inductor is then replaced by a CM inductor with a bifilar wind-
ing structure [5], which maximizes the coupling coefficient of
two winding halves so as to get the best cancellation [5]. Two
grounded capacitors with a capacitance of 36 pF, which is al-
most four times the value of EPC, are connected to the center tap
of the windings for EPC cancellation. The measured insertion
gains are compared in Fig. 23. The CM filter’s HF performance
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Fig. 23. Improvements of CM inductor performance with EPC cancellations.
(a) CM circuit and inductor. (b) Comparison of measured insertion gains.

is improved by 20 dB at 30 MHz in Fig. 23. Measurements were
also carried out to check the interactions between the DM par-
asitic and CM parasitic cancellations. As analyzed, it is found
that no significant interactions were observed.

From Figs. 22 and 23, three parasitic cancellation techniques
discussed in Section III can be integrated into one EMI filter
without any conflicts and compromises. The HF performance
of both DM and CM filters is improved greatly.

The integrated cancellation was also applied to a two-stage
EMI filter. The experimental results are similar to those of
the one-stage EMI filter shown earlier. It has been pointed
out in Section III that ESL cancellation and EPC cancella-
tion for DM capacitors and inductors can be applied to other
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noise-suppression applications when mutual couplings are in-
significant, such as to the input capacitor of a boost PFC con-
verter.

V. CONCLUSION

In this paper, a range of parasitic cancellation techniques
was selected and then reviewed. The possibilities of integrating
these parasitic cancellation techniques into one EMI filter are
analyzed. It was found that the EPC cancellation of the CM
inductor can be integrated with the cancellation of the mutual
inductance between the DM inductor and the DM capacitors,
and with the cancellation of the mutual inductance between two
DM capacitors. Experiments were carried out to prove this anal-
ysis. The experiments showed that by integrating three parasitic
cancellation techniques into one EMI filter, the performance of
both DM and CM filters is improved greatly. The ESL cancella-
tion and EPC cancellation for DM capacitors and DM inductors
can be used in those applications when mutual couplings are
insignificant.
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