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Abstract—High-frequency common-mode (CM) electromag-
netic-interference (EMI) noise is difficult to suppress in electronics
systems. EMI filters are used to suppress CM noise, but their
performance is greatly affected by the parasitic effects of the
grounding paths. In this paper, the parasitic effects of the ground-
ing paths on an EMI filter’s performance are investigated in a
motor-drive system. The effects of the mutual inductance between
two grounding paths are explored. Guidelines for the grounding
of CM EMI filters are derived. Simulations and experiments are
finally carried out to verify the theoretical analysis.

Index Terms—Electromagnetic-interference (EMI) filter,
grounding, inductive coupling, motor drive, mutual inductance,
parasitic.

I. INTRODUCTION

E LECTROMAGNETIC emission can be generated from
switch-mode power conversion systems. Electromagnetic

emission is conventionally categorized as either differential-
mode (DM) or common-mode (CM) noise. DM noise is the
noise current flowing within the power delivery paths, while
CM noise is the noise current flowing between the ground
and the power circuits. DM and CM emissions are usually
called electromagnetic-interference (EMI) noise. EMI filters
are widely used in power electronics systems to suppress
electromagnetic emission. A typical EMI filter composed of
DM and CM filters is shown in Fig. 1. The DM capacitors
(C1, C2, and C3) and CM capacitors (CCM1 and CCM2) have
low impedance. They are in the noise’ shunt paths so they can

Manuscript received May 12, 2009; revised August 14, 2009 and October 7,
2009; accepted November 8, 2009. Date of publication December 4, 2009; date
of current version August 11, 2010. This work was supported by the SAFRAN
Group.

S. Wang is with Department of Electrical and Computer Engineering, The
University of Texas at San Antonio, San Antonio, TX 78249-1644 USA
(e-mail: shuowang@ieee.org).

Y. Y. Maillet is with Converteam, Inc., Pittsburgh, PA 15238 USA (e-mail:
yoayo@vt.edu).

F. Wang is with The University of Tennessee, Knoxville, TN 37996 USA,
and also with Oak Ridge National Laboratory, Oak Ridge, TN 37830-8050
USA (e-mail: fred.wang@utk.edu).

R. Lai is with the GE Global Research Center, General Electric Company,
Niskayuna, NY 12309 USA (e-mail: lairixin@vt.edu).

F. Luo is with Huazhong University of Science and Technology, Wuhan
430074, China (e-mail: kkhust@gmail.com).

D. Boroyevich is with the Center for Power Electronics Systems and the
Department of Electrical and Computer Engineering, Virginia Polytechnic
Institute and State University, Blacksburg, VA 24061-0179 USA (e-mail:
dushan@vt.edu).

Color versions of one or more of the figures in this paper are available online
at http://ieeexplore.ieee.org.

Digital Object Identifier 10.1109/TIE.2009.2037643

Fig. 1. Conventional EMI filter used in power electronics systems.

bypass the EMI noise. The DM inductors (LDM1 and LDM2)
and CM inductors (LCM1 and LCM2) have high impedance and
are in the noise’s series paths so they can block the EMI noise.
The DM inductance can be the leakage of the CM inductor, but
when the leakage is not enough, two separate DM inductors,
represented by the LDM1 shown in Fig. 1, are usually needed.
Two identical inductors on the left stage are not coupled;
therefore, CM inductance LCM2 is half of the inductance of
a single inductor, and DM inductance LDM2 is twice that of
the inductance of a single inductor. These two filter stages can
target the entire interested frequency range or one stage can be
used for low frequencies and the other for high frequencies. In
the filter discussed in this paper, the first (right) stage targets
the low-frequency noise attenuation, and the second (left) stage
targets the high-frequency (HF) noise reduction.

An application of EMI filters in a motor-drive system is
shown in Fig. 2. In the system in Fig. 2, CM noise current
is generated by the switching of the power switches and the
parasitic capacitance between the ground and the motor-drive
system. The CM parasitic capacitance includes the parasitic
capacitance CG in the motor, the parasitic capacitance CSHIELD

(not shown in the figure) between the inner conductors and
the shield of the cable, and the parasitic capacitance 6 × CCH

between the switches and the heat sink. The heat sink and the
chassis of the motor drive are directly grounded and set on
the ground plane. The frame of the motor is grounded via the
shield of the cable and the chassis of the motor drive. The CM
noise current from the motor and the cable is ICM1, and the
CM current from the heat sink is ICM2. ICM3 and ICM4 are
the CM currents bypassed by the 2 × CCM1 and 2 × CCM2

in the EMI filter. Two line impedance stabilization networks
(LISNs) are used on the dc input side for EMI measurement.
The conventional design procedure for the CM EMI filter does
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Fig. 2. EMI filter in a motor-drive system.

not consider the effects of the parasitics in the filter’s grounding
paths. However, in practical cases, the self- and mutual par-
asitics and grounding patterns have a big impact on a CM
EMI filter’s performance. Existing literature, such as [3]–[5]
and [8]–[10], discuss grounding in general without addressing
and analyzing specific applications, such as EMI filters.
Reference [17] presents some important experimental analysis
of the effects of the grounding loops. Reference [7] discusses
EMI filters but never theoretically analyzes and quantifies the
parasitic effects of grounding paths on CM noise suppression.
Furthermore, a very important issue, the mutual inductance
between two grounding paths, has not been addressed in the
existing literature.

This paper will discuss the parasitic effects of grounding
paths on a CM EMI filter’s performance. The effects of self-
and mutual parasitics on a CM filter’s performance will be
discussed with different grounding patterns. The parasitic ef-
fects will be theoretically analyzed and verified in experiments.
Some guidelines for efficient grounding are derived.

II. ANALYSIS OF PARASITIC EFFECTS

OF GROUNDING PATHS

Reference [9] gives some general guidelines on single- and
multipoint grounding for an electronic system. This chapter will
focus on the theoretical analysis of the effects of parasitics in
grounding paths. The effects of the mutual inductance between
different grounding paths, which is not investigated in the past
literature, will be investigated. Some guidelines on the design
of CM filters will be derived based on the analysis.

A. Effects of Self-Parasitics of Grounding Paths on CM
Filter’s Performance

For the system in Fig. 2, the CM noise model including
only the self-parasitics of filter components can be shown
in Fig. 3. In Fig. 3, the impedance of the ground plane is
ignored, and the CM noise source can be simply modeled using
Thevenin’s theorem. VCM represents the equivalent CM noise
voltage source, while CS and ZS represent the equivalent series
impedances. CS models the effects of CM parasitic capacitance,
and ZS represents the other effects of parasitics in a CM
noise source. ESLCM1/2 and ESLCM2/2 are the equivalent
series inductances of capacitors 2 × CCM1 and 2 × CCM2, and
EPC1 and EPC2 are the equivalent parallel capacitances of

Fig. 3. CM noise model including only the self-parasitics of filter
components.

CM inductors LCM1 and LCM2. In Fig. 3, the left side is the
model of the LISNs. The CM noise flowing through LISNs is
defined as

ICM = (ICM1 + ICM2) − (ICM3 + ICM4). (1)

It should be noted that, based on the ideal LC filter’s charac-
teristics, the noise voltage VCM1 between the ground and point
B in Fig. 3 is much larger than the noise voltage VCM2 between
the ground and point A. These voltages differ by 40 dB/dec.
The difference of the currents ICM3 and ICM4 in the two CM
capacitor branches is similar. VCM2 is added to the filter’s
output loop. A higher VCM2 leads to a higher CM noise
measured on the LISNs. VCM2 is defined in

VCM2 =
ICM4

2

[
jωESLCM2 +

1
jωCCM2

]
. (2)

For a practical printed circuit board (PCB) layout for EMI
filters, there is a large piece of copper plane on the PCB to
which all the CM capacitors are soldered. The copper plane is
grounded to the ground plane via the chassis of the system or
a separate grounding path. The noise model can be shown in
Fig. 4. In Fig. 4, LP is the parasitic inductance of the grounding
path from the copper plane to the ground plane. ZGP is the
impedance of the ground plane between the LISNs and the
grounding point. Since ZGP is in the CM noise’ series paths,
its impedance does not make the CM noise worse. For source
impedances CS and ZS, the situation is a little bit different,
because there may be a series resonance in the input loop. If
this resonance is within the frequency range of interest, there
will be a noise peak observed.

The effects of the self-parasitics in the grounding paths on
the filter’s performance can be analyzed by examining Fig. 4.
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Fig. 4. CM noise model with the parasitic inductance LP on the ground-
ing path.

Fig. 5. EMI filter with a π-type CM filter on the second stage.

In Fig. 4, both CM currents in ICM3 and ICM4 flow through LP.
They have a voltage drop VLP on LP. VLP and VCM2 are given
by (3) and (4), respectively,

VLP = jωLP (ICM4 + ICM3) (3)

VCM2 =
ICM4

2

(
jωESLCM2 +

1
jωCCM2

)
+ VLP. (4)

As stated before, ICM3 is much larger than ICM4. LP could
be much larger than ESLCM2/2 of the CM capacitors. The
VCM2 in (4) is thus much larger than the VCM2 in (2) at high
frequencies. At high frequencies, at which the impedance of
2 × CCM2 can be ignored, the ratio n of the second term to the
first term in (4) is given by

n ≈ 2ICM3LP

ICM4ESLCM2
. (5)

From (5), it can be seen that, if ICM3 were 100 times ICM4

and LP were five times ESLCM2, there would be a 60-dB
degradation on the CM filter’s performance. Reducing LP (for
example, by using a copper strip) would be helpful for reducing
n, but its improvement strongly depends on the difference
of ICM3 and ICM4. It can be derived that using more CM
capacitors at the output of the CM filter may increase CM noise
instead of reducing it. As an example, if there are two more
CM capacitors 2 × CCM3 on the output of the filter, as shown
in Fig. 5, the CM noise model can be shown in Fig. 6.

In Fig. 6, after adding two CM capacitors (noted as 2 ×
CCM3) to the output of the filter, the noise VLP is directly added
to the LISNs via these two CM capacitors. Since the impedance
of 2 × CCM3 is much smaller than the impedance of the CM
inductor LCM2 at high frequencies, by adding 2 × CCM3, the

Fig. 6. CM equivalent circuit for the filter with CM capacitors on the
output loop.

Fig. 7. CM capacitors on each stage are grounded separately.

output loop impedance is smaller than that without 2 × CCM3,
which means that the measured CM noise on the LISNs is
higher than it would be without 2 × CCM3.

In order to avoid the issues discussed previously in multistage
EMI filters, CM capacitors on each stage should be grounded
separately. Soldering all CM capacitors to the same copper
plane on the PCB is not a good idea. If the CM capacitors have
to share the same grounding path, the output loop should not
have CM capacitors.

B. Effects of Mutual Inductance Between Grounding Paths
on CM Filter’s Performance

As analyzed in the previous section, if the CM capacitors
on each stage are grounded separately, the issue caused by
the self-parasitics described previously is eliminated. However,
experiments show that the improvement of the CM filter’s
performance is still limited. Further investigation disclosed that
the mutual inductance between different grounding paths plays
a very important role. Fig. 7 shows a CM noise model including
a filter with mutual inductance M between two grounding
paths.

In Fig. 7, the two grounding paths have the parasitic induc-
tances LP1 and LP2, respectively. The ICM3 in LP1 would not
flow through LP2; thus, the issue discussed previously in the
case of the shared grounding path no longer exists. However,
as analyzed in Section II-A, at high frequencies, the CM noise
current ICM4 is much smaller than ICM3, and the voltage
VCM2 is much smaller than VCM1; hence, a very small mutual
inductance between LP1 and LP2 will induce a significant
voltage on LP2. The equivalent circuit used for analysis after
two grounding paths are decoupled is shown in Fig. 8.
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Fig. 8. CM equivalent circuit for the filter with separate grounding paths.

In Fig. 8, the effects of the mutual inductance between the
two grounding paths are represented by a shared grounding path
with an inductance of M . At the same time, the inductance of
each grounding path is decreased by M . VCM2 with the effects
of M can be given by (6) and (7)

VM = jωM(ICM4 + ICM3) (6)

VCM2 =
ICM4

2

[
jω [ESLCM2 + 2(LP2 − M)]

+
1

jωCCM2

]
+ VM (7)

n ≈ M

ESLCM2/2 + (LP2 − M)

(
ICM3

ICM4

)
(8)

∣∣∣∣ICM3

ICM4

∣∣∣∣ >
1
M

(ESLCM2/2 + LP2 − M). (9)

Following a similar analysis to the case in Section II-A, at
high frequencies, at which the impedance of 2 × CCM2 can be
ignored and ICM3 is much larger than ICM4, the ratio n of the
second term to the first term in (7) is given by (8). In (8), the
effect of M is equivalently amplified by ICM3/ICM4 times. As
an example, if M is only 1% of the equivalent inductance of
the grounding path represented in the denominator, a difference
of more than 40 dB between ICM3 and ICM4 would make the
effects of mutual inductance dominant. Equation (9) describes
the condition that the current ratio between ICM3 and ICM4 is
larger than the inductance ratio in (8). Before mutual inductance
M plays a major role in the CM filter’s performance, ICM3 is
much larger than ICM4, and their difference increases when
frequency increases. At a certain frequency f1 determined
by the inductance ratio in (9), the condition is met, and M
begins to play a major role above this frequency. Based on (9),
the higher M is, the lower the frequency f1 is and, therefore,
the worser the filter’s performance is at high frequencies. On the
contrary, the smaller M is, the higher f1 is and, hence, the better
the filter’s performance is at high frequencies. If the inductance
of the grounding path is minimized so that LP2 and M are
much smaller than ESLCM2/2, the filter’s performance would
be good at a very wide frequency range since f1 is very high.
M and LP2 should therefore be as small as possible to reduce
the VCM2 and improve the filter’s HF performance.

Fig. 9. CM capacitors of each stage are grounded separately at two points on
the ground plane.

Fig. 10. One-stage π-type EMI filters.

It should be noted that the effects of the mutual capacitance
between the two grounding paths is not as significant as the
mutual inductance since the grounding paths have much lower
impedances than that of the mutual capacitance (for example,
100 nH versus 10 pF) within the conducted EMI frequency
range.

There are several ways to reduce M . For example, the
two grounding paths should be as far apart as possible. CM
capacitors can be separately grounded to the closest points
on the ground plane with short grounding wires. The mutual
inductance can be reduced by these two ways since the mutual
inductance is proportional to the length of grounding wire and
inversely proportional to the distance of the two grounding
paths. Fig. 9 shows the CM noise model for the case of separate
grounding.

In Fig. 9, ZPG2 is the impedance of the ground plane between
the two grounding points. The effects of this impedance can be
ignored since it is in series with CM inductor LCM1 and is very
small. Since ZPG2 can be ignored, the two grounding paths are
connected together via the ground plane. Because of this, it can
be analyzed using the same equivalent circuit shown in Fig. 8.
Since M is much smaller than that in the previous case, the CM
filter’s performance is greatly improved at high frequencies.

The aforementioned analysis can be applied to any filter
structures, such as the one-stage EMI filter in Fig. 10. In
Fig. 10, if two sets of CM capacitors share the same grounding
path, removing 2 × CCM2 may yield lower CM noise. If 2 ×
CCM2 must be used, they should be grounded far away from
2 × CCM1.
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Fig. 11. Cancellation of mutual inductance between two grounding paths.

Fig. 12. Input and output CM noise loops.

The inductive mutual coupling between two grounding paths
can also be reduced using other methods, for example, us-
ing two coupled inductors LCancel shown in Fig. 11 on two
grounding paths to cancel the mutual inductance M between
two grounding paths. The mutual inductance M ′ of the coupled
inductors have the same value as the M between two grounding
paths but with different coupling polarities. The total effects
would be the cancellation. The best scenario would be when
the inductance of two coupled inductors is equal to M and their
coupling coefficient is equal to 1. The cancellation inductor,
would not increase the inductance of the grounding path much.

C. Physical Meaning of Self- and Mutual Inductance
of Grounding Paths

The mutual inductance M and self-inductances LP1 and LP2

are lumped parameters for the convenience of analysis. It is
necessary to understand what they represent. In practical cases,
the inductive couplings exist between the input and output CM
noise loops. Fig. 12 shows the input loop lI and output loop lO.
rIO is the distance between any two current segments on two
loops. The mutual inductance M between these two loops can
be found via the Neumann theory in

M =
μ0

4π

∮
lO

∮
lI

dlI • dlO
rIO

. (10)

To further analyze the inductive couplings between the input
and output CM noise loops, self partial inductance and mutual
partial inductance [18] are introduced to the CM noise equiv-
alent circuit in Fig. 13. Because only the inductive couplings
between two CM noise loops are to be analyzed, other com-
ponents including impedances and noise voltage source are not
shown and analyzed here. In Fig. 13, each side of the input and
output loops is represented with a decoupled inductance. This

Fig. 13. Mutual partial inductance between CM noise input and output loops.

decoupled inductance includes the effects of both the self partial
inductance of that side and the mutual partial inductances
within that loop. LP1 and LP2 represent the decoupled induc-
tance of two grounding paths in the input and output loops,
respectively. LI includes the decoupled inductance between the
grounding point of the EMI filter and the grounding point of
the motor-drive system, the inductance between the EMI filter
and the insulated-gate bipolar transistors (IGBTs) in the motor
drive, and the inductance of the cable and the motor. LI’s value
depends on the dimensions and structures of the motor drive,
cable, and motor. LO4 represents the decoupled inductance
of the ground plane between the grounding point of the EMI
filter and the grounding point of LISNs. For an ideal ground,
it should be zero. LO1 represents the decoupled inductance of
LISNs. LO3 represents the decoupled inductance of the dc bus
between the EMI filter and the LISNs. LO3 is strongly related
to measurement setups. There is a mutual partial inductance
M1 between LP1 and the output loop and a mutual partial
inductance M2 between LI and the output loop. The mutual
inductance M between two loops in the previous analysis is
the sum of M1 and M2. The possible couplings related to filter
components will be discussed later in Section III.

In Fig. 13, since most of the CM noise current from the CM
noise source is bypassed by CM capacitors 2 × CCM1, ICM3 is
very close to the CM noise ICM1 + ICM2. The induced voltages
in the output loop are in series; therefore, they add together. The
total induced voltage VM is given by (11), and it increases the
measured CM noise on LISNs

VM ≈ jωICM3(M1 + M2) = jωICM3M. (11)

Physically, LP1 is closer to the output loop than LI. Based
on Neumann theory in (10), the mutual partial inductance
is inversely proportional to the distance between two current
segments, so M1 could contribute to most of M depending on
the distance between two grounding paths, the system structure,
and the measurement setup. If two pairs of CM capacitors in
Fig. 1 share one grounding path, M1 reaches its maximum
because most of the magnetic flux generated by ICM3 links the
output loop. In that case, M1 is close to LP1 and LP2. Changing
the length and the distance of two grounding wires will directly
change M1. The diameter of the grounding wires will play an
important role on M1 only when the distance is small or a
shared grounding path is used. On the other hand, changing the
length and the distance of two grounding wires may not change
M2 as significantly as M1, since the other parts of the system
are kept intact.
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Fig. 14. CM filter model used in simulation.

Fig. 15. Simulated insertion gains.

Based on the aforementioned analysis, LP1 and LP2 repre-
sent the decoupled inductances of two grounding paths, includ-
ing the effects of mutual partial inductance within the input
and output loops. M represents the mutual inductance between
input and output loops. M is lumped as the mutual inductance
between LP1 and LP2 because it has the same parasitic effects
on the output loops as the original. The aforementioned analysis
also indicates that, if the distance between two grounding
paths is small, the mutual inductance between two loops with
separated grounding paths would be close to that with a shared
grounding path. As a result, the improvement of separating
grounding paths is small.

III. SIMULATIONS AND EXPERIMENTAL RESULTS

The analysis in Section II is first verified by simulations. The
circuits in Figs. 3, 4, 6, 7, and 9 are simulated in Pspice. Fig. 3
is redrawn in Fig. 14. All component values used in simula-
tions are shown in Fig. 14. In Fig. 14, the 40-μH inductance
represents the effects of the leakage inductance of the two CM
inductor windings and the two DM inductors LDM1 on CM
noise in Fig. 1. In the first step, there are no parasitics in the
grounding path. The insertion gain is simulated and shown in
Fig. 15. In the second step, the insertion gain is simulated for
the circuit in Fig. 4, where LP, the parasitic inductance of the
grounding path, is 100 nH. The insertion gain is much worse,
particularly at high frequencies, than the insertion gain of the
filter without any parasitics in the grounding path. The peak
between 2 and 3 MHz is caused by the series resonance in
the input loop, as analyzed in Section II. In the third step, the
insertion gain for the circuit in Fig. 6 is simulated, where CCM3

is 100 nF and ESLCM3 is 10 nH. As expected, the insertion
gain is worse than that in Step 2 since the two CM capacitors

provide a shortcut for the CM noise on the grounding path.
In the fourth step, the insertion gain for the circuit in Fig. 7
is simulated, where LP1 is 100 nH, LP2 is 100 nH, and the
coupling coefficient is 0.5 (M is 50 nH). Although the two CM
capacitor branches are grounded separately, the filter has only
a few decibels of improvement due to the inductive couplings
between two paths. In the fifth step, the insertion gain for the
circuit in Fig. 7 is simulated again but with a much smaller
coupling coefficient of 0.01 (mutual inductance M is 1 nH).
The filter has an improvement of more than 30 dB since the
mutual inductance is much smaller than that in Step 4. In the
last step, the insertion gain for the circuit in Fig. 9 is simulated,
where LP1 is 20 nH, LP2 is 20 nH, and the coupling coefficient
is only 0.003 (M is 0.06 nH). The mutual inductance is smaller
than that in Step 5. The filter has another 24-dB improvement.
These simulation results verify the analysis in Section II. It
should be pointed out that the purpose of simulation is just to
verify the theoretical analysis. Therefore, not every parasitic
parameter used in the simulation is the same as the actual in-
circuit values.

Experiments are finally carried out in a motor-drive system to
verify the analysis in Section II. A two-stage EMI filter is built
with a similar structure to that shown in Fig. 1 except that the
inductors in the second stage are two separate inductors instead
of a coupled inductor. The separate inductors have impedances
to both DM and CM noises. For DM noise, the inductance of
two separate inductors is twice of that of a single inductor.
For CM noise, the inductance of two separate inductors is half
of that of a single inductor. The purpose of using separate
inductors here is to suppress both DM and CM noises. LCM1 is
3.2 mH with 39.5-μH leakage, LDM1 is 40 μH, CCM1 is 100 nF,
CCM2 is 47 nF, and C1 and C2 are 33 μF. The two separate
inductors in the second stage have an inductance of 8 μH each.
C3 is 100 nF. The motor drive has a power of 3 kW with 300-V
dc input and 12-kHz switching frequency. The measurement
setup is the same as that shown in Fig. 2.

In the following experiments, before CM noise is measured,
the mutual inductance between two CM noise loops will be first
extracted using a similar method to that proposed in [19]. The
extraction process is carried out when the motor drive is not
running. Because only the mutual inductance between two CM
noise loops is to be extracted, LCM1 and LDM1 are removed
from the filter PCB. On the other hand, LCM2 and LDM2 are
short-circuited using two short wires. The mutual inductance
between the cable–motor and the output loop is ignored and not
measured because the cable and motor are far from the output
loop and are shielded. An Agilent balanced four-port network
analyzer E5070B is used to measure the S-parameters of the
CM noise network from IGBTs in the motor drive to the outputs
of LISNs. The mutual inductance between two CM noise loops
is extracted from the measured S-parameters.

After the mutual inductance between two CM noise loops
is extracted, inductors are remounted to the filter PCB for
CM noise measurement. A noise separator [2] is connected to
the outputs of the LISNs. Two precision attenuators are used
between the LISNs and the noise separator to guarantee that
the noise separator is not saturated, and the output of the noise
separator is connected to a spectrum analyzer to measure CM
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Fig. 16. EMI filter PCB layout with CM capacitors sharing the same ground-
ing path.

Fig. 17. EMI measurement setup: CM capacitors sharing the same ground-
ing path.

noise. The experiments are carried out step by step, while CM
noise is measured in each step.

In the first step, the CM noise of the motor drive is measured
and recorded without any attenuation applied. The measured
CM noise is shown in Fig. 19. In the second step, a two-stage
EMI filter with CM capacitors sharing the same grounding path,
as shown in Fig. 4, is connected between the motor drive and
LISNs. The EMI filter’s PCB layout is shown in Fig. 16. Both
the top and bottom sides of the PCB have a copper plane, and
the copper planes are grounded to the ground plane in the EMI
measurement setup. All CM capacitors are soldered to these
two grounded copper planes; hence, all CM capacitors share the
same grounding path. The filter layout in Fig. 16 has considered
the effects of possible couplings between CM filter compo-
nents. Unlike a DM inductor, which is usually the leakage of
a CM inductor so that its magnetic flux extends to air, a CM
inductor’s CM magnetic flux is confined in the core; thus, the
coupling between a CM inductor and other CM components are
not as significant as that in a DM inductor case. Furthermore,
the CM capacitors used in this filter have a very small size and
are far apart, and the couplings between the CM capacitors in
two stages are also insignificant. Experiments will show that the
parasitic parameters in grounding paths are the most important
for the CM filter’s performance. The magnetic material used
for the CM inductor is J material (ferrite, μr = 5000) from
Magnetics Inc. Two windings are evenly distributed around the
core; thus, their leakage inductance is small. The measurement
setup is shown in Fig. 17. The mutual inductance between two
CM noise loops, which is close to the self partial inductance
of the grounding path as analyzed in previous section, is first
extracted and shown in Fig. 18. Because the common grounding
point of the system is far from the filter, the grounding wire is

Fig. 18. Extracted impedance of mutual inductance between two CM noise
loops.

Fig. 19. Comparison of measured CM noise.

Fig. 20. EMI filter PCB layout with separate copper planes.

long. The extracted mutual inductance is around 1.8 μH. CM
noise is then measured and shown in Fig. 19. Compared with
the CM noise without EMI filters, it has up to 28-dB noise
reduction at low frequencies. At high frequencies, the noise
reduction is not as good as it is at low frequencies due to the
effects of the mutual inductance (or the parasitic inductance of
the grounding path) between two CM noise loops. In the third
step, two 100-nF CM capacitors are added to the output of the
filter such that the second-stage CM filter is a π-type filter like
that shown in Fig. 5. The filter has an equivalent circuit that is
the same as the circuit shown in Fig. 6. CM noise is measured
and recorded in Fig. 19. Compared with the measurement in
the last step, the CM noise is not reduced but increases from
450 kHz to 10 MHz, which verifies the analysis in Figs. 5 and 6.

In the fourth step, the two CM capacitors added in the third
step are removed. The copper planes on both the top and bottom
sides of the PCB are divided to two separate parts, and the
CM capacitors on each stage are soldered to these two separate
parts, respectively, as shown in Fig. 20. Two PCB copper plane
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Fig. 21. EMI measurement setup: CM capacitors are grounded separately with large mutual inductance.

Fig. 22. EMI measurement setup: CM capacitors are grounded separately with small mutual inductance.

Fig. 23. EMI measurement setup: CM capacitors are grounded separately with very small inductance.

parts are grounded to the same point on the ground plane with
two separate grounding paths, as shown in Fig. 7. The two
grounding paths are close to each other, which results in a
high mutual inductance between the two paths. This setup is
shown in Fig. 21. The extracted mutual inductance between two
CM noise loops is 528 nH, as shown in Fig. 18. CM noise is
measured and shown in Fig. 24. There is only several decibels
of improvement at low frequencies and even no improvement
at high frequencies due to the effects of the mutual inductance
between two grounding paths. This verifies the analysis in
Figs. 7 and 8.

In the fifth step, the two grounding paths are kept far apart but
they are still grounded to the same point, as shown in Fig. 22.
The mutual inductance between the two grounding paths is
therefore much smaller than the inductance that occurs in the
fourth step. The extracted mutual inductance between two CM
noise loops is only 3.49 nH, as shown in Fig. 18. The noise

below 900 kHz is the background noise of the network analyzer.
CM noise is also measured and shown in Fig. 24. There is a
20–30 dB improvement in the entire measured frequency range
as compared with the results in Step 4 due to a smaller mutual
inductance between two grounding paths than that in Step 4.

In the last step, the CM capacitors on each stage are grounded
separately at different points on the ground plane, as shown
in Fig. 9. The two grounding paths are kept short (the length
is only 25% of that in previous steps) and are kept far away
from each other. The extracted mutual inductance between two
CM noise loops is 5.94 nH, as shown in Fig. 18. The noise
below 900 kHz is the background noise of the network analyzer.
The measurement setup is shown in Fig. 23. As analyzed
in Section II, both the mutual inductance and the inductance
of grounding paths are very small. Again, the CM noise is
measured and shown in Fig. 24. It is here that the lowest noise
is achieved. There is another improvement of up to 30 dB

Authorized licensed use limited to: University of Florida. Downloaded on December 30,2020 at 05:40:01 UTC from IEEE Xplore.  Restrictions apply. 



3058 IEEE TRANSACTIONS ON INDUSTRIAL ELECTRONICS, VOL. 57, NO. 9, SEPTEMBER 2010

Fig. 24. Comparison of measured CM noise.

from the range of 300 kHz–2.4 MHz and up to a 15-dB
improvement from 5 to 8 MHz as compared with the result in
Step 5. Step 5 gives a smaller mutual inductance because the
distance between two grounding paths is farther than that in the
last step. Although the mutual inductance is a little bit larger
than that in Step 5, the self partial inductance is much smaller
(75% reduction is measured), and the CM noise can still be
further reduced as described in (8). This verifies the analysis
in Fig. 9.

In this section, simulations and experiments verified all the
analyses in Section II. It has been verified that, for an EMI
filter, different grounding patterns can result in a much different
performance on CM noise reduction. The mutual inductance
between two CM noise paths or loops is very critical to the
CM noise suppression in power electronics systems. EMI fil-
ter structures in different power electronics systems could be
different; however, the principles discussed in this paper still
apply.

IV. CONCLUSION

This paper has theoretically analyzed the parasitic effects of
grounding paths on the CM EMI filter’s performance. It first
proves that the CM capacitors should be grounded separately.
If CM capacitors have to share the same grounding path, the
output loop should not have CM capacitors. Because of the
large difference in current between grounding paths, the mutual
inductance between two grounding paths (CM noise loops) are
detrimental to the CM filter’s performance. Because of this, the
mutual inductance should be as small as possible. The analysis
is verified by both simulations and experiments.
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