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ABSTRACT Due to their high permeability and high effective permittivity, manganese zinc (MnZn) ferrites
exhibit magnetic resonance depending on the core dimension. Once magnetic resonance occurs, the relative
permeability of MnZn ferrites decreases drastically in the high-frequency (HF) range. The decrease in the
relative permeability can influence the HF noise reduction performance of common-mode inductors (CMIs).
Based on the above, this study experimentally investigates the impact of the dimensional effect of MnZn
ferrites on the small-signal characteristics of CMIs. First, the CM small-signal characteristics of CMIs
with different core dimensions indicated that the dimensional effect of MnZn ferrites decreases the CM
impedances of the CMIs in the HF range. Two types of core division (air gap insertion and core lamination)
were applied to the core to mitigate the dimensional effect on the CM impedances of the CMIs. The influence
of the core divisions on the complex permeabilities and the small-signal characteristics of the CMIs were
evaluated based on the experimental results. The measurement results clarified that core lamination might
be the appropriate option in EMI filtering applications because it can mitigate the dimensional effect and
increase the CM impedance of CMIs in the HF range without increasing the number of turns.

INDEX TERMS Common-mode inductors, EMI, MnZn ferrites, permeability, small-signal characteristic.

I. INTRODUCTION
Wide bandgap power semiconductor devices using silicon
carbide and gallium nitride offer superior switching prop-
erties compared with conventional power semiconductor
devices using silicon insulated-gate bipolar transistors [1].
The high switching speed of wide bandgap power semi-
conductor devices increases the switching frequencies and
downsizes the passive components of power converters. How-
ever, the high switching speed and high switching frequency
of power converters lead to an increase in electromagnetic
interference (EMI) [2], [3], [4], [5], [6]. The International
Electrotechnical Commission regulates the allowable EMI
limit for each application. As every power converter must
satisfy these EMI limits, an EMI filter is inevitably installed
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in power converters. Therefore, researching an appropriate
design procedure for EMI filters and enhancing their filtering
performance are increasingly important. When designing
EMI filters, power electronics engineers often use circuit
simulators such as LTspice to evaluate the small-signal
characteristics of the filters. Therefore, previous studies
have investigated circuit simulation models of filtering
components and entire power conversion systems, including
EMI filters [7], [8], [9].

Fig. 1 illustrates the basic configuration of a single-stage
EMI filter. A common-mode inductor (CMI), y-capacitors,
differential-mode inductors (DMIs), and x-capacitors com-
prise the EMI filter. The CMI and y-capacitors are common-
mode (CM) noise filtering components, and the DMIs
and x-capacitors are differential-mode (DM) noise filtering
components. For safety reasons, the values of y-capacitors are
strictly limited (in most cases, several nanofarads). Thus, the
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FIGURE 1. Basic configuration of single-phase EMI filter.

CMI is usually bulky, and magnetic materials with high per-
meability, such as nanocrystalline or manganese zinc (MnZn)
ferrites, are selected for CMI magnetic cores. On the other
hand, the values of the x-capacitors can be large compared
to those of y-capacitors (typically several microfarads). Thus,
magnetic materials with low permeability and high saturation
flux density, such as iron powder, are used for DMIs. Note
that the leakage inductances of CMIs can be used as DMIs to
decrease the number of filter components.

Among filter components, inductors typically determine
the high-frequency (HF) characteristics of EMI filters
because of their complex frequency-dependent characteris-
tics. Hence, many previous studies have presented modeling
techniques to simulate the wideband small-signal character-
istics of filter inductors [10], [11], [12], [13], [14], [15], [16],
[17], [18], [19], [20], [21], [21]. These modeling techniques
can simulate the frequency dependence of the complex
permeability of magnetic materials [12], [13], [14], [15],
[16], [17], [18], [19], [21] and multiple resonators due to the
transmission line effect of windings [20], [21].

The frequency dependence of the complex permeability
and winding stray capacitance strongly influence the small-
signal characteristics of CMIs. Furthermore, the high perme-
ability and high effective permittivity of magnetic materials
may give rise to standing electromagnetic waves that depend
on the size of the magnetic core. This phenomenon is
known as dimensional resonance and has been observed
experimentally in MnZn ferrites [22]. Once dimensional
resonance occurs, the permeability of the magnetic core
decreases drastically. Therefore, the dimensional effect of
MnZn ferrites may influence the small-signal characteristics
of CMIs in the HF range. However, to the authors’
knowledge, the influence of the dimensional effect on the
small-signal characteristics of CMIs has not been investigated
in detail.

This paper does not provide a theoretical explanation
for the dimensional effect on the noise reduction perfor-
mance of CMIs. Instead, it explores the possible challenges
encountered bywideband CMI design as switching frequency
increases in wideband gap device-based power converters.
For this purpose, this study experimentally investigates
the dimensional effect of MnZn ferrites on the small-
signal characteristics of CMIs. First, measurements of the

small-signal characteristics of single-phase inductors with
different numbers of turns were performed by using an
impedance analyzer. The measurement results clarified that
multiple factors cause resonances in inductor impedances.
Next, measurements of the complex permeabilities of MnZn
ferrite with several core dimensions and CM small-signal
characteristics of the CMIs were carried out. The measured
results clarified that the dimensional effect of MnZn ferrites
decreases the CM impedances of the CMIs in the HF range.
Two types of core divisions (air gap insertion and core
lamination) were applied to the toroidal cores to mitigate the
dimensional effect. The measurement results of the small-
signal characteristics of the fabricated CMIs verified that core
lamination could mitigate the dimensional effect and increase
the CM impedance of the CMIs in the HF range without
increasing the number of turns. Note that every measurement
in this study was performed using off-the-shelf magnetic core
products.

II. DIMENSIONAL EFFECT OF MNZN FERRITES
A. INDUCTOR IMPEDANCE RESONANCE FACTORS
This subsection investigates the resonance factors that appear
in inductor impedances. A toroidal-shaped MnZn ferrite core
of N30 [23] (R50 core, part number: B64290L0082 × 830,
EPCOS) was selected as the magnetic core of a single-phase
inductor undermeasurement. Themeasurements were carried
out using an impedance analyzer (E4990A, Keysight) in a
frequency range from 1 kHz to 50 MHz. Figs. 2(a) and 2(b)
show the measured impedances and phases of the inductor
when the number of turns is 3, 5, 10, 20, 30, and 50.

Fig. 2(a) indicates that the first resonance appears at
frequencies lower than 1MHz in all cases. The first resonance
frequency of the inductor with 30 turns is approximately
600 kHz, and that of the inductor with 50 turns is 300 kHz.
On the other hand, the first resonance frequencies in the other
cases are approximately 700 kHz.

Fig. 2(b) shows a sharp phase change from 90◦ to −90◦ at
approximately 300 kHz when the number of turns is 50. This
acute phase change is due to self-inductance resonance and
winding stray capacitance. In addition, when the number of
turns is 3, 5, 10, and 20, the inductors behave as capacitive
impedances at higher frequencies than the first resonance
frequency. However, the phase delays are smaller than those
when the number of turns is set to 30 and 50. Here, the
small-signal characteristics of the inductors are typically
represented by an LCR parallel circuit. Parallel capacitances
obtained from the measured impedances are listed in Table 1.
The calculated capacitance of the single-phase inductor with
50 turns, shown in Fig. 2(a), is 12.6 pF. On the other hand,
the calculated stray capacitance of the inductor with five
turns is 219.6 pF. Note that the resonance frequency of
the inductor with five turns is determined as the frequency
where the inductor impedance shows its maximum value. The
calculated results indicate that the winding stray capacitance
of inductors based on MnZn ferrites with lower turns is much
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FIGURE 2. Small-signal characteristics of single-phase inductors.
(a) Impedances. (b) Phases.

TABLE 1. Measured parameters of inductors.

higher than inductors with higher turns. Thus, using the LCR
parallel circuit to represent the frequency characteristics of
the inductors with few turns results in overestimated winding
stray capacitance. In other words, the factors of the decrease
in high-frequency impedance should be considered separately
for the self-resonance due to the winding stray capacitance
and the others. Ref. [21] described this impedance resonance
as material resonance caused by material capacitance. With
a correctly understanding of the factor of the impedance
resonance, designers can determine whether to change the
winding arrangement or apply the core lamination (described
in subsection III-B) to improve the HF filtering performance
of the filter inductors.

Furthermore, when the number of turns is set to 20, 30,
and 50, multiple resonances occur periodically at frequencies

higher than 10 MHz. These multiple resonances are caused
by the transmission line effect of the winding. In short, the
measured results in Fig. 2 indicate that the causes of inductor
impedance resonances can be classified into the following
three factors.

1) Inherent characteristics of the magnetic material (mate-
rial resonance)

2) Winding stray capacitance (self-resonance)
3) Transmission line effect of the winding, which causes

multiple resonances
Themeasured results when the number of turns is 3, 5, 10, and
20 suggest that material resonances occur in the first resonant
frequencies of the fabricated inductors. However, the impact
of the material resonance on the filter inductor impedance
has not been investigated in detail [21]. The descriptions in
[24], [25], [26], [27], [28], and [29] probably assumed that
the natural or dimensional resonance causes this impedance
resonance. The natural resonance is magnetic resonance due
to the effective anisotropy field, resulting in magnetic losses
[24]. Once the magnetic resonance occurs in a magnetic core,
the relative permeability begins to decrease, and the resistive
component becomes dominant in the inductor impedance.
In general, the relative permeability of magnetic materials
is inversely proportional to the frequency at which the
permeability begins to decrease [24]. Snoek’s limit represents
the relationship between the relative permeability µr and the
frequency f [24]. According to the material properties of N30
[23], Snoek’s limit of N30 and the frequency are derived as
µrf ≈ 7100 MHz.

The material properties over a wideband frequency are
often unavailable from the manufacturer’s datasheet. Thus,
measurements of the complex permeability of N30 should
be performed by the designers of the magnetic components
themselves.

An inductor with N turns can be represented as a series
connection of an equivalent series resistance Rs and an
equivalent series inductance Ls when the winding stray
capacitance is very small and negligible [25], [30]. The
impedance of the inductor ZL is described in the following
equation.

ZL = Rs + jωLs = jωµ0µr
Ac
lc
N 2

= jωµ0

(
µ′r − jµ

′′

r

) Ac
lc
N 2 (1)

where Ac is the core cross-sectional area, lc is the magnetic
flux path length, µ0 is the permeability of free space (4π×
10−7 H/m), and µ′r and µ

′′

r are the real and imaginary
parts of the complex permeability of the magnetic core.
The frequency characteristics of Rs and Ls can be measured
directly by using the impedance analyzer; then,µ′r andµ

′′

r can
be obtained from the following equations, respectively.

µ′r (f ) =
lc

µ0AcN 2 ·Ls (f ) (2)

µ
′′

r (f ) =
lc
2
π f µ0AcN

2
·Rs (f ) (3)
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FIGURE 3. Complex permeability of N30 derived by equations (2) and (3)
based on inductor impedance measured by the impedance analyzer
E4990A. The tested core was R50, and the turn number was six. (a) Real
and imaginary parts plotted on a linear axis. (b) Real part plotted on a
logarithmic axis for comparison with the Snoek’s limit of N30
(µrf ≈ 7100 MHz).

The measured complex permeabilities of N30 (R50 core) are
shown in Figs. 3(a) and 3(b). Fig. 3(a) shows that the real part
increases slightly at approximately 400 kHz and decreases
drastically. Furthermore, the real part becomes negative from
1 to 20 MHz and converges to zero. After the imaginary part
rises sharply at approximately 700 kHz, it decreases sharply.
The slopes of the increase and decrease are almost equal and
opposite. These measured results suggest that these drastic
changes in the complex permeability are caused by magnetic
resonance [24].

The real part of the complex permeability is plotted on
a logarithmic axis in Fig. 3(b). Fig. 3(b) also presents
Snoek’s limit of N30. Fig. 3(b) shows that the real
part of the complex permeability begins to decrease at
lower frequencies than Snoek’s limit. Therefore, Fig. 3(b)
indicates that the natural resonance may not cause this
drastic change in the permeability. Hence, another fac-
tor, such as the dimensional resonance [22], should be
investigated.

B. DIMENSIONAL DEPENDENCE OF THE COMPLEX
PERMEABILITY OF N30
In typical MnZn ferrites, crystal grains with low resistivity
are surrounded by grain boundaries with high resistivity
to suppress eddy-current losses. This microstructure can be
represented as a lossy capacitor [27], [28], [31]. Due to
the large ratio between the size of the crystal grain and
the width of the grain boundary, the effective permittivity
of the grain boundary εeff is significant [28]. Thus, the
wavelength of electromagnetic waves inside the magnetic
core is shortened because of the high permeability and high
effective permittivity of MnZn ferrites [25], [28].

Assuming a lossless medium, if the relative permeability
of the medium is µr and the relative permittivity is εr, then
the wavelength of the electromagnetic wave propagating in
the medium λ is given by

λ =
c

f
√
µrεr

(4)

where c is the propagation velocity of light in free space
(c ≈ 3 × 108 m/s). For example, with µr = 4 × 103 and
εr = εeff = 5 × 104 [28], the calculated wavelength
λ = 2.1 cm at a frequency f = 1 MHz. If the smallest
cross-sectional dimension of a magnetic core is half of the
wavelength, then a fundamental mode standing wave will
appear across the section, and magnetic resonance occurs.
This phenomenon has been identified experimentally in
MnZn ferrites by Brockman et al. [22].

The complex permeabilities of N30 with different core
dimensions are measured and compared to investigate
the dimensional dependence of the complex permeability.
Fig. 4 shows the cores under the measurements, and Table 2
shows the dimensions of each core.

FIGURE 4. MnZn ferrite cores under the measurements.

Figs. 5(a) and 5(b) show the measured real and imaginary
parts of the complex permeabilities of each core, respectively.
Note that the measured complex permeabilities are normal-
ized using the measured values at 10 kHz to eliminate any
effect due to manufacturing errors. Figs. 5(a) and 5(b) show
that the R50 core, which has the largest dimension of the five
cores, indicates a drastic change in complex permeability due
to the magnetic resonance. The changes in µ

′

r and µ
′′

r in the
small core are gentler than those in the large core. Moreover,
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TABLE 2. Dimensions of MnZn ferrite cores.

the resonance frequencies shift to the higher frequency range
as the core size decreases.

The measured real parts of the complex permeabilities are
plotted on the logarithmic axis in Fig. 5(c). As the magnetic
core size decreases, the change in the permeability becomes
more moderate. Fig. 5(c) also indicates that the measured
permeabilities become closer to Snoek’s limit of N30 as the
core size decreases. These results indicate that the complex
permeability of MnZn ferrites strongly depends on the core
size.

The wideband frequency characteristics of the complex
permeabilities are shown in Figs. 5(a) and 5(b) are possibly
unavailable from the datasheet in most cases. Indeed, the
datasheet of N30 shows the frequency characteristic of
the complex permeabilities up to around 4 MHz [24].
Furthermore, the manufacturer has measured the complex
permeability of N30 on the small toroidal core, such as the
R10 core, to avoid the dimensional effect [24]. Thus, the
dimensional dependency of the complex permeabilities of
N30, as shown in Figs. 5(a) and 5(b) are also not obtained
from the datasheet.

Since this article focuses on the small-signal characteristics
of CMIs, the losses of CMIs are not evaluated. However,
the loss tangent follows the iron loss characteristics of
inductors under large-signal excitation, as presented in the
reference [32]. The loss tangent is widely used to evaluate
the power loss and is derived as

tanδm =
µ
′′

r

µ′r
(5)

where δm is the loss angle, equation (5) indicates that
the magnetic loss tangent is easily obtained based on the
measured complex permeabilities.

The magnetic loss tangent of the tested MnZn ferrite cores
is shown in Fig. 6. The results show that the loss tangent of
the larger cores is the highest for the frequencies of interest.
It can also be observed that the loss tangent of the smaller
cores shows smaller values in the HF range.

C. DIMENSIONAL EFFECT ON THE SMALL-SIGNAL
CHARACTERISTICS OF THE CMIS
Three single-phase CMIs with different core sizes were
fabricated to investigate the impact of the dimensional effect
on the small-signal characteristics of the CMIs. The cores
used for the CMIs were the R16 core, R34 core, and R50 core.

Based on the AL values obtained from the datasheets, the
CMIs were designed to have almost equal CM inductances in
the low-frequency range. As a result, the turn numbers were
set to 11, 8, and 6 in the fabricated CMIs with the R16, R34,
and R50 cores, respectively.

Figs. 7(a) and 7(b) show the measured results of the CM
impedances and phases of the fabricated CMIs. Fig. 7(a)
indicates that the slope of the CM impedance of the CMI with
the R16 core becomes moderate at approximately 500 kHz.
As already shown in Figs. 5(a) and 5(b), the real part
of the complex permeability of the R16 core begins to
decrease at approximately 500 kHz, and the imaginary part
begins to increase drastically. Hence, the resistive component
is possibly dominant in the CM impedance. Furthermore,
the measured CM impedance of the CMI with the R16
core begins to decrease from approximately 4 MHz. This
decrease in the CM impedance may be because the real part
of the complex permeability of the R16 core is negative
beyond 4 MHz, and the CMI behaves as the capacitive
impedance component.

On the other hand, the measured CM impedances of the
CMIs begin to decrease at lower frequencies as the core
dimension increases. The CMI with the R50 core shows
capacitive impedance behavior beyond 1 MHz. This result is
because the real part of the complex permeability of the R50
core becomes negative from approximately 1 MHz, as shown
in Fig. 5(a).

The measured results are summarized as follows. The
measured CM impedances of the three fabricated CMIs are
almost equal in the low-frequency range up to approximately
500 kHz. However, the three measured impedance curves
differ significantly in the HF range due to the dimensional
dependence of the complex permeability (not to the self-
resonance caused by the winding stray capacitance). In other
words, the measured results indicate that the HF noise
reduction performance of the CMIs based on MnZn ferrites
depends not only on the winding stray capacitance but also
on the core dimension.

Note that unexpected resonance and anti-resonance of
loads (e.g., long power cables) connected to power converters
may increase electromagnetic noise and should be appropri-
ately suppressed. Loss resistance due to the imaginary part
of the complex permeability of magnetic materials is widely
used for damping the resonances. The imaginary part of the
complex permeability of MnZn ferrites decreases drastically
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FIGURE 5. Complex permeabilities of N30 with different core dimensions.
All curves are derived by equations (2) and (3) based on the measured
impedances of inductors. (a) Real parts normalized by the values at
10 kHz to eliminate manufacturing errors. (b) Imaginary parts normalized
by the values at 10 kHz. (c) Real parts plotted on a logarithmic axis for
comparison with the Snoek’s limit of N30 (µrf ≈ 7100 MHz).

in the high-frequency range due to the dimensional effect,
as already shown in Fig. 5(b). Therefore, the high-frequency
loss resistance of MnZn ferrites is insignificant, and it is
challenging to suppress the resonances by usingMnZn ferrite
cores. In practice, nanocrystalline cores are used as damping
components in the frequency band of the conducted EMI
(150 kHz−30 MHz) [33], and nickel-zinc ferrite cores are
widely used in the frequency range of the radiated EMI
(30 MHz−1 GHz) [34].

FIGURE 6. Magnetic loss tangent based on the measured complex
permeabilities of N30.

FIGURE 7. Measured CM frequency characteristics of the CMIs.
(a) Impedances. (b) Phases.

III. IMPACT OF CORE DIVISION ON THE FREQUENCY
CHARACTERISTIC OF THE CMIS
A. AIR GAP INSERSION
1) COMPELX PERMEABILIES OF GAPPED CORES
This subsection investigates the impact of an air gap insertion
on the small-signal characteristic of CMIs. First, the impact
of the air gap insertion on the complex permeability of N30
is investigated. In general, air gaps are inserted into the
core to avoid magnetic saturation. The slope of the B-H
curve decreases due to the air gap, and magnetic saturation
can be prevented. As a result, the inductor can drive higher
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currents. The reluctance of the air gap is greater than that
of the magnetic core with high relative permeability. Thus,
an impedance due to the gap reluctance is dominant in a
gapped inductor. As described in the previous section, the
relative permeability of MnZn ferrites decreases drastically
in the HF range because of the dimensional effect. The
impedance due to the core reluctance becomes dominant
in the inductor impedance in the frequency range where
the core reluctance is larger than the gap reluctance. Thus,
the magnetic resonance frequency may shift to a higher
frequency by the air gap insertion.

FIGURE 8. Toroidal core (N30, R50 core) is divided into two planes
perpendicular to the magnetic path.

As shown in Fig. 8, the toroidal core (N30, R50 core) is
divided into two planes perpendicular to the magnetic path.
An insulating tape (its thickness is 0.05 mm) is inserted
into the gap, and the thickness of the gap is adjusted by
increasing or decreasing the amount of inserted insulating
tape. The small-signal characteristics of the inductors with
six turns are measured, and the complex permeabilities are
calculated from Equations (2) and (3). Figs. 9(a) and 9(b)
show the measured complex permeabilities when the air
gap is not inserted (base core), and the gap length is set
to 0.1 mm, 0.2 mm, and 0.5 mm. Note that the measured
complex permeabilities in Figs. 9(a) and 9(b) are normalized
to the measured values at 1 kHz.

Figs. 9(a) and 9(b) show that as the air gap length increases,
the resonance peaks of the real and imaginary parts of the
complex permeabilities are suppressed, and the frequencies
at which the real part begins to decrease shift to the HF range.
In other words, as the air gap length increases, the frequencies
where the core reluctance becomes more significant than
the air gap reluctance shift to higher frequencies. Thus,
these measured results indicate that the magnetic resonance
frequencies due to the core dimension shift to a higher
frequency by the air gap insertion.

2) ANALYSIS OF THE IMPACT OF THE GAP INSERTION ON
CM IMPEDANCES OF GAPPED CMIS
A CM single-phase equivalent circuit model of a gapped
CMI (shown in Fig. 10) is used to analyze the impact of
the insertion of an air gap on CM impedance. The analytical
model shown in Fig. 10 consists of CM inductance LCM,
core loss resistance RCM, air gap inductance Lg, and stray
capacitance CCM. LCM and RCM are frequency-dependent

FIGURE 9. Impact of the air gap length lg on the complex permeability of
MnZn ferrite N30. The tested core was the toroidal R50 core, and the turn
number was six. All curves are derived by equations (2) and (3) based on
the measured impedances of inductors. (a) Real parts normalized by the
values at 1 kHz to eliminate manufacturing errors. (b) Imaginary parts
normalized by the values at 1 kHz.

FIGURE 10. CM single-phase equivalent circuit model of the gapped CMI.

components due to the complex permeability of the magnetic
material. LCM, RCM, and Lg can be expressed in the following
equations (6)–(8), respectively.

LCM (f ) = µ0µ
′
r (f )

Ac
lc
N 2 (6)

RCM (f ) = 2π f µ0µ
′′

r (f )
Ac
lc
N 2 (7)

Lg = µ0
Ac
lg
N 2 (8)
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In equation (8), lg is the total length of the air gap. The real
and imaginary parts of the complex permeability are taken to
be the measured values mentioned in the previous subsection.
Note that stray capacitance is neglected for simplicity.

FIGURE 11. Calculated results of CM impedances.

Fig. 11 shows the calculated impedance of the magnetic
core with 11 turns (ZCM−core = RCM + jωLCM), the
impedance of the air gap of length 0.2mm (ZCM−gap = jωLg),
and CM impedance without an air gap.

Fig. 11 shows that the CM impedance of the gapped CMI is
significantly increased in the frequency range beyond 1MHz,
compared to the case in which the air gap was not inserted
(lg = 0 mm). It can also be confirmed that the impedance
of the air gap (ZCM−gap) is dominant in the frequency
range below 3 MHz and the impedance of the magnetic
core (ZCM−core) becomes dominant at frequencies higher
than 3 MHz.

FIGURE 12. Calculated CM impedance of gapped CMIs with different gap
lengths.

CM impedances for different gap lengths of 0, 0.1, 0.2, and
0.5 mm were calculated. Fig. 12 shows the calculated CM
impedances. Fig. 12 confirms that increasing the gap length
widens the frequency range inwhich the gappedCMI behaves
as an inductive impedance, and that the CM impedance
increases significantly compared to the case when an air gap
is not inserted, at frequencies higher than 1 MHz. It should
be noted that the required number of turns for the desired
inductance increases as the gap length increases. In this study,
a single-layered winding was selected to minimize stray

capacitance. Therefore, the window of the selected toroidal
core and the diameter of the windings limit the maximum gap
length that can be inserted into the core.

3) MEASUREMENT OF SMALL-SIGNAL CHARACTERIS-TICS
OF GAPPED CMIS
To evaluate the impact of the gap insertion on the CM small-
signal characteristics of the CMIs, single-phase CMIs based
on the gapped ferrite cores were fabricated. The CM and
DM impedances of the gapped CMIs were measured using
an impedance analyzer. A photograph of the gapped single-
phase CMI is shown in Fig. 13. The frequency characteristics
of the fabricated CMI were measured (with respect to CM
and DM) according to the connections of windings shown
in Fig. 14. The measurements were performed for total gap
length values of 0.1, 0.2, and 0.5 mm. The measured CM and
DM frequency characteristics are shown in Figs. 15 and 16,
respectively. Note that Figs. 15 and 16 also show the results
for when an air gap is not inserted (lg = 0 mm).

FIGURE 13. Photograph of the fabricated gapped single-phase CMI.

FIGURE 14. Connections of CMI’s windings for CM and DM impedance
measurements.

First, Fig. 15(a) confirms that CM impedance increases at
frequencies higher than 1 MHz, when an air gap is inserted.
In the case where the total gap length was set to 0.1 mm,
the CM impedance was more than that of the ungapped
CMI in the frequency range of 1 MHz to 50 MHz. This
result is in agreement with the analytical result shown in
Fig. 12. The results for gap lengths of 0.2 mm and 0.5 mm
do not match with the analytical results in the HF range.
In particular, for the gap length of 0.5 mm, there is no increase
in CM impedance compared to the case with gap length
set to 0.2 mm, at frequencies higher than 7 MHz. It can
be confirmed from the phase measurement results shown
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FIGURE 15. Measurement results of CM frequency characteristics of the
gapped CMIs. (a) Impedance. (b) Phase.

in Fig. 14(b) that the phase approaches −90◦ in the high-
frequency range above 4 MHz with increasing gap length.
This indicates that the influence of stray capacitance becomes
dominant in the HF range with the increase in gap length.

Next, it can be confirmed from the measured DM
frequency characteristics (shown in Fig. 16) that the DM
impedance increases significantly in the frequency range of
10 kHz to 10 MHz, with the increase in total gap length.
This is because the required number of turns increases with
the increase in the total gap length. From Fig. 16, we can
determine that the self-resonance frequencies of the DM
impedance shift to lower values with the increase in the length
of the air gap, due to increased DM inductances.

As shown in Fig. 15(a), increasing the turn number is
inevitable to obtain the required CM inductance. The winding
pitch of adjacent windings decreases as the number of
turns increases. As a result, the stray capacitance between
adjacent windings becomes considerable. In other words, the
self-resonance of the gapped CMI limits the CM filtering
performance of CMIs in the HF range. Thus, it is necessary
to carefully adjust the gap length with considering the self-
resonance frequency of the gapped CMI. In addition, the leak-
age flux due to the air gap insertion may increase and cause
unexpectedmagnetic coupling between filtering components.

FIGURE 16. Measurement results of DM frequency characteristics of the
gapped CMIs. (a) Impedance. (b) Phase.

Previous studies have pointed out that such parasitic coupling
degrades EMI filter noise reduction performance [35], [36],
[37]. Furthermore, the increase in the winding loss caused
by DM currents due to the increase in windings is also a
drawback of the air gap insertion. The increase in the winding
loss causes a decrease in the efficiency of power converters.
Based on the above, air gap insertion is not considered an
appropriate option for improving the HF characteristics of
inductors for EMI filtering applications.

B. CORE LAMINATION
1) FREQUENCY CHARACTERISTICS OF LAMINATED MNZN
FERRITE CORES
As described in [28], magnetic resonance due to the
dimensional effect occurs when the smallest cross-sectional
dimension of the core equals a half-wavelength of an
electromagnetic wave within the core. Suppose the toroidal
core is divided in the radial direction and laminated. In that
case, the cross-sectional area of the entire core does not
change, but the smallest cross-sectional dimension of the core
becomes small. Therefore, the magnetic resonance frequency
may be shifted to the HF range, producing the same effect
as the smaller magnetic core. Hence, core lamination is
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possibly able to mitigate the drastic change in the complex
permeability due to the dimensional effect.

FIGURE 17. Picture of the laminated cores.

This subsection investigates the effect of core lamination
on the CM impedance of CMIs. Fig. 17 shows a photograph
of the laminated cores (N30, R50 core). Here, four laminated
cores are fabricated with cores divided into one (base core),
two, three, and four.

FIGURE 18. Measured complex permeabilities of the laminated cores
(N30, R50 core). (a) Real parts. (b) Imaginary parts.

First, the complex permeabilities of the laminated MnZn
ferrite cores were measured. Fig. 18 shows the measured
results of the complex permeabilities of each laminated core
calculated from Equations (2) and (3). The measured real and
imaginary parts are normalized using the measured values
at 1 kHz. In the base core, the real part decreases sharply
at approximately 700 kHz, and a sharp resonance peak of
the imaginary part appears. This result is similar to that
seen in the measurements taken of the R50 core shown in
Figs. 5(a) and 5(b). As the number of laminations increases,
the change in the real part becomes gentle, the resonance peak

of the imaginary part is also suppressed, and the resonance
frequency of 700 kHz shifts to the HF range. This tendency
is similar to when the core size decreases, which is verified
in subsection II-B.

FIGURE 19. Magnetic loss tangent of laminated MnZn ferrite cores.

The magnetic loss tangent of the laminated MnZn
ferrite cores derived by equation (5) is shown in Fig. 19.
Fig. 19 shows that the magnetic loss tangent of the MnZn
ferrite core with the higher number of laminations is lower
in the HF range. The loss tangent for the smaller size cores
presents a smaller value in the HF range as already shown in
Fig. 6. Figs. 6 and 19 confirm that increasing the number of
laminations also shows the same tendency for the magnetic
loss tangent as decreasing the core size.

Fig. 20 shows the measurement results of the CM
frequency characteristics of the single-phase CMIs with the
base core and the four-laminated core. Fig. 20 indicates
that the measured CM impedances increase at frequencies
higher than 1 MHz by the core lamination. This result may
be because the change in permeability becomes gentle by
core lamination, as confirmed in Fig. 18. The above results
indicate that the core lamination can mitigate the drastic
change in the complex permeability due to the dimensional
effect and increase the CM impedance of the CMIs in the HF
range.

2) CM NOISE FILTERING PERFORMANCE OF
LAMINAT-ED CORE CMI
In order to verify the filtering performance improvement by
the core lamination, CM currents were measured in a pulse-
width-modulated (PWM) inverter-fed motor drive system.
A configuration of an experimental system is shown in
Fig. 21. A DC power source and the three-phase PWM
inverter (HEK-INV-A, Headspring) were connected via
line impedance stabilization networks (LISNs, model no.
LI-325C, COM-POWER). The DC power source output was
200 V, output frequency of the three-phase PWM inverter
was 50 Hz, and carrier frequency was 100 kHz. A 0.75 kW
induction motor with no load was connected to the inverter
using a 1-m three-core cable (cross-section of conductors:
2.0 mm2). The base core CMI and/or the laminated core CMI
was connected to the input-side of the inverter. The inverter,
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FIGURE 20. Measured CM frequency characteristics of the laminated
CMIs. (a) Impedances. (b) Phases.

FIGURE 21. Configuration of the experimental system for measuring CM
current.

motor, power cables, and fabricated CMI were placed on
styrofoam blocks (thickness: 5 cm). An inverter heat sink
and the motor frame were connected to an aluminum plate
that imitated the ground plane via 0.1 m ground wires
(conductor cross-section: 2.0 mm2). A current monitor probe
(F-33-1, FCC) and spectrum analyzer (FPL1003, Rohde &
Schwarz) were used for the measurement of CM currents.
The measurement point of CM currents ICM is the input-side
of the inverter, and CM currents were measured by clamping
the DC input wires of the inverter as a whole. A picture of the
experimental setup is shown in Fig. 22.

Fig. 23 shows the measured CM currents when no
filtering component, base core CMI, and laminated core CMI
were connected. The measurements were performed in the
frequency range of 100 kHz−50 MHz. Fig. 23 shows that
the base core CMI reduces the CM current from 400 kHz.
When the laminated core CMI was connected, the measured
CM current had lower values than the results obtained

FIGURE 22. Picture of the experimental setup.

FIGURE 23. Comparison of the measured CM currents.

when the base core CMI was connected above 1 MHz. The
improvement of the attenuation reaches 8.5 dB in 2.3 MHz.
This result is due to the core lamination increasing the
CM impedance of the base core CMI at frequencies higher
than 1 MHz, as shown in Fig. 20(a).

IV. CONCLUSION
This study experimentally investigated the dimensional effect
of MnZn ferrites on the small-signal characteristics of
CMIs. The CM small-signal characteristics of the CMIs
with different core dimensions indicated that the dimensional
effect of MnZn ferrites decreases the CM impedances of
the CMIs in the HF range. Two types of core division (air
gap insertion and core lamination) were applied to the core
to mitigate the dimensional effect on the CM impedances
of the CMIs. The influence of the core divisions on the
complex permeabilities and the small-signal characteristics of
the CMIs were evaluated based on the experimental results.
The measurement results clarified that air gap insertion
can improve the HF performance of CMIs. However, many
turns are required to obtain the same CM impedance of the
ungapped CMI. This result suggests that the stray capacitance
may be increased by inserting the air gap. On the other
hand, core lamination might be the appropriate option in EMI
filtering applications because it can mitigate the dimensional
effect and increase the CM impedance of the CMIs in the HF
range without increasing the number of turns.
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