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ABSTRACT This article presents a circuit simulation-based design method for common-mode (CM)
transformer-less hybrid EMI filters (HEFs) to obtain the required CM current attenuation. First, a simulation-
based design method of the HEF, including the passive filtering components, is presented. The prototype
HEF is implemented in a DC-fed three-phase motor drive system to validate the design method and evaluate
the HEF’s performance. The measured results validate the presented design method and show that the HEF
can increase the CM current attenuation of a passive EMI filter (PEF) up to 8.2 dB in the frequency range
from 100 kHz to 1.4 MHz. Furthermore, the measured result clarifies that implementing a voltage-sensing
parallel-compensating active feedback circuit can reduce the volume of the CMI used in a PEF designed to
achieve the same attenuation of the HEF by about 75 %.

INDEX TERMS Common-mode current, common-mode inductor, EMI, hybrid EMI filter.

I. INTRODUCTION
With the ever-increasing demand for high-power density,
wide-bandgap semiconductor power devices with high-speed
switching capability play an essential role in power elec-
tronics systems [1]. As switching speeds and frequencies
increase, the electromagnetic noise generated by switching
sequences of power devices increases [2], [3], [4], [5], [6].
As a result, electromagnetic interference (EMI), which may
cause malfunctions of peripheral electronic devices, becomes
more serious. Therefore, there is concern that EMI filters
will become more extensive to satisfy the noise standard
established by the International Electrotechnical Commission
(IEC) in power electronics systems.

In order to reduce the size of passive EMI filters (PEFs),
which consist only of passive components, hybrid EMI filters
(HEFs), which combine the PEF and an active feedback
(AFB) circuit based on bipolar transistors or operational
amplifiers, have been proposed [7], [8], [9], [10], [11],
[12], [13], [14]. As shown in Fig. 1, AFB circuits can be
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classified into four major categories based on noise sens-
ing and compensating methods [6]. In Fig. 1, vn is a noise
voltage source, vc is a compensating voltage source. Zload
and Zline are load- and line-side impedances. Except for the
voltage-sensing parallel-compensating (VSPC) typeAFB cir-
cuits, every AFB circuit requires common-mode transformers
(CMTs) for sensing and/or compensating high-frequency
common-mode (CM) noise [10], [11]. To achieve good fil-
tering performance, it is necessary to realize the CMT with a
wide bandwidth. However, simply adding an extra winding in
a conventional CM inductor (CMI) does not always guarantee
high magnetic coupling over wideband frequencies due to
safety regulations and the frequency dependence of the com-
plex permeability of magnetic materials [15], [16], [17], [18],
[19]. In addition, tightly windings for high magnetic coupling
may increase winding stray capacitance and degrade the HF
properties of the CMT [20], [21], [22], [23]. The large volume
of a CMT compared to capacitors is also a drawback of using
CMTs. On the other hand, the VSPC AFB-based HEF may
realize wider operational bandwidth and smaller size than the
other three types by using capacitors for noise sensing and
compensating. For these reasons, the VSPC-type AFB circuit
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FIGURE 1. Basic structures of AFB circuits. (a) Current-sensing series-compensating type. (b) Current-sensing parallel-compensating
type. (c) Voltage-sensing series-compensating type. (d) Voltage-sensing parallel-compensating type.

based on capacitive sensing and compensating is selected in
this article.

The VSPC-type AFB-based HEF has been proposed for
three-phase system in [10]. This HEF uses many bipolar
transistors to construct the AFB circuit, which makes the
HEF complex. Reference [11] has proposed the CMT-less
HEF to reducemotor-side CMvoltage in the higher frequency
range beyond 30 MHz. In [12], the CMT-less HEF has been
proposed to suppress the motor-side CM current. In this HEF,
the compensation current is generated by applying the sensed
CM voltage to the CM impedance matching circuit. Through
the compensation current which has the samemagnitude with
opposite phase to the original CM current in the system,
the line-side CM noise can be suppressed. The technical
difficulty with this approach is that CM impedance match-
ing over a wideband frequency is not always available. The
operational amplifier-based CMT-less HEF proposed in [13],
but the CM noise sensing is realized by a sensing resistor.
Thus, it is difficult to use this HEF in high-power systems.
Moreover, to the authors’ knowledge, no literature presents
a comprehensive design procedure for HEFs, including the
design of passive components. In [14], the simulation-based
design of voltage-sensing series-compensating typeHEFs has
been presented. However, minimum design of CMIs has not
been addressed.

This article presents a simulation-based design method for
CMT-less VSPC AFB-based HEFs to obtain the required
CM current attenuation. The proposed design introduces
a frequency-dependent inductor model to simulate the

wideband frequency characteristic of nanocrystalline core-
based CMIs. In addition, a CM equivalent circuit model
of an experimental system is constructed based on the CM
impedance measurement results. Combining these models
allows the CM attenuation characteristic when the designed
EMI filter is connected to the experimental system to be simu-
lated over wideband frequencies. Moreover, an identification
procedure of a minimum volume of CMI with single-layer
windings to achieve desired CM current attenuation char-
acteristic is presented. According to the presented design
method, a prototype HEF is implemented in a DC-fed three-
phase motor drive system, and the CM current attenuation
characteristics are evaluated to demonstrate the validity of the
design.

The rest of this article is organized as follows.
In section II, a CM equivalent circuit of the experimental
system is constructed on LTspice. Section III presents a
simulation-based design procedure of the HEF. Note that a
frequency-dependent CMI model is used in the simulation.
Section IV evaluates the CM current attenuation charac-
teristic of the prototyped HEF in the DC-fed three-phase
motor drive system. The measurement results show that the
HEF can increase the CM current attenuation of the PEF
by up to 8.2 dB in the frequency range from 100 kHz to
1.4 MHz. Furthermore, it is confirmed that the applica-
tion of the AFB circuit reduces the volume of CMI used
in a PEF designed to achieve the same attenuation of the
HEF by about 75%. Finally, Section V summarizes this
article.
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FIGURE 2. Configuration of the CMT-less HEF.

II. CONFIGURATION AND BASIC PRINCIPLE OF
CMT-LESS HEF
Fig. 2 shows the configuration of the proposed CMT-less
HEF. The HEF is connected to the input side of a DC-fed
three-phase motor drive system. CMIs LCM,1 and LCM,2, and
Y-capacitors CCM,1 and CCM,2, form a two-stage PEF. The
VSPC-type AFB circuit consists of a sensing capacitorCsense,
a current feedback operational amplifier THS3001 (Texas
Instruments), an input resistor Ri, a feedback resistor Rf, and
an output resistor Ro.
Generally, first noise peak appearing beyond 150 kHz

(most conducted EMI standard is regulated in the frequency
range from 150 kHz to 30 MHz) gives required attenuation
of EMI filters and determines the filter volume [24], [25].
Thus, suppression of low-frequency noise by using of the
AFB circuit helps to decrease the volume of passive filtering
components to satisfy the EMI standard. Following the above
concept, the AFB circuit prefer to handle low-frequency
components up to about 1 MHz. Moreover, the AFB circuit
can easily handle the low-frequency noise without saturation
of an amplifier output by decreasing high-frequency noise
component properly due to the passive filter connected before
the AFB circuit. Therefore, two-stage filter configuration is
selected in this article.

In the CMT-less HEF with the configuration shown in
Fig. 2, the first-stage Y-capacitor CCM,1 returns CM current
with a high-frequency of severalMHz and a high amplitude of
several amperes to the power converter. On the other hand, the
Y-capacitor in the second stage of the PEFCCM,2 only returns
a low-frequency CM current of tens to hundreds of kHz and
a small amplitude of about several tens of mA. Therefore,
a high-speed operational amplifier of which the rated output
current is several tens of mA can be implemented in the AFB
circuit [26]. Since surface-mount components can be used for
every component that forms the AFB circuit, they have little
impact on the overall filter size.

Fig. 3(a) shows a simplified analytical model of the
VSPC-type AFB circuit. The AFB circuit senses the CM
voltage vin through the high-pass filter composed of Csense
andRi. The sensed CMvoltage is multiplied by amplifier gain
G, and the AFB circuit outputs the compensation voltage vc.
According to [11], an impedance of the Y-capacitor CCM,2
(ZCM,2) with the AFB is derived as

ZCM,2 =
Ri + 1

/
sCsense

(1+G) ·Ri + 1
/
sCsense

·
1

sCCM,2
(1)

FIGURE 3. Basic principle of the AFB. (a) Simplified analytical model of
the VSPC-type AFB circuit. (b) Calculated impedance of CCM,2 when
Csense = CCM,2 = 2 × 4.7 nF, Ri = 1 k�, and G = 10.

where, s = jω. The impedance of the input resistor is
much smaller than that of the sensing capacitor in the high-
frequency range. Thus, ZCM,2 can be represented as

ZCM,2≈
1

1+G
·

1
sCCM,2

(2)

Equation (2) shows that the capacitance of CCM,2 is multi-
plied by amplifier gain G.

Fig. 3(b) shows the calculated impedances of CCM,2 with
or without the AFB. The calculated results indicates that
the AFB circuit increases the capacitance of Y-capacitor in
the high-frequency range. As a result, the cutoff frequency
of the PEF can be shifted to a lower frequency range, and
the attenuation in the high-frequency range can be increased
without changing any passive components of the PEF [11].

III. DESIGN OF THE CMT-LESS HEF
A. COMMON-MODE EQUIVALENT CIRCUIT MODEL OF
THE EXPERIMENTAL SYSTEM
A single-phase CM equivalent circuit model of a motor drive
system under investigation is constructed on LTspice for
evaluating the CM attenuation of the HEF. Fig. 4 shows the
configuration of the experimental setup. A DC source is con-
nected to a silicon-carbide (SiC) MOSFET-based three-phase
pulse-width-modulation (PWM) inverter via a pair of line
impedance stabilization networks (LISNs). The three-phase
output terminals of the PWM inverter are connected to an
induction motor of 0.75 kW via a 1 m unshielded three-
core cable. The LISNs, inverter, and motor are placed on
a ground plane. CH,1 is the stray capacitance between the
drain of high-side MOSFETs and the inverter heat sink, and
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FIGURE 4. Configuration of the experimental system.

FIGURE 5. CM equivalent circuit model of the experimental system.

CH,2 is the stray capacitance between the drain of low-side
MOSFETs and the heat sink [27]. The inverter heat sink and
the motor frame are connected to the ground plane via 0.1 m
ground wires.

Fig. 5 shows the single-phase CM equivalent circuit of the
experimental setup. ZCM,LISN is the LISN CM impedance
and ZCM,motor is the motor CM impedance. ZCM,i is the sum
of CH,1 and ZCM,o is the sum of CH,2. Here, vu, vv, and
vw in Fig. 4 are phase voltages with respect to the negative
side of the DC link. The sum of voltages vu, vv, and vw
is not zero in three-phase PWM inverters [28]. Thus, the
CM voltage source vCM, which is the average of all phase
voltages, is represented as

vCM =
vu + vv + vw

3
(3)

An equivalent circuit of ZCM,LISN is derived from the
datasheet. The other equivalent circuits of ZCM,i, ZCM,o, and
ZCM,motor are constructed based on CM impedance mea-
surements. Every impedance measurement is performed by
using a network analyzer (Bode 100, Omicron Lab) and an
impedance measurement fixture (B-WIC) in the frequency
range from 1 kHz to 50 MHz. First, to identify ZCM,i
and ZCM,o, the LISN and motor are disconnected from the
inverter, and an impedance between shorted output terminals
of the inverter and the heat sink ground wire. Measured result
indicates capacitive impedance of 300 pF up to 20 MHz. For
simplicity, ZCM,i and ZCM,o are modeled as capacitors with
values of 150 pF.

FIGURE 6. Identified CM equivalent circuit model of the motor.

FIGURE 7. Measured and simulated motor CM impedances.

Next, to identify ZCM,motor, the three-core output cable
is disconnected at the output terminal of the inverter, and
the impedance between a terminal where three phases of
the cable are shorted and the motor ground wire. Based on
the measured result, ZCM,motor is modeled by an equivalent
circuit model shown in Fig. 6. A comparison between the
measured ZCM,motor and the calculated result from the model
is shown in Fig. 7. It can be confirmed from Fig. 7 that
the calculated impedance matches the measured result over
a wideband frequency.

B. DESIGN OF THE PASSIVE COMPONENTS IN THE
SECOND STAGE OF THE PEF
This subsection describes the design procedure of CCM,2
and LCM,2 in the second stage of the PEF. The attenuation
characteristics of the EMI filter depend on an impedance
connected to the filter. In this article, CCM,2 and LCM,2 are
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designed where the PEF can attenuate the CM noise in the
frequencies above 100 kHz for any DC input side impedance.
Note that the value of Y-capacitors is limited to prevent
excessive leakage current to the ground [24], the designed
value of CCM,2 is 4.7 nF per phase for safety reason.
The CMI LCM,2 is fabricated with a nanocrystalline

core (Vitroperm 500F, Vaccumschmelze). Nanocrystalline
core-based inductors behave as resistive components from
several tens of kHz due to the frequency dependence in the
complex permeability [16], [29], [30]. This resistive behavior
damps self-resonance and ensures stability of the AFB cir-
cuit [10]. AL values of cores in the datasheet published by
the manufacturer are calculated based on the permeabilities
at specific frequencies. Therefore, the wideband attenuation
of the PEF over a wideband frequency can only be evaluated
at the design stage by considering the frequency-dependent
complex permeability.

An inductor simulation model based on the permeance−
capacitance (P−C) analogy couples the electric and magnetic
circuit parts of the inductor using a gyrator [31], [32], [33].
The gyrator is an impedance inverting component realized
using a pair of current-dependent voltage sources in circuit
simulators. The magnetic circuit part of the model includes
the permeance of the magnetic core, and the number of
turns is implemented into the model as the gyrator gain.
The frequency-dependent core permeance is modeled by
three-stage RC ladder circuit in the magnetic circuit of the
model as shown in Fig. 8. Modeling components R1, R2,
R3, C1, C2, and C3 are identified from curve fitting result
for measured and calculated complex permeability of the
nanocrystalline core.

The P−C analogy-based model of the nanocrystalline core
and CCM,2 are implemented in an equivalent circuit model
of the experimental system built on LTspice. CCM,2 is a
surface-mount component with low parasitic impedance and
is assumed to be an ideal capacitor in the filter design. The
attenuation characteristics of the filter are calculated as the
ratio of the input side CM current with and without the filter
connected. A parametric analysis is performed on the gyrator
gain to identify the minimum number of turns to achieve the
required attenuation characteristics.

For the design of the minimum volume CMI, it is neces-
sary to select a minimum core with a window area that is
large enough to allow the required number of turns. Note
that a single-layer winding is selected to minimize wind-
ing stray capacitances of the CMI [34]. First, the conductor
cross-sectional area of the wire Aw can be expressed by the
following equation.

Aw = π

(
dw
2

)2

(4)

where, dw is the conductor diameter of the wire, and is
represented as

dw = 2

√
Aw
π

(5)

FIGURE 8. Permeance−capacitance analogy-based inductor model.

FIGURE 9. Cross-sectional view of a toroidal inductor.

The current density of the wire Jw is

Jw =
Irms

Aw
(6)

where, Irms is the rms value of the current flows through the
phase winding of the CMI.

The conductor cross-sectional areaAw is required to satisfy
the following condition.

Aw ≥
Irms

Jw
(7)

Thus, the required conductor diameter of the wire is
derived as

dw ≥ 2

√
Irms

πJw
(8)

The selected parameters are as follows: Irms = 5 A, Jw =

5 A/mm2. Pick dw = 1.20 mm for the wire of LCM,2.
As illustrated in Fig. 9, the wire diameter including an

insulated coating do and the number of turns N needs to
satisfy the following relationship.

N ·do≤
(
ID
2

−
do
2

)
θw (9)

where, θw is the angle that one phase winding covers the
toroidal core, and ID is the inner diameter of the toroidal core.

Thus, the required core size is obtained as

ID ≥
2N ·do

θw
+ do (10)

The angle θw should be little less than 5π /6 to ensure an
insulating between the adjacent phase windings [34]. Under
the above assumption, the core with minimum size which is
enough to allow the required turns obtained from the para-
metric analysis on LTspice.
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T60006-L2012-W902 nanocrystalline toroidal core is
selected for the core of LCM,2, and the turn number of phase
winding is N = 4. Fig. 10 shows the simulated attenuation
characteristic of the designed PEF consists of LCM,2 and
CCM,2. It can be confirmed that the designed PEF has the CM
attenuation in the frequencies above 100 kHz.

C. DESIGN OF THE PASSIVE COMPONENTS IN THE FIRST
STAGE OF THE PEF
The design of CCM,1 and LCM,1 in the first stage of the PEF is
performed in this subsection. CCM,1 and LCM,1 are designed
where the two-stage PEF has the CM attenuation of 30 dB at
300 kHz. For safety reason, the value ofCCM,1 is also limited.
Here, CCM,1 = CCM,2 = 4.7 nF per phase is selected.
CCM,1, CCM,2, and the model of LCM,2 constructed in the

previous subsection are implemented to the CM equivalent
circuit model of the motor drive system. Moreover, the P−C
analogy-based model of LCM,1 is added to the simulation
model, and the CM attenuation characteristic of the two-stage
PEF is simulated. The parametric analysis for the gyrator
gain in the model of LCM,1 is performed, and the required
turn number is identified. According to the constraint condi-
tion described in the previous subsection, the minimum core
which is large enough to allow the required turn numbers of
windings is find out.

As a result, T60006-L2016-W403 nanocrystalline core
is selected for the core of LCM,1, and the turn number
is N = 7. Fig. 11 shows the simulated CM attenuation char-
acteristic of the designed two-stage PEF. It can be confirmed
that the designed PEF has the attenuation of −31.1 dB at
300 kHz and satisfies the design requirement.

D. DESIGN OF THE ACTIVE FEEDBACK CIRCUIT
At last, the simplified design of the AFB circuit is performed
in this subsection. As described the above, in the VSPC AFB
circuit, the sensing capacitor Csense and the input resistor of
the operational amplifier Ri form the high-pass filter.
The impact of the AFB on the Y-capacitor impedance

appears in the higher frequencies than the high-pass cut-
off frequency fhi,cut. Thus, the values of Csense and Rin are
selected so that fhi,cut is less than 100 kHz.
fhi,cut is calculated as

fhi,cut =
1

2πRi·2Csense
(11)

For simplicity, Csense = CCM,1 = CCM,2 = 4.7 nF per phase
is selected. The value of Ri should be determined by con-
sidering the value of the feedback resistance Rf in addition
to the high-pass filter cutoff frequency. The use of the small
feedback resister may decrease the stability of theAFB circuit
in the high-frequency range in current-feedback type opera-
tional amplifiers. Thus, the value ofRf should be set to several
k�. Here, the feedback gainG= 2, Ri = 1 k�, and Rf = 2 k�
are selected. At this condition, the high-pass cutoff frequency
fhi,cut is 16.9 kHz. Furthermore, the output resistance Ro is
recommended to use for increasing the stability of the AFB

FIGURE 10. Simulated attenuation characteristic of the designed PEF
consists of LCM,2 and CCM,2.

FIGURE 11. Simulated attenuation characteristic of the designed
two-stage PEF consists of LCM,2, CCM,2, LCM,1, and CCM,1.

FIGURE 12. Simulated attenuation characteristic of the designed PEF
and HEF.

circuit with driving a capacitive load. Based on the datasheet
of THS3001 (Texas Instruments) [35], Ro = 20 � is picked.
A CM attenuation characteristic of the designed HEF is

simulated on LTspice. SPICE model of THS3001 provided
by the manufacturer is used for the simulation model of the
AFB circuit. A comparison of the simulated CM attenuation
characteristics of the PEF and HEF is shown in Fig. 12.

Fig. 12 indicates that the attenuation of HEF is about 10 dB
greater than that of PEF in the frequency range from 100 kHz
to 10 MHz. Moreover, the attenuation of the HEF at 300 kHz
is about −40.5 dB, which is 9.4 dB greater than that of
the PEF.
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FIGURE 13. Prototype of the CMT-less HEF.

The prototype of the -less HEF based on the design per-
formed in this section is shown in Fig. 13. Since the AFB
circuit consists of surface-mount components, adding the
AFB circuit to a printed circuit board has little impact on
the overall filter size. Note that a floating DC power supply
(±15 V) is used for a power source of the operational ampli-
fier in the prototyped HEF for simplicity of experiments.
However, a low-cost small size constant voltage circuit intro-
duced in [9] can be used to supply the HEF in the practical
use.

IV. EXPERIMENTAL VALIDATION
A. INSERTION LOSS
First, insertion losses of the fabricated PEF and HEF were
measured by using the network analyzer in the frequency
range from 10 kHz to 10 MHz. The measured insertion loss
curves are shown in Fig. 14. The measured results show that
the attenuation of the HEF is higher than that of the PEF from
around 70 kHz. These results validate the design of the AFB
circuit presented in subsection III-D. In frequencies higher
than 3 MHz, attenuation characteristics deteriorate due to the
self-resonances of filtering passive components.

Furthermore, the frequency-domain simulations per-
formed on LTspice according to the configuration shown in
Fig. 15. The voltages vo1 when no filter is connected and the
voltage vo2 when the filter is connected were simulated. From
vo1 and vo2, the insertion loss IL is derived as

IL= 20 log10
vo2
vo1

(12)

Figs. 16(a) and 16(b) show comparison results of mea-
sured and simulated insertion losses. The simulated results
when the CMIs were modeled as ideal inductors are also
shown as ‘‘Datasheet-based model’’ in Figs. 16(a) and 16(b).
In datasheet-based models, the CM inductances of the CMIs
were calculated based on the AL values at 10 kHz obtained
from the datasheet. Figs. 16(a) and 16(b) clarify that the pro-
posed simulation model, including the frequency-dependent
CMI models, can simulate the attenuation characteristics of
filters over a wideband frequency. On the contrary, the simu-
lated results from datasheet-based models do not match the

FIGURE 14. Measured insertion losses of the PEF and HEF.

FIGURE 15. Configuration for simulating insertion losses.

FIGURE 16. Comparison of measured and simulated insertion losses.
(a) PEF. (b) HEF.

measured result in the high-frequency range. It should be
noted that the proposed models can not simulate the atten-
uation characteristics of each filter in higher frequencies than
around 3 MHz because the proposed models do not include
stray impedances of passive components.

B. CM CURRENT ATTENUATION CHARACTERISTIC
Next, to evaluate the validity of the design and the CM current
attenuation characteristics of the CMT-less HEF, CM current
measurements were performed on the experimental system.
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FIGURE 17. Experimental system.

FIGURE 18. Comparison of measured CM currents.

Fig. 17 shows the experimental system constructed at the
laboratory. The three-phase PWM inverter, the motor with no
load, and input/output cables were placed on the ground plane
through 5 cm-thick Styrofoam blocks. For all measurements
performed in this article, the output voltage of the DC power
supply was 200 V, the switching frequency of the inverter was
100 kHz, the output frequency was 50 Hz, and the modulation
index was 0.5.

CM currents were measured by a spectrum analyzer
(FPL1003, ROHDE&SCHWARZ) using a current monitor
probe (F-33-2, FCC) with the input cable clamped as a whole.
Since the spectrum analyzer displays voltage values, the CM
currents were obtained by making corrections based on the
transformer impedance of the probe.Measurements were per-
formedwhen no filter was connected, the PEFwas connected,
and the HEF was connected.

The measured CM currents are shown in Fig. 18. It can
be confirmed that the HEF increases the attenuation of the
PEF in the frequency range from 100 kHz to 1.4 MHz. The
measured attenuations of the PEF and HEF at 300 kHz are
−32.7 dB and −40.9 dB, which results are almost equal
to the designed values. These measurement results fully
satisfy the design concept of the HEF described in this
article. The maximum attenuation improvement by applying
the AFB circuit to the PEF is around 8.2 dB at 300 kHz.
The higher attenuation can be achieved by increasing the
amplifier gain. One of the purposes of this article is to demon-
strate the proposed simulation-based HEF design method.
Therefore, the amplifier gain G is set to relatively low
(G = 2), so the improvement of the CM attenuation by
adding the AEF circuit is limited. In the frequency range
above 1.4 MHz, unlike the simulation results presented in the

FIGURE 19. Measured input and output waveforms of the AFB circuit.

FIGURE 20. Size comparison of CMIs between the PEF and HEF.

FIGURE 21. Comparison of measured CM currents when the W380 core
with ten turns was used for LCM,1 of the PEF.

previous section, the CM current attenuation characteristics
of the PEF and HEF are almost equal. The difference between
the simulated and measured results is possibly related to stray
impedances not considered in the simulation, as shown in
Figs. 16(a) and 16(b).

Fig. 19 shows the measured input/output voltage wave-
forms of the AFB circuit. It can be observed that the AFB
circuit outputs an inverted amplified waveform without caus-
ing output saturation of the operational amplifier.

According to the design described in Section III, the PEF
with the same attenuation of the HEF at 300 kHz can be
realized by LCM,1 selecting T60006-L2025-W380 nanocrys-
talline core (W380 core) with ten turns per phase winding.
Fig. 20 shows a picture of the HEF and redesigned PEF.
Fig.21 shows the measured CM currents when no filter is

connected, the redesigned PEF is connected, and the HEF is
connected. The attenuation of the PEF with the W380 core at
300 kHz is −42.3 dB, almost equal to that of the HEF with
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the W403 core. The volume of the W403 core implemented
in the HEF is 574 mm3, and that of the W380 core used in the
PEF is 2304 mm3. Therefore, the core volume of CMI can be
reduced by about 75 % by applying the AFB.

V. CONCLUSION
In this article, a comprehensive design method of the
CMT-less VSPC AFB-based HEF has been given. By incor-
porating the HEFmodel into the CM equivalent circuit model
of the DC-fed three-phase motor drive system, the filter
attenuation characteristic can be simulated. Based on the
simulation, the comprehensive design of the HEF is intro-
duced, including a design procedure for the minimum CMI
to achieve the required attenuation. The CM current measure-
ment results demonstrate the proposed design of the HEF.
The design method proposed in this article can be applied
not only to DC-fed three-phase motor drive systems but
also to all other power conversion systems. Specifically, the
contributions are:

1) Proposed the two-stage CMT-less HEF, which has a
simple structure compared to the conventional design. Exper-
imental results verified that the proposed HEF can reduce the
volume of CMI used in the PEF designed to achieve the same
attenuation of the HEF by about 75 %.

2) Developed the frequency-domain simulation model
of the HEF, including the motor drive system and
frequency-dependent CMI models.

3) Developed the simulation-based design method of the
HEF with minimum volume CMI to achieve the required
attenuation.

The design and stability analysis of HEFs considering stray
impedances is the next step of this study.

FIGURE 22. Measured and simulated impedance of inductors with 1 turn.
(a) W403 core. (b) W902 core.

TABLE 1. Model parameters of permeance-capacitance analogy-based
inductor models.

APPENDIX
The data sheets of the nanocrystalline cores used in this
article provide AL values at 10 kHz and 100 kHz. Fig. 22
compares the calculated one-turn inductor impedance of the
W403 and W902 cores based on AL values, the simulation
results based on the P−C analogy-based model, and the
measurement results, respectively. Model parameters of the
simulation models are listed in Table 1. It can be confirmed
that the calculated result using the AL value at 10 kHz
shows almost no difference from the measured impedance
up to about 20 kHz. However, in the frequency range above
20 kHz, the difference between the calculated and measured
results increases. Moreover, the calculated result using the
AL value at 100 kHz shows a significant difference between
the calculated and measured results over the entire frequency
range. On the other hand, Fig. 22 validates that the P−C
analogy-based inductor model can simulate the impedance
of nanocrystalline core-based inductors over the wideband
frequency range.
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