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Abstract—Common-mode (CM) choke saturation is a practical
problem in CM filter applications. It is generally believed that the
leakage inductance of CM chokes makes the core saturated. This
paper analyzes two new mechanisms for CM choke saturation due
to CM voltage, and these mechanisms are verified in experiment.
CM choke saturation is particularly important for motor drive
systems, which have a high CM voltage and comparably higher
stray grounding capacitance. A model is established to describe the
relationship between the CM voltage and the volume of the CM
magnetic components. According to the analysis, line impedance
stabilization networks (LISNs) play an important role in the design
of CM magnetic components.

Index Terms—Common-mode (CM) inductor, CM voltage, volt-
second.

I. INTRODUCTION

COMMON-MODE (CM) filters play an important role for
noise reduction in power-electronic systems, but the CM

magnetic component can take up to 25% of the system volume.
The saturation of the CM inductor core is a complex and impor-
tant issue in electromagnetic interference (EMI) filter design. In
previous literature [1]–[3], it has been proven that saturation can
be caused by the leakage inductance. However, in practice, the
CM choke can still be saturated even if it is designed with leak-
age inductance and differential mode (DM) current constraints.
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Although overdesigning the magnetic component is a safe way
to prevent the core from saturation, the resulting bulky size is
not desirable for high-power-density converter design. Sun and
coworkers [4]–[6] determined that for three-phase ac–dc–ac mo-
tor drive systems, CM voltage can be a factor determining flux
density inside CM magnetic cores. However, it is still unknown
how the CM voltage impacts the CM choke flux density and
how to use this information in design.

There are lots of works have been done on the analysis of CM
noise propagation path. Ran et al. [16], Akagi and Oe [17], Akagi
and Shimizu [18], and Baiju et al. [19] determined that neutral-
point voltage/CM voltage in three-phase motor drive systems
has a significant impact on the CM EMI noise level. Motor
drive systems mentioned in those papers are ac–dc–ac systems.
The CM filtering capacitors on input ac side, and heat-sink stray
capacitance, along with the stray grounding capacitance inside
the motor create the low-impedance CM noise path. The neutral
CM voltage can be considered as the noise source. The CM
voltage is calculated in [16]–[19] to estimate the CM leakage
current. However, these analyses focus on ac–dc–ac systems
not specifically for dc-fed motor drives. In these papers, several
kinds of line EMI filters are designed. However, how the CM
volt-second impacts the magnetic component design and how
it impacts the saturation and magnetic volume is not clearly
addressed. In most of references, CM choke design still follows
the constraint: saturation flux density is determined by leakage
inductance and DM current [12].

This paper focuses on a new mechanism of CM choke satu-
ration caused by CM voltage. It contains two aspects that are
related to the CM voltage and CM volt-second: CM noise path
resonance and converter operating point. This paper proved that
the CM voltage/CM volt-second can actually determine the CM
flux density of CM choke, and cause the CM chokes to saturate.
Hence, the CM voltage can directly determine the volume of
CM magnetic component, and the CM choke volume can be
evaluated by calculating CM voltage. This relationship can be
used as a design criterion for CM core selection in high density
EMI filter design.

A dc-fed three-phase motor drive system usually has a high
line-to-ground impedance, but in EMI test when line impedance
stabilization networks (LISNs) are installed, they can create
a low-grounding-impedance path, which increases CM volt-
second and makes the CM chokes bigger. In this paper, analyses
have been done to uncover how the LISNs impact the CM noise
path, and how the LISNs impact CM voltage on the CM choke.
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Fig. 1. Motor drive EMI test setup.

These analyses also tell the differences between standard test
and real application.

The paper first introduces the EMI test setup for a dc-fed
three-phase motor drive system, and then, an analysis on CM
EMI propagation path is given in Section II. Based on this
analysis, a model to evaluate CM voltage and volt-second across
the CM inductor is presented in Section III. Furthermore, an
analysis is presented in this section on the issues that can impact
CM voltage. Then, a new CM choke core selection criterion is
introduced in Section VI. Simulation and experimental results
are shown in the last part.

II. ANALYSIS OF CM EMI PATH

An EMI test setup for a motor drive system with an LC CM
filter is shown in Fig. 1. The EMI test setup is defined by MIL-
STD-461E, which is a commonly used EMI standard for motor
drive. It defines LISN parameters, ground connection, feeder
length, load connection, etc., for different power ratings and ap-
plications. The EMI test setup exactly follows the standard. The
motor drive power rating and the load are chosen according to
the application needs. In Fig. 1, Cy is the CM capacitor (100 nF
in this application); Cs-heatsink is the stray capacitance between
the power stage and ground (including cable CM stray capac-
itance), which is usually in the tens of picofarads; Cs-chassis is
the stray capacitance between the motor windings and chassis,
which is several nanofarads in this case. For safety concerns, the
motor chassis is grounded in practical applications. Point O is
the equivalent ac midpoint of a three-phase load. The voltage of
point O varies due to different switch combinations during the
modulation, as shown in Fig. 1. Here, the LISN is defined by
military standard MIL-STD-461E, and the EMI measurement
frequency ranges from 10 kHz to 10 MHz. The schematic of
the LISN is shown in Fig. 2. The motor drive is using cen-
ter alignment for space-vector modulation in our analyses and
experiment.

Here, equivalent parallel capacitance (EPC) of the CM choke
is usually very small, and starts to impact the inductor impedance

Fig. 2. LISN schematic from MIL-461 standard.

Fig. 3. Equivalent CM path for motor drive system.

beyond several hundred kilohertzs. If it is designed carefully,
the EPC can be even smaller so that it would not affect induc-
tor impedance below several megahertzs. The fundamental fre-
quency of CM voltage is at tens of kilohertzs, which is the same
as switching frequency. Hence, within this frequency range, the
impedance of EPC is much higher than that of the inductor.
Because of this, the noise current will still go through the induc-
tor path, so the EPC can be neglected in the equivalent circuit.
Two Cy capacitances are symmetrical. They are X7R ceramic
capacitors with a tolerance less than ±10%. The small differ-
ence between these two capacitors will result in a small DM
current because of the unbalanced grounding impedance [11].
However, these two capacitors are installed close to a huge dc-
link capacitor, which provides a short circuit for high-frequency
DM current. Hence, the small difference between these two CM
capacitor does not significantly influence the equivalent circuit.

With all the assumptions above, the CM noise path shown in
Fig. 1 can be simplified in a equivalent circuit shown in Fig. 3.
In Fig. 3, Cs = Cs-chassis , and CLG is the line-to-ground stray
capacitance inside the dc main, which is usually very small. To
conduct CM noise, two LISNs are in parallel. C1 and C2 are
capacitors in LISN shown in Fig. 2.

Fig. 3 has two practical paths for CM current: P1 and P2.
The calculated path impedances are shown in Fig. 4. The
figure shows that the impedance of P2 is lower than P1 at fre-
quencies below 150 kHz. The fundamental frequency of CM
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Fig. 4. Impedance of Paths 1 and 2.

Fig. 5. Simplified CM path below 150 kHz.

Fig. 6. Equivalent loop of CM path when frequency is lower than 150 kHz.

voltage Vo is equal to the switching frequency [7] at around
10 kHz, which is much lower than 150 kHz. Thus, the CM
noise path can be further simplified into the schematic in Fig. 5.
Furthermore, components Vo , Cs , and Cy can be replaced by a
Thevenin’s equivalent circuit, as shown in Fig. 6. In real cases,
because 2C2 � 2Cy � Cs, Ceq ≈ Cy . Similar to Ceq , when
Lcm � L2 , Leq ≈ Lcm . For most motor drive applications, the
switching frequency is below 150 kHz, and the CM voltage
source frequency is the same as switching frequency, so the
volt-second on the CM inductor is determined by the resonant
circuit shown in Fig. 6.

According to the analysis in this section, the CM noise path
in motor drive systems can be treated as an RLC circuit parallel
with a CM voltage source. The CM voltage source character-
istics (amplitude, shape, etc.) is determined by the three-phase
output neutral point waveform and the ratio between stray ca-

pacitance and Cy capacitor. This CM voltage is divided by the
R, L, C components in the equivalent circuit, the CM volt-
age drop on the inductor LCM , is a key factor that determines
saturation of the CM choke.

Here, LISNs are necessary components in EMI noise test.
LISN extracts noise signal from the power line, and this noise
signal is measured and compared with the standard limits. How-
ever, in final application, there is no LISN sitting on the power
line. It is just part of the EMI test. However, when doing the
EMI test, LISNs create a low-impedance grounding path that
increases the CM volt-second across the CM choke. LISN does
not change the noise level, but does change the CM flux den-
sity inside choke. CM choke needs bigger volume/core to avoid
saturation during the EMI test just to meet the standard, but in
the real application, the volume of the CM choke can be smaller
without the saturation flux density.

III. SATURATION OF CM INDUCTOR DUE

TO THE CM VOLT-SECOND

Based on the conclusions in Section II, CM voltage of the
neutral point is a cause for CM choke saturation. Since the CM
volt-second across the inductor can be considered as a voltage
response in an RLC resonant circuit, which is proportional to
the CM voltage source, there are two aspects that are related to
the CM volt-second on the CM choke: CM path resonance and
CM voltage source amplitude. Furthermore, CM voltage source
characteristic is related to the converter modulation scheme.
More details of how the CM voltage can influence the CM
chokes are further discussed in this section.

A. Saturation of CM Inductor Due to the Resonance
in CM EMI Path

Based on the analysis of the CM noise path, the CM voltage
is applied to the CM inductor through the CM path. The CM
noise propagation path in Fig. 6 is a typical RLC resonant cir-
cuit. When the system is designed with a selected modulation
scheme, CM voltage pattern should be fixed, and if the motor
drive is working at a constant operating point, the modulation
index is fixed too. Hence, the CM voltage is constant and can
be calculated according to the CM voltage pattern and vector
length. The motor drive in our experiment is using conven-
tional continuous SVM, center alignment, three-phase modula-
tion. The corresponding CM voltage Vo waveform is shown in
Fig. 7. The amplitude of equivalent CM voltage Vcm shown in
Fig. 6 can be represented by (1), where the volt-second of the
CM voltage has a direct impact on the magnetic flux density
inside the CM inductor. Here, Ts is the time of the switching
cycle and T0 is the zero vector time. In Fig. 7, Sa , Sb , and Sc

represent the switching function of each phase leg [15], and V0 ,
V1 , and V2 stand for different vectors within this sector

|Vcm | =
(T0 |Vdc | + (Ts − T0)|(1/3)Vdc |)

Ts

Cs

Cs + 2Cy
. (1)

The volt-second on the CM inductor determines the CM
flux density inside the CM magnetic core. The effects of the
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Fig. 7. CM voltage time-domain waveform.

Fig. 8. Inductor voltage and volt-second versus frequency.

volt-second on the inductor can be represented by a sine wave,
which has the same average value [as shown in (1)] within a
half-cycle. The CM voltage on the CM inductor is given in (2).
Here, the CM voltage is represented by a sine wave. The CM
volt-second across the CM inductor is represented by (3)

|VL | =
π|Vcm |ωLcm

2
√

R2
eq + ω2L2

cm (1 − (ω2
0/ω2))2

(2)

|VSL | =
∫ T s/2

0
|VL | sin(ωt)dt

=
π|Vcm |Lcm√

R2
eq + ω2L2

cm(1 − (ω2
0/ω2))2

. (3)

Here, ω0 = 1/
√

LcmCeq , and ω is the angular frequency of CM
voltage source Vcm .

According to (2) and (3), we can calculate the CM volt-
second over the CM inductor, as shown in Fig. 8. Here, and
in the following simulation, it is assumed that Lcm = 3 mH
and Cs = 5 nF. The curve in Fig. 8 shows that the CM volt-
second is higher as the CM voltage frequency gets closer to

the resonant frequency of the CM path loop; this is especially
true for a high-Q network. Usually, in EMI filter design, adding
small resistors can obviously damp the resonant peak. But too
much resistance can also block the high-frequency noise path.
The resistance here includes dc- and ac-related loss. Those are
not negligible parts. Therefore, eventually, the circuit itself can
provide a certain level of damping. If the leakage of the CM
choke is designed to be within a given range, the CM flux inside
the core dominates in core saturation. The CM inductor design
should meet the condition in (4). The CM inductance value is
determined by (5)

Bmax ≥ VL × ∆T

N × Ac
(4)

Lcm =
µ0µrAcN

2

le
. (5)

Here, N is the winding number of turns, Ac is the cross-section
area of magnetic core, le is the length of the magnetic path, and
Bmax is the saturation flux density of the magnetic material.

In this paper, SVM modulation scheme is assumed to be
conventional continuous, center alignment, three-phase modu-
lation. The conclusion fits all three-phase commutation, center
alignment, right/left alignment. These kinds of SVM modula-
tions can reset the CM flux inside CM choke every switching
cycle, because positive and negative volt-second are equal within
one switching cycle at a fixed operating point. However, if other
kinds of SVM modulation scheme are used, for example, 60◦-
clamped (see [15, DPWM1]), zero vector is unique (ppp or nnn)
in a sector, so that the polarity of CM volt-second stays the same
in a sector and flips over in the adjacent sector, the integral of
the volt-second in two sectors will be zero. This will cause a dc
bias inside the core in one sector and make the magnetic core
bigger to avoid saturation. The CM flux inside core is reset ev-
ery two sectors, that is one-third of the output line period. More
detail on how modulation scheme influences the CM voltage
are shown in [14], [15], and [20]. Each modulation scheme can
be projected to a CM voltage pattern and the CM voltage and
volt-second can be calculated.

B. Saturation of CM Inductor Due to Different
Modulation Indexes

According to the analysis in Section II, the amplitude of CM
voltage is another issue that impacts the CM magnetic compo-
nent saturation. With a selected modulation scheme, the am-
plitude of the CM voltage is determined by the length of zero
vectors, which is linked to the motor drive modulation index
and operating point. The motor drive operating point is always
changing according to the variation of input voltage/output cur-
rent. This is directly related to different modulation indexes. Dif-
ferent modulation indexes lead to different zero vector lengths,
which result in different CM voltage amplitudes. For example,
when the motor drive is starting up, the modulation index is low
to limit the starting current, so the CM voltage will be much
higher; when the motor drive is running at the rated speed,
the modulation index is higher, so the CM voltage is relatively
lower. The variation of the CM voltage at different modulation
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Fig. 9. Different CM voltages at different modulation index.

indexes is shown in Fig. 9. According to (1), lower modulation
index corresponds to longer T0 , while a higher modulation index
corresponds to shorter T0 . The modulation index changes the
CM noise waveform and CM noise volt-second. For an extreme
case, the CM volt-second when the modulation index is zero
is twice as large as the volt-second when the modulation index
is 1.

Understanding this can help determine how to design EMI
filters for different conditions. Some EMI filters work well at
the rated operating point, but do not work well for light load/low-
speed operation due to the higher CM voltage.

IV. DESIGN GUIDELINES FOR CM INDUCTORS BASED

ON CM NOISE CONSTRAINT

In previous designs, the leakage inductance of CM inductor
is used as DM inductance, and the DM current is considered
as the main cause for CM choke saturation. The CM choke
cross-section area is usually designed according to the leakage
inductance value and DM current level. Then, a core that has
enough window area to fit all the windings to achieve a certain
CM inductance value is selected. The temperature rise is then
verified. If the temperature rise is within limit, then the design
is finished; otherwise, a bigger core is selected and the process
is repeated. A design flowchart can be found in additional ref-
erence [12]. In addition to the previous design method, the CM
volt-second is introduced to the core selection. The CM volt-
second can be calculated incorporated with the converter design.

With the information of the CM voltage and CM noise path,
the minimum volume of the CM magnetic component needed
to avoid saturation can be estimated. From (3)–(5), the rela-
tionship of total magnetic volume to loop impedance (resonant
frequency) and CM voltage frequency is derived and represented
by (6). A visual representation is shown in Fig. 10. The follow-
ing equation can be also used as a criterion in CM choke core
selection:

Ac × le ≥ πµ0µrLcm |Vcm |2
B2

max(R2
eq + ω2L2

cm(1 − ω2
0/ω2)2)

=
(
|VSL |
Bmax

)2
µ0µr

Lcm
. (6)

According to Fig. 10, when designing a CM choke for a high-
power-density application, the design should avoid the resonant
peaks to avoid high CM volt-second and high magnetic volume.

Fig. 10. Relationship among total magnetic volume and resonant.

Fig. 11. CM voltage/volt-second on the CM inductor when CM inductor at
different values.

Knowing the relationship between the modulation index and
the CM volt-second, EMI filters should be designed to fit dif-
ferent operating conditions. When designing CM inductors, the
lowest modulation index should be taken as the worst case for
the CM volt-second constraint.

V. SIMULATION AND EXPERIMENTS

A Saber model is built based on Fig. 1. Fig. 11 shows the
volt-second differences when Lcm is 1.2, 3, and 12 mH; Cy is
100 nF; and Cs is set to be 5 nF. According to the simulation,
when Lcm varies from low to high, the resonant frequency of
the CM path loop changes from 14 to 4.5 kHz. When Lcm =
1.2 mH, the ω0 = 14 kHz, which is closer to the frequency of
the CM voltage (fcm = 12 kHz); when Lcm = 3.2 mH, ω0 =
9 kHz, which is moving away from fcm , and the CM voltage
on the CM inductor is lower; when Lcm = 12 mH, where ω0
is farther from fcm , which gives the lowest CM volt-second on
the CM choke.

An experiment is also established following Fig. 1, with a
2-kW motor drive, a 2-kW fan load, and two LISNs defined
by MIL-STD-461. The drive is powered by a 300 Vdc source.
The CM noise is extracted from the total noise using a noise
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Fig. 12. CM Inductor using different core/different inductance.

Fig. 13. Small-signal impedance measurement.

separator [8], [9]. An LC CM EMI filter is designed based
on the CM bare noise, and the 2 × Cy capacitor is 200 nF, as
shown in Fig. 1. The CM choke core is a Finemet nanocrystalline
core [8]. Three chokes are built, and are shown in Fig. 12. Choke
1 and choke 2 use different cores with the same inductance value
(3 mH). Taking all windings into consideration, the choke size
of choke 2 and choke 3 is 3799 mm3 , approximately half that
of Choke 1(7359 mm3). Choke 2 and Choke 3 use the same
small cores. Choke 3 has twice the number of winding turns as
choke 2. Thus, the inductance of choke 3 (12 mH) is four times
greater than that of choke 2. Fig. 13 shows the small-signal
impedance measurements of these three CM chokes using an
Agilent 4294 A impedance analyzer. This is impedance of the
CM inductance: two windings are in parallel and measured.
The inductance values matches with the impedances measured,
at least for low frequencies. For example, at the point of 30 kHz,
impedance 12 mH choke is around 2262 Ω, the impedance of
3 mH is 565 Ω, and the impedance of 3.2 mH is 603 Ω, a bit
higher than 3 mH.

The inductance varies as the frequency increases because
the permeability of the material drops fast with increasing
frequency. This is the characterization of the magnetic ma-
terial, which explains why the impedances drop gradually

with frequencies. At high frequencies, the EPC dominates the
impedance, and then, the impedance drops down. Skin effect
and proximity effect are also important high-frequency effects.
They also increase the inductor high-frequency impedances.
However, in our case here, they are not the key factors that de-
termine the CM choke impedances compared to other factors.

The parameters of the cores are shown in Table I.
Fig. 14 shows the time-domain waveforms of the CM filter

during the motor drive startup, as tested with choke 1. Since
the motor drive is using vector modulation, at start up at low
speed, the zero vectors are longer. This leads to a higher CM
volt-second compared with the rated operating point. Thus, the
CM choke is saturated at low speeds when the motor drive starts
up, even if the DM current is very low. This is the phenomenon
analyzed in Section IV. When the motor drive is running at
the rated speed, the zero vector and the CM volt-second are
reduced; the CM choke is then desaturated and resumes work-
ing. Fig. 15 shows the CM time-domain waveform tested with
choke 2 (3 mH, small core) in two cases: with LISNs and without
LISNs. The case with LISNs has been analyzed in Sections II
and III, and has been shown to contain a low-impedance path
to ground, so that it may saturate the CM inductor when fcm is
close to the resonant frequency. With LISNs, the CM voltage
on the CM inductor is higher, so the CM inductor is saturated.
When LISNs are removed, there is no low-impedance path be-
tween ground and the line side; furthermore, the line-to-ground
capacitance of the dc main side is low (CLG ). This results in a
very high loop resonant frequency that is far away from fcm ; as
a result the CM voltage on the CM inductor is suppressed. In the
experiment, the CM flux is measured with a CM transformer [9].
The principle of CM transformer is introduced in [9]. The two
windings of the CM choke is the primary winding of the trans-
former. The secondary winding is the sensing winding. It has
just one turn and terminates with a 1 MΩ resistor, and the CM
voltage can be sensed across this resistor using oscilloscope.
The input impedance of the oscilloscope channel is also set to
be 1 MΩ. The output impedance of sensing winding should
be as high as possible so that the sensing signal can precisely
repeat the CM voltage across the CM inductor in the system.
Meanwhile, since the output impedance is high, the current on
the sensing resistor is very low so that the CM transformer will
not disturb the motor drive operation. In this way, CM voltage
time-domain waveform can be measured in oscilloscope.

The frequency-domain measurement is achieved with LISN
and spectrum analyzer. Noise signals are extracted from LISNs
and connected to noise separator [11] through coaxial cable.
The CM noise is combined and extracted from the line noise
signals, and is input into the spectrum analyzer.

The CM voltage in Figs. 14 and 15 are measured on the Cy ca-
pacitors. When the core is saturated, the switching combination
and vector length are still the same, but the saturated inductor
will have resonance with the Cy capacitor, which makes the CM
voltage higher. Here, the CM voltage on the Cy capacitors is the
same as the voltage across the inductor since the loop resistance
is small.

Fig. 16 shows a comparison of the DM and CM current with
two different chokes in the time-domain waveform. Choke 1
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TABLE I
FINEMET CORE PARAMETERS USED IN THE EXPERIMENTS

Fig. 14. Time-domain waveforms of CM filter performance during motor
drive startup.

Fig. 15. Time-domain waveforms with and without LISNs.

Fig. 16. Time-domain waveform of different chokes at motor drive startup.

(3.2 mH) with a big core has a longer saturation time during
the startup, which means choke 1 does not work at low speed.
Choke 3 (12 mH) is not saturated during startup and is capable
of operating at low speed.

Fig. 17. CM inductor voltage comparison of different chokes using CM
transformer.

Fig. 18. Time-domain waveform of flux density inside core.

Fig. 19. Comparisons of calculated and measured volt-second.

Fig. 20. Comparisons of calculated and measured flux density.
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TABLE II
COMPARISON OF Ac × le PRODUCT

Fig. 21. In-circuit noise measurement.

Fig. 17 shows the measured CM inductor time-domain volt-
age waveform when using the CM transformer. The flux density
inside the core can be calculated based on the CM inductor volt-
second measurement. According to Fig. 17, the CM voltage can
be approximated like Fig. 7, where Ts = 83 µs and T0 = 22.3 µs.
The equivalent CM voltage amplitude can be represented by (1).
The CM volt-second across the CM inductor can be calculated
using (1)–(3). The flux density can be extracted by numerical
integration of the waveforms in Fig. 17. Fig. 18 shows the flux
density time-domain waveforms based on the measurement in
Fig. 17. According to the waveforms, choke 2 is saturated. The
saturation flux density limits are also shown in the figure. The-
oretically, choke 2 has almost the same volt-second as choke 1,
but choke 2 has fewer turns and a much smaller cross-section
area, which makes the Bmax in choke 2 higher.

In Fig. 17, the voltage across the CM inductor is higher when
the CM choke is saturated. This phenomenon can be explained
using the equivalent circuit in Fig. 6. The current going through
the CM path is equal to the current going through the CM choke,
with charges Ceq in a CM voltage half-cycle. The voltage across
the CM inductor is equal to the sum of Vceq , Vcm , and VReq .
When the CM choke is saturated in one of the CM voltage half
cycles, the voltage of Ceq increases as a result of the increase
in the inductor current. In the following half-cycle, the voltages
Vceq and Vcm are positively added, which causes the CM choke
voltage to increase.

The result of Fig. 18 is not directly measured on the oscillo-
scope. It is obtained based on the data recorded from Fig. 17. A
total of 2000 data points are recorded in two switching cycles
of CM voltage across the CM inductor, as shown in Fig. 17,
and the volt-second can be simply obtained by doing numeri-
cal integration. Knowing the volt-second, number of turns, and

the cross-section area of the CM choke, flux density can be
calculated, as shown in Fig. 18.

The calculated volt-second and measured volt-second are
shown in Fig. 19. The flux density can also be calculated and
measured, as shown in Fig. 20.

Table II shows the comparisons of calculated result using (6)
and the product of Ac × le in the real core. The product of
Ac × le is the product of the cross section and the magnetic
length from the datasheet; and Cal_result (3.2 mH) is the calcu-
lated Ac × le product using (6) when Lcm is 3.2 mH. This result
shows the required minimum Ac × le when Lcm is 3.2 mH.
Similarly, Cal_result (12 mH) is the calculated Ac × le product
using (6) when Lcm is 12 mH. The equivalent permeability of
these two cores (F1AH0654 and F1AH0695) has slight differ-
ences according to the real measurement in the datasheet, which
results in two different calculated Ac × le products. According
to these results, when Lcm = 3.2 mH, the minimum required
Ac × le is 1.59 × 10−6 m3 , which is larger than the Ac × le of
the smaller core F1AH0654, and the big-core F1AH0695 can
avoid saturation. When Lcm is increased to 12 mH, the min-
imum required Ac × le is around 4.25 × 10−7 m3 , which is
smaller than the product of Ac × le in the F1AH0654 core,
so we can choose the smaller core F1AH0654 instead of the
big-core F1AH0695 for the CM inductor.

Fig. 21 shows the CM noise measurement with different CM
chokes. Although choke 1 and choke 2 have approximately the
same small-signal impedance, their in-circuit performances are
totally different, because choke 2 is saturated with a smaller
core. The in-circuit test also shows that even with a smaller
core, choke 3 can still perform well with the increased Lcm by
avoiding the resonant frequency in the CM path loop close to
fcm . Applying (6), with a given converter, if the CM voltage Vo
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is known, we can determine the minimum volume for the CM
magnetic core.

At high frequencies beyond 1 MHz, the permeability of cores
drops to a very low value, which is even closer to the per-
meability of air. Therefore, in the end, at high frequencies,
the impedance of chokes merge, as shown in Fig. 13, caus-
ing the EMI spectrums to merge as in Fig. 21. Furthermore,
there are many issues other than the CM chokes that impact
high-frequency attenuation. Wang et al. [22] proved that the
grounding impedance and the coupling between two ground
connections impact the filter high-frequency attenuation. Cou-
pling between passive components is proved to be another im-
portant issue in [11], [21], and [22] that determines the high-
frequency attenuation. These reasons can also cause the EMI
noise to merge at high frequencies.

VI. CONCLUSION

In this paper, a new mechanism with two aspects for CM
inductor saturation and its impacts on the CM magnetic compo-
nent volume are analyzed. The CM noise path resonance plays
an important role here. It can cause the CM noise voltage to
resonate in the loop, and makes the CM volt-second over the
CM inductor high enough to saturate the CM inductor. The CM
voltage source is related to the modulation index and dc-bus
voltage such that the lower the modulation index is, the higher
the CM voltage volt-second will be. The LISNs in the CM loop
create a low grounding impedance path that brings the CM noise
path to the resonant frequency. This is closer to the CM volt-
age frequency fcm , which makes the CM inductor suffer from
a higher CM volt-second and results in a higher CM inductor
volume. The experiments carried out verify the analysis. A new
criterion is proposed for high power density CM chokes design
based on above knowledge.
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