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A Common Mode Inductor With External Magnetic
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and High-Differential Mode Inductance

Yongbin Chu, Student Member, IEEE, Shuo Wang, Senior Member, IEEE, Ning Zhang, and Dianbo Fu, Member, IEEE

Abstract—This paper proposes a stacked common-mode (CM)
inductor for electromagnetic interference (EMI) attenuation. The
proposed stacked CM inductor consists of two CM inductors with
identical cores and the same number of winding turns but with
opposite winding directions. The proposed stacked CM inductor
has three advantages. First, it is much less susceptible to external
magnetic field interference than conventional CM inductors. This
suppresses the EMI due to the near-magnetic-field coupling to the
CM inductor. Second, the proposed winding structure effectively
increases the leakage inductance of the CM inductor, which en-
hances its ability to suppress differential-mode (DM) noise. Third,
the magnetic field generated by the DM current in the stacked CM
inductor is partially canceled outside of the inductor. As a result,
the stacked CM inductor has lower magnetic field emission than
that of a conventional CM inductor. Simulation and experimental
results validate the advantages of the proposed CM inductor, which
show the proposed technique greatly improves the performance of
CM inductors.

Index Terms—Common-mode (CM) inductor, leakage in-
ductance, magnetic field, near-magnetic-field coupling, stacked
inductor.

I. INTRODUCTION

OWER electronics research has continuously focused on

high power density and high switching frequency solutions
in the last decade. However, a high switching frequency may
lead to severe electromagnetic interference (EMI) issues [1]-[4].
At the same time, a compact design inevitably decreases the
distances between the EMI filters and the main power circuits in
power electronics systems. Therefore, the EMI filters will easily
pick up near-magnetic-field noise emitted from the main power
circuits. This significantly degrades the performance of the EMI
filters. Because of this, the EMI filters are usually overdesigned
[11, [2]. In fact, EMI filters may take up to 50% of the total
volume and weight and be one of the largest functional units
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Fig. 1.  Generation of noise voltages in a CM inductor due to near-magnetic-
field coupling: (a) CM inductor in a magnetic field and (b) its equivalent circuit.

in power electronics systems. The reduction of the size of EMI
filters plays an important role in the development of high power
density converters.

A considerable amount of research has been conducted to
improve the performance of EMI filters and reduce their size
[1]-[21]. The near-magnetic-field coupling within an EMI filter
has been modeled in [6]-[8] and techniques to reduce its effect
on the performance of the EMI filter have been developed [1],
[9]-[14]. The near-magnetic-field coupling between an EMI fil-
ter and a main circuit is also very important. For example, a CM
inductor can become a noise source due to near-magnetic-field
couplings. Although several articles [15]-[19] have discussed
this issue, none of them have proposed an effective solution
to it.

Fig. 1(a) shows a common-mode (CM) inductor in the pres-
ence of a time-varying magnetic field. The time-varying mag-
netic field generates a flux linkage within the inductor wind-
ings. This results in noise voltages in the windings as shown in
Fig. 1(b). In Fig. 1(b), Vinq1 and Vi, 4o are the induced voltages
in the two windings. If the magnetic field is uneven or the CM
inductor windings are asymmetric, the induced voltages Vinq1
and Vi, 42 will be unequal. As a result, the near-magnetic-field
coupling generates both CM and differential-mode (DM) noise.
The induced CM noise voltage, Vo, and DM noise voltage,
Vb, due to near-magnetic-field coupling are given by

V;n Vin

Voy = it tina (1)
V;n _Vin

Vou =~ @)

Additionally, when DM currents flow through the CM in-
ductor, the CM inductor generates a leakage (DM) magnetic
field. The generated magnetic field can be picked up by other
components and traces in the circuit. Furthermore, the leakage
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Fig. 2. Process to construct the proposed CM inductor: (a) exploded structure
and (b) final stacked CM inductor.

inductance of CM inductors is usually used as DM inductance to
attenuate DM noise and several techniques have been developed
to increase the leakage inductance of CM inductors [3]-[5].

In this paper, a stacked CM inductor is proposed. It consists of
two CM inductors with identical cores and the same number of
winding turns but with opposite winding directions. The two CM
inductors are connected in series and stacked. With this winding
structure, the proposed CM inductor has three advantages over
conventional CM inductors: 1) the proposed CM inductor is
much less susceptible to an external near-magnetic-field than
conventional CM inductors; 2) the proposed CM inductor has
a larger DM inductance than conventional CM inductors; and
3) the proposed CM inductor has a lower magnetic field emission
than conventional CM inductors.

In Section II, the working principle of the proposed stacked
CM inductor is analyzed and a quasi-static magnetic solver
(Ansys Maxwell 3-D) simulation is conducted to validate the
analysis. Then, the experimental and measurement results in
Section III verify the three advantages claimed aforesaid.

II. WORKING PRINCIPLE OF THE PROPOSED STACKED
CM INDUCTORS

A. Principle of Voltage Cancellation

Fig. 2 shows the process to construct the proposed stacked CM
inductor. First, two connected CM inductors with identical cores
and the same number of winding turns but with opposite winding
directions are assembled as shown in Fig. 2(a). Second, one
CM inductor is stacked over the other in the manner indicated
by the dashed arrow in Fig. 2(a). Fig. 2(b) shows the final
stacked CM inductor. Since the two stacked CM inductors have
identical cores and the same number of winding turns, their
CM inductance should be the same. Furthermore, when the
two CM inductors are stacked together, their original CM noise
attenuation function will not be affected. Each CM inductor
should be designed to have half of the desired CM inductance
of the conventional CM inductor.

In Fig. 2(b), the two corresponding windings on each side
of the two inductors are very close. As a result, when they are
exposed to an even external magnetic field, the magnetic flux
linkage of the two windings due to the external magnetic field
will be similar. As a result, the induced noise voltages in the
two corresponding windings on each side of the two inductors
have similar amplitudes but opposite polarities. Because the two
induced voltages are electrically in series, they are canceled as
shown in Fig. 3. In Fig. 3,0i341, Ving2 and —vi,q1, —Ving2 are
the induced noise voltages within the windings of the two CM
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Fig. 3. Equivalent circuit of a stacked CM inductor in an even external mag-
netic field.

inductors. Based on (1) and (2), both the induced CM and DM
noise voltages are canceled out. Under practical conditions, the
even external magnetic field could be from a different direction
but the conclusion still holds.

It should be pointed out that the cancellation will be affected
by the size of the CM inductor within an uneven external mag-
netic field. The reason is that as the size of the CM inductor
increases, the difference between the magnetic flux linkages of
the two corresponding windings on each side of the two in-
ductors increases. This means the noise voltages induced in the
two corresponding windings will be less completely canceled.
As a result, a bigger proposed stacked CM inductor will be-
come more susceptible to external magnetic field than a smaller
one.

For the conventional CM inductor, if the number of turns is
N, the mean length of the core is /, the cross-sectional area of
the core is A, and the permeability of the core is yu, then the
induCtance7 Lconventionab and the Volume, chonventional, of the
conventional CM inductor (ignoring the volume of wires) can
be expressed as

A
Lconvcntional = MTNQ (3)

Vconventional = [A. (4)

For a fair comparison, the CM inductance and volume of the
proposed stacked inductor in Fig. 2 should be the same as those
of the conventional inductor in Fig. 1. The height of the cores of
the proposed stacked inductor is half of that of the conventional
CM inductor while the other dimensions are unchanged. The
cross-sectional area of each core is therefore A/2. The number
of turns and the permeability of the core are the same as those of
the conventional inductor. The inductance and the total volume
of the stacked CM inductor are, therefore, the same as those of
the conventional CM inductor.

B. Increased DM Inductance

In addition to magnetic field immunity, the proposed stacked
CM inductor has a bigger DM inductance than the conventional
CM inductor. The leakage inductance of a CM inductor is usu-
ally used as DM inductance to filter out DM noise. Fig. 4(a)
illustrates the magnetic flux distribution of a conventional CM
inductor with a DM current excitation within its two windings.

For a CM inductor with a DM current excitation, the DM
(leakage) magnetic flux is defined as the magnetic flux gener-
ated by one winding but not coupled to the other. In Fig. 4, B,
and By represent the DM magnetic flux from right to the left via
the space above and below the inductor. By, By, and Bg represent
the DM magnetic flux along the windings on the top and bottom
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Fig. 4. DM magnetic flux distribution of a CM inductor: (a) magnetic flux
distribution, (b) side view, and (c) equivalent DM inductance Ly -

of the inductor. By and Bj; represent the DM magnetic flux within
the core. B3 represents the DM magnetic flux within the inner
surface of the core. B represents the DM magnetic flux along
the windings on the sides of the inductor (only the magnetic
flux on the front side is shown in the figure). B; represents the
DM magnetic flux from the right side to the left side via the
space in front of the inductor (only the magnetic flux on
the front side is shown in the figure). Fig. 4(b) shows the side
view of the magnetic flux distribution. Only the magnetic flux
outside the inductor is illustrated. The magnetic flux distribu-
tion is symmetric about the center plane and parallel to it on
the plane. The equivalent circuit is shown in Fig. 4(c) and the
equivalent DM inductance Lpy; is given by (5), where Ly
is the self-inductance of each winding and My is the mutual
inductance of the two windings

Lpy = 2Ly — 2Myy . ©)

To better demonstrate the advantages of the proposed stacked
CM inductor, two cases will be analyzed and compared. In the
first case, a stacked CM inductor composed of two inductors
with identical cores, the same number of turns and in the same
winding direction will be analyzed. In the second case, the
proposed stacked inductor will be analyzed.

Fig. 5(a) shows the exploded view of the stacked inductor in
the first case. Each individual inductor has a DM magnetic flux
distribution similar to Fig. 4(a) before stacking. After the two
inductors are stacked, the magnetic core of one inductor provides
alow reluctance path for the DM magnetic flux of the other one.
For example, Bf and B} will flow through the core of the top
inductor. This increases the DM (leakage) inductance of each
inductor. However, the DM magnetic flux directions of the two
inductors are opposite within a core. For example, B(,, B}, B} is
opposite to B, and B; within the top core. Therefore, the mutual
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For top inductor

For bottom inductor

Fig. 5. DM magnetic flux distribution of a stacked inductor with same wind-
ing direction is similar to that of a conventional inductor: (a) two inductors
that stacked together with the same winding directions, (b) DM magnetic flux
distribution of the two inductors, and (c) side view of the DM magnetic flux
distribution of the stacked inductor (the magnetic flux in front of the inductor is
not shown).

inductance M is negative between the two DM inductances of
the two CM inductors.

Fig. 5(b) shows the side view of the DM magnetic flux dis-
tribution of each individual inductor. The magnetic flux in front
of the inductor is not shown here. The magnetic field generated
by the two inductors is superposed in the air and the side view of
the stacked inductor is shown in Fig. 5(c). As shown in Fig. 5(b)
and (c), after the two inductors are stacked, the magnetic flux
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density below and above the stacked inductor is increased. The
reason for this is that the magnetic flux of both inductors is coun-
terclockwise above and clockwise below the stacked inductor.
On the other hand, in Fig. 5(c), because the two windings above
and below the center plane carry the currents with the same
magnitude but opposite directions, most of the leakage mag-
netic flux within the space between two inductors is canceled.
On the center plane, the magnetic flux is parallel to the center
plane as the magnetic flux in the z direction is canceled and the
flux on the xy plane is increased. These result in a very similar
magnetic flux distribution to that of the conventional inductor
in Fig. 4(b). The CM and DM inductances of the stacked in-
ductors in the first case are, therefore, very close to those of the
conventional CM inductor in Fig. 4(a).

The total DM inductance Lp)y; of the stacked inductor in
Fig. 5(c) is given by (6). In (6), Lpy: is the DM inductance of
each DM inductor and M is the mutual inductance between the
two DM inductors

Lpm = 2Lpyy — 2M. 6)

Fig. 6(a) shows the exploded view of the proposed stacked
inductor in the second case. Each inductor has a DM magnetic
flux distribution similar to Fig. 4(a) before stacking. Similarly
to the stacked inductor in Fig. 5(a), after the two inductors
were stacked, the magnetic core of one inductor provides a low
reluctance path for the DM magnetic flux of the other inductor.
This increases the DM (leakage) inductance of the two inductors.
However, differently from the first case, the DM magnetic flux
directions of the two inductors are the same within a core. For
example, B(, Bi, and Bj is in the same direction as By and
B5 within the top core. Therefore, the mutual inductance M is
positive between the two DM inductors.

Fig. 6(b) shows the side view of the DM magnetic flux distri-
bution of each individual inductor. The magnetic flux in front of
the inductor is not shown here. The magnetic field generated by
the two inductors is superposed in the air and the side view of
the stacked inductor is given by Fig. 6(c). As shown in Fig. 6(b)
and (c), after the two inductors were stacked, the magnetic flux
density below and above the stacked inductor is decreased since
the magnetic flux of the individual inductors has different direc-
tions above and below the stacked inductor. The magnetic flux
is perpendicular to the center plane because the magnetic flux
on xy plane is canceled and the flux in z direction is increased
on the center plane. The DM inductance Lpy;_p is given by

Lpyv_p = 2Lpy1 +2M = Lpy +4M. (7

In (7), Lpym_p is the total DM inductance of the proposed
stacked inductor. It is 4M larger than that of the conventional
inductor in Fig. 4(a).

C. Reduced Magnetic Field Emission

It is shown in Figs. 5(c) and 6(c) that the proposed stacked
inductor emits a smaller magnetic flux density than the conven-
tional CM inductor in the space above and below the inductors
for the reason analyzed previously. The magnetic field gener-
ated by CM currents is not discussed here since most of the
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Fig. 6. DM magnetic flux distribution of a stacked inductor with the proposed
winding structure: (a) two inductors stacked together with opposite winding
directions, (b) DM magnetic flux of two inductors, and (c) side view of the DM
magnetic flux distribution of the proposed stacked inductor (the flux in front of
the inductor is not shown).

CM magnetic flux is confined within the core due to its high
permeability. Fig. 7(a) and (b) shows the simulated DM mag-
netic flux distributions in Ansys Maxwell 3-D on an xy plane
35 mm above the inductors. In the simulation, the magnetic
core has a relative permeability 2000. The outer diameter of the
core is 28 mm and the inner diameter of the core is 12 mm.
The thickness of a single core is 6.5 mm. The DM current is
100 mA in the simulation. Based on the simulation results, the
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Fig. 7. Simulated DM magnetic field distributions on an xy plane 35 mm
above the stacked inductors: (a) magnetic field of the conventional CM inductor
and (b) magnetic field of the proposed CM inductor.

proposed stacked inductor reduces the magnetic flux density by
up to 2/3.

For the magnetic flux density on the left and right sides,
in the vicinity of the stacked inductor, the proposed stacked
inductor increases the flux density. This is because, for the mag-
netic flux of the individual inductors in Figs. 5(b) and 6(b),
the z-component is larger than the x- and y-components in the
vicinity of the inductor. However, as distance increases, the pro-
posed stacked inductor emits a smaller magnetic flux density
than the conventional one because the z-component becomes
smaller than the x- and y-components. Fig. 8(a) and (b) shows
the simulated DM magnetic flux distribution on an xz plane,
which is 35 mm away from the stacked inductor. Based on the
simulation results, the proposed stacked inductor reduces the
magnetic flux density by up to 2/3.

The magnetic flux distributions on the front side of the con-
ventional CM inductor with the same winding direction and the
proposed stacked inductor are illustrated in Fig. 9(a) and (b),
respectively. As previously analyzed, the magnetic flux of the
stacked CM inductor with the same winding direction is the
same as that of the conventional CM inductor. For the flux
in front of the stacked inductor with the same winding direc-
tion in Fig. 9(a), the z-component is smaller than the x- and
y-components. Therefore, after the flux superposition, the flux
density is increased because the x- and y-components of the
two inductors add constructively. The flux on the center plane is
parallel to the plane because the z-component is canceled out.
The dashed lines B7 4, B7p, B7¢, and B7p represent the mag-
netic flux flowing on the front side. Half of the flux is above the
center plane and half of the flux is below the center plane. The
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and (b) magnetic field of the proposed CM inductor.
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Fig.9. Comparison of magnetic flux distributions on the front side: (a) stacked
CM inductor with the same winding direction and (b) stacked CM inductor with
opposite winding directions (proposed).

magnetic flux distribution on the back side is the same as that
on the front side and is not shown in the figure.

For the flux of the proposed stacked inductor with opposite
winding directions in Fig. 9(b), the scenario is different from
that in Fig. 9(a). Similarly to Fig. 6(c), the magnetic flux dis-
tribution in the front has four regions: the top, bottom, left, and
right regions. In the top region, the flux flows from the right
to the left. In the bottom region, the flux flows from the left
to the right. In the middle of the top and bottom regions, the
z-component is smaller than the x- and y-components and the
x- and y-components of one inductor are opposite to those of
the other inductor. Therefore, after the flux superposition, the
flux density is decreased. The flux is parallel with the center
plane in the middle as shown by B}, and B, in Fig. 9(b).
Based on the previous analysis, the magnitude of the mag-
netic flux density of the proposed stacked inductor is smaller
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Fig. 10.  Simulated DM magnetic field distribution on a yz plane 22 mm in
front of the stacked inductors: (a) DM magnetic field distribution of the conven-
tional CM inductor and (b) DM magnetic field distribution of the proposed CM
inductor.

than that of the conventional inductor in the top and bottom
regions.

For the left and right regions, the magnetic flux flows from the
bottom to the top in the left region and from the top to the bottom
in the right region. In the vicinity of the stacked inductor, the
proposed stacked inductor increases the flux density because for
the magnetic flux of the individual inductors, the z-component
is larger than the x- and y-components. However, the proposed
stacked inductor has a smaller magnetic flux density than the
conventional one as distance increases because the z-component
becomes smaller than the x- and y-components. The flux is per-
pendicular to the center plane because the x and y-components
are canceled on the center plane as shown by B/, and B}, in
Fig. 9(b).

Fig. 10(a) and (b) shows the simulated magnetic flux distribu-
tion in Ansys Maxwell 3-D on a yz plane, which has a distance
of 22 mm from the front side of the stacked inductors in Fig. 9(a)
and (b). The simulated results show that the proposed stacked
inductor reduces the magnetic flux density by up to 2/3. The
four magnetic flux regions are clearly shown in Fig. 10(b) for
the proposed stacked inductor.

III. EXPERIMENTAL VALIDATION AND DISCUSSION

Four CM inductor prototypes are shown in Fig. 11. The model
number of the magnetic cores used in all of these inductors is
TN200B H28-16-6.5C from TDG Holding Co., Ltd. The outer
diameter and the inner diameter of the core are 28 and 14 mm,
respectively. The height of the core is 6.5 mm and its initial
relative permeability is 2000. The number of turns for all of
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Fig. 11.  CM inductor prototypes: (a) CM inductor with two stacked cores,
(b) stacked CM inductor with the proposed winding structure, (c) stacked CM
inductor with the same winding direction, and (d) CM inductor with only one
magnetic core.
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Fig. 12.  Measurement setup to test the susceptibility of the CM inductors.

the inductors is 14. The wire used in the inductors is AWG
#20. Fig. 11(a) shows a CM inductor with two 14-turn windings
wound on two stacked cores. Fig. 11(b) shows a stacked CM
inductor with the proposed winding structure. Fig. 11(c) shows
a stacked CM inductor with the same winding direction. As
discussed in Section II-B, the prototypes in Fig. 11(a) and (c)
should have very similar electrical parameters and magnetic
field distribution. Fig. 11(d) shows a CM inductor with only one
magnetic core.

A. Verification of Near-Field Coupling Suppression

To verify the magnetic field immunity of the proposed CM
inductor, susceptibility measurements and comparisons were
conducted for the inductors in Fig. 11(a) and (b). These two
prototypes were exposed to a near magnetic field generated by
a forward converter which has been discussed in [2]. According
to [2], the near magnetic field was mainly emitted by the planar
transformer of the forward converter. In the experiment, the
forward converter had an input/output voltage of 48 V/6 V and
an output current of 14 A. The inductor prototypes were 55 mm
away from the transformer and located on the exposed winding
side of the transformer as shown in Fig. 12.

The windings of the two inductors were connected in parallel
to each other to measure the induced CM voltages and in series to
measure the induced DM voltages as shown in Fig. 13. Based on
the definition of DM voltage, the measured voltages in Fig. 13(b)
and (d) were actually twice the value of the actual DM voltages.
Therefore, the measured voltages in Fig. 13(b) and (d) were
transformed to DM voltages by deducting 6 dB.

The spectra of the induced CM and DM voltages were mea-
sured with an Agilent 4395A spectrum analyzer and the mea-
surement results are shown in Fig. 14. In Fig. 14(a) and (b),
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Fig. 13.  Setup to measure CM and DM voltages: (a) CM voltage measure-
ment for the conventional CM inductor, (b) DM voltage measurement for the
conventional CM inductor, (c) CM voltage measurement for the proposed CM
inductor, and (d) DM voltage measurement for the proposed CM inductor.
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Fig. 14.  Comparison of the measured spectra: (a) spectra of the induced CM
voltages and (b) spectra of the induced DM voltages.

compared with the conventional CM inductor, the proposed
stacked CM inductor reduces both CM noise and DM noise
within a wide frequency range by up to 40 dB.

B. Verification of Increased Leakage Inductance

To verify that the proposed CM inductor has an increased
leakage inductance, both CM and DM impedances of all induc-
tors in Fig. 11 were measured with an Agilent 4395A impedance
analyzer. The configurations for CM and DM impedance mea-
surement are shown in Fig. 15(a) and (b), respectively.

Fig. 16(a) and (b) shows the measured CM and DM
impedances for the four CM inductors. As expected, the CM
impedances for the first three inductors were almost equal to
each other and were twice that of the fourth inductor at low fre-
quency (LF). This is because the LF impedance of a CM inductor
is mainly determined by its CM inductance [11], [24]. Based
on the LF DM impedances, the proposed stacked CM inductor
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Fig. 15. CM and DM impedance measurement setup: (a) CM impedance
measurement configuration and (b) DM impedance measurement configuration.
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—— CM inductor with proposed stacked winding structure
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Fig. 16. Comparison of measured impedances for the four CM inductors:
(a) CM impedance and (b) DM impedance.

has the highest DM inductance, Lpyi_p, of 26 pH. This veri-
fies the analysis in Section II-B. The conventional CM inductor
gives a DM inductance of 10.4 uH and the stacked inductor with
the same winding directions gives a DM inductance of 11 pH.
As predicted in Section II-B, these two inductances are almost
equal to each other. Based on (6), (7) and the measured LF DM
impedances in Fig. 16(b), Lpy; is 9.25 pH and M is 3.75 pH.
The inductor with one core only gives a DM inductance of 7 p/H.
As predicted in Section II-B, the stacked CM inductor increases
the self-DM inductance for each inductor from 7 to 9.25 pH.
This also verifies the previous analysis.

The equivalent winding capacitance Cp of the DM
impedances in Fig. 16(b) can be calculated based on the parallel
resonant frequencies in Fig. 16(b) [11]. For the conventional
CM inductor in Fig. 11(a), the parallel resonant frequency f, is
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22 MHz, where the impedance peak occurs. Cp can be deter-
mined from

1

Cp=—
r (27 f.)?Lowm

(8)

The calculated C'p is 5 pF. The equivalent winding capaci-
tance of the other three DM impedances can be determined sim-
ilarly. For the proposed stacked inductors in Fig. 11(b) because
of the increased parasitic capacitance between the windings on
the facing areas of the two inductors, the equivalent winding
capacitance increases to 7.5 pF. The parallel resonant frequency
reduces to f; (11.5 MHz) due to the increased DM inductance
and winding capacitance. However, the proposed stacked induc-
tor is still preferred because its higher DM inductance delivers
better performance at low frequencies, which is important to
reduce the size of DM filters [22]. For the stacked inductor with
same winding direction in Fig. 11(c), its resonant frequency re-
duces to f. (15.7 MHz). Based on (8), its equivalent winding
capacitance increases to 9.3 pF. As this structure reduces the DM
inductor’s high-frequency performance without any advantages
at LF, it is not preferred.

C. Verification of Reduced Magnetic Field Emission

To verify that the proposed stacked CM inductor has a reduced
magnetic field emission, the measured magnetic fields from the
CM inductors shown in Fig. 11(a) and 11(b) were compared.
The magnetic fields were measured on a plane 35 mm above
the CM inductors. A Rigol DG1022U signal generator, a 10-W
RF power amplifier, a Beehive Electronics 100-A EMC probe, a
coordinate plane and an Aglient 4395A spectrum analyzer were
used in the measurements, as shown in Fig. 17(a).

The inductor prototypes were in the center and under the
coordinate board. The coordinate had a dimension of 100 mm x
100 mm with an 11 x 11, 10-mm-spaced grid, as shown in
Fig. 17(a). The distance between the inductor and top surface
of the coordinate board above the inductor was 35 mm. A 500-
kHz sinusoidal voltage signal from the signal generator was
amplified by the RF amplifier and fed to the inductor prototypes
as a DM current excitation as shown in Fig. 17(b). The amplitude
of the 500-kHz voltage signal was adjusted until the amplitude of
the DM current reached 100 mA. The EMC probe was connected
to the spectrum analyzer in order to read the amplitude of the
EMC probe’s output voltage. The DM magnetic field generated
by the inductor under the coordinate board was measured point
by point by changing the locations and directions of the EMC
probe on the coordinate board. The magnetic flux densities were
measured at each point on the 11 x 11, 10-mm-spaced grid (a
total 121 points) in Fig 17(a). For each point, the EMC probe
was placed in the x-, y-, and z-directions as shown in Fig. 17(a).
The measured data in the x-, y-, and z-directions at 500 kHz
were converted to B,, B,, and B., respectively, based on the
manufacturer’s formula. Finally, the magnitude of the magnetic
flux density at each point can be calculated based on

B=,/B?+B?+B. 9)
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Fig. 17. Test setup to measure the magnetic field distribution of inductor
prototypes: (a) measurement setup and (b) DM current excitation added to an
inductor prototype.

The final magnetic flux densities of the CM inductor in
Fig. 11(a) and (b) are shown in Fig. 18(a) and (b), respectively.
It is shown in Fig. 18(a) and (b) that the proposed stacked CM
inductor reduces the emitted magnetic flux density by up to 2/3,
as predicted by the simulation.

D. Conducted EMI Measurement

In Fig. 19(a), the in-circuit performance of the CM inductors
in Fig. 11(a) and (b) was tested with the same forward converter
and load conditions as those in Fig. 12. The CM inductor proto-
types were also placed at the same position as those in Fig. 12.
The CM inductors in Fig. 11(a) and (b) were used as the CM
inductor of an L-type EMI filter between the dc source and the
converter. Line impedance stabilization networks and a noise
separator [23] are used to measure the conducted CM and DM
noise of the forward converter as shown in Fig. 19.

The EMI filter has both DM and CM capacitors as shown
in Fig. 19. The measured CM and DM noise spectra of the
forward converter with the two inductor prototypes are shown
in Fig. 20. As shown in Fig. 20(a), the proposed stacked CM
inductor can reduces CM noise by up to 6 dB because of the re-
duced near-magnetic-field coupling. As shown in Fig. 20(b), the
proposed stacked CM inductor greatly reduces DM noise (by up
to 40 dB) due to the reduced near magnetic-field-coupling and
the increased DM inductance. It should be noted that the spectra
in Fig. 20 agree with those in Fig. 14. This indicates that the
near-magnetic-field coupling contributes most of the measured
EMI noise. Under this condition, increasing the DM/CM capac-
itance or the DM/CM inductance in the original circuit will not
efficiently reduce EMI noise.
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Fig. 18. Measured magnetic field emitted by the inductors due to DM current

excitations for: (a) conventional CM inductor and (b) proposed stacked CM
inductor.
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As shown in Fig. 20, the CM noise is below the EMI standard
ENS55022, but the DM noise is above the standard. To attenuate
the DM noise, a DM capacitor was added between the dc source
and the CM inductor prototypes. With the proposed stacked
CM inductor, a 2.2-uF DM capacitor was enough to reduce
the total noise to below the standard as shown in Fig. 21. On
the other hand, with the conventional CM inductor, an 82-uF
DM capacitor was needed to reduce the total noise to below the
standard as shown in Fig. 22. The proposed staked CM inductor
can, therefore, reduce the size of the DM capacitor, as well as
the total volume of the EMI filter.

E. Discussion

As discussed previously, the proposed stacked CM inductor
demonstrates three advantages over the conventional CM in-
ductor as discussed previously. First, it has external magnetic
field immunity. In the experiments above, the induced DM noise
was reduced by up to 40 dB (a factor of 100) by replacing the
conventional CM inductor with the proposed stacked inductor.
Second, it has an increased DM inductance. In the experiments
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Fig. 20. Comparison of the measured EMI noise with the conventional CM
inductor and the proposed stacked CM inductor: (a) CM noise and (b) DM

noise.
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Fig. 21. Total noise of the forward converter with the proposed CM inductor
and an extra 2.2-uF DM capacitor.
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Fig. 22. Total noise of the forward converter with the conventional CM in-
ductor and an extra 82-uF DM capacitor.

Fig.23. Size comparison of a 2.2 and an 82-uF/100 V electrolytic capacitors.

above, the DM inductance was increased by 136% from that
of the conventional CM inductor. Furthermore, the stacked CM
inductor emits a much lower magnetic flux density than the
conventional CM inductor. In the experiments, the emitted near
magnetic flux density was reduced by 2/3.

On the other hand, the inductor volume and the winding resis-
tance are slightly increased. The cost of the CM inductor may
also be slightly increased. However, the total volume and the
total cost of the EMI filter components may be reduced because
a significantly smaller DM capacitor can be used with the pro-
posed stacked CM inductor. Fig. 23 shows the size comparison
of a 2.2 uF and an 82-uF DM electrolytic capacitor.
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The calculation shows that the volume of the CM inductor is
increased by 1 cm® due to two more layers of winding on the
proposed stacked CM inductor. However, the volume of the DM
capacitor is reduced by 2.26 cm?, so the total volume of the EMI
filter components is actually reduced by 1.26 cm?. Furthermore,
the footprint of the EMI filter is also reduced by 0.59 cm? with
the proposed stacked CM inductor due to the size reduction of
the DM capacitor.

As for the increased winding resistance, the calculated power
loss is increased by only 0.032 W, which is negligible for an
84-W converter. Therefore, the extra winding resistance will not
cause any problems except in very high-current applications.

Although the cost of the CM inductor is increased, the cost of
the DM capacitor is reduced, so the total cost would not change
much.

Based on the discussion aforesaid, replacing the conventional
single core CM inductor with the proposed stacked CM inductor
offers significant benefits.

IV. CONCLUSION

This paper proposes a novel stacked CM inductor with im-
proved electromagnetic performance. The stacked CM inductor
is composed of two CM inductors that have identical cores and
the same number of winding turns but with opposite winding
directions. The induced noise voltages due to near-magnetic-
field coupling within these two inductors cancel each other. The
proposed stacked CM inductor also has a higher DM inductance
than conventional CM inductors. The increased DM inductance
helps to reduce DM noise. Furthermore, the proposed stacked
CM inductor has a lower DM near-magnetic-field emission than
conventional CM inductors, so the proposed technique also re-
duces the near-magnetic-field interference due to the DM cur-
rents in CM inductors. Both simulation and experimental results
verify the advantages of the proposed stacked CM inductor over
conventional CM inductors.
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