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Investigation of Magnetic Field Immunity and Near
Magnetic Field Reduction for the Inductors in High
Power Density Design

Yanwen Lai *“, Shuo Wang

Abstract—This paper investigates the magnetic field immunity
and near magnetic field reduction for different inductor-winding
structures. A double-twisted winding structure, which includes two
magnetic cores, is proposed for common mode (CM) inductors.
The proposed CM inductor can achieve much lower near magnetic
field emission, much better magnetic field immunity against the
external magnetic field, and much bigger differential mode (DM)
impedance than conventional winding structures. The proposed
inductor structures are good for high power-density applications.
Theoretical analysis, magnetic three-dimensional simulations and
experiments were conducted to validate the developed theory and

technique, . .
Index Terms—Induced noise voltage, near magnetic field

emission, near magnetic field immunity, winding structure.

I. INTRODUCTION

LECTROMAGNETIC interference (EMI) has become an
E increasingly important issue in high power density power
electronics system design, especially with the employment of
wide bandgap (WBG) devices, which significantly increase
switching frequencies [21]. As one of the most widely used
components in power electronics devices, inductors play an im-
portant role in EMI emission and suppression. In high power
density power electronics systems, components are very close
to each other [18], which will give rise to EMI issues due to near
magnetic field couplings. The components in limited space will
cause interference to each other via near field couplings [6]. For
instance, when the current with high frequency and high ripples
flows through the resonant inductor of an LLC resonant con-
verter, the inductor can generate significant time-varying leak-
age magnetic field. The leakage magnetic field can couple to
other devices and filter components, inducing additional power
loss [22] and EMI noise. The filter inductors of photovoltaic
inverters using a WBG device can also generate significant near
magnetic field emissions due to the high-frequency and high-
magnitude noise current flowing through inductors. The emitted
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magnetic field can couple to other components in the systems
and compromise systems’ normal operation. Zhang et al. [14],
Zhang et al. [15], and Wang et al. [23] analyzed the near mag-
netic field emitted from conventional inductors. At the same
time, the magnetic inductors can easily pickup the stray near
magnetic field generated by other components or printed circuit
board (PCB) traces in the systems. The noise voltage will be in-
duced inside the inductors. When the inductors are used as EMI
filter components, the induced noise voltages greatly degrade
the inductor’s filtering performance. A stacking inductor struc-
ture was proposed to mitigate the near magnetic field emission
and achieve immunity against the external magnetic field inter-
ference in [3]. Some improved common mode (CM) inductor
structures had been developed to achieve a higher differential
mode (DM) impedance in [1]-[5] than conventional CM induc-
tor structures. Zhang and Wang [2], Chu et al. [3], Zhang et
al. [14], and Zhang et al. [15] focus on the near magnetic field
emission reduction for inductors, but did not analyze the induced
noise voltages in various inductor structures due to the external
magnetic field. The analysis and the reduction of the interference
due to the external magnetic field had been studied in [3] and [5].
Several literatures [8]—[12] investigated the parasitic couplings
within EMI filters. Wang et al. [10] explored the inductive and
capacitive couplings between components within EMI filters.
In [8], [9], and [11], the self and mutual coupling cancelation
techniques were introduced to significantly reduce the effects of
the self and mutual parasitics on the EMI filter performance.
Different from the abovementioned existing research, this
paper focuses on the investigation of the induced noise voltages
in CM and DM inductors due to the external magnetic field.
In Section II, the technique of analyzing the noise voltages
induced in the inductors with various winding structures within
the external magnetic field is developed. Conventional inductor
structures and several improved inductor structures are analyzed
and compared using the developed technique. In Section III,
experiments are carried out to verify the analysis in Section II.
In Section 1V, a novel CM inductor structure is proposed to
achieve the near magnetic field emission reduction, immunity
against the external magnetic field, and the DM inductance
augment. The basic principles of the near magnetic field immu-
nity for these inductors are disclosed in detail. Simulations are
carried out to validate the performance of the proposed inductor.
In Section V, inductor prototypes are developed and measured
to validate the theory and techniques developed in this paper.

See http://www.ieee.org/publications_standards/publications/rights/index.html for more intormation.
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Fig. 1. (a) Single-ended inductor at the origin of an xyz coordinate.
(b) Decomposing magnetic field to x-, y-, and z-components.
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Fig. 2. Induced voltages in a single-ended inductor’s winding within

(a) magnetic field in the x-direction, (b) magnetic field in the y-direction,
(c) magnetic field in the z-direction, and (d) structure of an inductor with a
single-ended winding.

II. INDUCED NOISE VOLTAGES IN THE EXTERNAL
MAGNETIC FIELD

A. Inductor With Single-Ended Windings

The single-ended winding structure is commonly used in
toroidal inductors. An inductor with single-ended winding struc-
ture is at the origin of an xyz coordinate in Fig. 1. An even and
time-varying magnetic field B(#) in an arbitrary direction can al-
ways be decomposed to components B, (t), B, (t), and B (t)
in x-, y-, and z-directions, respectively, as given in Fig. 1(b).
When an inductor is within B(f), the induced noise voltage
within the inductor windings can be analyzed separately for xyz
components based on the superposition theory.

It is assumed that the winding turns are evenly distributed
on the inductor core. Because the inductor cores have much
higher permeability, they will possess much lower reluctance
and magnetic motive force (MMF) than air, and when the mag-
netic flux penetrates the surface of the core, it is perpendicular
to the surface as shown in Fig. 2. Due to the low reluctance of
the core, the magnetic flux flows inside along the core as shown
in Fig. 2. In Fig. 2(a), for B (t) component, the induced noise
voltages V4, and Vg, within the two inductor winding halves
have the same magnitude, but reverse polarities in the winding,
so they cancel each other. As a result, the induced voltage is
V, = 0. For B, (t) in Fig. 2(b), the winding is separated into
four equal winding parts. The induced noise voltages V4, and
VB, in the winding parts A and B have the same magnitude, but
reverse polarities, so they cancel each other. The induced noise
voltages V¢, and Vp, in winding parts C and D have the same
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Fig. 3. Induced voltages in a conventional CM inductor’s windings within
(a) magnetic field in the x-direction, (b) magnetic field in the y-direction,
(c) magnetic field in the z-direction, and (d) structure of a conventional CM
inductor with balanced two windings.

magnitude, but reverse polarities, so they cancel each other too.
Because of this, the total induced voltage V, is zero. As shown
in Fig. 2(c), due to the round shape of the toroidal core, the
winding along the core forms an equivalent winding loop with
a radius approximately equal to the core’s mean radius. B ()
induces a nonzero noise voltage V. in this equivalent winding
loop as shown in Fig. 2(c). The induced voltage V. is given by

r, +7i\>dB, (t)
2 dt

where r, and r; are the outer and inner radii of the core,
respectively. In summary, for a conventional inductor with a
single-ended winding structure, if the winding turns are evenly
distributed along the core, the induced noise voltage is due to
the z-direction external magnetic field, and its magnitude is
proportional to the area of this equivalent winding loop.

This means that the toroidal inductors with larger radii tend to
have higher induced noise voltages and they are more sensitive
to the z-direction external magnetic field than those with smaller
radii. To reduce the induced noise voltage, the z-direction mag-
netic field should be avoided.

VZ = VAZ - VBz = 2VA2 = 7T( (1)

B. Conventional CM Inductor With Balanced Two Windings

A conventional CM inductor has a balanced two-winding
structure as shown in Fig. 3. Each winding of P and N occupies
half of the core, and all winding turns are evenly distributed
along the core. When two windings carry currents with the same
magnitude and direction, the magnetic flux generated by the
two windings is added inside the core. When the CM inductor is
within an even and time-varying magnetic field B(#), the induced
voltage can be analyzed for xyz components separately in Fig. 3.

In Fig. 3(a), there are induced voltages Vp, and Vy, in wind-
ings P and N for the x-component of the magnetic field B (t).
The induced CM voltage Vv, and DM voltage Vpyy, within
two windings are defined by (2). The CM and DM voltages are
defined based on the definition on line impedance stabilization
networks, which were used for EMI measurement. Because Vp .,
and Vv, have the same magnitude, but inverse polarities, the to-
tal induced Vcy, is 0 and the total induced DM voltage 2Vpm,
across the two windings is twice that of the induced voltage
in each winding as given by (3). For the B, (t) component in
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Fig. 4. Induced voltages in a balanced two-winding DM inductor within
(a) magnetic field in the x-direction, (b) magnetic field in the y-direction,
(c) magnetic field in the z-direction, and (d) structure of a balanced two-winding
DM inductor.

Fig. 3(b), the induced noise voltages Vp4, and Vpp, in the
two winding halves P4 and Pg, respectively, and the induced
noise voltages Vv 4, and Vv g, in two winding halves N4 and
Np, respectively, cancel out, so the induced noise voltages in
both windings are zero. For the B, (t) component in Fig. 3(c),
because the induced noise voltages Vp, and Vy . in the two
windings are a function of loop areas determined by the equiv-
alent winding paths in Fig. 3(c) and the returning paths (not
shown in the figure), the induced voltages depend on the ac-
tual PCB layout. The induced noise voltage includes both CM
Vem: and DM voltage Vpy. given by (4). The total induced DM
voltage across the two windings is 2Vpy, in (5)

Vers = % =0,Vpuys = % ()
2Vpmae = Vee — Ve = 2Vp, 3)
V z V z V z V z
Verw: = u, Vou. = 22— 4)
2 2
2Vpymz =Vp. — Vn:. (5)

The above-mentioned analysis indicates that the conventional
CM inductors are sensitive to both x- and z-direction external
magnetic fields. To reduce the induced voltages, the inductor
should be orientated, so the external magnetic field is from the
y-direction, and the two returning paths should be very close
to the two equivalent winding paths, so Veum, and Vpy, can be
minimized.

C. DM Inductor With Balanced Two Windings

A balanced two-winding DM inductor is shown in Fig. 4.
Different from the regular DM inductor in Section II-A, it has
two directly coupled windings and four terminals. It can provide
a high DM inductance due to the two coupled windings.

In Fig. 4(a), there will be induced voltages Vp, and Vi, in
windings P and N for the x-component of the magnetic field
B, (t). Because Vp, and Vi, have the same magnitude and
polarity, they are a CM voltage Vey, given by (6). The induced
DM voltage Vpm, is zero in (7). For the B, (t) component in
Fig. 4(b), the induced noise voltages Vp 4, and Vp g, in the two
winding halves P4 and Pg, respectively, and the induced noise
voltages Vi 4, and Vi p,, in the two winding halves N4 and Np,
respectively, cancel out, so the induced noise voltages in both
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Fig. 5. Induced voltages in an inductor with single twisted winding within
(a) magnetic field in the x-direction, (b) magnetic field in the y-direction,
(c) magnetic field in the z-direction, and (d) structure of an inductor with a
single twisted winding.

windings are zero. For the B, (t) component in Fig. 4(c), similar
to the single-ended inductor winding structure in Fig. 2(c), the
winding along the toroidal core has an equivalent winding loop
with a radius approximately equal to the core’s mean radius.
B (t) induces a nonzero noise voltage equal to twice that of
the induced DM voltage Vpy, in each winding in this equivalent
winding loop as given by (8). The induced CM voltage Vo is
zero in (9)

Verie = Vee + Vi) /2=Vpy = Vi, (6)
Vouyaz =0 @)
2
B B ro + 1\ dB.(t)
2Vpur. =Vp, — Vy. = 7T< 5 > 7 (8)
Veu:=0. 9

Based on the above-mentioned analysis, the DM inductors
with balanced windings are sensitive to both x- and z-direction
external magnetic field. To reduce the induced voltages, the
inductor should be orientated, so the external magnetic field is
from y-direction, and the radii of the core should be small, so
Vbwm: can be minimized.

D. Inductor With a Single Twisted Winding

The difference between the conventional single-ended
winding inductor and the inductor with a single-ended twisted
winding is that the winding of the inductor with a single twisted
winding is twisted at 90° and 270° positions as shown in
Fig. 5(d). As a result, the twisted winding has an equivalent
twisted winding loop as shown in Fig. 5(c).

For convenience, the winding is separated into four parts
in Fig. 5. Each part spans 90°. For the x-component of the
magnetic field B, (t) in Fig. 5(a), the induced voltages in the
four partial windings cancel out, so the total induced voltage is 0.
For the y-component magnetic B, (t) in Fig. 5(b), the induced
voltages in the four partial windings also cancel out, so the total
induced voltage is 0. For the z-component of the magnetic field
B (t) in Fig. 5(c), different from the single-ended winding
structure in Fig. 2(c), because the winding is twisted at 90° and
270° positions, the induced voltages in the four partial windings
cancel out, so the total induced voltage is zero.
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Fig.6. Induced voltages in a DM inductor with two balanced twisted windings
within (a) magnetic field in the x-direction, (b) magnetic field in the y-direction,
(c) magnetic field in the z-direction, and (d) structure of a DM inductor with
two balanced twisted windings.
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Fig.7. Induced voltages in a CM inductor with two balanced twisted windings
within (a) magnetic field in the x-direction, (b) magnetic field in the y-direction,
(c) magnetic field in the z-direction, and (d) structure of a CM inductor with
two balanced twisted windings.

Based on this, the DM inductors with a single twisted wind-
ing are immune to an even magnetic field. They have much
better immunity against the external even magnetic field than
the conventional DM inductor with a single-ended winding.

E. DM Inductor With Balanced Twisted Windings

The DM inductor with balanced twisted windings can also be
analyzed similarly in Fig. 6. The two balanced, directly coupled
windings on this inductor structure have a crossover at 90° and
270°, respectively, as shown in Fig. 6(d). The induced voltages
in the four winding parts are the same as those in Fig. 5 for
the x-, y-, and z-components. All the induced voltages in the
winding parts are canceled out for the x-, y-, and z-components
in Fig. 6, so the DM inductor with balanced twisted windings is
immune to the external even magnetic field.

Based on this analysis, the DM inductors with a balanced
twisted winding are immune to the external even magnetic field
and are much better than the conventional DM inductors with
balanced two windings.

F. CM Inductor With Balanced Twisted Windings

In Fig. 7, a CM inductor with balanced twisted windings is
within a time-varying even magnetic field. The induced voltages
in the x- and y-component magnetic field are 0 because the
induced voltages in the four winding parts are canceled out as
givenin Fig. 7(a) and (b). On the other hand, for the z-component
magnetic field, because the induced voltages depend on the
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TABLE I
MAGNETIC FIELD IMMUNITY OF VARIOUS INDUCTORS
Inductor winding X direction | Y direction | Z direction
structures
Slngle-ended winding Yes Yes No
inductor
Smgle twisted winding Yes Yes Yes
inductor
Balapced two-winding No Yes Depending on
CM inductor PCB layout
Balanced twisted two Depending on
. . Yes Yes
winding CM inductor PCB layout
Balanced two-winding
DM inductor No Yes No
Balanced twisted two
winding DM inductor Yes Yes Yes

returning paths of the CM currents, both DM voltage Vpy. and
CM voltage Vem. can be induced as given in (10) and (11),
respectively. The total induced voltage across the two windings
is 2VDMz

VAz + VBz + VCZ + VDz
2

2Von: = (Va: +Vpz) — (V. + Vo) .

Ve = (10)

(11)

Based on the analysis above, compared with conventional
CM inductors, after the windings are twisted, the inductors are
immune to the x- and y-direction magnetic field. The induced
voltage due to the z-direction magnetic field depends on the PCB
layout. To reduce this voltage, the two returning paths should
be very close to the two equivalent winding paths, respectively,
so Vem: and Vpy, can be minimized.

G. Summary

Table I summarizes the immunity performance of the induc-
tors against the external time-varying even magnetic field.

The table shows that twisting an inductor’s windings can
greatly improve the inductor’s immunity to the external
magnetic field. For DM inductors, the induced voltage can be
eliminated. For CM inductors, the inductor is immune to both
x- and y-direction magnetic field. For the magnetic field from
the z-direction, the two CM current-returning paths should be
very close to the two equivalent winding paths to minimize the
induced voltages.

III. EXPERIMENTAL VERIFICATION

The analysis of the induced noise voltages for different induc-
tor winding structures within the time-varying external magnetic
field in Section II will be validated with experiments.

In Fig. 8, six inductor prototypes are developed, which are
listed as follows:

a) the inductor with single-ended winding;

b) the inductor with single twisted winding;

¢) the CM inductor with balanced two windings;

d) the CM inductor with balanced twisted two windings;

e) the DM inductor with two balanced windings;

f) the DM inductor with two balanced twisted windings.
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Fig. 8. Inductor prototypes. (a) Inductor with a single-ended winding.
(b) Inductor with a single twisted winding. (c) CM inductor with balanced
two windings. (d) CM inductor with balanced twisted windings. (¢) DM induc-
tor with two balanced windings. (f) DM inductor with two balanced twisted
windings.

agnetic field source

Fig. 9.
voltage.

(a) Measurement setup. (b) Induced CM voltage. (c¢) Induced DM

The magnetic cores are powder cores with a relative per-
meability of 5000. The model number is 35T1000-00 H from
Laird-Signal Integrity Products. The inner and outer diameters
are 14.23 and 26.67 mm, respectively. The core heightis 11 mm.
The total number of winding turns is 24. This means, for single-
winding inductors, the winding has 24 turns and for two-winding
inductors, each winding has 12 turns. The inductance of induc-
tors with single winding is 2.67 mH. The CM inductance of CM
inductors with two windings is 637 ;/H and the DM inductance
of DM inductors with two windings is 2.67 mH. AWG #26 wire
is used for all inductors.

Fig. 9 shows the measurement setup for the induced CM and
DM noise voltages in six inductor prototypes. A dc—dc boost
converter with 30 V input voltage and 11.5 A input current is
used as the magnetic field source. The major magnetic field
is from the boost inductor. The magnetic field is uneven, so it
is expected that the induced voltages is reduced, but not fully
canceled with twisted windings. All inductors were measured at
30 mm from the boost inductor in Fig. 9. A Tektronix RSA306B
spectrum analyzer was used to measure both CM and DM noise
voltage spectra induced in the inductor windings. To measure
the induced CM voltage in a two-winding inductor, the two
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Fig. 11.  Induced voltage spectra for CM inductors. (a) CM. (b) DM.

inductor windings were paralleled and the voltage across the two
terminals of the paralleled windings was measured in Fig. 9(b).
To measure the induced DM voltage in a two-winding inductor,
the two inductor windings were in series on one side and the
voltage across the two terminals of the series windings on the
other side was measured in Fig. 9(c).

Fig. 10 shows the induced voltage in the single-ended twisted
winding is 20 dB lower than that in the conventional single-
ended winding at the switching frequency 40 kHz. Fig. 11(a)
and (b) shows the measurement results for the CM inductors.
The induced voltage in the balanced twisted winding is at least
20 dB lower than that in conventional CM inductors for both
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Fig. 12. Induced voltage spectra for two winding DM inductors. (a) CM.
(b) DM.

CM and DM. Fig. 12(a) and (b) shows the measurement re-
sults for the DM inductors with balanced two windings. The
induced voltage in the balanced twisted winding is 33 dB for
CM and 20 dB for DM lower than that in conventional DM in-
ductors with balanced two windings at the switching frequency.
These measurement results verified the analysis in Section II.
The winding-turn distribution along the core will influence the
cancelation. If the inductors have evenly distributed winding
turns, the cancelation results are the best. Evenly distributed
winding turns can be achieved easily with machines, but not by
hand. The winding turns in Fig. 8 were not perfectly even as the
windings were made by hand. As observed from Figs. 10-12,
the cancelation is still very effective. As analyzed in Section II,
to achieve a good cancelation, the number of turns of both wind-
ings should be the same. In that way, the induced voltages on
the two have the same magnitude.

IV. PROPOSED CM INDUCTOR STRUCTURE TO REDUCE THE
INDUCED VOLTAGE AND EMITTED NEAR MAGNETIC FIELD

In [2], it has been investigated that the inductors generate near
magnetic field, so they are also magnetic field noise sources.
Twisted windings have been proposed to reduce the emitted
near magnetic field. However, in many applications, the leakage
inductance of a CM inductor is used as the DM inductance to at-
tenuate the DM noise. When the two windings of a CM inductor
are twisted, the DM inductance will be greatly reduced because

A% (A
w2y )

(a) (b) (c)

Fig. 13.
flux.

(a) Proposed CM inductor. (b) CM magnetic flux. (¢) DM magnetic

the emitted near magnetic field, which contributes to the leakage
inductance of a CM inductor, will be partially canceled. Table II
shows the measured DM and CM inductance with a Keysight
impedance analyzer E4990A for all inductor prototypes in Sec-
tion IIL. It is shown that the twisted windings lead to a greatly
reduced DM inductance for CM inductors.

On the other hand, as analyzed in Section III, the twisted
windings can help reduce the induced noise voltages within
windings in the time-varying external magnetic field. It is there-
fore a good idea to investigate the immunity of inductors to ex-
ternal magnetic field, the reduction of the emitted near magnetic
field from the inductors and the increase of the DM inductance
of the CM inductors at the same time.

In this section, a new CM inductor structure is proposed to
achieve near magnetic field emission reduction, DM inductance
augment, and external magnetic field immunity. The proposed
inductor includes two cores in Fig. 13. A small toroidal core A is
within a big toroidal core B. The winding structure is shown in
Fig. 13(a). Each winding has one twist after a 90° span on each
core, so each winding has four winding parts. The CM inductor
conducts both CM and DM currents. The magnetic flux paths of
the CM current are shown in Fig. 13(b), and the magnetic flux
paths of DM current are shown in Fig. 13(c).

The CM fluxes generated by the CM current in the four wind-
ing parts on each core enhance inside the core in Fig. 13(b),
so a big CM inductance is achieved. The DM fluxes generated
by the DM current in the eight winding parts flow between the
two cores within the four loops via the air gaps in Fig. 13(c).
The leakage DM flux leaked to the air from the four flux loops
is small because the flux directions of the adjacent loops are
inverse, so they partially cancel out in the air. This reduces the
emitted near magnetic field. Although the leakage magnetic field
generated by DM currents was greatly canceled with twisted
windings in the proposed inductor, because the reluctance of
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Fig. 14.  FEA simulation. (a) 3-D model of the proposed inductor. (b) CM
magnetic flux vectors inside the core. (c) DM magnetic flux vectors inside
the core.
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Fig. 15. Magnetic circuit for the proposed CM inductor with the DM
current excitation (for the CM current excitation, )4 s and F'z s on the right are
reversed).

the four DM flux loops in Fig. 13(c) is much smaller than that of
the leakage DM flux loops in the conventional two-winding CM
inductors [2], a bigger DM inductance can be achieved. Again,
because most of the DM flux is confined within two cores, the
emitted near magnetic field is much lower than conventional
CM inductors.

To verify the abovementioned flux analysis, a three-
dimensional (3-D) finite element analysis (FEA) model was
built in Ansys Maxwell 3-D in Fig. 14(a). The orange and red
windings represent two windings, respectively. A 90 mA CM
current excitation and a2.1 A DM current excitation were added.
The magnetic flux vector distribution on the center xy plane of
the cores was shown in Fig. 14(b) for the CM current excitation
and in Fig. 14(c) for the DM current excitations.

In Fig. 14(b), the CM fluxes are confined in two cores with
reversed directions as expected in Fig. 13(b). In Fig. 14(c), the
DM fluxes also have the same pattern as expected in Fig. 13(c).
Fig. 15 shows the magnetic circuit of the proposed CM inductor
with DM current excitation. Because the winding structure is
symmetrical, the MMFs generated by the four winding parts on
core A are equal. The MMFs generated by the four winding
parts on core B are also equal. The magnetic circuit can be
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Fig. 16. Reduced magnetic circuit with (a) DM or (b) CM current excitation.

divided into four identical sections as divided by the dashed
lines in Fig. 15. The corresponding reluctances in each section
are equal. As a result, the magnetic fluxes flowing through the
corresponding reluctances are also equal. For the CM current
excitation, all F)ys and Fps in the two sections on the right
should be reversed.

In Fig. 15, F4 and Fp represent the MMF generated by the
winding parts on core A and core B, respectively. ¢4 and ¢p
represent the magnetic flux flowing through the core A and core
B, respectively. Reore oA and Reore p represent the reluctance of
the entire core A and core B. R, represents the reluctance of the
air, which spans 90° of the inner space of core A, and ¢;,, repre-
sents the flux flowing through it. R,;, represents the reluctance
of the air, which spans 90° of the outer space of core B, and ¢,;,
represents the magnetic flux flowing through it. ¢,;, represents
the near magnetic field emitted to the air. R, represents the
equivalent reluctance of the air gap between the two cores in a
90° span, and ¢, represents the flux flowing through it. Be-
cause of the symmetry of the proposed inductor, the magnetic
circuit in Fig. 15 can be further reduced to Fig. 16(a). Simi-
larly, the magnetic circuit for the CM current excitation can be
reduced to Fig. 16(b).

In Fig. 16(a), the following condition is always satisfied:

RcorcAa Rcoch < Rair, Rin . (12)
Based on Fig. 16(a), ¢,;,; can be derived as
F (Roap + ) — Fa B
Aair ~ Reoren o Reoren) o 1 (13)
(Reap + 6t 16 ) X 1 Rair
where
la
RcoreA = (14)
Hopa Ay
l
7?/coreB = —r (15)
HopB Ap
lga rg — Ry
Reuap = —P = (16)
s M()Agap N(]Agap
and
7 (rg +Ra) (Hp + Hy
Agap R ( ) ) . (17)

16
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In (14) and (15), [4 and [p represent the effective length of
core A and B, respectively; A4 and Ap represent the cross-
sectional area of cores A and B, respectively; and 4 and up
represent the relative permeability of cores A and B, respec-
tively. p1p is the vacuum’s permeability. In (16), rp represents
the inner radius of core B, and R4 represents the outer radius
of core A. [4,, represents the equivalent length of the air gap
between cores A and B, and it can be approximately equal to the
difference between rp and Ry. In (17), Hp and H 4 represent
the height of cores B and A, respectively. In (16), A, repre-
sents the equivalent cross-sectional area of a 90°-span air gap. It
is approximately equal to one-eighth of the cross-sectional area
of the whole air gap between the two cores because the aver-
age magnetic flux density flowing through the whole air gap is
used for ¢y, . The fringing effect is ignored since the difference
between Hp and H4, and g and R 4 is assumed to be small.

From (13), ¢.i: reduces to zero if the following condition is
met:

Fg  05IpyNp Ny R .
Fy o 05IpyNa  Na Ry + Reoren”

In (18), N4 and Np are the total numbers of turns of one
winding on cores A and B, respectively. In Fig. 16(a), ¢;, has
an inverse direction in the air to ¢,;,, so they can partially cancel
each other. It should also be noted that ¢;,, is considered to have
little contribution to the near magnetic field emission unless the
space close to the center of the inductor is concerned.

For the same reason as in Section II, the proposed inductor
with twisted windings on both cores in Fig. 13 is immune to
the x- and y-component external magnetic field. The induced
voltage due to the z-component external magnetic field can be
minimized by aligning the returning path with input and output
current paths in Fig. 13(a). This is because, with this returning
path layout, the induced voltages due to the z-component mag-
netic field in four winding parts cancel out. So, the proposed
CM inductor in Fig. 13 can achieve external magnetic field im-
munity, greatly reduced near magnetic field emission, and high
DM inductance.

For the magnetic circuit with the CM current excitation in
Fig. 16(b), ¢cara and ooy p are the magnetic flux in cores
A and B, respectively. The leakage flux in air and the mutual
flux between cores A and B due to the CM current excitation
are ignored as most of the magnetic flux is confined within the
two cores. The total CM inductance is therefore given by the
following equation:

Na?
l; =
oM 7?/corc A *

Np?
chrc B

19)

The magnetic fluxes due to the CM current I¢y in the two
cores are

2N ALy,
Depga = RAicA“ (20)
core
2N Iy
donrp = RBiCBM 1)
core
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TABLE III
INDUCTOR PARAMETERS
Inductor Core Outer Inner Height Turgs
structure diameter | diameter number Hr
Conventional B 26.67 mm 14.23 mm 11 mm 20 5000
P d A 16.00 mm 9.60 mm 6.3 mm Na=14 4300
ropose B 29.00mm [ 19.00mm [ 75mm | Ne=14 40

The magnetic flux densities due to the CM current Icy in the
two cores are

B

Beya = ZZA (22)
Dy,

Beyp = ZJZB (23)

The next step is to design the optimal magnetic flux densities
inside cores. In this paper, having the optimal magnetic flux
densities inside the two cores, the highest possible magnetic
flux density, which is equal to the sum of the flux densities
due to DM and CM currents, within the two cores should be
larger than half of but smaller than 0.8 times of the saturation
flux density of each core at the highest operation temperature.
In Fig. 16(a), ignoring the leakage magnetic flux, the magnetic
flux due to the DM current Ipy is equal in the two cores

0.5N4Ipy + 0.5NpIpy

404 = 4Pp = . (24)
Rgap + %RcoreA + %RcoreB
The DM inductance Lpy i
4x05(Ng+ Np)Py
Lpy = 7
DM
5N 5Np)?

(0.5N4 + 0.5Np) 25)

= 1 1 ‘
Rgap + ﬁRcoreA + ﬁRcoreB

The magnetic flux densities due to the DM current Ipy in two
cores are

D
Bpya = ﬁ (26)
24 27)

Bpup = i

If the saturation flux densities at the highest operation tem-
perature of cores A and B are Bgsy4 and Bgy g, respectively, to
meet the optimal magnetic flux density design, the following
equations should be satisfied:

0.5Bsat 4 < Bpya + Beya < 0.8Bsat 4 (28)

0.5Bsat B < Bpyup + Boup < 0.8Bsat B - (29)

Equations (18), (19), (28), and (29) can be used to design the
proposed CM inductor to achieve the minimized near magnetic
field emission due to DM currents, the desired CM inductance,
and the optimal magnetic flux densities within the two cores
with both DM and CM current excitations. Equation (25) can
be used to estimate the DM inductance of the proposed CM
inductor.

Table III shows the designed parameters for a conventional
CM inductor and the proposed CM inductor based on these
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(b)

Fig. 17.  Inductor prototypes. (a) Conventional. (b) Proposed.

equations for Ipy, =2.1A and Icy = 90mA. Bsy, =
Bsa, = 0.2T at 100 °C. All the inductors were designed to
have identical CM inductance Lcy = 557 pH.

Fig. 17 shows the inductor prototypes. Due to the availability
of magnetic cores, the outer core B of the proposed inductor has
a larger diameter than the core of the conventional CM inductor.
However, the core of the conventional inductor has a bigger
height than those of the proposed CM inductor. The winding
wire size is AWG #22.

V. EXPERIMENTAL VERIFICATION

A. Induced Noise Voltage Measurement

The induced DM and CM voltages in the CM inductor pro-
totypes developed in Table III and Fig. 17 were tested with the
same setup as in Fig. 9.

The measured results are shown in Fig. 18. The proposed
CM inductor can reduce the induced CM noise voltage by more
than up to 27 dB, a factor of 22 times at low frequencies and
reduce the induced DM noise voltage by more than up to 55 dB,
a factor of 560 times, within a wide frequency range than the
conventional CM inductor.

B. Near Magnetic Field Measurement

The emitted near magnetic field was measured with a signal
generator RIGOL DG4062, a Beehive Electronics 100 C EMC
probe, an Amplifier Research Model 25A250A amplifier, and a
Rohde & Schwarz FSH4 spectrum analyzer. A 200 kHz, 1.4 A
sinusoidal current was applied to the inductors. The measure-
ment setup is shown in Fig. 19. A 20 cm x 20 cm coordinate
board with a 7 x 7 grid is 25 mm above the inductors.

The Beehive EMC probe was used to measure the magnetic
flux density B, in the x-direction, B, in the y-direction, and
B. in the z-direction at each point on the grid. The measured
data were exported from the spectrum analyzer to a PC to cal-
culate the composite magnetic flux density B according to the
following equation:

B=\/B2+B2+B:.

The measurement results are shown in Fig. 20. As the compar-
ison shown in the figure, the proposed CM inductor can greatly
reduce the near magnetic field emission by more than 80%.

(30)
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Fig. 18. Comparison of the induced voltage spectra of CM inductors. (a) CM

noise. (b) DM noise.

Fig. 19.

Near magnetic field measurement setup.

The experimental results verified the analysis in the previous
sections.

C. Impedance Measurement

The impedance of the inductors was measured with a Keysight
impedance analyzer E4990A. The measurement results are
given in Fig. 21. It is given in Fig. 21(a) that the two CM
inductors have the almost the same CM impedance with a CM
inductance Lcy = 557 H at low frequencies.

In Fig. 21(b), the proposed CM inductor has a DM induc-
tance of 8.9 ©H, which is much higher than the DM inductance
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Fig. 20. Comparison of the measured near magnetic field emission of a

conventional inductor and a proposed inductor in x-, y-, and z-directions.
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Fig.21. Comparison of the measured impedance. (a) CM impedance. (b) DM
impedance.

of 4.1 pH from the conventional CM inductor. This validated
that the proposed CM inductor can greatly increase the DM
inductance.

D. In-Circuit EMI Measurement

The two inductors were used as the inductor of an input 7-
type EMI filter of a dc/dc boost converter. Two CM capacitors
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Fig. 22.  EMI measurement setup with inductors used as filter inductors in a

boost converter.
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Fig. 23. Comparison of the measured EMI with inductors used as filter

inductors in a boost converter. (a) DM noise. (b) CM noise.

C, have the capacitance of 680 pF; and the DM capacitor Cpy is
0.47 pF. The input current of the converter is 2 A. It is expected
that the proposed inductor can help the EMI filter to achieve
a better performance than the conventional inductor because
it is immune to the external magnetic field generated by the
other components in the converter and it does not emit the near
magnetic field to contaminate other filter components. Fig. 22
shows the measurement setup.

The comparison of the measured DM and CM noise is shown
in Fig. 23.

In Fig. 23, green curves are the noise without EMI filters. Red
curves are the EMI using the EMI filter with the conventional
CM inductor. Blue curves are the EMI using the EMI filter
with the proposed CM inductor. It is shown that compared with
the conventional CM inductor, the proposed CM inductor can
further reduce the DM noise by up to 15 dB from 150 kHz to
2 MHz, and the CM noise by up to 12 dB from 150 kHz to
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15 MHz. This further validated the proposed technique. It is
expected that the actual EMI reduction performance with the
proposed CM inductor depends on the distribution of the near
magnetic field in the converter, the component layout and the
magnitude of the conductive EMI.

It should be pointed out that, although the proposed CM
inductor uses longer winding wires and one more core, the
EMI filter with the conventional CM inductor needs more filter
components such as inductors or capacitors, to achieve the same
performance as the filter with the proposed inductor. As a result,
the footprint, power loss, and the cost of the filter with the
conventional inductor may be higher than that with the proposed
inductor. Due to the limited space of this paper, it cannot be given
in detail. The measured actual temperature rising difference
between the proposed CM inductor and the conventional CM
inductor is less than 2 °C.

It should also be pointed out that the proposed CM inductor
structure can be easily implemented using the two individual
concentric inductors with their winding terminals soldered to a
PCB. The two inductors do not need to be directly connected
using winding wires. They can be connected using PCB traces.

VI. CONCLUSION

In this paper, the induced noise voltages in different induc-
tor winding structures due to external near magnetic field are
investigated. The mechanism of the noise voltage induction in
different inductor winding structures is analyzed and the equiva-
lent circuits are developed. Experiments are carried out to verify
the developed theory. A CM inductor structure is proposed to
achieve a minimized near magnetic field emission, a high immu-
nity against the external magnetic field, and a greatly increased
DM inductance. Furthermore, the technique to design an optimal
magnetic flux density inside cores of the proposed inductors is
developed. The prototypes are built and experiments are carried
out to validate the developed technique.
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