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Near Magnetic Field Assessment and Reduction for
Magnetic Inductors With Magnetic Moment Analysis

Huan Zhang and Shuo Wang , Fellow, IEEE

Abstract—This article develops magnetic dipole moment models
based on Maxwell’s equations for inductor’s near magnetic field
evaluation and reduction in power electronics systems. In the
developed model, the near magnetic field source of an inductor
is composed of the magnetic dipole moments from the winding and
the air gaps. The superposition of the magnetic dipole moments
determines the near magnetic field. The developed model can be
easily applied to inductors with different winding and air gap
configurations, such as those with lumped or distributed air gaps,
for near magnetic field assessment and reduction. Simulations and
experiments are conducted to validate the developed theory.

Index Terms—Dipole, electromagnetic interference, inductors,
magnetic moments, near magnetic field, transformers.

NOMENCLATURE

J Current density vector [A/m2].
M Magnetization vector [A/m].
B Magnetic flux density vector [T].
H Magnetic field intensity vector [A/m].
Jb Bound current density [A/m2].
HJdip Dipole component of HJ [A/m].
HMdip Dipole component of HM [A/m].
AJ Magnetic vector potential generated by

J [V · s/m].
AJdip Dipole component of AJ [V · s/m].
ϕM Magnetic scalar potential generated by M [A].
ϕMdip Dipole component of ϕM [A].
mJ Dipole moment generated by J [A ·m2].
mM Dipole moment generated by M [A ·m2].

I. INTRODUCTION

E LECTROMAGNETIC interference (EMI) has become a
big concern in high switching frequency and high power

density power electronics design [1]–[5]. In high power density
design, the EMI caused by near field couplings is a headache
issue [3], [18], [19]. One of the near-field sources is magnetic
inductors. Inductors especially those carrying high ripple current
generate not only the time-varying magnetic field inside the
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magnetic cores but also the time-varying leakage magnetic field
in the space. The leakage magnetic field can couple to other
noise-sensitive components or circuits and compromise their
functionalities. For example, the inductor of a boost power factor
correction converter [18], [19], [24] or the resonant inductor of
an LLC resonant converter [20] carries a high ripple current,
so the leakage near the magnetic field from these inductors
can compromise the performance of EMI filters or control
circuits nearby. In high power density design, because of the
small distance between components, EMI issues due to near
field coupling are especially important. The mutual couplings
between components within an EMI filter have been analyzed
in considerable works [2], [6], [10]–[17]. An EMI filter with
a good component layout has been proved to have good per-
formance [2], [6], [14]–[17]. The analysis and reduction of the
near magnetic field from toroidal inductors were presented in
[3], [19], and [25]. The near magnetic field analysis is usually
based on magnetic flux and reluctance. A stacked common-mode
(CM) inductor structure is proposed in [3] to reduce the leakage
near magnetic field due to DM currents and achieve the immu-
nity to external magnetic field. Twisted winding structures are
investigated in [19], [24], [25] to reduce near magnetic field
generated from inductors. This article will develop magnetic
dipole moment [19], [20] theory for inductors. The developed
theory will be applied to the analysis and reduction of near
magnetic field of U-core inductors with PCB windings, which
are widely used in high power density design. The effectiveness
of the developed theory and technique in this article has been
validated in industry products.

In power electronics applications, for the inductor cores using
high permeability magnetic materials, such as ferrite, air gaps
are introduced to store energy and avoid saturation. Sometimes,
an air gap is practically unavoidable because there is always
a tiny gap between the two magnetic core parts. For example,
there are always tiny air gaps between the two magnetic parts of
EE, EI, UI, and UU cores. It will be analyzed and shown in this
article that, without a careful design, these inductors can lead to
significant near magnetic fields due to these air gaps.

The calculation of leakage magnetic field distribution for an
inductor with a magnetic core can be very complicated. The
boundary conditions for solving Maxwell’s equations are closely
related to the geometry of the core. In most cases, the calculation
cannot be simplified pleasingly using the transformation of
coordinate systems. Therefore, an approximation model needs
to be developed to simplify the calculation. Zhang et al. [20],
[21] use magnetic equivalent circuits to investigate the near
magnetic field emission of inductors with different winding
and air gap configurations. These works successfully developed

0885-8993 © 2021 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See https://www.ieee.org/publications/rights/index.html for more information.

https://orcid.org/0000-0001-7933-3470
https://orcid.org/0000-0002-1827-4355
mailto:huanz@ufl.edu
mailto:shuowang@ieee.org
https://doi.org/10.1109/TPEL.2021.3105643


1642 IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 37, NO. 2, FEBRUARY 2022

several inductor structures with reduced near magnetic field
emission. However, as a classical inductor analysis and design
technique, the magnetic equivalent circuit has its limitations
when used for leakage magnetic field analysis. One difficulty
is to determine the number and locations of the magnetic circuit
branches used for modeling the leakage flux loops. In theory,
these circuit branches should start and end at the magnetic cores
whose reluctance are much smaller than those of the air gaps.
As the number of air gaps and windings increases, the model
becomes very complicated and so does the analysis. Also, for
each magnetic circuit branch, it is impossible to determine the
equivalent magnetic reluctance due to the uncertainty of the
leakage flux propagation paths in the space. As a result, although
the technique can provide some insights on the generation of
leakage flux from simple inductor structures, it lacks the ability
for an in-depth assessment and design, especially for those com-
plicated inductor structures with multiple windings and multiple
or distributed air gaps.

To overcome these limitations, this article proposes a theory to
evaluate and reduce the near magnetic field of inductors based on
magnetic moments. Employing dipole models for field analysis
has been widely used [27]–[31] for printed circuit boards and
other electronic devices. However, most existing works did not
investigate the effect of magnetic materials, and the dipole
models are derived based on measurement. For example, an
equivalent set of elemental dipoles are derived based on data
scanning in [28]–[31]. How to directly derive the model, simplify
the analysis, and have a deep understanding of the field when
magnetic materials are presented have been seldom talked about.
In this article, both windings and air gaps are modeled as
magnetic moments for near magnetic field analysis. In a nonop-
timized inductor design, the magnetic moments mostly have the
same direction that results in a strong leakage near the magnetic
field; with the developed theory, the inductor design can be
optimized so the magnetic moments can cancel each other, which
leads to a greatly reduced the near magnetic field. The basic
principle of the proposed theory is introduced in Section II.
In Section III, some inductor winding and air gap structures
are analyzed using the proposed theory and validated with
finite element simulations. In Section IV, inductor prototypes
are developed using UU cores to experimentally validate the
proposed theory.

II. MAGNETIC MOMENT THEORY FOR INDUCTORS

A. Magnetic Field of an Inductor

In power electronics applications, the wavelength λ of the
electromagnetic wave in the concerned EMI frequency range
(for example, < 30MHz) in the free space is much larger than
the dimensions of the inductors. In the space significantly closer
than λ/2π to the inductor, stationary field theory can be applied to
analyze the near magnetic field without sacrificing the accuracy.
In stationary field theory, for a magnetic inductor in Fig. 1, if μ0

is the permeability of free space, when inductor winding carries
a free current I with current density J, the magnetic field intensity
H, the magnetic flux density B, the bound current density Jb,
and the magnetization M always meet

∇×H = J (1)

∇×M = Jb (2)

Fig. 1. Magnetic inductor with N-turn winding carrying current I.

Fig. 2. Magnetic vector potential of a winding carrying current I.

∇× (H+M) = J+ Jb (3)

B = μ0(H+M) (4)

∇ ·B = 0 (5)

∇ · Jb = 0 (6)

∇ · J = 0. (7)

Based on electromagnetic theory, Jb is on the surface of the
core; M is not zero inside the core but zero outside the core. The
magnetization M is assumed to be uniform in the analysis.

Due to the linearity of Maxwell’s equations, at any time, the
magnetic field of an inductor is generated by two sources: the
current density J of the windings and the bound current density
Jb. Although Jb is a function of J, in magnetostatics, both are
nearly constant during a short time interval and it is possible to
treat them as independent. This enables us to analyze the fields
generated by the two sources independently.

B. Magnetic Dipole Moment Generated by J in Windings

If an N-turn winding carries current I with current density J,
at the point P in the free space, based on electromagnetic theory,
the magnetic flux density B generated by I can be calculated
from magnetic vector potential AJ and it meets

∇×AJ = μ0H. (8)

In Fig. 2, the N-turn winding carrying current I is simplified
as a one-turn flat winding carrying current NI. Based on the Biot
Savart Law, since the total MMFs of one equivalent turn and
the N-turn winding are equal, when r >> rw, the magnetic field
generated by the one turn and N-turn windings are equal. The
origin O is located within the winding. r is the position vector
pointing from the origin O to the concerned point P. dl is the
infinitesimal displacement vector of the winding. rw is a vector
pointing from the origin O to dl. θw is the angle between r and
rw. With (1), (8), and Fig. 2, AJ can be solved and expressed
in (9) in terms of Legendre polynomials Pn(cosθw) if r >> rw
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Fig. 3. (a) A UU core inductor with an air gap. (b) Magnetic surface
charge ρM.

[22]

AJ (r) =
μ0NI

4π

∞∑
n=0

1

rn+1

∮
(rw)

nPn(cos θw)dl (9)

where the integration is a line integral along the winding turn.
The condition r >> rw does not invalidate the near field as-
sumption as long as r is much smaller than the wavelength of
the concerned frequencies.

Equation (9) can be expanded to the following:

AJ (r) =
μ0NI

4π

[
1

r

∮
dl+

1

r2

∮
rw cos θwdl

+
1

r3

∮
(rw)

2

(
3

2
cos2θw − 1

2

)
dl+ . . .

]
. (10)

In (10), the 1st term (monopole term) is zero. The 2nd term
(dipole term) is dominant and a magnetic dipole moment mJ

can be defined in (11), then (10) can be reduced to (12)

mJ = NI

∫
da = NIAW â (11)

AJdip(r) =
μ0NI

4πr2

∮
rw cos θwdl =

μ0

4π

mJ × r̂

r2
. (12)

In (11) and (12), a is the vector area of the current loop with
the direction assigned by the right-hand rule. It is equal to AW â,
where AW is winding loop area and â is the unit vector of a. r̂ is
the unit vector of r, and AJdip(r) is the magnetic vector potential
AJ in terms of the dipole term.

C. Magnetic Dipole Moment Due to Jb

The UU core inductor in Fig. 3(a) has an N-turn winding
carrying total current NI on the left leg and an air gap on the
right leg. Hc and Ha are the magnetic field intensity in the core
and air gap, respectively.

The magnetic flux density generated by surface bound current
Jb can be analyzed with the help of the magnetic scale potential.
Inside and outside of the core, Jb is zero, based on (2), M can
be expressed as the negative gradient of a scalar ϕM because
�×(-�ϕM) = 0

M = −∇ϕM . (13)

From (4), (5), and (13)

∇2ϕM = ∇ ·H = −∇ ·M = δM . (14)

δM is magnetic charge density and (14) is Poisson’s equation
in the magnetostatic field. It is the same as Poisson’s equa-
tion in the electrostatic field when the charge density δM is
given. Therefore, the magnetostatic problem is mathematically
equivalent to an electrostatic problem.

Because M is zero outside of the core and is assumed to be
uniform inside the core, from (14), except at the surfaces of the
air gap, δM is zero inside and outside the core. In Fig. 3(b), at
the upper surface of the air gap, the effective magnetic surface
charge density is ρM. Applying the Gauss Law to a Gaussian
pillbox with an upper and lower surface area ΔS and a volume
V straddling on the upper surface of the air gap, (15) can be
derived

n · (Ha −Hc)ΔS = ρMΔS +
1

2
(δMc + δMa)V. (15)

In (15), n is the positive unit vector normal to the upper
surface. The magnetic charge densities δMc and δMa inside the
core and inside the air gap are zero, so

ρM = n · (Ha −Hc) (16)

Equation (16) indicates that ρM is determined by the
difference of magnetic field intensity Ha and Hc in the normal
direction of the surface. Based on (16) and Fig. 3, because H
flows from the upper surface to the lower surface, and Ha is
much larger than Hc in magnitude, the magnetic surface charge
density is positive ρM

+ for upper surface but negative ρM
– for

the lower surface as n is in the same direction as Ha −Hc

on the upper surface but in the opposite direction to Ha −Hc

on the lower surface. While the magnitude of H normal to all
other surfaces of the core is much smaller than that in the air
gap, so based on (16), the magnetic surface charge density on
other surfaces is ignorable.

Since the magnitude of Ha is much larger than Hc in the air
gap region, the effective magnetic surface charge density ρM

+

and ρM
– can be calculated from (17) based on Ampere’s law

ρ±M ≈ (n±) ·Ha ≈ ±NI/lg (17)

where n± represent the unit norm vector for upper or lower
surfaces of the air gap as in Fig. 3(a); lg is the air gap length.

If the origin of the coordinate is located in the center of the
air gap, and the concerned point P is located in the free space
outside of the core. ra is a vector pointing from the origin O to
an infinitesimal area dac on either surface of the air gap.

With the boundary condition in (17), (14) can be solved as

ϕM (r) =
1

4π

∫
ρM (ra)

1

r− ra
dac (18)

where ϕM(r) is the ϕM at point P due to ρM
±. ρM(ra) includes

both ρM
+ on the upper surface and ρM

− on the lower surface.
The integrand can also be expanded in terms of Legendre
polynomials

ϕM (r) =
1

4π

[
1

r

∫
ρM (ra)dac+

1

r2

∫
ra cos θaρM (ra)dac

+
1

r3

∫
(ra)

2

(
3

2
cos2θa − 1

2

)
ρM (ra)dac+ . . .

]
.

(19)
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Fig. 4. ϕM due to equivalent magnetic surface charge on the upper and lower
surfaces of the air gap.

The 1st (monopole) term is zero for this case since the total
magnetic charge on the two surfaces of the air gap is always
zero as shown in (17). Since r >> ra, the 2nd (dipole) term
dominates and a magnetic dipole moment mM can be defined
in (20) so (19) can be reduced to (21)

mM =

∫
raρM (ra)dac (20)

ϕMdip(r) =
1

4πr2

∫
ra cos θaρM (ra)dac =

1

4πr2
r̂ ·mM

(21)

where ϕMdip(r) is the magnetic scalar potential ϕM in terms of
the dipole term.

If there is only one air gap, from Fig. 4, (17) and (20)

mM = NIAC d̂ (22)

where AC is the equivalent cross-sectional area of the air gap.
Due to the fringing effects, it could be a little bit larger than the
core cross-sectional area. d̂ is a unit vector with the direction
assigned by the polarities of the magnetic surface charges at the
air gap (pointing from negative charge to positive charge).

If there are k air gaps in Fig. 3, there are k dipole moments
mMi, so the integration in (20) becomes

mM =
k∑

i=1

mMi = |ρM |AC

k∑
i=1

(rai+ − rai−)

=
NIAC∑k
i=1 lgi

k∑
i=1

(rai+ − rai−) (23)

where rai+ and rai- are position vectors of the positive and
negative magnetic surface charges of the ith air gap, which
are pointing from the origin to the centers of the positive and
negative charged surfaces, respectively. | rai+–rai- | is equal to
the length lgi of the ith air gap. The total magnitude of all dipole
moments formed by the air gaps is always NIAC , which is
close to but smaller thanNIAW because usually AW > AC. The
magnitude of the dipole moments for each air gap is proportional
to the length of that air gap.

Fig. 5. (a) Winding and (b) air gap in a spherical coordinate.

Fig. 6. Near magnetic field due to the winding and air gap.

D. Magnetic Field Generated by the Windings and Air Gaps

In a spherical coordinate in Fig. 5(a), (12) is rewritten as

AJdip(r, θ) =
μ0m sin θ

4πr2
φ̂. (24)

Substituting (24) into (8), the magnetic field HJdip(r, θ) can
be calculated as

HJdip(r, θ) =
m

4πr3

(
2 cos θr̂+ sin θθ̂

)

=
NIAW

4πr3

(
2 cos θr̂+ sin θθ̂

)
. (25)

Similarly, in Fig. 5(b), (21) can be rewritten as

ϕMdip(r, θ) =
m cos θ

4πr2
. (26)

Substituting (26) into (14) and the magnetic field HMdip(r,θ)
can be calculated

HMdip(r, θ) =
m

4πr3

(
2 cos θr̂+ sin θθ̂

)

=
NIAC

4πr3

(
2 cos θr̂+ sin θθ̂

)
. (27)

From (25) and (27), the magnetic fields can be generated by
different sources. The magnetic field at point P generated by
the winding and air gap is superposed in the space in Fig. 6.
The distance between the winding and the air gap is d, and the
distance between the center O of d and P is r. It is assumed
that r>>d, and the angle between r and d is α, then the distance
between the winding and P is around r-0.5dcosα and the distance
between the air gap and P is around r+0.5dcosα. If the average
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Fig. 7. Near magnetic field when the winding and air gap are on the same leg.

of AW and AC is A, AW = A+ΔA and AC = A−ΔA, where
ΔA is the difference between A and AW or AC. The superposed
magnetic field H(r,θ) is approximately equal to

H(r, θ) = HJdip(r, θ) +HMdip(r, θ)

≈ NI

4π

(
2 cos θr̂+ sin θθ̂

)

×
[

A+ΔA

(r − 0.5d cosα)3
+

A−ΔA

(r + 0.5d cosα)3

]

≈ NI

4π

(
2 cos θr̂+ sin θθ̂

)(
2A

r3

)
. (28)

(28) shows that because mJ and mM have the same direction,
the superposed magnetic field is around twice the individual
magnetic field generated by the winding or air gap respectively.
This indicates that the inductor structure in Fig. 3 has a high near
a magnetic field. The magnitude of the magnetic field decreases
at−60 dB/dec as r increases. Here, the decade is for the distance,
not frequencies.

If the air gap and the winding are on the same leg as in
Fig. 7, based on (16), the magnetic surface charge density is
positiveρM+ for the lower surface but negativeρM– for the upper
surface as n is in the same direction as H on the lower surface
but opposite direction to H on the upper surface. The magnetic
moments mJ and mM have reverse directions. Therefore

H(r, θ) = HJdip(r, θ) +HMdip(r, θ)

≈ NI

4π

(
2 cos θr̂+ sin θθ̂

)

×
[

A+ΔA

(r − 0.5d cosα)3
− A−ΔA

(r + 0.5d cosα)3

]

≈ NI

4π

(
2 cos θr̂+ sin θθ̂

)[
2ΔA

r3
+

3Ad cosα

r4

]
.

(29)

(29) shows that because mJ and mM have reverse directions,
most of the magnetic fields from the winding and air gap are
canceled. The remaining magnetic field is contributed from the
area difference ΔA and distance between the winding and the
air gap. If the centers of the winding and the air gap overlap, d =

Fig. 8. Inductor structure with good near magnetic field cancellation.

0. The remaining magnetic field will be solely contributed from
ΔA and its magnitude decreases at −60 dB/dec as r increases.
Based on the analysis above, the inductor in Fig. 7 has a much
smaller near magnetic field than that in Fig. 3.

Because ΔA always exists between the winding and air gap
in Fig. 7, the magnetic field generated by the winding and the air
gap cannot be fully canceled. The inductor structure is proposed
in Fig. 8 to further cancel the magnetic field. In Fig. 8, the
winding is split into two winding halves on the two legs. At
the same time, the air gap is also split into two halves on the two
legs. The magnetic field (or mJ) generated by the two winding
halves, which are supposed to have an identical area, can cancel
each other. Similarly, the magnetic field (or mM) generated by
the two air gaps, which are supposed to have an identical area,
can cancel each other. The remaining magnetic fields from the
two winding halves and the two air gaps can further cancel each
other and the final magnetic field is given by (30). In (30), AW and
AC are the average areas of two winding halves and two air gap
cross-sectional area respectively; ΔAW is half of the winding
loop area difference of two winding halves; ΔAC is half of the
difference of two air gap cross-sectional areas; ΔAWC is the
difference of the average areas of two air gap cross-sections and
two winding halves.

H(r, θ) = HJdip(r, θ) +HMdip(r, θ)

≈ NI

8π

(
2 cos θr̂+ sin θθ̂

)

×
[
2

r3
(ΔAW −ΔAC) +

3d cosα

r4
(AW −AC)

]

=
NI

8π

(
2 cos θr̂+ sin θθ̂

)

×
[
2

r3
(ΔAW −ΔAC) +

3dΔAWC cosα

r4

]
. (30)

In (30), ΔAC and ΔAW are usually zero, so the magnetic
field will be determined by ΔAWC and reduces at −80 dB/dec.
Compared with (29), the magnitude of the magnetic field is fur-
ther greatly reduced. If ΔAWC is small enough, the quadrupole
terms in (10) and (19) will become obvious and they reduce at
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Fig. 9. Inductor structure with a distributed air gap (low permeability) core.

−80 dB/dec too. So the near magnetic field will still reduce at
−80 dB/dec.

For an inductor with distributed air gaps (with low permeabil-
ity) in Fig. 9, the distributed magnetic moments mM will have
an inverse direction from the H field inside the core. The total
distributed magnetic moments on each side of the core can be
lumped based on (23) as in Fig. 9. In Fig. 9, the lumped magnetic
moments on the top and bottom sides have the same magnitude
but reverse directions, so they can greatly cancel each other.
Similarly, the lumped magnetic moments on the left and right
sides can greatly cancel each other too. The remaining magnetic
field is due to the distance of the magnetic moments in each pair.
The mJ is therefore not canceled and contributes to most of the
magnetic field in space. The magnetic field is calculated in (31)
and it decreases at −60 dB/dec as r increases

H(r, θ) = HJdip(r, θ) +
∑

HMdip(r, θ)

≈ NI

4π

(
2 cos θr̂+ sin θθ̂

)(
AW

r3

)
. (31)

From (28) and (31), the magnetic field of this structure will
be around 6 dB lower than the structure in (28) and Fig. 3.

Similar to the structure in Fig. 8, the magnetic field in Fig. 9
can be greatly reduced by moving half winding to the right leg.

The magnetic moments of cores and air gaps represent the
contributions of cores and air gaps to the near magnetic field.
The analysis does not include the effect of the local core’s low
reluctance on the magnetic field in the region very close to the
cores, but in the region r >> rd, the analysis and conclusions
still hold.

E. Summary

1) Both windings and air gaps generate magnetic fields in
space. Both of them can be modeled as magnetic dipole
moments: mJ = NIAW and mM = NIAC.

2) The direction of the winding magnetic dipole moment is
the same as that of the magnetic field generated by itself,
and the direction of the air-gap magnetic dipole moment is
reverse to the direction of the magnetic field in the center of
that air gap. The dipole moments with the same direction
enhance the magnetic field and the dipole moments with
reverse directions cancel the magnetic field.

3) The smaller the distance between the two reversely can-
celed magnetic moments is, and the smaller the cross-
sectional area difference between two reversely canceled
magnetic moments is, the better the cancellation is.

4) The magnitude of the magnetic field in the space generated
by the winding or the air gap reduces at −60 dB/dec as
the distance between the magnetic dipole moments and
the concerned point in the space increases.

5) If the winding and the air gap are on the two side legs, their
dipole moments have the same direction so the magnetic
fields are added up and doubled. It reduces at −60 dB/dec
as the distance between the core and the concerned point
in the space increases.

6) If the winding and the air gap are on the same leg, their
dipole moments have reverse directions so the magnetic
field is greatly canceled and the remaining magnetic field
is due to the difference of the cross-sectional areas between
the winding and the air gap. The magnetic field reduces
at −60 dB/dec as the distance between the core and the
concerned point in the space increases.

7) If half of the winding and half of the air gap are located
on the left leg and the other halves of the winding and
air gap are located on the right leg, the magnetic dipole
moments of two air gaps have reverse directions, so do
the two winding halves. The winding magnetic moments
on the two legs can cancel each other and the resulting
magnetic field reduces at −80 dB/dec. The air gap mag-
netic moments on the two side legs can cancel each other
and the resulting magnetic field reduces at −80 dB/dec.
The magnetic field is significantly reduced but cannot
be fully canceled due to the distance between the two
halves. The greatly reduced magnetic field generated by
the windings and the air gaps can further cancel each other
to a very small level. The remaining magnetic field is
due to the difference of cross-sectional areas between the
windings and the air gaps. If the remaining magnetic field
is small enough, the quadrupole terms in (10) and (19)
will become obvious and they reduce at −80 dB/dec too,
so the near magnetic field will still reduce at −80 dB/dec
as r increases.

8) For a core with the distributed air gaps (low permeability),
the distributed air gaps on each side leg can be represented
using a lumped magnetic moment. Every two magnetic
moments with the same magnitude but inverse directions
are one cancellation pair. The magnetic fields generated
from the two magnetic moments in each pair are canceled
and the remaining magnetic field is due to the distance
between two magnetic moments. The winding magnetic
moment is not canceled so it dominates the magnetic field
in space. The magnetic field reduces at −60 dB/dec as the
distance between the core and the concerned point in the
space increases. The magnetic field can be greatly reduced
by moving the half winding to the other leg.

III. SIMULATION VERIFICATION

As analyzed in Section II, positions of the air gaps may have
a great influence on the near magnetic field of the magnetic
inductors. This section will validate the theory and analysis in
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TABLE I
EXAMPLES OF INDUCTORS WITH −60 DB/DEC (1/r3) NEAR MAGNETIC FIELD.

TABLE II
EXAMPLES OF INDUCTORS WITH −80 DB/DEC (1/r4) NEAR MAGNETIC FIELD

Section II. The near magnetic field of various inductor examples
in Tables I and II will be simulated. Based on the analysis in
Section II, the near magnetic fields of the inductor structures
in Tables I and II have −60 dB/dec and −80 dB/dec reduction
respectively as the distance r increases.

A. Inductor Structures With −60 dB/dec Reduction

In Table I, the baseline is the inductor without near magnetic
field cancelation in Fig. 3. Its near magnetic field is characterized
by (28). Inductor P1 has two air gaps with equal length located on
two side legs. Based on the previous analysis, the magnitudes
of their dipole moments are equal, but the directions are the
opposite. So their near magnetic field is greatly canceled in
space. On the other hand, the magnetic moment of the winding is
not canceled, so the near magnetic field due to the winding will
be dominant. Its near magnetic field is therefore characterized
by (25) with −60 dB/dec reduction as the distance increases.
Inductor P2 with distributed air gaps has been analyzed in Fig. 9
and (31). From (25), (28), and (31), P1 and P2 have almost the
same near magnetic field; and the near magnetic field of the
baseline inductor is twice (6 dB) higher than those of inductors
P1 and P2. Inductor P3 has been analyzed in Fig. 7 and (29).
Due to the cancellation of the magnetic dipole moments of the
winding and the air gap, from (25), (29), and (31), comparing
with P1 and P2, the near magnetic field of P3 is greatly reduced.
Inductor P4 is similar to inductor P3 with the air gap split to
two on the same leg as the winding. Because the centers of the
two air gaps are not the same as the center of the winding, it
is expected the near magnetic field cancellation will be slightly
worse than P3. However, comparing with P3, P4 can reduce the

Fig. 10. Inductor dimensions in ANSYS Maxwell 3-D simulation.

winding eddy current power loss due to the fringing magnetic
flux from the air gaps.

Fig. 10 shows the dimensions of the baseline inductor simu-
lated in ANSYS Maxwell 3-D. The magnetic field was recorded
along the line in Fig. 10 starting 20 mm distance to the center
of the inductor. The core has a relative permeability of 3300.
The air gap length is 0.5 mm. All other inductors have the same
dimensions except the air gap length is reduced to half if there
are two air gaps and the single winding’s current is reduced to
half if the winding is split into two halves.

Fig. 11 shows the simulated magnetic field magnitudes near
the inductors at locations 20–200 mm away from the core
center. It should be noted that the simulated fields are different
in different directions due to the asymmetry of the inductor
structures. In all simulations, I = 1 A and all other parameters
are given in Table I. As predicted, all the simulated fields drop
at the ratio of 1/r3, i.e., −60 dB/dec. As predicted, P1 and P2
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Fig. 11. Simulated B field magnitudes for the inductors in Table I from 20 to
200 mm (log scale) away from the core geometry center.

have similar performance and the magnetic field is around 6 dB
lower than the baseline (w/o cancellation) inductor. P3 and P4
have similar performance but much better than P1 and P2. P3 is
slightly better than P4 as predicted. Based on (29), reducing ΔA
can help further reduce the near magnetic field. To validate this
prediction, AW is further reduced in Fig. 11. The equivalent loop
area of the square shape winding is reduced from 169 to 144 mm2

(reduced AW) and 90.3 mm2 (reduced AW2), so it can be more
close to AC. The simulation shows that the near magnetic field
can be further reduced by several dB. It should be noted that, in
(10) and (19), when the dipole terms are greatly canceled, the
high-order terms could become significant, so further reducing
the near magnetic field will be limited.

The theory developed here has assumptions of r>> rw, r>>
ra and r >> d in (10), (19), (28)–(31). In Fig. 11, in the distance
from 20 to 40 mm, these assumptions are not well met so the
slopes of the curves are not strictly −60 dB/dec. However, the
magnitude sequence still agrees with the predicted because of
the superposition of the magnetic moments.

B. Inductor Structure With −80 dB/dec Reduction

In Table II, the two air gaps on the top and bottom legs in
inductor F1 can greatly cancel each other. Similarly, the two
winding halves on the two legs can greatly cancel each other.
As expected from Section II, the resulting magnetic fields of
both cancellations reduce at −80 dB/dec. However, because
the magnetic dipole moments of windings and air gaps are
perpendicular, the remaining magnetic fields from the windings
and air gaps cannot cancel each other, so the further reduction of
the near magnetic field is limited. Inductor F2 has been analyzed
in Fig. 8 and (30). The remaining magnetic field from both the
windings and air gaps can further cancel each other, so it is
expected that the near magnetic field will be much smaller than
that of the inductor F1 and it reduces at−80 dB/dec. Inductor F3
is similar to inductor F2 with the air gap split into two on each
leg. Because the centers of the two air gaps are not the same as
the center of the winding, it is expected the near magnetic field
cancellation will be slightly worse than F2 but much better than
inductor F1. Comparing with F2, F3 may reduce the winding
eddy current power loss due to the fringing magnetic flux from
the air gaps.

Fig. 12. Simulated B field magnitudes for the inductors in Table II from 20 to
200 mm (log scale) away from the core geometry center.

Fig. 13. Stacked-core inductor F5 and its dipole moment model with current
directions indicated.

Inductor F4 is similar to inductor F1 with the air gap split
into two on top and two on bottom legs. For the same reason,
the magnetic dipole moments of the air gaps are perpendicular
to those of the windings, the remaining magnetic field cannot
further cancel each other. So the near magnetic field will be
almost the same as that of the inductor F1.

Fig. 12 shows the simulated results in ANSYS Maxwell. As
predicted, all simulated fields drop at the ratio of 1/r4, i.e.,
−80 dB/dec. Inductors F2 and F3 have much better perfor-
mance than F1 and F4 as predicted. F2 is a little better than F3
as predicted too. In Fig. 12, in the distance from 20 to 40 mm,
the assumptions of r >> rw and r >> ra in (10) and (19) are not
well met, so the slopes of the curves are not strictly −80 dB/dec.
Comparing the results in Figs. 11 and 12, the inductor structures
with−80 dB/dec magnetic field reduction have a lower magnetic
field than the inductor structures with−60 dB/dec magnetic field
reduction as the distance increases although they are close when
the distance is small.

Other inductor structures [3], [20] can be inspired by the
same principle of dipole moment cancellation. A stacked-core
inductor (F5) with air gaps on four legs and the windings on two
left legs is shown in Fig. 13. The structure equivalently has two
inductors in series and each inductor has half inductance. The air
gap magnetic moments of each inductor cancel each other, and
the remaining magnetic fields of the two inductors can further
cancel each other. The two windings of the two inductors carry
opposite currents so their magnetic dipole moments can cancel
each other. Due to physical limitations, the two windings cannot
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Fig. 14. Near magnetic field test setup.

Fig. 15. UU core planar inductor prototypes with (a) two identical air gaps
and one winding (P1), (b) two air gaps and one winding on the same leg (P4),
(c) two horizontally stacked cores (F5), and (d) two identical air gaps inside two
windings (F2).

be very close, so the remaining near magnetic field is mostly due
to the distance of the two windings and it reduces at−80 dB/dec.

IV. PROTOTYPE VERIFICATIONS

A signal generator RIGOL DS1052E, a Beehive Electronics
100-A EMC probe [26], a 25-W RF amplifier (model 25A250A)
and a Rohde & Schwarz FSH4 spectrum analyzer were used in
the experiment setup in Fig. 14. A 200-kHz sinusoidal voltage
signal was generated by the signal generator. It was amplified
by the RF amplifier and fed to the inductor. A current probe
was used to monitor the input current at 1 A. The inductors
were placed in the center of a coordinated board as shown in
Fig. 14. The coordinated board has a 187.5 mm× 187.5 mm
area with 13× 13 = 169 points on an equally spaced grid. The
magnetic field probe was connected to the spectrum analyzer.
The magnetic field flux density on a plane at 5 mm below the
inductor is measured.

Four typical UU core planar inductors were prototyped as
shown in Fig. 15. They are inductor P1 with two identical air gaps
and one winding, inductor P4 with two air gaps and one winding
on the same leg, inductor F5 with two horizontally stacked cores
in Fig. 13 and inductor F2 with two identical air gaps inside two
winding halves.

The parameters of the inductors P1, P4, and F2 are the same
as those used in previous simulations. For inductor F5, it has
two air gaps with equal length on each core. To maintain the

Fig. 16. Simulated norm of magnetic flux density in z direction at a plane
5 mm below the inductors conducting 1 A current. (a) Inductor P1. (b) Inductor
P4. (c) Inductor F5. (d) Inductor F2.

inductance for a fair comparison, the air gap lengths of F5 are
0.25mm and the core heights are the same as the other inductors.
The cross-sectional area of each core is reduced by half. As for
the number of turns, it is 6 for both windings.

The planar inductors have a winding made from a 12-layer
PCB. In Fig. 15(a)–(c), each winding turn is composed of 2
PCB layers in parallel while in Fig. 15(d) each turn has 4 PCB
layers in parallel. Therefore, the winding widths in Fig. 15(d)
are reduced by half in the figures to maintain a similar wind-
ing cross-sectional area. The inductances of all inductors are
adjusted during manufacturing to be around 6.5 μH.

The norm of z-component magnetic flux density (i.e., the
magnetic flux perpendicular to the PCB) 5 mm below an inductor
conducting 1A current is simulated and measured. Z-component
is selected for illustration since in many cases, Z-component
magnetic flux plays a major role on the near field couplings to
the nearby PCB traces, which is on the x–y plane, and the planar
components on the PCB. In some cases, the y/z-component is
also important but they follow the similar trend to that of the
z-component when the distance increases so the results are not
shown here. Fig. 16 shows the simulated norm of z-component
magnetic flux densities.

Fig. 17 shows the corresponding experimental results. The
magnetic field flux density color maps are on a logarithmic scale.
The results in the two figures match very well. Same as the
analytical results, the inductor F2 with two identical air gaps
enclosed by two windings has the lowest near magnetic field
emission of all as shown in the figures. The inductor P4 with two
air gaps and one winding on the same leg and the inductor F5
with two horizontally stacked cores have lower near magnetic
field emission than the single winding inductor P1 with two
identical air gaps on two legs. In Figs. 16(c) and 17(c), the area
close to the symmetric line of the two windings of inductor F5
with two stacked cores has a lower magnetic field flux density
than other areas nearby. This is because, at the centerline of two
opposite dipoles, the near magnetic field can get well canceled.
The near magnetic field emission of inductor F5 can be further
reduced if the two cores are closer that will be possible when
spiral wire windings instead of PCB windings are used.



1650 IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 37, NO. 2, FEBRUARY 2022

Fig. 17. Measured norm of magnetic flux density in z direction at a plane
5mm below the inductors conducting 1 A current. (a) Inductor P1. (b) Inductor
P4. (c) Inductor F5. (d) Inductor F2.

It should be mentioned some factors can cause the differ-
ence between the simulation and measurement. One factor is
the winding layout. In the simulation, the winding is an ideal
symmetrical one-turn winding. The windings on the prototypes
are asymmetric since the vias and additional length have to be
added to finish turn layout and make connection between turns.
Its impact is mainly in the region very close to the inductor when
high order components of the field are still substantial. When the
distance to the inductor increases, the influence diminishes. This
is especially true for the inductors (c) and (d) in Figs. 15–17,
whose PCB winding layouts are more complex than those of (a)
and (b). The second factor is the feeding wires connecting the
inductor under test to the RF amplifier. For the measurements
in Fig. 17, the feeding wires are all from the right side of the
inductor. Since the feeding wires carry current, they make the
nearby field stronger. The impact of the feeding wires can be
easily identified when the field of the inductor is weak. In
Fig. 17(a), the field is almost symmetrical and similar to the
simulated in Fig. 16(a) when the field generated by the inductor
is strong. In Fig. 17(b)–(d), the field strength on the right side
of the inductor tends to be stronger than that on the left side
due to the existence of feeding wires from the right side. Since
the inductors in Fig. 17(c) and (d) generate a weaker field, the
impact of the feeding wires is more significant. Nevertheless,
the impacts of the two factors are relatively small and the theory
proposed in this article still holds when r >> rd.

V. APPLYING TO OTHER MAGNETIC STRUCTURES

The developed theory can be applied to the analysis of the near
magnetic field of other magnetic structures such as inductors
with EE cores, toroidal cores, and other shape cores. It can also
be applied to the near magnetic field analysis for transformers.
Figs. 18 and 19 show the inductors with EE cores and toroidal
cores.

In Fig. 18(a), the three magnetic moments from the winding
and air gaps have the same direction, so their magnetic field
will be enhanced and reduces at −60 dB/dec. It is the worst
of the three. In Fig. 18(b), the magnetic moments of three air
gaps cancel each other but the winding magnetic moment is not

Fig. 18. EE core inductors with the winding on the center leg and the air gaps
at different locations. (a) Two air gaps on the two side legs. (b) Three air gaps
on all three legs. (c) One air gap on the center leg.

Fig. 19. Toroidal core inductors with different winding structures. (a) One
evenly distributed winding. (b) One lumped winding. (c) CM inductor with a
CM current excitation. (d) CM inductor with a DM current excitation.

canceled so its magnetic field is 6 dB lower than Fig. 18(a) and
reduces at −60 dB/dec. In Fig. 18(c), the magnetic moments
of the winding and air gap greatly cancel each other, so the
magnetic field is the lowest. It reduces at −60 dB/dec.

In Fig. 19(a), a single-ended 360° winding structure has 360°
distributed winding and air gap magnetic moments. Either one
can cancel itself or cancel each other, so the near magnetic
field is very small. On the other hand, the 360° equivalent
winding current loop [25] instead will generate a dominant near
a magnetic field. In Fig. 19(b), if the winding covers part of the
toroidal core, the 360° distributed air gap magnetic moments
of the core can cancel itself, but the winding magnetic moment
does not, so the near magnetic field is higher than Fig. 19(a). In
Fig. 19(c), for a balanced CM inductor winding structure with a
CM current excitation, the magnetic moments of two windings
can cancel each other, and the 360° distributed air gap magnetic
moments of the core can cancel itself. The magnetic moments of
windings and the 360° distributed air gap can also cancel each
other, so its near magnetic field is similar to Fig. 19(a) and is very
small [25]. In Fig. 19(d), for a CM inductor with a DM current
excitation, the two winding magnetic moments have the same
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Fig. 20. EE core transformers with the windings on the center leg and the air
gaps at different locations. Flyback transformers: (a) two air gaps are on the two
side legs, (b) three air gaps are on all three legs, (c) one air gap is on the center
leg; a conventional transformer: (d) with very small air gaps on three legs.

direction, so do the two distributed air gap magnetic moments.
The winding and distributed air gap magnetic moments on each
side can cancel each other, but the remaining magnetic field,
which contributes to DM inductance, will be enhanced. It should
be noted that due to the winding imperfections, a practical
toroidal inductor structure may generate different fields than the
theoretically predicted.

Fig. 20(a)–(c) shows a flyback transformer with EE cores and
air gaps at different locations. Based on the operating principle of
the flyback converters, the current ratio of the primary winding
P and the secondary winding S is significantly different from the
current ratio relationship of the conventional ideal transformer
(equal to the inverse of the turn ratio). Therefore, the magnetic
moments of the two windings are significantly unequal. Because
of this, for the transformer in Fig. 20(a), the magnetic moments
mJP and mJS of two windings NP and NS, which carry current
IP and IS, cannot cancel each other. Furthermore, the magnetic
moments, which is 0.5mM, of two air gaps have the same direc-
tion as the net magnetic moment of the windings in the center
leg, therefore, they enhance each other. The near magnetic field
is therefore high. In Fig. 20(b), the magnetic moment 0.5mM

of the central air gap cancels the magnetic moments of the air
gaps on the two side legs, but the magnetic moments mJP and
mJS of two windings are not canceled, so the near magnetic
field is high but 6 dB smaller than Fig. 20(a). In Fig. 20(c), the
magnetic moments mJP, mJS, and mM of the windings and the
air gap cancel each other, so the near magnetic field is the lowest.
The near magnetic field of all of these transformers reduces at
−60 dB/dec as the distance increases.

For conventional transformers, since the air gaps are very
small, both the magnetic dipole moments of the undesired small
air gaps and the distributed air gaps (even with high permeabil-
ity) in the core should be considered. Fig. 20(d) shows the con-
ventional transformers. The magnetic moments mJP and mJS

of primary and secondary windings can be partially canceled as
the magnetic moment due to the magnetizing current cannot be
canceled. The magnetic moments of the three undesired air gaps
can cancel each other and the distributed air gaps in the core can
cancel each other. As a result, the winding magnetic moment
due to the magnetizing currents contributes to most of the near
magnetic field. It reduces at −60 dB/dec. Smaller magnetizing
currents thus have lower near magnetic fields.

The developed theory can also be applied to three-phase
inductors and transformers but due to the space limit, it will
not be detailed here.

VI. CONCLUSION AND FUTURE WORK

To evaluate and reduce the near magnetic field of magnetic
components, this article developed a theory for the near magnetic
field analysis by employing magnetic dipole moment mod-
els. Based on the developed models, the near magnetic field
performance of inductors with different winding and air gap
configurations can be well estimated or optimized. Some typical
inductor structures were analyzed, and their near magnetic field
performance was evaluated. Based on the developed models, it
can be determined that some magnetic structures have lower near
magnetic field emissions than others. Some general principles
are derived from the models. Inductor prototypes were built
accordingly. Simulations and experimental results verified the
proposed models and the analysis. The developed theory is
applied to the near magnetic field analysis of other magnetic
components including EE core inductors, toroidal core induc-
tors, flyback transformers, and conventional transformers.

The developed dipole moment model is a good tool for the
near magnetic field assessment and reduction in an inductor
and transformer design. Although the complexity of accurate
calculations becomes intimidating if the effect of the local low
reluctance core (i.e., the related boundary condition) is consid-
ered. It has been proved in simulations, experiments, and the
sponsored commercial products that the proposed theory is good
enough for the evaluation and eduction of near magnetic field
emission from magnetic components qualitatively. This article
also pointed out that there is a tradeoff between the near magnetic
field reduction and the winding power loss due to the fringing
flux of the air gaps. The actual engineering design depends on
the preferred optimization objects.

The near magnetic field assessment and reduction for three-
phase inductors and transformers based on the magnetic moment
theory developed here will be published later.
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