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Modeling and Increasing the High-Frequency
Impedance of Single-Layer Mn-Zn Ferrite

Toroidal Inductors With Electromagnetic Analysis
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Abstract—This article first investigates the equivalent parallel
capacitance (EPC) and equivalent parallel resistance (EPR) due to
the electromagnetic field inside the Mn-Zn ferrite toroidal cores of
the inductors with a single-layer winding based on electromagnetic
theory. From the investigation, the effects of core’s cross-sectional
shape and number of winding turns on the EPC and EPR are
explored. A stacked core structure was studied to increase the
inductor’s high-frequency (HF) impedance for electromagnetic
interference suppression. The article further investigated the EPC
due to the electric field energy in the space between winding turns,
and between the winding turns and the core. The effect of the
number of winding turns on total EPC was also explored. The tech-
nique to achieve high HF impedance was proposed with an optimal
number of winding turns. Both simulations and experiments were
conducted to validate the developed theory and techniques.

Index Terms—Electromagnetic (EM) field, equivalent parallel
capacitance (EPC), equivalent parallel resistance (EPR), inductor,
Mn-Zn ferrite.

I. INTRODUCTION

INDUCTANCE is an important parameter of a conventional
magnetic inductor to achieve an inductor’s basic function-

ality, however, the inductor’s high-frequency (HF) impedance,
which is mostly determined by the parasitics, including the
equivalent parallel capacitance (EPC) and the equivalent parallel
resistance (EPR), is very important for the applications of HF
electromagnetic interference (EMI) noise suppression [13]. To
reduce EMI noise spikes at HFs, the inductor should have high
impedance at these frequencies. Fig. 1 shows a wire-wounded
toroidal inductor and its conventional first-order equivalent cir-
cuit model including both EPC and EPR.

In Fig. 1(b), L is the inductance of the inductor in Fig. 1(a).
EPR represents the power loss (P) dissipated within the mag-
netic core if the winding power loss is ignored. The analytical
approaches were proposed in [1] and [2] to calculate P and
its corresponding EPR. EPC represents the total electric field
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Fig. 1. (a) Wire-wounded toroid inductor. (b) Inductor circuit model.

energy (EE) of the inductor. The electric field energy of an
inductor exists inside both the core and the space. Many existing
studies in the literature assumed that most of the electric field
energy is in the space. The most distinguished and highly cited
works are [3] and [4]. In [3] and [4], the parasitic capacitances
of an inductor were classified as three parts—the parasitic ca-
pacitance between two winding turns, between winding turns
and the magnetic core, and between winding layers. Each part
was calculated based on electrostatic analysis. Other studies
[5], [6] focused on the electric field energy inside the magnetic
core. The energy was calculated from the induced vortex electric
field due to the time-varying magnetic field inside the magnetic
core. Within commonly used ferrite materials, Mn-Zn ferrite
has high permittivity (εr: 105–106), so the electric field energy
inside the magnetic core is not ignorable. On the other hand,
the permittivity of Ni-Zn ferrite is not high (εr: 10–100), so the
electric field energy inside the magnetic core is not as important
as that in Mn-Zn ferrite.

Recently, some researchers pointed out that both the electric
field energy inside the core and in the space may be important
[7], [8]. In [8], based on measurement results, it is found that if
the number of winding turns is small, the resonant frequencies
of the inductors are almost constant even when the number of
winding turns changes. It was also found that the EPC due to
the electric field energy inside the core is inversely proportional
to the square of the number of winding turns. However, [8] did
not study the fundamentals behind these findings. Our paper [7]
presented and investigated our findings based on a simplified
theory for the electric field energy inside the magnetic core, but
the fundamental behind it has not been fully explored.

Furthermore, in the studies above, the inductor core and
winding design techniques to reduce the parasitics based on the
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electromagnetics were not explored. The objective of this article
is to investigate and model EPC and EPR of magnetic inductors
and to develop inductor design techniques to achieve high HF
impedance. For the model in Fig. 1(b), at frequencies higher than

1
2π

√
EPC×L

or EPR
2πL when the impedance of L can be ignored, the

admittance YL of the inductor is

YL =
1

EPR
+ sEPC +

1

sL
≈ 1

EPR
+ sEPC. (1)

In (1), the magnitude of YL is the minimum when EPR reaches
the maximum and EPC reaches the minimum. Since the EPC and
EPR represent EE and P within an inductor, respectively, they
can be expressed as

EPC =
4EE

|VL|2
(2)

EPR =
|VL|2
2P

(3)

where |VL| is the amplitude of the voltage across the inductor.
Based on (1)–(3), both EE and P should be minimized to
increase the inductor’s HF impedance.

From electromagnetics point of view, if conductivity is σ,
permeability μ = μ′ − jμ′′, permittivity ε = ε′ − jε′′, where
ε0 and μ0 are the permittivity and permeability of the air, the
magnetic field energy EH , electric field energy EE , and power
loss P within an inductor in Fig. 1(b) are given in (4)–(6),
respectively

EH =
L

4
|I|2 ≈

∫
VCore

μ′

4
|H|2dv (4)

EE =
EPC

4
|VL|2 =

∫
VSpace

ε0
4
|E|2dv +

∫
VCore

ε′

4
|E|2dv

(5)

P =
|VL|2
2EPR

= PE + PH + PD

=

∫
VCore

1

2
σ|E|2dv +

∫
VCore

1

2
ωμ′′|H|2dv

+

∫
VCore

1

2
ωε′′|E|2dv (6)

where I , H , and E are the current flowing through the induc-
tance, the magnetic field intensity, and the electric field intensity
(all of them are in amplitude), respectively. The power loss P is
composed of eddy current power loss PE, hysteresis power loss
PH, and dielectric power loss PD [2].

In (4), since a ferrite core’s μ′ is much higher than that of the
air, EH is assumed to be concentrated in the magnetic core. On
the other hand, for the electric field energy, both the energy in
the space and in the core should be considered.

The rest of this article is organized as follows. In Section II,
the analytical approaches are introduced to derive the electric
field energy, magnetic field energy, and power loss inside the
magnetic core. Since the analytical solution is very complicated,
some important principles will be derived from the analytical
solution for inductor optimal design. The effects of the number

Fig. 2. Geometry of a toroidal magnetic core.

of winding turns and the core’s cross-sectional shape on EPC and
EPR will be discussed. Stacked core structures will be investi-
gated to increase the inductor’s HF impedance. In Section III,
the electric field energy in the space will be analyzed. The EPC
associated with the electric field energy in the space is derived
for a single-layer toroidal inductor. The design of the number
of winding turns is investigated to increase the inductor’s HF
impedance. In Section IV, experiments are conducted to verify
the developed theory and techniques. In Section V, a parametric
study and a discussion are presented. Finally, Section VI con-
cludes this article.

II. ENERGY INSIDE A MAGNETIC CORE AND TECHNIQUES TO

REDUCE EPC AND INCREASE EPR

A. Electric Field Energy Inside a Magnetic Core

Fig. 2 shows the geometry of a toroidal magnetic core in the
cylindrical coordinate, where Ro and Ri represent the outer and
inner radius and h represents the height of the core. It is assumed
that for the EMI noise, the magnetic material is homogeneous,
isotropic, and linear. Since the permeability of the core is much
larger than that of the air, the magnetic flux outside the core can
be ignored for EH calculation. Due to the circular symmetry, the
magnetic flux inside the core only exists in φ-direction. As a
result, the induced electric field inside the core only has ρ and
z components. The magnetic field inside the core satisfies the
following [5]:

∂2Hφ

∂ρ2
+

1

ρ

∂Hφ

∂ρ
− Hφ

ρ2
+

∂2Hφ

∂z2
− γ2 Hφ = γ2 Hφ0 (7)

where the magnetic field is decomposed to the incident magnetic
field (Hφ0) plus the induced magnetic field (Hφ).

If the number of winding turns is N , Hφ0 and γ2 are

Hφ0 =
NI

2πρ
(8)

γ2 = jωμ (σ + jωε) . (9)

The boundary conditions for the induced Hφ are

Hφ |z=±h
2
= 0, Ri < ρ < Ro (10)

Hφ |ρ=Ri, Ro
= 0,−h

2
< z <

h

2
. (11)

The solution of Hφ is then given by (12), and the associated
electric field along ρ and z directions are given by (13) and (14)
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in the following:

Hφ =

∞∑
s=1

∞∑
n=0

Asn

× cos
(2n+ 1)πz

h

{
J1 (αsρ)

J1 (αsRi)
− Y1 (αsρ)

Y1 (αsRi)

}
(12)

Eρ = − 1

σ + jωε

∂Hφ

∂z
=

1

σ + jωε

×
∞∑
s=1

∞∑
n=0

Asn
(2n+ 1)π

h

× sin
(2n+1)πz

h
×
{
J1 (αsρ)

J1 (αsRi)
− Y1 (αsρ)

Y1 (αsRi)

}
(13)

Ez =
1

σ + jωε

(
∂Hφ

∂ρ
+

Hφ

ρ

)

=
1

σ + jωε
×

∞∑
s=1

∞∑
n=0

αsAsn

× cos
(2n+1)πz

h
×
{
J0 (αsρ)

J1 (αsRi)
− Y0 (αsρ)

Y1 (αsRi)

}
(14)

where Asn is given by the following and αsRi is the
sth zero of the cross product of J1(αsRi)Y1(αsRo)−
J1(αsRo)Y1 (αsRi) = 0:

Asn = − 2γ2NI

π

(−1)n

2n+ 1

J1 (αsRi) J1 (αsRo)Y1 (αsRi)

[(2n+ 1)π/h]2 + α2
s + γ2

× RiJ1 (αsRi)−RoJ1 (αsRo)

RiRo [J2
1 (αsRi)− J2

1 (αsRo)]
. (15)

Therefore, the magnetic field energyEHCore, the electric field
energy EECore, and the power loss P inside the core are

EHCore =
1

4
μ′
∫ 1

2h

− 1
2h

∫ Ro

Ri

|Hφ +Hφ0|22πρdρdz (16)

EECore =
1

4
ε′
∫ 1

2h

− 1
2h

∫ Ro

Ri

(
|Eρ|2 + |Ez|2

)
2πρdρdz (17)

P =
1

2
σ

∫ 1
2h

− 1
2h

∫ Ro

Ri

(
|Eρ|2 + |Ez|2

)
2πρdρdz

+
1

2
ωμ′′

∫ 1
2h

− 1
2h

∫ Ro

Ri

|Hφ +Hφ0|22πρdρdz

+
1

2
ωε′′

∫ 1
2h

− 1
2h

∫ Ro

Ri

(
|Eρ|2 + |Ez|2

)
2πρdρdz

≈ 1

2
σ

∫ 1
2h

− 1
2h

∫ Ro

Ri

(
|Eρ|2 + |Ez|2

)
2πρdρdz = PE .

(18)

For the Mn-Zn ferrite used in EMI suppression, conductivity
σ is usually high so it can dissipate EMI noise with high eddy
current power loss. For example, the J material from Magnetics
Inc. hasσ= 2 S/m. On the other hand, PH and PD only contribute

to a small part of the power loss [16]. So, the eddy current power
loss PE dominates total power loss P at HFs in (18).

If the cross-sectional area of the core is Ae, the voltage VL

across the inductor is

VL = −jωN

∮
�B · d −→

Ae = −jωNμ

∮
(Hφ +Hφ0) dAe.

(19)
Based on the model in Fig. 1, a parallel resonance happens

when the impedance of L cancels that of EPC. If EPC is only
contributed by the electric field energy inside the core, the
resonance frequency frcore can be expressed by the following,
where EPCcore is the EPC due to the electric field energy inside
the core:

frcore =
1

2π
√
L× EPCcore

. (20)

From the electromagnetics point of view, the resonance
happens at ωrcore = 2πfrcore that meets the condition in the
following:

EECore (ωrcore) = EHCore (ωrcore) . (21)

If EECore > EHCore, the inductor impedance is capacitive;
and if EECore < EHCore, the inductor impedance is inductive.
At frequencies ω = 2πf > ωrcore , the magnitude of admit-
tance |YL| can be expressed as follows, based on (1)–(3) and
(17)–(19):

|YL| =
√∣∣∣∣ 1

EPR

∣∣∣∣
2

+ |sEPC|2 =

√
(2P )2 + (4ωEECore)

2

|VL|2
.

(22)

B. Effect of the Number of Winding Turns

When the geometry of the core is fixed, and the frequency f
and I are given, based on (2)–(22), magnetic field and electric
fieldHφ, Hφ0 ,Eρ, andEz are proportional toN ; the power and
energy PE , PH ,PD, P ,EECore, and EHCore are proportional
to N2; VL is proportional to N2; L and EPR are proportional
to N2; EPCcore and |YL| are proportional to 1/N2; frcore or
ωrcore will not be influenced by N . It should be noted that if VL

instead of I is given, the conclusions for L, EPR, EPCcore, |YL|,
and frcore are the same.

Because of this, for a magnetic core with fixed geometry, if
EPC is dominated by the electric field energy inside the core,
increasing N will increase EPR, reduce EPC, and increase HF
impedance 1/|YL|.

C. Effect of Cross-Sectional Shape on EECore and PE

Based on (13), (14), (17), and (18), the distribution of the
electric field inside the core is a function of core dimensions
Ri, Ro, and h, so EECore, P, EPCcore, EPR, and inductor’s HF
impedance will be impacted by the core’s crosssectional shape.

In order to investigate the optimal ratio of width to height, the
mean magnetic path length (MPL), which is given by (23) as
follows, and Ae, which is given by (24) as follows, will be kept
constant so that L is almost constant with a given N:

MPL = π (Ri +Ro) (23)
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Fig. 3. Induced electric flux on the cross section of the core.

Fig. 4. Different magnetic cores with constant MPL and Ae in Ansys HFSS.

Ae = h (Ro −Ri) . (24)

Because Ae and L are constant when the ratio (RO−Ri)/h
changes, the total magnetic flux is constant. In Fig. 3, φ is the
magnetic flux flowing through area A of a rectangular loop l
along which an induced electric flux line E approximately flows.
A shares the center with Ae.

The induced electric field E meets the following condition:∮
�E · d �l = −d�φ

dt
. (25)

In (25), when (RO−Ri)/h and the width-to-length ratio of
loop l change proportionally, area A does not change, so the φ
enclosed by l approximately does not change. At the same time,
because the square shape gives the shortest |l| for the induced
electric flux in the core, based on (25), |E| reaches the maximum
when the cross section is a square shape. Because of this, the
core with a square cross-sectional shape has the largest Eρ, Ez,
EEcore, EPCcore, and the smallest EPR and frcore, and therefore,
the smallest HF impedance. A similar conclusion can be drawn
for the magnetic core with a round cross-sectional shape.

To verify the analysis above, an inductor is modeled in An-
sys HFSS in Fig. 4(a)–(c). The core height h changes from 7
to 25 mm, meanwhile, MPL (MPL = 83 mm) and Ae (Ae =
120 mm2) remain constant, μr = 1000, εr = 2 × 105, and σ =
2 S/m.

To reduce the influence of the electric field energy in the space
between winding turns, and between the winding turns and the
core on the simulated results, only one turn winding is used
in Fig. 4. A current excitation (I = 1 A) is applied along +z-
direction (center line).

The simulated inductance L and electric field energy EECore

at 1 MHz are plotted in Fig. 5(a) as a function of h. In Fig. 5(a),
as h increases, the inductance is almost constant and the electric
field energy reaches the maximum when the cross section is a
square. In other words, the impedance of the inductor using the

Fig. 5. (a) L and EECore inside the core at 1 MHz as a function of h. (b) PE

inside the core at 1 MHz as a function of h.

core in Fig. 4(b) tends to become capacitive at lower frequencies
than the impedances of those using the cores in Fig. 4(a) and (c).
This verified the analysis above.

Similarly, based on (18), because |E| reaches the maximum
when the cross section is a square shape, the core power loss
is the highest, which leads to the smallest EPR, as shown
in Fig. 5(b). Based on the analysis above, to have high HF
impedance (small EPC and big EPR), the following conditions
should be met: h> (Ro−Ri) or h<(Ro−Ri). However, large h and
Ro may lead to high profile, large footprint, and nonoptimized
window area, so it may not be always desired. Other technique
needs to be explored to solve this issue.

The resonant frequencies frcore of the inductor as a function
of h are further simulated in Ansys and are plotted in Fig. 6.
In Fig. 6, frcore reaches the minimum when the cross-sectional
area is a square. This further verified the analysis.

D. Proposed Stacked Magnetic Cores

Since a large or small width-to-height ratio helps reduce EPC
and increase EPR but may lead to undesired negative results,
stacked core structures are proposed in Fig. 7(b)–(e) to solve
the issue. It should be noted that the analytical solutions of the
electric field and energy can still be derived based on (7)–(9) and
the modified boundary conditions, but finite-element analysis
(FEA) simulation is conducted in Ansys HFSS to illustrate the
technique in Fig. 7.

Fig. 7(a) shows the normal and Fig. 7(b)–(e) shows the pro-
posed stacked core structures of which each has the combined
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Fig. 6. Resonant frequency of the magnetic cores with various heights.

Fig. 7. Simulated electric field: (a) original core, (b) and (c) two and four cores
with large width-to-height ratios stacked in z-direction, and (d) and (e) two and
four cores with small width-to-height ratios stacked in ρ-direction.

cross-sectional geometry and area same as that in Fig. 4(b).
Fig. 7(b) and (c) shows two and four cores, respectively, stacked
with large width-to-height ratios in z-direction, and Fig. 7(d)
and (e) shows two and four cores with small width-to-height
ratios stacked in ρ-direction, respectively. There is a very thin
layer of low permittivity coating on the cores so the electric
flux will be confined within individual cores. The electric field
distributions inside the cores excited with 1 A current at 1 MHz
along +z-direction (center line) are plotted in the figures with
the same scale. The proposed stacked cores can greatly reduce
the electric field intensity inside the cores.

The total electric field energy EECore, eddy current power loss
PE, and frcore inside the cores of the inductors in Fig. 7 are listed
in Table I. It is shown that EECore and PE of the stacked cores

TABLE I
ELECTRIC FIELD ENERGY, EDDY CURRENT POWER LOSS, AND RESONANT

FREQUENCY OF DIFFERENT CORES

Fig. 8. Cross-sectional view of a toroidal inductor with single winding layer.

are much lower than those of the original core. As a result, the
resonant frequency frcore increases greatly as expected.

III. ELECTRIC FIELD ENERGY IN THE SPACE AND TECHNIQUES

TO IMPROVE INDUCTOR WINDING DESIGN

A. Turn-to-Core and Turn-to-Turn Capacitance

The electric field energy inside the core was calculated based
on time-varying electromagnetic (EM) theory in Section II be-
cause the wavelength (0.7 mm @ 30 MHz) of the EM wave is
much smaller or comparable to the dimensions of the core in
conductive EMI frequency range up to 30 MHz due to the high
permeability (μr = 103) and high permittivity (εr = 2×105) of
the core. On the other hand, for the electric field in the space, the
wavelength (10 m @ 30 MHz) of the EM wave is much larger
than the dimension of the inductor due to the low permeability
and permittivity of the space, so electrostatic analysis can be
used for electric field energy calculation.

An accurate analytical solution of the electric field in the
space is a 3-D boundary problem, which is very difficult to
solve. Therefore, an approximate model with good accuracy is
proposed here to calculate the electric field energy in the space.

Fig. 8 shows the cross section of an inductor with single-layer
N-turn winding. The cross-section of the core is rectangular. a
and b are half of the height and width as defined in (26) and (27),
respectively. rl is the average radius of the core as defined in (28).
The radius of the winding wire is rw. The distance between the
center of the wire to the surface of the core is dtc. rwi and rwo
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Fig. 9. (a) Single wire over ground. (b) Parallel wires over ground.

Fig. 10. (a) Parasitic capacitance. (b) Solving capacitance with image theory.

are radii of the winding turns to the center line of the core as
defined in (29), (30), and Fig. 8

a =
h

2
(26)

b =
Ro −Ri

2
(27)

rl =
Ro +Ri

2
(28)

rwi = rl − b− dtc (29)

rwo = rl + b+ dtc. (30)

In most studies in the literature, such as [3], [10], [11], and
[15], two assumptions are made. First, if dtc is much smaller
than the distance dtt between two adjacent turns, the turn-to-turn
capacitance can be ignored, and the turn-to-core capacitance
per unit length can be calculated based on a wire-over-ground
model [12], as shown in Fig. 9(a), where the magnetic core is an
equipotential body due to its high permittivity, so it can be taken
as the reference ground. Second, when dtt<< dtc, one layer
winding can be modeled as a copper sheet. The capacitance
between the winding layer and the core can be calculated based
on parallel plate capacitor theory. However, for many actual
inductors, the two assumptions may not hold.

This article will employ the parallel wires-over-ground model
in Fig. 9(b). There are parasitic capacitances between any two
turns, and between any turn and the core. Since most of the
electric field is concentrated in the space between the turn
and the core, and between two adjacent turns [3], to simplify
the calculation, in Fig. 10(a), when calculating turn-to-core
capacitance per unit length Ctc1 and turn-to-turn capacitance per
unit length Ctt1 for the nth turn, only the parasitic capacitance
related to the nth turn, and the adjacent (n−1)th and (n+1)th
turns will be considered. Ctc2 and Ctt2 are the turn-to-core and
turn-to-turn capacitance per unit length, respectively, for the

(n−1)th and (n+1)th turns. The effect of other winding turns
on these parasitic capacitances is ignored in Fig. 10. The image
theory can be used in Fig. 10(b) to solve the parasitic capacitance
per unit length. The charge per unit length and potentials of the
three turns are defined as qn−1 and ϕn−1, qn and ϕn, and qn+1

and ϕn+1, respectively. Their images carry inverse charges and
potentials, respectively. The distances between any two turns are
defined in Fig. 10(b).

In Fig. 10(b), ϕn−1 is given by

ϕn−1 ≈ − −qn−1

2πε0
cosh−1

(
r(n−1)(n−1)2

2rw

)

− qn
2πε0

ln

(
r(n−1)n1

rw

)
− −qn

2πε0
ln

(
r(n−1)n2

rw

)

− q(n+1)

2πε0
ln

(
r(n−1)(n+1)1

rw

)

− −qn+1

2πε0
ln

(
r(n−1)(n+1)2

rw

)

=
qn−1

2πε0
cosh−1

(
r(n−1)(n−1)2

2rw

)
+

qn
2πε0

ln

(
r(n−1)n2

r(n−1)n1

)

+
qn+1

2πε0
ln

(
r(n−1)(n+1)2

r(n−1)(n+1)1

)
. (31)

Similarly, ϕn and ϕn+1 can be solved. To simplify the equa-
tions, notations F, F1, and F2 are defined as (32)–(34) in the
following:

F = cosh−1
(

r(n−1)(n−1)2

2rw

)
= cosh−1

(
dtc

rw

)
(32)

F1 = ln
(

r(n−1)n2

r(n−1)n1

)
= ln

(√
1 +

(
2dtc

dtt

)2)
(33)

F2 = ln
(

r(n−1)(n+1)2

r(n−1)(n+1)1

)
= ln

(√
1 +

(
dtc

dtt

)2)
. (34)

The voltage potentials can thus be expressed as⎛
⎝ ϕn−1

ϕn

ϕn+1

⎞
⎠ = 1

2πε0

⎛
⎝ F F1 F2

F1 F F1

F2 F1 F

⎞
⎠
⎛
⎝ qn−1

qn
qn+1

⎞
⎠ . (35)

Therefore, the charges can be solved in⎛
⎝ qn−1

qn
qn+1

⎞
⎠ = 2πε0

×

⎡
⎣ F 2 − F 2

1 −F1 (F − F2) F
2
1 − FF2

−F1 (F − F2) F 2 − F 2
2 −F1 (F − F2)

F 2
1 − FF2 −F1 (F − F2) F

2 − F 2
1

⎤
⎦

(F − F2) (F 2 + FF2 − 2F 2
1 )

⎛
⎝ϕn−1

ϕn

ϕn+1

⎞
⎠.

(36)

Based on Fig. 10, the charges can also be represented with
capacitance per unit length as
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Fig. 11. (a) Regions for electric field energy analysis. (b) Distance between
two adjacent turns in the inner region.

Because (36) and (37) shown at the bottom of this page, are
equivalent, Ctc1 can be solved

Ctc1 = 2πε0
F − 2F1 + F2

F 2 − 2F 2
1 + F2F

≈ 2πε0
F + 2F1

. (38)

By plugging in F and F1 to (38), Ctc1 is

Ctc1 =
2πε0

cosh−1
(

dtc

rw

)
+ 2 ln

(√
1 +

(
2dtc

dtt

)2) . (39)

The Ctt1 in Fig. 10(a) can be solved and simplified similarly

Ctt1 =

2πε0 ln

(√
1 +

(
2dtc

dtt

)2)

[
cosh−1

(
dtc

rw

)]2
−
[
ln

(√
1 +

(
2dtc

dtt

)2)]2 .

(40)

B. Electric Field Energy in the Space

It should be pointed out that, the distance of two adjacent
turns is not constant around the turns. The distance of the two
adjacent turns on the inner side of the core is smaller than that on
the outer side. Also, the distance of two adjacent turns on the top
and bottom sides of the core is a function of ρ. To calculate the
electric field energy, inner, outer, upper, and lower regions are
identified in Fig. 11. The winding length, which is given by (41)
and (42) in the following, is li, lo, lm, and lm in these regions,
respectively:

li = lo = 2a (41)

lm =

√
(rwo − rwi)

2 + 2rworwi

(
1− cos

π

N

)
. (42)

The distance (dtti) between the two adjacent turns in the
inner region is given by (43) as illustrated in Fig. 11(b). The

distance (dtto) in outer region is given by (44). The average
distance (dttm) in upper and lower regions is given by (45) in
the following:

dtti = 2rwi sin
( π

N

)
(43)

dtto = 2rwo sin
( π

N

)
(44)

dttm = 2rl sin
( π

N

)
. (45)

Ignoring the fringing effect on the two ends of each region, the
electric field energy stored in the four regions can be calculated.
The calculation for the inner region is taken as an example below.
Since the core has high permittivity, it can be regarded as an
equal-potential body, and its potential equals the average of the
potentials of the inductor’s two winding terminals [15]. Also,
the voltage distributed along the winding is assumed to be even.
Therefore, the electric field energy Etcn,i in the space between
the inner part of the nth turn and the core can be expressed as

Etcn, i =
1

4

∫ lsn+li

lsn

Ctc1,i

(
x

li + lo + 2lm

VL

N
− VL

2

)2

dx

(46)
where VL/N is the voltage across one turn, VL/2 is the voltage
potential of the core, and lsn = (n− 1) (li + lo + 2lm); Ctc1,i,
the turn-to-core capacitance in inner region, can be calculated
by replacing dtt in (39) with the dtti in (43).

The total energy Etc,i in the space between turns and the core
in inner region is given by

Etc,i =
N∑

n=1

Etcn,i ≈ VL
2

48
NliCtc1,i. (47)

The electric field energy in the other three regions can be
calculated in a similar way so it will not be repeated here. The
total turn-to-core electric field energy Etc can be calculated as

Etc =
NVL

2

48
(liCtc1,i + loCtc1,o + 2lmCtc1,ul) (48)

where Ctc1,o and Ctc1,ul are the turn-to-core capacitances in
the outer and upper/lower regions, respectively, and can be
calculated based on (39) by replacing dtt with dtto in (44) or
dttm in (45).

Based on (2), EPCtc, part of EPC, due to Etc is given by

EPCtc =
N

12
(liCtc1,i + loCtc1,o + 2lmCtc1,ul) . (49)

The next step is to calculate the electric field energy in the
space between adjacent turns. First, Ctt1,i, the turn-to-turn ca-
pacitance per unit length in the inner region can be calculated by
replacing dtt in (40) with the dtti in (43). The voltage difference
between two adjacent turns is VL/N , except that between the
first and the last turn, which equals (VL − VL/N). Therefore,

⎛
⎝ qn−1

qn
qn+1

⎞
⎠ =

⎛
⎝Ctc2 + Ctt1 + Ctt2 −Ctt1 −Ctt2

−Ctt1 Ctc1 + 2Ctt1 −Ctt1

−Ctt2 −Ctt1 Ctc2 + Ctt1 + Ctt2

⎞
⎠
⎛
⎝ ϕn−1

ϕn

ϕn+1

⎞
⎠ (37)
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Fig. 12. Simulated electric field in the space with (a) 8 turns, (b) 16 turns,
(c) 24 turns, (d) 32 turn, and (e) 40 turns.

the total electric field energy between adjacent turns in the inner
region (Ett,i) can be calculated as in

Ett,i =
Ctt1,ili

4

[
(N − 1)

(
1

N
VL

)2

+

(
N − 1

N
VL

)2
]
.

(50)
The calculation of electric field energy between adjacent turns

for other regions is similar. So, the total electric field energy
between the adjacent turns can be expressed as

Ett =
Ctt1,ili + Ctt1,olo + 2Ctt1,ullm

4

N − 1

N
VL

2 (51)

where Ctt1,o and Ctt1,ul are calculated by replacing dtt in (40)
with dtto and dttm in (44) and (45), respectively.

Based on (2), EPCtt, part of EPC, due to Ett is given by

EPCtt =
N − 1

N
(Ctt1,ili + Ctt1,olo + 2Ctt1,ullm) . (52)

Finally, EPCSp, part of the EPC, due to the total electric
field energy in the space can be calculated from (49) and (52) as
follows:

EPCSp = EPCtc + EPCtt. (53)

In order to verify the analysis above, simulations were con-
ducted in Ansys HFSS with N varying from 8 to 48. The param-
eters used in the simulations are: h = 12.7 mm, Ro = 19 mm, Ri

= 9.5 mm, rl = 14.3 mm, a = 6.35 mm, b = 4.78 mm, dtc =
0.472 mm, and rw = 0.322 mm. Fig. 12 shows the simulated
electric field on the plane of z = 0 (center plane) for different
number of turns. It is shown that the electric field energy is
concentrated in the space between the wire and the core because
dtc<<dtt and the large surface area of the core. Because of this,
it is expected that EPCtc should be dominant. The electric field is
also strong in the space between the two winding terminals (the
two are overlapped in Fig. 12) but because of the small space, it
will not contribute to EPCSp as much as EPCtc.

The simulated EPCSp due to the electric field energy in the
space is compared with the calculated EPCSp in Fig. 13. The
simulation result matches the calculated with less than 5% error.

Fig. 13. Comparison of the calculated and simulated EPCSp.

Also, the calculated EPCtc is much higher than EPCtt as shown
in Fig. 13, which agrees with the observation in Fig. 12. It is
shown that EPCtt, EPCtc, and EPCSp increase as N increases.
Because of this, if EPCSp dominates the total EPC, the resonant
frequency due to L and EPCsp will not be a constant when N
increases.

Based on the above-mentioned results, as N increases, the
EPC due to the electric field energy in the space also increases,
whereas the EPC due to the electric field energy in the core
decreases. Therefore, an optimal N exists in inductor design
for the minimum EPC. However, the minimum EPC does not
necessarily lead to the highest HF impedance, which will be
discussed later.

C. Optimize the Number of Winding Turns

The number of winding turns can be optimized to achieve high
HF impedance. Although conclusions and techniques about the
electric field energy inside the core in Section II-B–D have been
derived from (7)–(22) in Section II-A, directly calculating EPC
and EPR is impractical as it is very complicated. Furthermore,
important parameters, such as the permittivity of Mn-Zn ferrite,
are hardly provided by manufacturers. A practical way to find
the optimal number of winding turns is proposed below.

It has been derived in Section II-A that the HF admittance |YL|
due to the core is inversely proportional toN2, so in practice, the
inductor impedance with one turn winding can be first measured.
If the measured EPC and EPR are defined as EPCcore1 and
EPRcore1, the HF impedance |ZL| = |1/YL| of the inductor with
N-turn winding at a given frequency fop can be derived as a
function of N as

|ZL| = 1√
[ωop(EPCSp(N)+

EPCcore1
N2 )]

2
+
(

1
N2EPRcore1

)2

(54)
where ωop = 2πfop and EPCSp is given by (53). In order to
find the optimal N to have the highest impedance at a certain
frequency, the curve of |ZL| as a function of N at that frequency
can be plotted in a graph. Based on the curve, the optimal N with
the highest HF impedance can be identified.
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Fig. 14. Measured impedances of normal and stacked inductors with vari-
ous N.

IV. EXPERIMENTAL VERIFICATION

To verify the theory and technique developed in Section II, the
measured impedance of an inductor with two toroidal magnetic
cores (04J3806TC, J material, RO = 19 mm, Ri = 9.5 mm, h =
6.35 mm, Magnetic Inc.) stacked in the z-direction is compared
with the measured impedance of an inductor with a single
toroidal magnetic core (04J3813TC, J material, RO = 19 mm,
Ri = 9.5 mm, h = 12.70 mm, Magnetic Inc.) from 150 kHz to
30 MHz. The winding wire size is AWG#22 ( rw = 0.322 mm).
The stacked cores and the single core have the same width-
to-height ratio, MPL, and Ae. The impedances are compared
as N is 1, 4, and 7. Since N is small, based on the conclusion
in Section III-B, EPCSp is small, so the electric field energy is
mostly concentrated inside the core. This is evidenced by Fig. 14.

First, from Fig. 14, it is obvious that the resonant frequencies
of inductors with either stacked cores or normal single core are
not influenced by N. This is evidenced by the identical zero
crossing frequencies of the measured phases. Second, as N is
small, the HF impedances of inductors with either stacked cores
or normal single core are proportional to N2, which agrees
with the conclusion derived from the electric field energy inside
the core. Third, for the inductors with the stacked cores, the
resonant frequency is 1.7 MHz, which is higher than 1.1 MHz of
the inductor with the single core. Fourth, the HF impedance
of the inductors with the stacked cores is 40% higher than
those of the inductors with the single core from 3 to 30 MHz
because of higher EPR and smaller EPC. These experimental
results verified the theory and the technique of applying stacked
cores to increase HF impedance developed in Section II. It
is, therefore, concluded that, using more number of winding
turns or stacked cores on a Mn-Zn toroidal core inductor with
a single-layer winding can increase the inductor’s impedance at
both low and high frequencies as long as the EPC is dominated
by the electric field energy inside the core. This is different from
the conventional opinion that increasing the number of winding
turns will increase EPC and reduce the inductor’s HF impedance.

In the next step, calculations and measurements were made
to the single core inductor above to verify that an optimal N can
achieve the smallest EPC. In the calculations, dtc = 0.442mm.

Fig. 15. Comparison of the capacitances due to core and space as N increases.

Fig. 16. Calculated and measured impedances at 2 MHz as N varies.

The calculated capacitances as N varies from 5 to 50 are plotted
in Fig. 15. It is shown that as N increases, EPCcore decreases
and EPCSp increases. As a result, the smallest EPC is at around
N = 15 when dEPCcore/dN = −dEPCSp/dN. Also, in Fig. 15,
the measured EPC first decreases and then, increases at around
N = 15. It matches the calculated total EPC.

Finally, to verify the technique proposed in Section III-C for
high HF impedance |ZL| at desired frequencies, the inductor’s
impedance is calculated for different N based on (54) at 2 MHz.
Fig. 16 shows the comparison of the calculated and measured
impedances as N varies. The measured results match the calcu-
lated and it is shown that there is an optimal N around 26 for the
highest HF impedance. This validates the developed theory and
technique.

The N of the smallest EPC and the N of the highest impedance
at certain frequencies are usually different. In Fig. 15, EPCSp is
dominant after N= 15, so the total EPC increases as N increases,
as shown in Fig. 13. In Fig. 16, because ZEPR, the impedance
of EPR, is proportional to N2, as derived in Section II-B, and
ZEPC, the impedance of EPC, reduces as N increases if N>15,
there is a maximum impedance for the paralleled impedance in
the inductor model of Fig. 1(b) at around N = 26.

V. PARAMETRIC STUDY AND DISCUSSIONS

A. Parametric Study on Sensitive Geometry Parameters

Engineering tolerance exists in inductor manufacturing, so
it is necessary to investigate its effect on the proposed HF
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Fig. 17. EPCSp and total EPC as the wire radius varies.

Fig. 18. Impedances of the total EPC and the inductor at 2 MHz as rw varies.

impedance improving techniques by conducting a parametric
study on the sensitive parameters. Based on (39), (40), and
Fig. 13, the sensitive parameters are winding wire radius rw
and winding turn-to-core distance dtc. The turn-to-turn distance
dtt is not a sensitive parameter because the electric field energy
is concentrated in the space between the wire and the core.

Fig. 17 shows the calculated EPCSp, EPCCore, and total EPC
as rw has a ±20% deviation. EPCCore is unchanged because it is
not influenced by the sensitive parameters based on (13), (14),
and (17). From Fig. 17, the variations of EPCSp and total EPC
are less than ±10%, and the number of turns for the minimum
total EPC is still very close to 15, so it is not sensitive to rw.

Fig. 18 shows the impedances of the total EPC and the
inductor at 2 MHz as rw has a ±20% deviation. The impedance
variations of the total EPC and the inductor are less than ±10%,
and the number of turns for the maximum inductor impedance
at 2 MHz is still very close to 26, so it is not sensitive to rw.

Fig. 19 shows the calculated EPCSp, EPCCore, and total EPC
as dtc has a ±20% deviation. Fig. 20 shows the impedances of
the total EPC and the inductor at 2 MHz as dtc has a ±20%
deviation. A similar conclusion is drawn to that from Figs. 17
and 18. The numbers of turns for the minimum total EPC and
the maximum inductor impedances are not sensitive to dtc.

B. Discussions

Mn-Zn ferrite material with high permeability is popularly
used in industrial EMI/RFI filters because modern power elec-
tronics demands high power density and low cost. Because of
this, this article focuses on Mn-Zn ferrite cores. Other cores such
as Ni-Zn and powder cores are used in different applications. If

Fig. 19. EPCSp and total EPC as dtc varies.

Fig. 20. Impedances of the total EPC and the inductor at 2 MHz as dtc varies.

these cores have smaller permittivity than Mn-Zn cores, the EPC
due to the cores is small so the EPC in the space will dominate.
As a result, the stacked core structure will not be as efficient as
applied to Mn-Zn cores for EPC reduction.

Stacked core structure can improve HF impedance. However,
as more cores are stacked, due to the thickness of core coat-
ing layers, air gaps between any two adjacent cores will take
more space, which leads to increased height. Also, the cost
of the inductors may increase. Therefore, the number of the
stacked cores should be determined based on the required HF
impedance. When there is a limitation to the inductor profile,
the HF impedance should be first evaluated for an inductor with
a single core. If it cannot meet the impedance requirement, the
number of stacked cores can be increased. After the impedance
requirement is met, it is unnecessary to further increase the
number of stacked cores. To achieve the best performance and
manufacturing convenience, for the stacked cores in z-direction
in Fig. 7(b) and (c), the cores should have an identical thickness.
For the stacked cores in ρ direction in Fig. 7(d) and (e), because
the inner cores have higher magnetic flux density than the outer
cores, the optimal widths of the cores can be determined by (55)
and (56) to reduce the electric field inside the cores, where wj,
wk, and wc are the cross-sectional width of the jth, kth, and cth
cores; Rj and Rk are the radii of the jth and kth cores; and n is
the number of stacked cores

wj

wk
=

Rj

Rk
(55)

Ro − Ri =

n∑
c=1

wc. (56)
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For the applications in a harsh environment, high temperatures
may change permeability, permittivity, and conductivity of the
cores, however, the conclusions, such as the EPC due to the core
is reversely proportional to the square of the number of turns, and
the stacked core structure helps to reduce the electric field energy
in the cores, are still valid. Therefore, in a harsh environment,
the proposed structure can still be applied. It should be noted
that when designing the optimal number of turns based on (54),
the EPC and EPR due to the cores should be measured in the
same environment as actual applications.

It should be pointed out that for the inductors with multilayer
windings, the electric field energy in the space between winding
layers could be significant, so the theory and techniques in this
article should be further adapted for the related analysis.

VI. CONCLUSION

This article investigated the EPC and EPR of Mn-Zn toroidal
inductors with a single layer winding based on electromagnetic
theory. Based on the investigation, with a given exciting current,
the electric and magnetic field intensities inside the core are
proportional to N. Power loss and energy inside the core are
proportional to N2. The resonant frequency between L and
EPCcore is independent of N. The electric field energy inside
the core significantly contributes to the total EPC when the
number of winding turns is not big. EPC due to the electric
field energy inside the core is inversely proportional to N2 and
EPR is proportional to N2. The cores with a square or round
cross-sectional shape have higher EPC and smaller EPR than
those with larger or smaller width-to-height ratios. Stacked core
structure, therefore, has smaller EPC, bigger EPR, and higher HF
impedance than conventional single cores. It is also found that
the electric field energy inside the space between the winding
turns and the core contributes to most of the EPC due to the
electric field energy in the space if dtc<<dtt, and the EPC
increases as N increases. There is an optimal N for the minimum
total EPC. It is concluded that using more number of winding
turns or stacked cores on a Mn-Zn toroidal core inductor with
a single-layer winding can increase the inductor’s impedance
at both low and high frequencies, as long as the impedance is
dominated by the electric field energy inside the core when N is
relatively small. There is an optimal N for the highest impedance
at a desired HF frequency. The optimal N can be predicted based
on one-turn impedance measurement and the theory developed
in this article. Both FEA and experiments were conducted to
validate the developed theory and techniques. A parametric
study was conducted to prove that the proposed techniques are
valid even with engineering tolerance considered.
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