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An Analytical Stray Capacitance Model of NiZn Inductors With Gapped Cores

Zhan Shen

Jingxin Hu, Yuefei Zuo"”, Frede Blaabjerg

Abstract—NiZn cores are widely used in magnetic components
in power electronic converters at frequencies above MHz, and the
parasitic capacitance generated by air gaps in the cores of inductors
can contribute to current ringing and electromagnetic interference
(EMI) issues, which cannot be ignored during inductor modeling
and design. Current research on air gap capacitance mainly focuses
on MnZn materials and can cause significant errors when applied
for NiZn materials. In this article, two models for stray capacitance
of air gaps in NiZn cores are proposed. The boundary potential
condition is derived by two methods to calculate the electric field
distribution and energy capacitance stored in the air gaps. The
model can calculate air gaps with different positions, numbers,
sizes, and boundary conditions. Simulation and experimental ver-
ifications are carried out in six cases of gapped core inductors,
and the average error of the air gap capacitance is approximately
13.2%.

Index Terms—Air gap, electric field distribution, high-frequency
magnetics, inductor, NiZn ferrite, stray capacitance.

1. INTRODUCTION

HE wide adoption of third-generation semiconductors,

particularly SiC and GaN, drives the switching frequency
of power electronic converters to be progressively elevated, lead-
ing to the miniaturization in converter volume and intensified
capacitive coupling within magnetics [1]. Such enhanced cou-
pling induces high-frequency oscillations and electromagnetic
interference (EMI) issues, which may jeopardize insulation and
converter reliability [2]. Precise capacitance models are essential
for mitigating high-frequency oscillations and achieving opti-
mized converter design.
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Fig. 1.  Stray capacitance of inductors with distributed air gaps. (a) Capacitance
difinitions and equivalent circuit. (b) Electric field of gapped MnZn inductor
(PEC model holds). (c) Electric field of gapped NiZn inductor (PEC model is
not valid). (d) Voltge distribution of gapped NiZn inductor and its simplification
to (e) by omitting external winding excitation. (f) Air gap boundary potential
analysis.

Conventional ferrite inductors primarily employ MnZn mate-
rials (often, permeability p > 1000 and permittivity € > 10000)
operating within frequency ranges of tens to hundreds of kilo-
hertz. The high permeability originates from the ferrimagnetic
order and optimized magnetic anisotropy, while the high permit-
tivity results from interfacial polarization at the insulating grain
boundaries. The high permittivity of core leads to its modeling as
aperfect electrical conductor (PEC) [3]. This assumption allows
for the omission of electric field energy inside the core and its
core energy capacitance C... Hence, MnZn inductor modeling
mainly focuses on winding capacitance Cy, [4] and capacitance
between core and winding C.,, [5], as illustrated in Fig. 1(a).

In recent years, NiZn ferrite cores have gained increasing
attention for low-loss characteristic and stable permeability in
MHz frequency range. NiZn cores maintain low hysteresis loss
at high frequencies and suppress eddy currents due to their
high resistivity, thereby significantly reducing core losses [6].
Furthermore, the magnetic field balancing design and distributed
air gap structure in NiZn cores can optimize winding losses [7].
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Consequently, the use of NiZn materials can significantly reduce
overall losses, making it popular in wireless power transfer,
power supplies in package, and step-up oscillator applications
[6], [7], [8]. Compared to MnZn cores, NiZn cores have lower
permeability and permittivity (4 < p < 125, 12 < ¢ < 100),
resulting in distinct electric field characteristics as compared in
Fig. 1(b) and (c). The electric field strength in the core region
of the gapped NiZn inductor is comparable to that between the
winding and the core. However, due to the larger area of the core
region, the electric field energy stored in the core is significantly
greater than that between the winding and the core, leading to the
non-negligible capacitance C. and the negligible capacitance
Cew [9]. Consequently, traditional MnZn capacitance models,
which focus on C., and neglect C,, are no longer applicable.

To address this, we develop a capacitance model for NiZn
cores based on electric field distribution [9], but do not account
for air gaps incorporated in practical inductor designs. However,
the neglected impact of air gaps leads to parasitic capacitance
errors for NiZn gapped inductors. When the core permittivity
varies from 12 to 100 in the gapped structure of Case A in
Section IV, the errors between the analytical model in [9] and
simulation results vary from 27.9% to 206.8%. Hence, it is
essential to consider the impact of air gaps when modeling NiZn
inductor capacitances.

Existing studies on air gap capacitance mainly focus on MnZn
materials. Considering the impact of different air gaps on electric
field distribution [10], [11], a multiperfect-electric-conductor
assumption is proposed for MnZn core, decomposing the air
gap capacitance into plate capacitance, fringe capacitance, and
terminal capacitance [12]. For NiZn gapped core inductors, the
fringe capacitance and terminal capacitance of both the cores and
air gaps are much smaller than the plate capacitance and can be
neglected. While the lower permittivity of NiZn materials causes
the electric field to penetrate the cores, as shown in Fig. 1(c),
making the PEC model inapplicable for the capacitances of both
cores and air gaps. Consequently, when calculating the parasitic
capacitance of a single-gap NiZn inductor with core radius
ro = 15 mm, core length [, = 11 mm, air gap length I, = 1 mm
and core permittivity . = 10, applying the parallel-plate capaci-
tance model from [12] results in a capacitance error up to 190.6%
compared with the simulation. The parasitic capacitance error in
gapped inductors can lead to the misestimated self-resonant fre-
quency for resonant converters [13]. It also results in unexpected
circuit oscillations and voltage spikes that increase switching
losses, misguides EMI filter design, and increases system size
and cost.

To address this issue, this article proposes two air gap capaci-
tance models for NiZn inductors. They are generic for different
air gap positions, numbers, sizes, and boundary conditions. Both
models are verified by finite element simulations and experi-
ments in six case.

II. ANALYTICAL MODELING OF BOUNDARY POTENTIAL

A. Model Simplification of Gapped Core Inductor

The 3-D model of the distributed gapped inductor is illustrated
in Fig. 1(a), it is simplified to 2-D in Fig. 1(d), and is further
simplified to Fig. 1(e), with the simplification of the winding
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section. The voltage across the winding can be assumed to
change linearly along z-axis direction, and the core surface is
wrapped by the winding closely. Hence, the voltage distribution
of the core surface matches the linear profile, i.e., the boundary
AB of core follows a linear potential distribution in Fig. 1(e).
The electric field potential of the cores and air gaps ¢ follows
Laplace’s equation as follows:

VZp = 0. ey

The analytical modeling of boundary potential of the air gap
is the basis for solving Laplace’s equation. It is also used for
calculating the electric field distribution and the capacitance of
the gapped core. The boundary potential condition is determined
by the voltage along the core AB, BC, and AD in Fig. 1(e), and
along the air gaps A;Dy, AsDs, ... A,D,, B1Cy, BoCo, ...
B,,C,, in Fig. 1(f). Boundary AB is the same as winding voltage,
the core boundary potential AD, BC are given in [9]. For NiZn
gapped cores, the distributed air gaps and the low permittivity
characteristic of the NiZn cores increase the difficulty in de-
termining the boundary potential. Hence, the key problem is
to solve the voltage distribution of the air gap boundary A, D,,
and B,,C,,, respectively. In the following Section II-B and II-C,
two methods for boundary solutions of air gaps are proposed:
the multilayer dielectric model and the potential superposition
model, respectively.

B. Boundary Solution 1: Multilayer Dielectric Model

The simplified gapped core is a multilayer dielectric structure,
which comprises stacked homogeneous dielectric layers with
constant permittivity. For adjacent air gap layer and core layer,
their interlayer boundary A ,,D,,, B,,C,, at z = z; satisfy continuity
conditions on both electric potential and normal component of
the electric displacement as follows:

Pe (Tv Zi) = ¥g (Tr Zi) 2
Ope(r, 2) _ Opg(r, 2)
- 0z z=z; T 0z z=2z @

where . and ¢, represent the electric potential of the core
and the air gap, respectively, €. and ¢, are their corresponding
relative permittivity. The boundary condition along the core
surface at r = rg fundamentally governs unidirectional linear
potential distributions along the z-axis within dielectric lay-
ers, thereby establishing a uniform normal potential gradient
throughout each dielectric layer. Equation (3) indicates that the
normal potential gradient at the interlayer boundary between
adjacent core and air gap is inversely proportional to the relative
permittivity, with a discontinuous transition across the boundary.
Fig. 2 shows the potential distribution of the core and the air gap
with the relative permittivity of 10 and 1, respectively, which
validates the discussion of (3). Consequently, the generalized
governing equation for arbitrary radial coordinates can be de-
rived as follows:

0pe Oy
Nclcg(r) + Nglga—;(r) =2p.(r) %)

where N. and N, denote the number of magnetic cores and
air gaps, . and I, are core and air gap layer length, O¢./0z
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Fig.3. Potential superposition model. (a) Gapped core model. (b) Core model
without air gap. (c) Air gap model with a relative permittivity of .. (d) Potential
distribution of the single air gap model.

(r) and Opg/0z (r) are the gradient of the potential along the
z-axis direction across the core layers and the air gap layers,
respectively. ¢r,(r) obtained from [9] indicates the boundary
potential of core at z = 0. Hence, the potential of the upper
boundary B,,C,, and lower boundary A, D,, of the nth air gap
along the z-axis direction ypper(r) and Yiower(r) can be deter-
mined, respectively, as follows:

e )
Pupper (1) = L (1) — nlca—i (r) — nlg% (r) (5)

P 0
Plower (T) = $L (T) —nle 3(2 (T) - (Tl - 1) g% (7’) . (6)

C. Boundary Solution 2: Potential Superposition Model

Laplace’s equation is a linear homogeneous partial differential
equation, where the superposition of solutions remains valid
under homogeneous boundary conditions. We propose to use the
superposition principle to obtain potential boundary conditions
of air gaps, which includes following five steps.

1) For gapped core as shown in Fig. 3(a), we define a core of

the same shape but without gap in Fig. 3(b). The voltage

Fig. 4.
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at the surface of the core in Fig. 3(b) is set to twice that of
Fig. 3(a), i.e., oAb = 2¢Aa, ¥Bb = 2¢¥Ba-

2) InFig. 3(b), the potential at the same positions as the upper
and lower boundaries of the air gap in Fig. 3(a) are denoted
as ¢1(r, z) using dashed lines. ¢1(r, z) is determined
through a general NiZn core model given in [9].

3) In Fig. 3(c), a model with the same air gap in Fig. 3(a),
but with a permittivity of . is established. Apply the
same linear voltage from points A,, to B,, in Fig. 3(c) as
from those in Fig. 3(a), the potential of the corresponding
boundaries of the air gap in Fig. 3(c) are denoted as (o(r,
2).

4) Subtract boundary potential in Fig. 3(c) pa(r, z) from
Fig. 3(b) ¢1(r, z), leading to the boundary condition of
Fig. 3(a) po(r. 2) ~ ¢1(r, 2) - pa(r, 2). Hence, Fig. 3(a)’s
boundary condition is obtained by the superposition of
Fig. 3(b) and (c).

5) An air gap model with permittivity e, is in Fig. 3(d). Its
length [, is negligible compared to total core length /y.
Therefore, the voltage excitation at point A, approximates
that at point B,,, resulting in similar potential at the upper
and lower boundaries, @2 _ypper () = ©2_1ower (7).

The lower boundary potential o (r) under different ry/l, ratios

and e, values is obtained in Fig. 4 by finite element simulation,
and an analytic relationship is obtained as follows:

—0.6468¢,0-2642 l[g(g.%;;)s

2 (r) = 1.2989p4, € @)
It achieves a coefficient of determination R* = 0.9832, which
demonstrates a good agreement with simulation.

D. Boundary Solution Verification

A case study of a gapped core inductor is designed to verify the
proposed two boundary solutions, as shown by the comparison
of finite element analysis and analytical calculation in Fig. 5. It
is with core radius o = 10 mm, core length /[y, = 20 mm, air
gap length [, = 0.1 mm, number of air gaps Ny = 13, and core
permittivity . = 10.

Comparative analysis reveals that Solutions 1 and 2 demon-
strate a slightly larger error from simulations when r approaches
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Fig. 5. Simulation verification of Boundary Solutions 1 and 2.

ro. In Solution 1, the different relative permittivities of the dielec-
tric layers cause a sudden change in the normal gradient of the
potential at the interlayer boundary, and it remains stable along
the z-axis within the same dielectric layer. However, as r gets
closer to ry, the influence of the applied linear voltage at r = ry
increases, the boundary potential error between Solution 1 and
simulation becomes larger with the overestimation of the normal
potential gradient, especially for relatively high-permittivity
NiZn cores. The boundary potential error in Solution 2 primarily
stems from its two superimposed submodels. First, in the core
model without air gap, the curve fitting of the boundary potential
from [9] demonstrates insufficient accuracy under the condition
ro < lp. Second, in the air gap model, the fringing effect of
the electric field causes the assumption Y2 _upper () = P2 _lower
(r) to become inadequate in regions where r approaches r.
Nevertheless, the errors of both solutions are below 20% and
fall within an acceptable range for capacitance calculation [5],
[91, [12].

Solution 1 provides an efficient, general-purpose analytical
model with less reliance on fitting simulation data but has inher-
ent errors for relatively high-permittivity NiZn cores. In contrast,
Solution 2 accounts for the combined effects of key structural
parameters in gapped cores through simulation-based modeling.
However, Solution 2 requires higher computational complexity
and has limited applicability beyond its fitted parameter range.
The choice between them can be made based on the requirements
of the application.

III. ANALYTICAL MODEL OF ENERGY CAPACITANCE

By solving Laplace’s equation under the proposed two air gap
boundary conditions, the potential distribution in the core and air
gap ¢ (r, z) can be obtained. The detailed procedures are given
in Appendix A. The overall analytical modeling procedure is
summarized in Fig. 6. The electric field strength is calculated by
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Fig. 7. Gapped core capacitance error over loga(ro/lp) coordinate with ro/lg

ratios ranging from 0.05 to 2.

the negative gradient of the electric potential as follows:

The electric field energy of each air gap layer and core layer
W, and W, can be obtained using following integration:

1 T0 lg 9
Wy = ieoeg/o /0 mr|E|"drdz 9)

1 0 le
W, = 75056/ / WT\E|2drdz.
2 o Jo

The total energy of the gapped core Wy, is obtained by adding
up the electric field energy of each part, and the total energy
capacitance of the gapped core Cyg, is as follows:

2Wee
AU?
where AU is the voltage across the winding, approximately
equivalent to twice the potential at point Aa in Fig. 3(a).

To determine the applicable range of dimensional values of
the proposed models, ten NiZn gapped core cases are studied
with ro/ly ratios ranging from 0.05 to 2, core radius ry = 1 mm,
air gap length [, = 0.01 mm, core permittivity . = 10, and
number of air gaps N, = 4. The gapped core capacitance errors
variation with the 7o/l ratios is shown in Fig. 7. For structures

(10)

Cpe =

(1)
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TABLE I
Parameters of Inductors in Six Cases
Parameter Case A Case B Case C Case D Case E Case F
Core/air gap radius 7, (mm) 25 25 25 25 17.5 15
Total length /, (mm) 46.6 51.6 71.2 71.2 76.6 71.2
Core length /. (mm) 5 10 10 10 15 10
Air gap length /, (mm) 0.2 0.4 0.2 0.2 0.4 0.2
Number of cores N, 9 5 7 7 5 7
Number of air gaps N, 8 4 6 6 4 6
Core permittivity ¢ 15.0 15.0 15.0 10.5 10.5 5.7
Wire diameter d; (mm) 0.9 0.9 1.0 1.0 1.0 0.9
Number of turns N; 44 44 50 50 57 57
16 Case A Case B Case ] 100
1.2 50
/i=6.181 MHz £i=6.510 MHz £i=6.769 MHz
0.8 0
: a 0.4 — -50 -
Winding Inductor 5’ 0 — 100 g::
g 4 8 4 8 4 s <
@ ) © 'g 1.6 ase D Case E Case F 100 g
£
Fig. 8. ]_EXperim_ental cases and test instruments. (a) Gapped core. (b) Inductor. 12 £1=6.920 MHz i=4.085 MHz 4131 MHz %
(c) Experimental instruments. 0.8 0
0.4 -50
with the ratio ro/ly < 0.1, the extremely small r( relative to ’ s 2 6 2 PR
lp results in negligible radial variation of the potential at the Frequency f (MHz)
upper and lower boundaries of air gaps and cores, and causes  Fig. 9. Measured impedance and phase of six cases.
relatively large errors in gapped core capacitance. For structures
with the ratio ro/ly > 1.5, the significant fringing effect near 8z 8 10 pomsor
r = ro becomes the dominant factor for electric field distribution . . B .5
and capacitance. Both Solution 1 and Solution 2 have relatively Coprorcompared
high errors as r approaches ry, resulting in overestimated gapped ) rezenasn 1 st g
core capacitance. With the error of less than 20% as the ac- g2 ﬁ ﬂ H H p ﬂ H H 25 '“”"ﬁ”’
ceptable range for capacitance calculation [5], [9], [12], the I 0 0 H H
results demonstrate that the reasonable range of ratio between £ e Cret 5 ot 4 172 S
core radius and total core length ry/ly for both Solution 1 and g, ] e B
. . . . ) 3.75
Solution 2 is from 0.1 to 1.5. The ry/ly ratios of rod NiZn s }
cores for engineering production in most manufacturers fall 5 25 2
within the applicable range of our proposed models, with values 250 | 1on3av 125} | [13.2%11.9% Vs a0me
predominantly concentrated between 0.1 and 0.3 [14], [15], [16], 0 ﬁ D ﬂ [ . ﬁ (1 . KR
[17]. Therefore, the applicable range of dimensional values of Case D CaseE Case F
our anal tical models iS reasonable [ Cee (Solution 1) @ ¢, (Solution 1) — ¢, [ PEC model
y . [ Ce. (Solution 2) [ C, (Solution 2) [ FEA ] Experiment
IV. EXPERIMENTAL VERIFICATION Fig. 10.  Verification through experiments and simulations of six cases.

Six cases A, B, C, D, E, and F of NiZn inductors with
uniformly distributed air gaps are designed for experimental
verification as shown in Fig. 8, with detailed parameters given
in Table I. The measurements are performed using a Hioki IM
3536 LCR meter and results are shown in Fig. 9. The parasitic
capacitance Cj,q is calculated from first-resonant frequency
fo and inductance value L by Cindzm~ Cases E and
F have lower capacitance values and therefore we connect a
5.2-pF capacitor in parallel to reduce the resonant frequency. The
winding-related capacitance Cy, is calculated by [4], while the
air-gap-related capacitance Cy and the core-related capacitance
C.. are obtained using our proposed models. Adding them to-
gether obtains analytically calculated C;,,q. The analytical errors
compared with experiments are shown in Fig. 10.

Cases A and B have identical total length of air gaps and

Consequently, they demonstrate comparable air gap capacitance
and core capacitance. In contrast, Case C shares the same single
air gap length [, as Case A but features a reduced number of air
gaps and a lower ratio of ry/ly, leading to a significant decrease
in air gap capacitance. Case D differs from Case C in its lower
relative permittivity with all other parameters identical, and it
has a reduced stray capacitance. The smaller total capacitance
values in Cases E and F compared with those in Cases A, B, and
C are caused by their smaller core radii, greater total lengths,
and lower core relative permittivities.

The average errors of the total capacitance in six cases solved
by Solutions 1 and 2 are 14.6% and 14.5%, respectively, mainly
stemming from the overestimation of the potential values in the
region where r approaches r( in both boundary solutions, and



7168

V. CONCLUSION

An analytical stray capacitance model of NiZn core inductor
with air gaps is proposed and verified by simulations and ex-
periments in six cases. The air gap capacitance accounts for
a proportion ranging from 9.9% to 20.7% of the total stray
capacitance, which cannot be neglected in the modeling. The
average errors of the air gap capacitance solved by Solutions 1
and 2 are 12.8% and 13.6%, respectively.

APPENDIX A
DERIVATION OF THE POTENTIAL OF AIR GAPS AND CORES

Sequentially numbering air gaps and cores along the z-axis as
n=1,2,..,Ny;andn =0, 1, ..., N, the boundary conditions
of each layer of air gaps and cores are determined, respectively,
as follows:

Pg ||z0 = Plower (Ta Z2=n (ZC + lg) - Zg)
Pg z=lg Pupper (7‘, zZ="n (lc + lg))
lo+lg)—1 (A.1

Qog|'r:'ro :¢A0{1_2W} )
n=1,2...,Ng
Pe Iz:O = Pupper (r,z=mn(le+ lg))
Pc |z=te = Prower (1,2 =(n+1) (lc +1g) — )

n(let+lg)+z (AZ)
4Pc|r:r0:‘pAg{1_2[( lU) ]}
n=20,1,...,Ng.

Let the original potential distribution subtracts ¢ | 7 = rg, the
boundary condition and problem transfer to

SDI ‘z:O =@ |z:0 — @ |r:r0
@ o=t = Ple=t — @ lr=ro
¢ lr=ry =0

Vi =0.

(A3)

The parameter [ represents the core length /. when solving
core sections, and represents the air gap length /[, when solv-
ing air gap sections, respectively. The general solution can be
obtained as follows [18]:

oo
( (
(p, = AO —+ BOZ —+ Z(Anemn())z/ro + Bn67m710)2/r0)

n=1

zf

o

r (A4)

To

where the nth positive zero of J; is denoted by x,?, Jy and
J1 represent the Bessel functions of the first kind with orders 0
and 2, Ay, By, An, and B, are all coefficients to be determined.
Combing the boundary conditions obtains

Glnefzglm Yo —Goy

Ag=0, A,=
’ " eﬂ%o)l/"o ,efgLO)l/ro
Grpe™ Um0 _g
By=0, B,= (1031 ©) 20
x l/rg_,—x /rg
G 2 ° ) e/ ’ z¥ d (AS)
= o ¢ eme  ()
o|Jolzn

” (0)
Goyy= —2 fOO ¢ |t Jo (%r) rdr.

AT
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The final solution of ¢(r, z) is as follows:

e (r,z) =¢ (r,2) +¢|r=r,- (A.6)
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