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ABSTRACT With high power density and high-frequency power electronics technologies, parasitic capac-
itances of inductors and transformers have been widely discussed, in which parasitic capacitance may lead
to electromagnetic interference (EMI) and efficiency performance degradation. Therefore, it is significant
to analyze and model the parasitic capacitance of the inductors and transformers. This paper proposes a
new parasitic capacitance calculated model of multilayer windings inductors and transformers. Based on the
electromagnetic field theory, it can fully consider the edge effect of multilayer inductor windings, including
the edge effect between adjacent and non-adjacent layers. Finally, the accuracy of the model is validated
by simulation and experiment. Compared with the traditional parasitic capacitance calculated method, the
proposed model can calculate the parasitic capacitance more accurately, and the maximum error between

calculations and simulations is less than 8%.

INDEX TERMS Parasitic capacitance, edge effect, modeling, inductor.

I. INTRODUCTION
With the development of high-frequency power electron-
ics technology, especially wide band gap semiconductors
such as SiC and GaN, the magnetic components, including
high-frequency inductors and transformers, have become a
hot research topic in recent years [1]. As the switching fre-
quency increases, the influence of the parasitic parameters
of magnetic components becomes increasingly important,
especially parasitic capacitance, which may result in electro-
magnetic interference (EMI) and efficiency degradation [2].
In high-frequency applications, the parasitic capacitance
may oscillate with the inductance of the magnetic compo-
nents, worsen the electromagnetic environment, and increase
unnecessary losses. Moreover, the high voltage stress gen-
erated by oscillation may destroy the magnetic compo-
nents’ insulation, threaten the system’s reliability, and affect
the equipment’s normal operation [3], [4], [S]. Therefore,
to achieve an optimized magnetic component design, it is very
important to analyze the influencing factors of distributed
capacitance and theoretically calculate the parasitic capaci-
tance value.
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In [6] and [7], the parasitic parameters of transformers were
analyzed by combining the Finite Element Method (FEM),
considering different magnetic cores and winding structures.
Ultimately, a transformer design method considering para-
sitic parameters was proposed, but simulation modeling is
often time-consuming. In [8], the transformer capacitance
is extracted through experiments. This method’s parasitic
capacitance can only be extracted after the transformer is
manufactured, which is unsuitable for the parasitic capaci-
tance prediction before it is made and cannot be optimized in
the design process.

In [9] and [10], these methods are based on the static capac-
itance of turn-turn and layer-layer winding. However, when
the interlayer spacing in multilayer windings is small com-
pared to the winding height, these methods do not account
for edge effects.

In [11] and [12], a method is proposed to calculate the
inter-turn capacitance by simulating the electric field lines
between adjacent coils, but this method was only applica-
ble to circular straight wires and could not calculate the
inter-turn capacitance of non-adjacent turns. Moreover, mag-
netic components’ windings are equivalent to cylindrical or
plate capacitors in many papers [13], [14], [15], [16], [17].
However, these studies do not consider the electrical field
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around the edges of winding layers (called edge effects in this
paper). The equivalent capacitance of the electric field energy
Wi due to edge effects is represented by Cegge in Fig. 1.
In the winding interior, the electric field distribution is similar
to cylindrical or plate capacitors. However, at the edges of
the winding layers, the electric field distribution becomes
quite different due to the influence of the winding’s geom-
etry and the surrounding environment. Now, research on the
edge effects of inductors mainly focuses on the losses of the
winding turns, while studies on the electric field energy are
still scarce [18], [19], [20]. When the interlayer spacing is
not small enough compared to the winding height, such as
planar magnetic components with wire wound winding, the
energy concentrated in the edge regions cannot be neglected..
Neglecting the electric field intensity in this region can lead to
significant computational errors. In [17], the edge effects par-
asitic capacitance is discussed, and a coefficient obtained by
FEA simulation is used to calculate the edge effects parasitic
capacitance. However, this coefficient may not be suitable for
all structures and sizes.
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FIGURE 1. The 2D model of the inductor.

This paper proposes a novel method for calculating the
parasitic capacitance of multilayer magnetic components.
The approach involves computing the end-field energy at the
edges of multiple layers of inductors, optimizing the con-
ventional practice of equivalent representation of windings
as cylindrical or parallel-plate capacitors. Through simu-
lation and experimentation, it has been demonstrated that
this method accurately calculates the parasitic capacitance of
inductor.

The rest of this paper is organized as follows. Section II
analyzes three parts of parasitic capacitors in high-frequency
inductors, and the normal energy proportion of different
parts is presented. Section III analyzes the traditional capac-
itance calculation method, which ignores the influence of
the edge effect. It is unsuitable for the parasitic capacitance
calculation of planar magnetic components with wire wound
winding. Section IV proposes a new parasitic capacitance
method, which considers the edge effects. Section V makes
a high-frequency inductor and compares the parasitic capac-
itance of the simulation, measured and calculated results.
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Il. DISTRIBUTED CAPACITANCE MODEL OF HIGH
FREQUENCY INDUCTOR

The 2D model of the high-frequency inductor in the r-z
coordinate system is shown in Fig. 1.

There are three parts of capacitances in the inductor, which
are inter-turn capacitance Cy in Fig. 2(a), interlayer capac-
itance Cy in Fig. 2(b) and layer-to-core capacitance Cic
in Fig. 2(c).
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FIGURE 2. The 2D model of three parts capacitance in the inductor.

The total equivalent parasitic capacitance Cp can be calcu-
lated by equation (1) based on the energy method.

W—1 Cp-U?

W =W, + Wy + W

ey

where U is the inductor’s voltage, Wy, W) and W), are the
energy generated by inter-turns, interlayers, and winding-
to-core capacitance. Wegge Tefers to the end energy and is
included in Wj;.

In order to obtain the proportion of the three kinds of
energy, a simulation of the 3-layer, 15-turn inductor is built,
whose model is shown in Fig. 1, and simulated in ANSYS
electromagnetic simulation software. The simulation results
show the energy proportion in Fig.3. Among them, Wegge
is the energy at the end, which is included in Wj. The
Wy is much smaller than the other parts. This is because,
in multilayer windings, which often have many turns, the
capacitance between inter-turns is relatively small and can
be ignored [13], [14]. Therefore, only the interlayer and
winding-to-core capacitance are considered when calculating
the equivalent parasitic capacitance of inductors. In compar-
ison, the traditional calculation method is equivalent to a
cylindrical capacitor.

A. THE TRADITIONAL CALCULATION MODEL OF THE
PARASITIC CAPACITANCE

The 2D model of a two-layer winding is shown in Fig. 4. The
interlayer capacitance and winding-to-core capacitance can
be equivalent to a cylindrical capacitor.

Assuming that the potential of cylindrical capacitor lin-
early increases from Upp to Uap, and the potential of
cylindrical B linearly increases from Upg to Upp. by is the
layer’s height, ¢; is the relative permittivity of the insulating
layer.
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FIGURE 3. Energy ratio of three parts capacitance in the inductor.
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FIGURE 4. The inter-layer and winding to core capacitance analysis. (a) is
a 3D schematic diagram of the two-layer winding, (b) is a 2D schematic
diagram of the two-layer winding, and (c) is a cylindrical capacitor model
diagram representing the equivalent winding.

The interlayer energy Wy can be calculated by equation (2):

( Cu 2 2
Wll:?'(Uo‘i‘UO'UD'f‘UD)
2 - 1wene,rby
Cu = R+SE
In( = ) )
Uo = Upo — Uap, Up = Upp — Uap
diso — SE
R = R(j)+ 0 G0 — O 5
| SE = diso — 1.1519 + 0.26h
The layer-to-core energy Wy can be calculated by (3):
C. = 2. 77808rbwlc
le = Ric+SC1
In( R )
~ doore — SC
R=Ri()+ T
Uo1 = Upo1 — Uao1, Up1 = Upp1 — Uapi S

C
ch=?°~(U§,+Uo-UD+U5)

1
SC1 = degrer + 5 - (0.26Ie — 1.15r01c)

B. ANALYSIS OF EDGE EFFECT

The electrical field distribution of the edge portion of the
inductor and its surrounding environment differ from those
within the interior portion. The traditional equivalent calcu-
lation method of cylindrical or plate capacitors only considers
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the electric field between cylindrical (Wa) and does not
consider the distribution of the electric field in the edge
(W + Wc), as shown in Fig. 5.
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FIGURE 5. The electric field distribution of cylindrical capacitor.

Combined with the finite element simulation soft-
ware (FEA), a specific plate capacitor is taken as an example
to analyze the influence of the edge effect. Under different
ratios of interlayer distance d and height A, the ratio of electric
field energy (W + Wc) generated by the edge to the total
energy (Wa + Wp + W) of the capacitor changes, as shown
in Fig. 6(a). Moreover, the calculation error of electrical filed
energy of plate capacitor in different d/h is shown in Fig. 6(b).
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FIGURE 6. Interlayer energies of different d and h.

As seen from Fig. 6, with the increase of d/h, the energy
stored in the edge of the plate capacitor keeps increasing.
Moreover, the calculation error is larger than 15%.

Fig. 6 illustrates that when the interlayer spacing of the
inductor is relatively big compared to its overall height, the
electric or magnetic fields at the edge portion may spread
to a wide space, resulting in edge effects. Therefore, it is
necessary to consider the influence of the electric field at
the edge when calculating the interlayer capacitance of the
inductor.

Ill. CAPACITANCE CALCULATION METHOD
CONSIDERING EDGE EFFECTS
According to the above analysis, the edge effect cannot be
ignored when d/h is large. Therefore, a method for calculating
the edge effect energy is proposed in this paper.

For inductors wound with circular wires, the interlayer
edge effect can be equivalent to a concentric circle structure,
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and its 2D equivalent model is shown in Fig. 7. Taking the

winding turns i and j as examples, the calculation method of

layer-to-layer edge capacitance is analyzed.

FIGURE 7. Interlayer edge effect equivalent model of a 2D inductor.

Fig.8(b) is a top view of Fig.8(a), establishing a polar coor-
dinate system to describe the winding edge of Figure 8(a).
Charge Q and -Q are attached to parallel plate capacitors i
and j, respectively. In the polar coordinate system, if the
distance between two wires is much larger than the wire diam-
eter, that is, when (rj-r;) is much larger than the wire diameter,
the influence of the wire diameter of the coil can be ignored.
Then, the electric field intensity is caused by the charge
element dq (Since the charge is concentrated on the electrical
axis, it is assumed that the charge is uniformly distributed
on the electrical axis. When a segment of the electrical axis
that is infinitesimally small is taken, the amount of charge on
that segment is the charge element) on winding turn i at some
point P in space can be calculated by the formula (4):

dEri = dE; cos(a) e
rg + r— ri2
2ror )

N 2r
Eri = / dEri
0

cos() =

z Top view of the
first turn of the two
layers.

r Layeris j
Insulating
layer.

Winding

FIGURE 8. Top view between two layers.

Since the distance between the layers is small, the distance
between i and j is small at this time, and the wire diameter
of the coil will not be ignored compared to the wire diame-
ter. Due to the influence of wire diameter and distance, the
position of its electrical axis has changed and is no longer
the center position of the coil. In this paper, the electric
axis theory is adopted. Its electrical axis position is shown
in Figure 9; according to the electric axis theory, the electrical
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axis position can be calculated by (5):
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FIGURE 9. Consider the shaft position of the coil conductor diameter.

According to the symmetry of winding turns i and j, the
electric field strength dE; component of the charge Q carried
by layer i at point P is canceled out with each other, and only
the component dE,; in the r direction exists. Similarly, the
electric field strength of the charge -Q on the j at point P
is dE,;. For this reason, by using the field strength superpo-
sition theorem, the total electric field strength at point P in
space is shown in (6):

Er = Eri + Erj
B /2” Olr — (ri + A) cos(6)]
~Jo 8m2eol(ri + A2 + 12 —2(ry + A)rcos(9)]1
/2” —Qlr—(rj—A)cos(6)]
o 8m2eol(rj— A2 +r? — 2(rj— A)r cos(9)]'>

(6)

where ¢g is the vacuum permittivity.
Then, the capacitance Cj; of winding turns i and j can be
obtained by equation (7):

Us = [/ Evdr
) @)
Cij =0
Combining the (4), (6) and (7), Cj; can be simplified to:

i+A/2
8 (/” [r—(r+A)cos(0)] a9
0 8m2eg [(r+A)2+12—2(r+ A)rcos(6)]

N /2” —[r—i— D) cos(9)]
0872¢g) [(ri — N> 4r2=2(r—A)r COS(Q)] 13

do)dr}™!

®)

According to the equation (8), The edge capacitance
between the two layers of windings can be obtained. How-
ever, if the number of layers exceeds 2, the potential at any
point P will no longer be determined by two charge ele-
ments dq, and therefore, the above equation will no longer be
applicable. Then, take a three-layer winding as an example to
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solve the edge capacitance. Its 2D model is shown in Fig. 10.
It represents a top view of the uppermost loop of a three-layer
inductor winding.

Top view of the
first turn of the
three layers
—

A
Layerl. 2. 3

FIGURE 10. Schematic diagram of the structure of the three layers.

The charge of each turn coil is g1, ¢» and g3, respec-
tively. Moreover, the layer-to-layer edge voltage is Ui,
U»3 and Uys, respectively. The edge capacitance is Cy2, C23
and Cj3, respectively. Then:

q1 =CpUp+Ci3Up3
g2 = C21 Uzt + Cp3Un3 9
q3 = C31U31 + C32Us3

where Cip = Ca1, C23 = C3, C13 = C31 and Upp = -Usy,
Uys =-Us, Uiz =-Us;.

The edge effect capacitance is only related to the winding
structure. Different charges of g1, g2 and g3 only affect the
voltage of winding turns, so this paper proposes to solve
the winding turns’ voltage under different charge setups.
Finally, it can get the edge effects capacitance of the layers.
A three-layer winding needs at least two matrixes of charge
distributions to solve the edge capacitance.

Assuming that the two matrixes of charge distributions are
[¢]l<1> and [g]<2~, as shown in (10):

911> = [q19293] = [Q — Q0]
[g]<2> = [q192q3] = [0Q — O]

When the charge distribution is [g]<i~, the voltage of
different turns can be expressed by (11):

( h—r0/2
Uir<i> = /
ro/2

(10)

_f277 Q-(hg— 4o 7]
0 872gy[R(i)2+R(i)2—2R(i)- R(l)cm(@)-l-(ho INGES dhy
__,_ f02 Q-(h—ho—A) d0

Snzao[Rz(:)hrI;(l)z 2R()-R(i) cos@Hh—hg—A)2]1S

iy
Uxyi<1> = /
hro/2

r IZJT Q-hy do
0 28”280[R(l)2+R(l)2 2R(Ql)(1;l(l) 039(9)%—(}10)2]1 B dho

O
+f0 87260 [R(i)24+R(i)2 —2R(i)-R(i) cos(8)+(h—hg)?]1-> d0_
| Ui3<1> = Un2<1> + Un<1>

(11)
According to equations (9) and (11), then:

0=C12-Upp<i> + C13- Upz<i>
—0=Co1 - (—Ui2<1>) + C3 - Upz<1> (12)
0=0C31 - (=Uz<1s) + C32 - (=Upz<1>)
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Similarly, for the charge distribution [¢] <>~ , the voltage of
different turns can be got:

( h—r0/2
Uip<as = /
ro/2

2 0-(ho—h)
0 5 8m2e0[R(i)2+R(i)>— 2R(z) R(l)cos(G)Jr(h ho)? ]t

-df }dh
w 0-(2h—hy) 0
_+ fo 87!28()[132(1)2-‘1-5([)2 2R(1) R(i) cos(8)+(2h— h0)2]15d9

oy
Uyzcos = /
htro/2

f27'[ Q-(hp—h-A) do
0 ) 87260 [R(i)24R(i)2 —2R(i)-R(i) cos(8)Hhg—h— A)2]1> ] dh()
0

74 Q-(2h—ho—A)
_+ fO 87260 [R(i)24+R(i)>-2R(i)-R(i) cos(9 ) H2h—hy— A)Z]”d

| U3<2> = Unz<a> + Uz 2>

(13)
[0=C12-Uppeae +C13- Upz<ao

0=0C - (—Up<s) +Co3 - Upzaos (14)
| —0 = G311+ (—Ui3<2>) + C32 - (—U23<2>)

According to equations (12) and (14), the edge effect
capacitance Cip, C23, and C13 can be obtained. Moreover,
this method can effectively calculate the edge effect capac-
itance C;3.

By this method, the N-turn coil’s parasitic capacitance
can be obtained. It needs to define (N-1) charge dis-
tribution matrixes to solve the N-turn coil’s edge effect
capacitance. The (N-1) matrixes can be determined accord-
ing to equation (15), ensuring that each matrix is not
repeated.

0 k=0 qu1=—-0 0 ... 0]
(klk<N and keN,) (15)

[ql<k>=[0

where [g]<k~ is the k th matrix of charge distribu-
tions, gx and g+ are the charge of kth turn and k+/th
turn, respectively. Then, the adjacent layer voltage can
be calculated by equation (16) when charge distributions
are [q]<k>-

. k-h—ro/2
Ukk+1) = /
(k—1)-h+rg/2

2 O-[hg—(k—1)l—A] do
Lo 82e R(z)2+R(z)2—2R8)(R(z)cos(a)H-[ho (k—1)h— AL j| dho

Zho-h
fO SHZSQ[R(z)Z-Q—R(t)Z—H/?(l)R(z)cos(@)—\-(kh o— A)2]1‘d9

m-h—ry/2
Um(m+1) = /
1<m<N,m#k (m—1)-h+ry/2

2 Q-[hg—(m—1)h] do
LO 8720 [R())HR(1)2—2R(i)-R(i) cos(6 H{ho—(m—1)h]?11> :| dh
O-(mh— 0

f 0) do
0 872g9[R(i)%2+R(i)2—2R(i)-R(i) cos(8 H-(mh—hg)?]1->

(16)

According to Kirchhoff’s voltage law, the adjacent layer
voltage can calculate the voltage between non-adjacent wind-
ing turns. Hence, the capacitance between the kth layer
winding and other turns can be calculated. Take the first
turn of the winding as an example. Its charge matrix can be
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expressed by equation (17).

qdi<1>
g1<2>

q1<N-2>
g1<N—-1>

Uin<is
Uin<o>

UiN-n<1>
UiN-1)<2>

Ujz<1> n...
Uiz<2>

Upp<i>
Uip<o>

Uin-p<N-2> UiN<N2s
UiN-1<N-1> UiN<N-1>

Uip<N2> Urz<nos
Uip<N-1> Uiz<N-1>
Ci2
Ci3
an

Cin-1
CiN

According to equation (17), the edge effect capacitance of the
first turn of the winding can be obtained by equation (18).

Ci
Ci3

CiN-1
CiN

Uin<i>
Uin<2>

UiN-ny<i1>
Uin-n<2>

Uiz<1>
Uiz<2>

Uia<1>
Upp<rs

UiN-n<N-2> Uin<na2s
UiN-H<N-1> UiN<N-1>

Uiz<n2s> Uz<nos
Uiz<n-1> Uz<n-1>

di<1>
q1<2>
x : (18)

g1<N-2>
g1<N-1>

where gk~ is the charge distributions of the first turn,
Upp<k> ... UiN<k> (k = 1,2 ... N-1) are the voltage between
the first turn and other turns when the matrix of charge
distributions of winding is [g] <k~ -

Based on the above model, the energy in the edge can be
calculated and added to the Wj,.

The above steps can be summarized as a flowchart shown
in Fig.11.

IV. THE ANALYSIS OF SIMULATION AND EXPERIMENT
A high-frequency inductor is adopted to verify the correctness
of the theoretical analysis. Its 3D FEA simulation model is
shown in Fig. 11. The calculated and simulation results of
Cp at different r( are shown in Fig. 12.

Fig. 12(a) compares the traditional capacitance calcu-
lation method with the proposed method under different
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Start

|

Determine the structural
parameters (R, 7o, h, by,
diso)

Utilize formulas (2) and (3) to calculate
the capacitance between layers and the
magnetic core, as well as the
capacitance between layers

If the number
of winding layers is greater than 2

Yes

l

Set the charge matrix
to winging tums
respectively

Directly use formulas Use formula (13) to
(8) and (10) to calculate the potential
calculate the inter- difference of different
layer end capacitance tums
corrected by the
clectric axis method |

Utilize matrix (20) to
obtain the edge
effects capacitance
between two turns

|

Calculated the energy
stored in the edge

Calculated the total
energy and then
obtain the parasitic
capacitance of the
inductor

FIGURE 11. The simulation model of high frequency inductor.

X

0 15 30 (mm)

FIGURE 12. The simulation model of high-frequency inductor.

wire diameters. Fig. 12(b) shows the error of the two meth-
ods. With the proposed method, the capacitance value has
a smaller error over the different wire diameter gauges.
Furthermore, the larger the wire diameter, the smaller the
error, and the error is reduced by 12% at a wire diameter
of 0.95mm.

According to Fig. 13, the Cp values of simulation
and calculation are almost consistent. Moreover, the max-
imum error is less than 8%. Finally, an inductor is made
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to verify the correctness of the calculation model. And
the parameters of inductor are as follow: 2 = 1.057mm,
dy = 15.698mm, r9 =0.9mm, disoc, = 0.1mm, deore1 =
1.595mm, deorer = 1.175mm, R() = 6.925mm, R;(i) =
4.88mm and R»(i) = 9.375mm. The core material is PC40,
and the relative permittivity of the insulating layer is 4.4. The
distributed capacitance Cp of the inductor is measured by
impedance analyzer WK6500B in Fig. 13, and the compar-
ison between simulated, measured and calculated values of
Cpisin Table 1. The impedance characteristic curve is shown
in Fig.14, and since this article focuses only on the value of
the capacitor, the inductance value is fitted using the actual
value. It can be observed that the measured and calculated
values are almost the same.

11.80 0 ¢
1132 3 s //
g 108 "
T 1038 @ 0
2 & i
g 990 T s /
S ogn A " il
9] ’ 20
8.95 [B88 Traditional algorithms 86 Traditional algorithms
a8 [eee  Proposed method s S Proposed method
FEM

| o7 075 08 085 09 095 1
7, (mm)

075 08 085 09 095
7, (mm)

(a) The energy of the inductor varies with 7, (b) The erroe of the inductor varies with 7,

FIGURE 13. The calculated and simulation values of Cp at different wire
gauges.

FIGURE 14. Experimental platform.
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T ;
1x10° 1x10° 1x10’ 1x10° 1x10° 1x10

Frequency(Hz) Frequency(Hz)

(a) Impedance of inductor (b) Phase of inductor

FIGURE 15. Inductor’s frequency response.

According to Table 1, the simulation and measured value of
distributed capacitance Cp are almost the same, and the error
of calculated and measured is 0.46%. FEM and experiments
verify the accuracy of the edge effect calculation method in
the multilayer winding structure.
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TABLE 1. The Comparison of Cp.

Parameters Calculation Value Simulation value Measured value
Cp (pF) 10.91 11.2 10.86

V. CONCLUSION

This study analyzes the parasitic capacitance of high-
frequency magnetic components. Furthermore, a calculation
model of parasitic capacitance is proposed. The conclusions
are summarized as follows:

(a) The analysis explores the sources and effects of edge
effects, indicating that when the d/h is relatively large, the
impact of end effects becomes significant and cannot be
ignored.

(b) A new method to calculate the edge effect capacitance
of the inductor is proposed. This method can accurately cal-
culate the non-adjacent turn capacitance.

(c) Finally, the parasitic capacitance of the inductor is
obtained by the energy method. The simulation and mea-
sured results verify the feasibility of the proposed calculation
model.
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