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ABSTRACT An important aspect of all power processing equipment is common-mode current generation.
Common-mode current leads to electromagnetic noise and potential equipment malfunction. Common-
mode inductors are often used to reduce common-mode current. However, their effectiveness is limited
by their capacitance. In this paper, common-mode capacitance models of two related classes of common
mode inductors are set forth. These models include an improved method of calculating the layer-to-layer
capacitance. Means of reducing capacitance by use of multiple inductors is discussed. The methodology for
calculating capacitance is experimentally validated using several common mode inductors. Finally, the use of
the model in a multi-objective optimization-based common mode inductor design algorithm is demonstrated.

INDEX TERMS  Capacitance, common-mode inductors, common-mode chokes, common-mode current.

I. INTRODUCTION

Power electronics-based power conditioning equipment is
becoming ubiquitous in power systems. Equipment such as
solar PV inverters can generate substantial common mode
current [1]. Common mode current is undesirable because
it can lead to electromagnetic noise and equipment mal-
function. One approach to mitigate common mode current
is through the use of common-mode inductors. However,
the maximum frequency of effectiveness is limited by their
common mode capacitance [2]. Thus, common-mode capac-
itance must be considered in the design process.

One approach to predict capacitance is through the use
of electrostatic Finite Element Analysis (FEA). However,
doing so requires representing structures with dimensions on
the order of the wire insulation thickness. Further, since the
common mode voltage varies along the coil, 3D analysis is
required.

Today, many components are designed using poly-physics
multi-objective optimization [3]. Examples including EI-core
inductors [4], permanent magnet inductors [5], electric
machinery [6], and converters [7] are widespread. Since such
an approach requires 10* — 107 design evaluations, com-
putationally efficient methods of calculating capacitance are
desirable, and are thus the focus of this paper.

Several approaches for calculating different capacitance
contributions for various types of inductors have been set
forth in the literature. An analytical approach to predict
self-capacitance as a function of inductor geometry is pre-
sented in [2]. This method is based on representation of the
winding structure as unit cells. However, it doesn’t include
the impact of insulation between winding layers, the low-
frequency (inductive) voltage distribution on the conductors,
or structural aspects such as coil-to-coil capacitance. A dif-
ferent approach is taken in [8] to calculate capacitance of
a single-layer differential-mode solenoid air-core inductor.
Ideas similar to those in [2], [8] are used in [9]-[11] to
find turn-to-turn and turn-to-core capacitances for single-
layer differential-mode inductors. In [12], the common-mode
capacitance of a single-layer common-mode toroidal inductor
is considered.

This work considers capacitance in UR-Core and C-Core
common-mode inductors. This class of inductor is easier
to wind than toroidal inductors in the case of high-current
applications, though suffer from the disadvantage of a small
air gap due to surface roughness where the core halves
come together. Coil-to-coil, coil-to-core, turn-to-turn, and
layer-to-layer capacitances are considered. Contributions of
this paper include calculation of coil-to-coil capacitance
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(which is unique to this geometry), consideration of the aver-
age core voltage in the coil-to-core capacitance calculation,
and a new and more accurate means of calculating layer-to-
layer capacitance in the presence of layer-to-layer insulation.
In addition, means of reducing capacitance through multiple
inductors is discussed.

This paper is organized as follows. First, the configuration
of the two common mode inductor topologies considered is
described (Section II). Next, four capacitance mechanisms
will be considered. These include coil-to-coil capacitance
(Section III), coil-to-core capacitance (Section IV), turn-to-
turn capacitance (Section V), and layer-to-layer capacitance
(Section VI). Means of reducing the common-mode capac-
itance using multiple inductors is discussed in Section VII.
Experiment validation of the model is set forth in Section VIII
for five different common mode inductors. The use of the
model in multi-objective common mode inductor design is
demonstrated in Section IX.
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FIGURE 1. Common mode inductor configuration.

Il. CONFIGURATION
The assumed configuration of a common mode inductor is
shown in Fig. 1. Therein, v;, and v, are the differential mode
input and output dc rail voltages, v,; and v;; denote the upper
and lower rail input voltages relative to an equipotential plane
(node 0, which can be thought of but need not be ground)
and vy, and v, are the upper and lower rail output voltages
relative to that same plane. Literals 0-4 denote node numbers.
The currents in the upper and lower rail are denoted i, and i;,
respectively. Ideally, in the absence of common mode current,
i = —iy.

The input common mode voltage, output common mode
voltage, and common mode current are defined as [13]

Vemi = Vui +vii)/2 (D
Vemo = (Vuo + Vio)/2 2)
icm = iu + il (3)

Figs. 2 and 3 depict cross sections of a UR-core CML.
Looking downward in Fig. 2 to the position of the dashed
line yields the cross section shown in Fig. 3; looking upward
in Fig. 3 to the position of the dashed line yields the cross
section in Fig. 2. In Figs. 2 and 3 the inductor can be seen
to be comprised of two contacting cores (grey) and two
coils (orange). These two coils do not correspond to the two
coils in Fig. 1. Rather each coil has two windings (upper rail
and lower rail). The windings on the left coil in Fig. 2 are
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FIGURE 2. UR core inductor.
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FIGURE 3. UR core inductor.
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FIGURE 4. CMI cross section.

FIGURE 5. Top view of coil.

tied in series with corresponding winding on the right side of
Fig. 2.

Fig. 4 and 5 depict cross sections of a C-core CMI. The
overall configuration is similar to that of the UR-core arrange-
ment except that C-cores replace the UR core. This can be
advantageous when using, for example, a nanocrystalline
core which are generally tape wound as opposed to a UR-core
which is commonly pressed (or machined) from ferrite.
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FIGURE 6. Coil cross section.
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FIGURE 7. Connections for common mode analysis.

The tape wound core can be constructed without an airgap
though winding becomes more difficult.

Fig. 6 depicts a cross section of one side of one coil.
Note the interleaving of upper (blue) and lower (yellow)
rail conductors. As can be seen, the two windings of each
coil are physically wound together as if they were parallel
strands of the same winding in order to minimize differen-
tial mode inductance. A region of layer-to-layer insulation
or open space (pink) may exist between winding layers to
reduce capacitance. Coil metrics of interest in Fig. 6 include
the number of strands per conductor (of one winding in a
coil), Ny, number of turns per layer, Ny, number of layers, Nj,
and number of turns in one of the two coils, N. In the example
shown in Fig. 6, each turn consist of 2 stands of the upper rail
winding and 2 strands of the lower rail winding.

In order to deduce the common mode properties of the
inductor, from Fig. 1 and definitions (1)-(3) it can be seen that
connecting the device as shown in Fig. 7 allows the common
mode properties (inductance and capacitance) to be readily
measured. Therein, the node numbering scheme of Fig. 1 is
preserved. The connections shown in Fig. 7 also facilitate the
numerical analysis of the common mode properties. The key
feature is that the two windings in Fig. 1, can be viewed as
parallel conductors of a single winding in Fig. 7.

lll. COIL-TO-COIL CM CAPACITANCE

One source of common mode capacitance results from the
difference in potential between the two coil structures. In the
case the UR-core CMI, the coils are cylinders. It can be
shown [14] that the capacitance between two cylinders repre-
senting the outside of the windings in Fig. 3 may be expressed

egdy,
2
d d
In (ero + (ero) o 1)
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FIGURE 8. Electric field lines for two rectangles.
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FIGURE 9. Coil geometry transformation.

where &g is the permittivity of free space,
d =ws+2r. (®)]

and the remaining quantities are geometrical parameters
defined in Fig. 2 and Fig. 3.

In the case of the C-core CMI, first consider the electro-
static interaction between two rectangular prisms whose cross
sections are as shown in Fig. 8. The prisms extend a distance
d,, into the page. Therein, E1, E>, and E3 show the assumed
path of electric field lines.

For each of these field components, the assumed path of
the field lines is assumed to consist of circular arcs and
straight lines as shown. With the indicated paths, one obtains
a capacitance of

h 2 TW 1 wh
Ceco = €0dyy —+—ln<1+—>+—ln 1+
s b4 s b4 aw—+s

(6

The difficulty in applying (6) to compute the coil-to-coil
capacitance directly is that the outside of each coil is not a
rectangle; it is a rectangle with rounded corners, as can be
seen in Fig. 5. In order to apply (6), consider Fig. 9 which
includes a cross section of the coils. Therein, the pink coil
rectangle (wjr by ler) defines the cross sectional shape of
the coil which is no closer than r,; to any point on the
coil rectangle and no further than r,, to the closest point
on the coil rectangle. The approach will be to apply (6) by
computing the rectangles which have the same centroid and
cross section as the actual coil.
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Using geometry, this may be accomplished using the
sequence

a = werletr + 280 [Wetr + o] + 7072, 7
b = —[letr + Weir + 410l ®)
¢ = [weir + 2rwol lleir + 2rwo] —a )
A= % [—b /. 4c] (10)
W = Welr + 210 — A (11)
h =l +2r, — A 12)
S =cCce + A (13)

Thus, with the values of w, h, and s calculated from (7)-(13),
Cc0 may be found using (6).

While (4) represents an exact result, the expression given
by (6) is approximate. A 2D FEA study was implemented
in ANSYS Maxwell 16.0.0 to validate the value of coil-to-
coil static capacitance per unit length C..0/d,, for a common
mode inductor design. The geometric parameters in meters

used in the study were: I/ = 2.13 cm, we, = 1.66 cm,
rwo = 1.66cm, ry,; = 1.35 cm, wepe = 2.23 cm, lope =
2.69 cm and ¢, = 0.52 cm. Using (6), one obtains a

capacitance of 78.1 pF/m; from the FEA analysis a value
of 85.2 pF/m is obtained; a difference of 8.33%. Further
validation is given in Section VIII.
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FIGURE 10. Coil-to-coil and coil-to-core capacitance.

The value of Co computed from either (4) for the UR-core
CMI or (6) for a C-core CMI does not, on its own, accu-
rately capture the coil-to-coil capacitance. This is because
(4) and (6) are based on the assumption that the voltage
between the two coils is constant when in reality, the voltage
varies as one moves along the length of the coils. To this end,
consider Fig. 10 which depicts the layered winding structure.
Therein, the grey area represents the core. In Fig. 10, keep
in mind the inductor connections are shown as in Fig. 7;
in reality the path shown consists of two parallel but separate
windings — one for the upper rail and one for the lower rail.
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The voltage between coils may be expressed in the form
X
Vee(X) = Ve I:O( + /37] (14)

The effective value of coil-to-coil capacitance is obtained
using energy arguments. In particular, equating the energy
stored as a lumped capacitance with that of a distributed
capacitance,

dy
1 1 Cec0
Ecccvgm =3 / dw V2, (x)dx (15)
0
Substitution of (14) into (15) yields
Ccc = Lcc0 |:Ot2 + ‘XIB + :32/3] (16)

In Fig.10, for the assumed set of connections v¢.(0) = v,
and vec(I) = [1 — 1/Ni]vep. For the winding configuration
shown, with external connections made on the outermost
layer,« = 1 and 8 = —1/N; so that

Cee = 1 ! —l—l Ly’ a7
cc = LecO N, 3\,

It is interesting to observe that this component of capacitance
decreases as the number of layers increases.

IV. COIL-TO-CORE CM CAPACITANCE

The electric coupling between the coil and the core also leads
to capacitance. In this case the electric field lines extend from
the core to each of the coils.

UR-core CMI are typically constructed of ferrite. Although
the resistivity of ferrite is much higher than magnetic steels,
it is still conductive enough that at high frequencies it may
be viewed as a conductor. In the case of the UR-core CMI,
the core and a coil form a cylindrical capacitor. It is readily
shown that the capacitance may be expressed

Corg = b (18)
In (rwi/re)
where ¢, is the permittivity of the winding bobbin or material
between the winding and the core.

In the case of the C-core CMLI, the process is more involved.
In this case, the first step in calculating the coil-to-core capac-
itance is to simplify the geometry. To this end, the rectangular
cross section of the core (width w,, by length [,,.) is repre-
sented as a rectangle with rounded corners that is concentric
with the inside of the inner coil layer. This rounded rectangle
consists of the outer boundary of those points a distance r,
from the coil rectangle (width w;- by length /). The corner
radius r, is established by equating the area of the rounded
rectangle approximation to the core cross section with that of
the core cross section using the sequence

d = 2Lty +weir] /7 19)

e = [leyWeir — lemeWemel /70 (20

Foo = [\/d2 4o — d] 2 @1
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Assuming the equipotential surfaces are also rounded rect-
angles a distance r from the coil rectangle, where r varies
between r. and r,;, the coil-to-core capacitance for the
C-core arrangement may be expressed

2mepd,y,
n (27[rwi + 2(weir + lclr))
27 rce + 2Weir + leir)

CcrO = (22)

In the case of the UR-core CMI, the expression given
by (18) is exact, whereas the expression for the C-core CMI
is approximate. In order to gain insight into the amount of
error that may exist a study is performed for C-core CMI
D121 considered in Section VIII. For this study, C,.o/d,, was
calculated using (22) and using FEA with ¢, = ¢&p. The
analytically estimated value (22) is 123 pF/m; using FEA
analysis a value of 118 pF/m is obtained. Thus the error
in (22) for this set of parameters is 4.24%. Further validation
is carried out in Section VIIIL.

As in the case of the coil-to-coil capacitance, the fact
that the voltage varies along the length of the core must
be taken into account. To do this, once again consider the
configuration of Fig. 7 as well as the layer winding diagram
shown in Fig. 10. Consider points 1, 2, 3, and 4. Denote v,
where x = {1, 2, 3, 4} to represent the voltage of each of the
points relative to the negative terminal of the common mode
voltage (node 3,4 of Fig. 7); and v, to be the voltage of each
point on the coil relative to the core. Let v. denote the core
voltage relative to the negative terminal of the common mode
voltage.

It can be shown that

v
[Vl V) V3 V4] = [N[ —1 Ny Ny N+ 1] (23)
2N;
Since the net current into the core is zero it follows that
1 Vem
VCZZ[V]+V2+V3+V4]=T (24)

From (23) and (24)

1%

[Vie vae Vvie vac] = 2;\]"2 [-1 00 1] (25)
Assuming a linear variation in coil voltage between the indi-
cated points, and using energy arguments (and considering
both coils), the effective value of coil-to-core capacitance C,,
is expressed

CcrO
C., = (26)
cr 6Nl2
As in the case of the coil-to-coil capacitance, the coil-to-core
capacitance decreases with the number of layers.

V. TURN-TO-TURN CM CAPACITANCE
It can be shown that the turn-to-turn capacitance per unit turn
length between cylindrical conductors on the same layer may

VOLUME 6, NO. 2, JUNE 2019

be calculated using the sequence [2]

Eei Isi
0 =acos{1l——In(1+ — 27
Esi I'sc

A £5i0

¢ + NE t(” )
= ————— 4 ¢gg|cot| = )] —cot|{—
O A+t 2 12

In (27)-(28), &,; and &,; are the permittivity of the strand insu-
lation and the region between conductors, and ry. and t; are
the radius of a strand conductor (w/o insulation) and thickness
of the strand insulation, respectively. These expressions are
based on an orthocyclic winding arrangement but are also
appropriate for turn-to-turn capacitance calculation between
conductors on the same layer since most of the capacitance
results from the region where conductors are closest together.

Using energy arguments, and noting that the voltage
between adjacent turns is given by v, /(2N), the total turn-
to-turn capacitance may be expressed

N N,
Cro (Ntl - 1) Z

C[[ = —2 ll,i (29)
2N i=1

where [; ; is the length of a turn of the i’th layer. It should
be noted that the turn-to-turn capacitance is in many cases
negligible except when the number of turns is low and there
is a single layer.

p layer-to-layer
insulation

strand <7
insulation

FIGURE 11. Assumed field lines for layer-to-layer capacitance.

VI. LAYER-TO-LAYER CM CAPACITANCE

The calculation of the layer-to-layer capacitance is based on
the geometry shown in Fig. 11. Therein, r, denotes the radius
of a strand with insulation, and the thickness of the layer-to-
layer insulation is denoted #;;. The permittivity of the layer-
to-layer insulation is &g;.

For a path starting at an angle 6 in Fig. 11 the electric field
line is assumed to travel radially from the conductor material
through the strand insulation, follow a semicircular arc from
the strand insulation to the layer-to-layer insulation, and then
proceeds in a straight line through the insulation and then a
symmetric path back to the opposite conductor. The radius
and center of the arc are such that ends of the arc are normal to
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both the strand insulator and layer-to-layer insulation. It can
be shown that the radius of this arc is given by
1 —cosf

0)=rp—————
ra(0) =10 sin @

and that the angular span of the arc is 6. Based on this path,
the capacitance per length of turn and per unit length in the
x-direction (see Fig. 10) may be expressed

(30)

/3

o 1
Cyo = / do  (31)
2roIn (ro /1) [&5i+2ra(0)0 ) ep+tui/ i

&

In (31), ¢ is a small number, for example 1079, and is used to
avoid a singularity (30) when evaluated at zero. The integrand
is not ill-conditioned however, since it remains finite in the
limit as 6 goes to zero. The upper limit is established by the
fact that at @ = /3 the electric field line extends a distance
ro in the x-direction. The upper limit in (30) is also consistent
with avoiding overlapping field lines when considering the
turn-to-turn capacitance.

It is interesting to consider a practical example. To this
end, parameters are selected in accordance with those listed
for inductor D193 of Table 1 from Section VIII, Validation.
Using FEA analysis, a value of 17.8 nF/m? is obtained.
Using (31), a value of 17.1 nF/m? is calculated. This is an
error of 4.1%.

In practice, it is doubtful if the layers will be aligned as
shown in Fig. 11. Using FEA analysis, if the lower conduc-
tors are shifted by a strand radius, the capacitance changes
to 15.5 nF. The average of the FEA estimates of the fully
aligned and unaligned cases is 16.7 pF; the error between the
average FEA results and the analytical method is 2.7%.

It is assumed that a standard winding configuration is used
in which once a layer is wound, the next layer is wound
starting where the previous layer ended and ending where the
previous layer started. In such a configuration, there is zero
voltage between layers on the end with the connection, and
twice the layer voltage at the far end. With this arrangement,
and considering that there are two series connected coils,
the net layer-to-layer capacitance may be expressed

él d Ni—1
Ci=— 42> li+ly, (32)
3N i=2

In (32), as in (29), [ ; is the length of a turn on the i’th layer.

VIl. REDUCING CM CAPACITANCE
WITH MULTIPLE INDUCTORS
As discussed in the introduction, the capacitance of the com-
mon mode inductor is the major limitation in determining
the useful frequency band. Thus, reducing common-mode
capacitance is of considerable interest. One means of reduc-
ing common mode capacitance is to use multiple common
mode inductors in series.

At first, such an idea, may seem counterintuitive. The
resonant frequency of an inductor with inductance L; with
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shunt capacitance C| is given by

1
SN e Gy
If one ties N such inductors together in series, the effec-
tive inductance becomes NLi, the effective capacitance
becomes C1/N, and the resonant frequency is unchanged.
What such an argument misses is that the capacitance is
dependent upon the inductance.

Suppose a total common mode inductance of L}, is
desired. Now suppose this desired inductance is split between
Ngni common mode inductors. The needed inductance of
each individual common mode inductor is thus

Lcmi = L:m/Ncmi (34)

Now, for the purposes of explanation only, suppose a single
common mode inductor with inductance L}, has a common
mode capacitance C%,. Assuming that for inductors of similar
voltage and current ratings that capacitance is proportional to
inductance, then the capacitance associated with an inductor
of inductance L,,; is given by

Ccmi = C:m/Ncmi (35)

The total series inductance and capacitance of the N,,,; induc-
tors in series is thus LY, and C, /N2, .. respectively, so that
the self-resonant frequency of the inductor becomes

_ Nemi
27 /L5, Co
As can be seen, the use of multiple inductors increases the

resonant frequency. However, the terminations can lead to a
larger system at some point.

Ir (36)

VIil. VALIDATION STUDIES

In order to validate the results, the common-mode capaci-
tance of five common-mode inductors was measured. The
relevant parameters of each inductor is listed in Table 1.
Inductors D193, D10, and D144 were each rated for a differ-
ential mode current of 50 A; Inductors D150 and D121 were
rated for a differential mode current of 12.8 A. Also, Induc-
tors D193, D150, D10, and D144 are UR-core based; Induc-
tor D121 is C-core based. A photograph of common mode
inductor D10 appears in Fig. 12.

In each case, the common mode inductance is determined
by performing a small-signal frequency response. To this end,
an impedance analyzer is connected to the common mode
inductor as configured in Fig. 7. Then, from the frequency
response, the parameters are fit to the equivalent circuit
shown in Fig. 13. Therein, Ce,, and Ly, denoted the mea-
sured values of common mode capacitance and inductance.
The series and parallel frequency dependent resistances Ry,
and R, ,, represent winding and core losses respectively.

The resistances are assumed to vary as

Rsm = Rso (w/wb)nS 37
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TABLE 1. Inductor parameters.

Parameter D193 D150 D121 D10
d, (cm) 8.48 6.18 n/a 5.41 7.56

w (cm) 386 197  na 376 267
d (em) 165 119 1070

w,(cm) 1.03 066 1.8 094 043

d, (cm) 1.60 1.00 n/a 2.37 2.47
7. (cm) 1.39 1.21 n/a 2.03 1.76
r,; (cm) 1.79 1.41 1.00 2.43 2.16
r,, (cm) 2.82 2.06 2.18 3.36 2.59
w, . (cm) n/a n/a 2.75 n/a n/a
[ (cm) n/a n/a 2.75 n/a n/a

cme

w,, (cm) n/a n/a 2.75 n/a n/a
[, (cm) n/a n/a 2.75 n/a n/a
N, 2 1 2 1 1
N, 3 3 1 2 1
N 33 78 23 22 16
r,(mm) 1.63 1.03 0.58 2.1 2.1
¢, (um) 50 50 50 50 50
&, 3.54g, 3.54¢, 3.54g, 3.54¢, 3.54¢,
€, & & & & &
& 3.14¢, 3.14¢, 24g, 3.l4g, 3.14¢,

&y 3.7¢, 3.7, n/a 3.7¢, n/a
f(um) 762 127 wa 760  na

FIGURE 12. Common mode inductor D10.

and
Rp,m = Rpo (a)/a)b)np (38)

where w is the radian excitation frequency and w;, = 1 rad/s.
Since Ry, and R, ;, are series and shunt with respect to the
inductance, the losses associated with both (37) and (38) both
increase with frequency.

The circuit parameters (Fig. 13) may be vectorized as

0= [Lcm,m Cemm Rp np Ry ns] (39
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FIGURE 13. Common mode inductor equivalent circuit.
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FIGURE 14. Common mode inductor D10 frequency response.

TABLE 2. CMI CM capacitance.

Parameter D193 D150 DI121 D10 D144
C..(pF) 6.72 7.54 2.26 2.98 2.20
C,.(F) 2.10 2.50 5.26 4.16 20.8
C,.pF) 0.488 0.123  0.680 1.01 1.18
C,.F) 62.0 86.4 n/a 49.0 n/a
C,.(®F) 71.3 96.6 8.20 57.1 24.2
C,. (0F) 76.5 107.3 10.5 54.6 25.3
L, (mH) 42.8 41.5 27.7 41.3 12.8

Cerror (%) 6.80% 997% 21.9% 4.58% 4.35%

RF error(%) 3.58% 5.39% 13.2% 2.21% 2.25%

and are calculated as

2
® = argmin (Z ) (40)

where Z,, ; is the measured impedance at radian frequency, w;,
and Z, ;(©) is the predicted impedance at that frequency
based upon the parameter values (40) and the equivalent
circuit shown in Fig. 13

Fig. 14 illustrates the measured and fitted impedance for
common mode inductor D10. As can be seen, the magnitudes
and phases correspond well. In the final trace, the series and
shunt resistances are shown.

Table 2 depicts a comparison between measured and pre-
dicted inductor capacitance. Therein, the ‘,c’ in a subscript

Zm,i - Zp,i(®)
Zm,i
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indicates calculated value, and the ‘,m’ indicates the mea-
sured value obtained from (40). The relative contribution of
each form of capacitance can be seen. The final two rows
depict the percent error in the total calculated common mode
capacitance, and the corresponding error in the resonant fre-
quency as defined by (33). The capacitance is underestimated
in most cases. This is expected, since stray capacitance will
increase the total capacitance. Despite this, the error in the
predicted resonant frequency (RF) is reasonable.

IX. COMMON MODE INDUCTOR OPTIMIZATION

In order to demonstrate that the proposed capacitance
is appropriate for optimization based design, the pro-
posed capacitive analysis is used in the multi-objective
optimization-based design of a common mode inductor for a
1 kV, 50 kW solar photovoltaic converter system [15]. While
a comprehensive formulation of the inductor design will be
presented in a forthcoming paper, this study demonstrates the
intended use of the model.

Three studies were performed. In each study, the design
variables included the airgap, depth of core base, post width,
coil-to-coil clearance, layer-to-layer insulating paper type
and thickness, conductor cross section, strands per conductor,
number of turns, maximum number of turns per layer, ferrite
material, and heat sink fin height. The metrics to be mini-
mized were the circumscribing volume and loss. Constraints
included the maximum allowed mass, maximum height, max-
imum flux density, minimum resonant frequency, maximum
current density, maximum peak common mode current, max-
imum rms common mode current, maximum winding tem-
perature, maximum bobbin temperature, and maximum core
temperature.

180
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FIGURE 15. Pareto-optimal fronts.

In Study 1, the resonant frequency was left uncon-
strained. In Study 2, the minimum resonant frequency was
set to 100 kHz. In Study 3, two inductors in series were
considered in lieu of one with the same constraint on resonant
frequency as in Study 2. For this case, the value of vol-
ume and loss plotted includes both inductors. The resulting
Pareto-optimal fronts are depicted in Fig. 15.
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It may be seen from the figure that a resonant frequency
constraint results in higher loss for an equal circumscribing
volume design. The resonant frequency constraint creates
pressure to reduce capacitance. One way to do this is the
introduction of layer-to-layer insulation, but this increases the
thermal resistance from the coil interior to air, and this in turn
results in a larger inductor.

As discussed, the use of multiple inductors is advantageous
in terms of achieving a high resonance frequency. However,
there is also an effect that for the same loss one inductor
can be made to be smaller than two in series [16]. For the
specifications used herein, the size penalty of two inductors
outweighed the advantage in lowering the capacitance. Had
the required resonant frequency been higher, this may have
not been the case.

Computationally, each study took approximately 1.25 hours
using an 8 core Dell Precision T5610 with Intel® Xeon®
E5-2687W v2 @ 3.4 GHz running Windows 7 and
Matlab 2016a. The primary computational aspect was
the magnetic-electrical-thermal analysis; the contribution
of the capacitance calculation to the total runtime was
inconsequential.

X. CONCLUSION

This paper has set forth a means of computing the capac-
itance of two classes of common mode inductors. Specific
aspects of the calculation were validated through FEA; total
capacitances were validated experimentally using five dif-
ferent inductors. Means of reducing capacitance using series
connected inductors were explored, and the use of the capac-
itance calculation in a multi-objective optimization based
design was demonstrated. Details of the latter aspect of the
work will be set forth in future publications.
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