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Figure 6: Optimization of gap lengths based on the perpendicular component
of H-field.

where 2g1,conv is the gap length in the conventional structure
of Fig. 2(a). The equidistant gap placement ∆g = (Wc + l)/2
is the best choice, resulting in symmetrical field cancellation
on the conductor edges. To examine the effects of changing
gap lengths g1 and g2 , g1 is varied, and the quantity of interest
ΣHy2 is plotted in Fig. 6 for the top winding layer.
For the case study example, the optimum gaps are:
g1 = 0.245 mm; g2 = 0.38 mm; ∆g = 10.9 mm

(7)

One may note how the analytical approach yields relatively
simple design optimization.
With all the parameters selected, the perpendicular H field
Hresultant = Hp1,y − Hp2,y − Hh1,y + Hy,windings is plotted
in Fig. 7(c) for the orhogonally-gapped inductor design. For
comparison, Hresultant = Hp1,y − Hp2,y + Hy,windings and
Hresultant = Hh1,y + Hy,windings are also plotted for the
conventional (perpendicular) airgaps and for the parallel airgap
cases in Fig. 7(a) and Fig. 7(b), respectively. It can be observed
that the H field distribution is substantially more uniform
using the orthogonal gaps compared to the conventional and
the parallel airgap arrangements.
It should be noted that the analytical approach does not
take into account the proximity effects, and the H field due
to the copper windings in the other window. Not considering
very high frequencies, where these effects would be more
pronounced, the presented model can be considered sufficiently accurate, as illustrated by the good match between
the analytical results and the results of 2D finite-element
simulations using Ansys Maxwell, which are overlaid in Fig. 7.
Figures 8 and 9 show 2D simulation results for the H
field and the current density in the three cases considered.
For the conventional airgap arrangement, the numerically
calculated inductance is 8.52 µH and the ac resistance is
Rac = 44 mΩ. Figure 9(a) illustrates how current crowding at
the two conductor edges is the main reason behind increased
ac resistance in the conventional structure. The peak current
2
density is |J|max = 14.8 MA/m .
For the parallel airgap case, the numerically calculated
inductance is 8.32 µH, and the ac resistance is Rac = 46 mΩ,
which is slightly higher compared to the conventional airgaps,
although the peak current density is reduced to |J|max =
2
5 MA/m . This is because the parallel gap must be longer to

(b)

(c)
Figure 7: Comparison of analytical and 2D FEM simulation results for the
distribution of the H field component perpendicular to the windings in the
planar inductor with (a) conventional airgaps, (b) parallel airgaps, and (c)
orthogonal airgaps.

obtain the same inductance. As a result, as shown in Fig. 9(b),
current crowds over a wider portion in the middle of the
winding layer, thus making the effective ac resistance larger.
Figure 9(c) shows how the current density is much more
uniform with the orthogonally gapped core. Some current
crowding still occurs at the edges, with a maximum current
2
density of |J|max = 7 MA/m , but the ac resistance drops
to Rac = 23 mΩ, which corresponds to 48% reduction in
ac winding losses compared to the conventionally gapped
structure, while the inductance remains approximately the
same, 8.2 µH.
Table I summarizes 2D finite element simulation results
for the three considered airgap arrangements in terms of the
maximum current density and the ac resistance at two different
frequencies: 100 kHz and 250 kHz.

(a)

(a)

(b)

(b)

(c)
Figure 8: H field distribution in the planar inductor with (a) conventional
airgaps, (b) parallel airgaps, and (c) orthogonal airgaps.

(c)
Figure 9: Current density in the planar inductor with (a) conventional airgaps,
(b) parallel airgaps, and (c) orthogonal airgaps.

Table I: Comparison of maximum current density and ac resistance in the
inductor with (a) conventional airgaps, (b) parallel airgaps, and (c) orthogonal
airgaps.
Airgap arrangement
Conventional
Fig. 2(a)
Parallel
Fig. 2(b)
Orthogonal
Fig. 2(c)

fs [kHz]
100
250
100
250
100
250

|J|max [MA/m2 ]
8.6
14.8
3.5
5.0
4.0
7.0

Rac [mΩ]
28.7
44.1
31.1
46.2
15.1
23.8

IV. E XPERIMENTAL VALIDATION
An experimental prototype of the orthogonally-gapped inductor is shown in Fig. 10(b). Another inductor is made using
the same PCB windings and the same core size, but with the
conventional airgaps, as shown in Fig. 10(a). The inductor
parameters are summarized in Section III. These inductors are
used in a SiC-based 8 kW synchronous Buck converter operating at 250 kHz with 50% duty ratio. To verify the predicted

Figure 10: Planar inductor prototypes using EILP 64 core set with (a)
conventional airgaps, and (b) orthogonal airgaps.

simulations along with experimental results are provided to
compare the airgap arrangements, and to verify more than 45%
reduction in ac winding losses using the orthogonal airgaps
compared to a conventional design.
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Figure 11: Comparisons of (a) total measured converter losses in the prototypes with conventional airgaps (blue), and with orthogonal airgaps (red), and
(b) experimentally measured loss difference (blue), and analytically predicted
loss difference (red).
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