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Abstract—In order to obtain a reliable high power inductor,
it is necessary to precisely determine the inductor equivalent
circuit parameters. This paper discusses two PCB winding
configurations for a planar power inductor, where the ac
resistance is investigated. Three different 5kW planar inductors
are designed and investigated. A simulation of the ac resistance
of the three designs are preformed with Ansys Q3D. The
simulations are verified with measurements from all three
planar inductors, and the results are shown to be in close
agreement. It is also proven that the ac resistance is almost
unaffected by the height of a parallel connection, even when the
dc resistance is reduced by one third.

Index Terms—Inductor design, planar inductor, dc/dc con-
verter, ac resistance, resistance simulation, planar magnetics, pcb
windings.

I. INTRODUCTION

Investigating ways to achieve higher power density in the
area of power electronics, has over the past years received an
increase in attention. This is especially true for applications
which focus on cost reduction and has limited space, such
as wind farms and electric vehicles [1], [2]. Higher power
density are most commonly achieved by increasing the
switching frequency, which reduces the magnetic components
volume [1]. High switching frequencies in power applications
are now possible with the utilization of Silicon-Carbide and
Galium-Nitride transistors [3], [4], [5].

Effort in making magnetic components smaller and more
efficient has in recent years received much attention [6].
A popular choice is to use planar magnetics, as they offer
compact sizes, ideal for applications with height, weight
and cooling requirements. In [7] a 1.2kW planar transformer
is designed, operating at 50kHz with a core volume of
41500mm3. A low power planar inductor is designed in [8]
operating up to 500kHz and 25A. Very little work has been
performed on high power planar inductors, instead high power
inductors are often made with regular E-cores utilizing copper
foil [9]. The bulky shape of the regular E-core does however
present a challenge with respect to the overall power density
and cooling. High power planar inductors are therefore of
high interest.

The windings of planar inductors are commonly made with
Printed-circuit-board (PCB) [8]. Compared with a wire or
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Fig. 1. Illustration of the magnetic field lines in the winding configurations
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copper foil winding, the turns of PCB are rotated 90◦. The
orientation of the turns influences the inductors ac resistance
due to the skin- and proximity effects from the magnetic
fields [10]. The ac resistance of PCB winded planar inductor
are therefore difficult to determine, when multiple layers,
parallel connections and turns are utilized [11].

This paper compares two different design methods for PCB
winded planar E-core inductors. The winding configurations of
the two design methods are presented in section II, along with
simplified ac resistance calculations. Three 5kW inductors are
constructed and presented in section III. Section IV presents
simulation of the three inductors ac resistance. Section V
shows the experimental results of the three inductor designs.
The paper is concluded in section VI.

II. THE PROPOSED WINDING CONFIGURATIONS

Two illustrations of PCB winding configurations for power
inductors of N windings are shown on Fig. 1. The winding
configuration on Fig. 1a is optimized for multiple 2-layer
PCB placed in parallel, with an interleaved structure. The
winding configuration of Fig. 1b is optimized for multi-layer
PCB, with a non-interleaved structure.

Common for both winding configurations is how the
magnetic field lines unfold at dc-current. Since all the
parallel connections has the same current, the magnetic
field strength of the magnetic field lines are equal in
amplitude. This ensures that all the magnetic field lines
cancels out in between the turns, leaving only the outer
green magnetic field line, as illustrated in Fig. 1. Under
ac-current the current sharing between parallel connections
changes, thereby not ensuring that the magnetic field lines
cancels out in between the windings. Instead, they either
cancel out or decrease in amplitude, ensuring that most of
the magnetic field flows on the outer green magnetic field
line. This means that most of the ac current flows on the
outer surface of the outer turns in both winding configurations.

The ratio between ac and dc resistance, is calculated as [12]:

FR=
Rac
Rdc

= ϕ
sinh (2ϕ) + sin (2ϕ)

cosh (2ϕ) − cos (2ϕ)

+ ϕ
2
(
m2 − 1

)
3

sinh (ϕ) − sin (ϕ)

cosh (ϕ) + cos (ϕ)
(1)

Where FR is the ac to dc resistance factor. Rdc and Rac is
the dc and ac resistance of the inductor, respectively. m is a
factor used to include the proximity effect. ϕ is the ratio of
the height of the conductor and the penetration depth (δ) at
a given frequency(f). δ is a function of frequency and it is
calculated with:

δ =

√
ρ

µ0πf
(2)

Where ρ is the resistivity of the winding material and µ0 is
the permeability of free space.

Fig. 2. Comparison of ac to dc resistance factor FR calculated with (1) and
(3), respectively

By assuming that there are no proximity effect, the second
term of (1) becomes zero, making FR only depend on ϕ. FR
is therefore estimated as:

FR ≈


ϕ = htot

δ =
Np h
δ if δ < Np h

1 otherwise
(3)

Where h is the height of a single layer, Np is the number
of parallel connections and htot is the total height of a
parallel connection. The comparison between (1) and (3), are
illustrated on Fig. 2.

The dc resistance (Rdc) of both winding configurations on
Fig. 1 are calculated as:

Rdc =
ρ lW N

Np h bW
(4)

Where lW is the mean-turn-length and bW is the width of a
turn. By combining (3) and (4):

Rac = Rdc FR =


ρ lW N

δ bW
if δ < Np h

ρ lW N

Np h bW
otherwise

(5)

It can be concluded from (5) that the ac resistance is inde-
pendent of h and Np, since they cancel out when the estimated
Fr is multiplied with Rdc. This suggests that both winding
configurations has the same ac resistance. Furthermore, the ac
resistance should remain unchanged, even if the dc resistance
is changed by changing the total equivalent height of all the
parallel connections (htot = h Np).

III. INDUCTOR DESIGN

To verify the assumptions made in the previous section,
three inductors are designed. The three inductors are designed
for the same application; an isolated 200kHz hard switched
full-bridge forward converter, see illustration on Fig. 3 and
specifications in Table I. Common for all designs is that they
have four turns in total, two on each layer. The three inductors
uses a pair of EE38/25 ferrite core from Ferroxcube. The
core material is 3C96 with an air gap of 1.1mm, yielding an



TABLE I
CONVERTERS SPECIFICATIONS

Parameter Symbol Value
Output power Pout 5kW
Output current Iout 50A
Input voltage Vin 900V
Transformer turns ratio n 1/8
Inductor switching frequency fsw 200kHz
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Fig. 3. Isolated 200kHz hard switched full-bridge forward converter

TABLE II
SPECIFICATIONS OF THE THREE INDUCTOR DESIGNS

Paremeters Design 1 Design 2 Design 3
Winding configuration Fig. 1a Fig. 1b Fig. 1b
No. of parallel connections (Np) 4 4 6
No. of winding-turns (N ) 4 4 4
Winding-turn breadth (bW ) 4.85mm 4.85mm 4.85mm
Winding-turn height (h) 0.5mm 0.5mm 0.5mm
Mean-turn-length (lW ) 108mm 108mm 108mm
DC resistance (Rdc) 748µΩ 748µΩ 499µΩ

inductance of approximately 4µH for all designs. The designs
differ in the number of parallel connections, and the winding
configuration that are used. The three inductor designs are
illustrated on Fig. 4. An overview of the inductor design
specifications are shown in Table II, including the calculated
dc resistance of each inductor

The first inductor design uses the winding configuration
shown on Fig. 1a with four layers in parallel. The second and
third inductor design uses the winding configuration shown on
Fig. 1b, with four and six layers in parallel respectively. The
different inductors design utilize two different type of layer.
The two layers are identical but mirrored, and are shown on
Fig. 5.

(a) Design 1

(b) Design 2

(c) Design 3

Fig. 4. 3D models of the inductor designs
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Fig. 5. Footprint of the two type of layers in the inductor designs



Fig. 6. Simulation of the ac resistance of the three inductor designs

Fig. 7. Measurements of the ac resistance of the three inductor designs

IV. SIMULATION OF AC RESISTANCE

The ac resistance are investigated for each of the inductor
designs, by the use of Ansys Q3D simulations. The results of
the simulations are shown on Fig. 6, where it follows that the
ac resistance between design 1 and 2 are very close in value.
The simulation therefore agrees that the ac resistance of the
two winding configurations of Fig. 1 results in the same ac
resistance as concluded in the previous section. By comparing
design 1 and 2 with design 3, it follows that there is only

(a) Design 1

(b) Design 2

(c) Design 3

Fig. 8. Comparison of the measured and simulated ac resistances of the three
inductor designs

a slight change in ac resistance, even when the dc resistance
is lowered by one third. The difference in ac resistance is
presumed to be due to a change in current sharing between
the parallel connections.

V. EXPERIMENTAL RESULTS

In order to verify the simulations of the previous section,
all three inductor designs are build and measured. The dc



TABLE III
DC RESISTANCE OF THE THREE INDUCTOR DESIGNS

Parameters Design 1 Design 2 Design 3
Rdc [µΩ] Simulated 692 702 474

Measured 875 864 632

TABLE IV
AC RESISTANCE OF THE THREE INDUCTOR DESIGNS

Parameters Design 1 Design 2 Design 3
Rac @10kHz [mΩ] Simulated 3 2.9 2.5

Measured 3.1 2.9 2.8

Rac @100kHz [mΩ] Simulated 11.2 10.6 9.14
Measured 9.7 10.7 9.7

Rac @1MHz [mΩ] Simulated 37.4 35.3 30.4
Measured 32.3 35.4 31.4

resistance are measured with Keysight 34420A Micro Ohm
Meter, 7½ Digit, and the results are shown in Table III. There
is an offset of approximately 160µΩ between the measured
and simulated dc resistance, which is assumed to be caused
by the inductors termination.

The ac resistance are measured using Keysight 4294A
Precision Impedance Analyzer. The measurement results are
shown on Fig. 7. The simulated and measured results of each
inductor design is compared on Fig. 8. From the figure, that
above 5kHz there is a very close correlation between the
simulated and measured ac resistance in all three inductor
designs. A comparison between the simulated and measured
ac resistance at 10kHz, 100kHz and 1MHz are shown in Table
IV. The results from the impedance analyzer at low frequency,
are not in agreement with the measured dc resistances, from
Table III. The reason being, the impedance analyzer has a 30%
error when measuring impedances under 1mΩ.

VI. CONCLUSION

The paper presents two different winding configurations
for a planar power inductor. Three 5kW planar inductors
was designed utilizing the two winding configurations. A
simulation of the ac resistance are performed with Ansys Q3D.
The simulation showed that both winding configurations has
the same ac resistance. To verify the simulation, three 5kW
planar inductors are build and measured. The results showed
a close agreement between simulations and measurements. It
is also presented that the ac resistance only varies slightly
when more parallel connections are added to the inductor
designs. The ac resistance is therefore almost unaffected
by the height of a parallel connection, even though the dc
resistance is reduced by one third.
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”High-Frequency Power Transformers With Foil Windings: Maximum
Interleaving and Optimal Design,” in IEEE Transactions on Power
Electronics, vol. 30, no. 10, pp. 5712-5723, Oct. 2015.

[7] Z. Ouyang, O. C. Thomsen and M. A. E. Andersen, ”Optimal Design
and Tradeoff Analysis of Planar Transformer in High-Power DC–DC
Converters,” in IEEE Transactions on Industrial Electronics, vol. 59,
no. 7, pp. 2800-2810, July 2012.

[8] L. L. Jenkins, J. M. Aggas, B. K. Rhea, W. E. Abell, C. G. Wilson
and R. N. Dean, “Design and implementation of planar inductors for
low voltage GaN-based power converters,” 2015 IEEE Applied Power
Electronics Conference and Exposition (APEC), Charlotte, NC, 2015,
pp. 1381-1387.

[9] M. Nymand, U. K. Madawala, M. A. E. Andersen, B. Carsten and O.
S. Seiersen, ”Reducing ac-winding losses in high-current high-power
inductors,” 2009 35th Annual Conference of IEEE Industrial Electronics,
Porto, 2009, pp. 777-781.

[10] A. H. Wienhausen, A. Sewergin, S. P. Engel and R. W. De Doncker,
”Highly efficient power inductors for high-frequency wide-bandgap
power converters,” 2017 IEEE 12th International Conference on Power
Electronics and Drive Systems (PEDS), Honolulu, HI, 2017, pp. 442-
447.

[11] R. Prieto, J. A. Cobos, O. Garcia, P. Alou and J. Uceda, ”Using parallel
windings in planar magnetic components,” 2001 IEEE 32nd Annual
Power Electronics Specialists Conference (IEEE Cat. No.01CH37230),
Vancouver, BC, 2001, pp. 2055-2060 vol. 4.

[12] W. G. Hurley, E. Gath and J. G. Breslin, ”Optimizing the AC resistance
of multilayer transformer windings with arbitrary current waveforms,”
in IEEE Transactions on Power Electronics, vol. 15, no. 2, pp. 369-376,
March 2000.




