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Abstract-- The adjustment for the required inductance is
quite straightforward by controlling the air gap of the
magnetic core. The focal point basis is the dependence on air
gap and the windings effects. An advanced magnetics planar
inductor model is developed. The magnetic inductor remains
a difficult device to model mainly, particularly when air gap
are taken into account. A novel physically based analytical
model is used to accurately simulate this planar magnetic
inductor. The skin and proximity effects in metal lines of
planar inductor are represented as the impedance of a
ladder R-L networks. These R-L ladder parameters are
determined by minimizing the errors function between
experimental and simulation results using the genetic
algorithm. During validation process, different type of
magnetic core has been investigated. The planar inductor
model results have been favorably evaluated by comparison
and validation with practical measurements and to 3D finite
element method simulations. It is found that simulation
results and measurements data are in close agreement of the
inductive and the parasitic effects.

Index Terms-- Planar Inductor Model, finite element
methods (FEM), R-L Ladder network, Genetic Algorithm.

1. INTRODUCTION

The large mass/volume of a given power converter
system is occupied by the magnetic components [1, 2]. A
continuous miniaturization of power converter integrating
planar magnetics is leading to low profile, higher
performance, higher efficiency, decreasing costs and
higher thermal characteristics [3-5]. Moreover, planar
technology cores have a higher surface area to volume
ratio compared with conventional magnetic cores,
therefore planar components having lower thermal
resistance and consequently cores losses [2].

These magnetic components may be optimized using
planar PCB devices. Compared to the conventional
magnetic components, planar technology is printed
directly on circuit board (PCB) with low profile and offers
the flexibility of winding geometry [3, 4].

From a design point of view, accurate planar magnetic
inductors models are necessary to design an integrated
power converter [5, 6]. In particular, the skin and the
proximity effects, the parasitic capacitances effects, the
eddy current effects and the air gap in the magnetic core
are complex devices to model, particularly during high
frequency application [7]. In [8], the finite element
method (FEM) is considered to modeling magnetic
components. However, this method is not only difficult to
develop into general electronically circuit simulations and
it is time consumption and not only cumbersome. In [9] an
empirical magnetic inductor model is presented.
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Although, this model is declared accurate, this model is
not depended on the geometrical parameters and the
layout design. Moreover, its model parameters are not
used fairness to optimize the planar inductor layout.

In this paper, a novel magnetic planar inductor model
with air gap is proposed. This model is then taken into
account the skin and proximity effects in the metal lines
and the parasitic capacitances effects between layers.
Therefore a more advanced model is then considered to
take into account the variation of the resistance of planar
inductor according to the frequency. Then, a ladder R-L
network has been used to take into account the skin and
proximity effects in the metal lines.

Moreover, the proposed model includes the effects of
air gaps in the magnetic core necessary to control the
inductance value. Based on the work developed in [3,7],
planar inductors integrated in power converters are
fabricated with air gaps. The presence of an air gap is the
inductors is necessary to linearize the behavior of an
planar inductor over a large excursion range of the
winding current, avoiding core saturation and reducing the
harmonic distortion [3,7]. It is also important to note,
magnetic planar inductor can be adjusted by controlling
the air gap without modifying the dimensions of the
magnetic materials or copper windings. On the other hand,
when the planar inductors are used with air gap, we can
suppress the temperature dependency into the magnetic
core. Thus, for the planar inductor with air gap, we can
improve performance such as a high quality factor and
maintain higher values of inductance. Therefore, planar
inductor with air gap is a key point for designing efficient
power converter, requiring then accurate model.

The principal purpose of this paper is to present an
accurate planar inductor model with air gap. After the
development of the planar inductors model, a step-by-step
process is proposed to validate the gapped planar
inductors.

- Step#1 dwells on the analysis of distributed-gap in
the planar inductors.

- Step#2 illustrates the test and the validation process
by comparing the proposed model with the experimental
measurements and with the 3D FEM simulation. The
errors between analytical and simulation results are
computed. First, the errors between experimental and
simulation results of the inductive effect are computed and
plotted on histograms to estimate the validation quality.
Second, a comparative study between experiment and
simulation results at frequency domain for series
resistance is established. Finally, the parasitic capacitance
model is validated with FEM 3D.
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2. MODEL DESCRIPTION

Figure 1a shows the proposed magnetic planar inductor
planar inductor printed on FR4-PCB substrate. This
device is designed by two main elements: the planar
windings printed on PCB substrate and the planar
magnetic circuit used for channeling the magnetic field
line. The planar winding geometric parameters are; w is
the width of the trace, ¢ is the thickness of the metal trace,
S is the spacing between turns, n, is the number of turns
per layer and N, is the number of layers. Figure Ib
illustrates the equivalent circuit model of a magnetic
planar inductor [4, 6]. This model includes the total
inductance L;, the parasitic capacitance C; between layers
and the skin and proximity effects in metal trace are
modeled by an RL ladder network [9]. The ladder R-L
network is mainly depended to the current crowding in the
metal. The total inductance L, is the sum of the main
inductance including the corner effect and the winding

inductance.
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Fig. 1. The proposed planar inductor: (a) picture and (b)
equivalent circuit model.

A. Planar Inductance without air gap model

Based in [8], an improved model to calculate the total
self inductance of a planar inductor with magnetic core is
developed. This inductance model can be computed by
summing the magnetic core inductance and the winding of
copper tracks. Therefore, the total dc inductance of
magnetic planar inductors is expressed by equation (1):

Lg = Leore + Lwinding €Y)
Where L, is the inductance of the core and L4, is the
inductance of the planar winding inductor.
Generally, the inductance contribution from the magnetic
core can be estimated by equation (2).

(2)

Where N is the number of turns in winding, 4, is the core
cross-section area and [ the equivalent length of magnetic
path. The parameters p, and p, are the permeability
vacuum and the relative permeability of the core material,
respectively. It is important to note that, in the magnetic
core, the flux tends to concentrate on the inside the bend

Leore = #O.Url_eN
e

ISBN: 978-9938-14-953-1

(corner), so decrease the mean magnetic path [7]. This
model takes into account the corner in the magnetic core.
Based on this textbook, a sample model to calculate the
parameters of corner are developed in [3, 7]. This model
can be computed by summing the self inductance of all
cross-sections included the cross-section of the corner.
The cross-section and magnetic path length calculation of
the straight sections is quite simple whereas compared to
the corner sections is more complicated. The mean
magnetic path length and cross-section of each corner
segment is illustrated in Table 1.

Table 1. Magnetic path length and cross-section for the
planar core calculation.

Section (1) | Section (2) | Section (3)

Cross-section area (4.) h.a+¢c)2 h.c h(d+c)2

Equivalent length of (w'8).(a + ¢) b (m'8).(d + ¢)
magnetic path ([;)

(177)

Therefore, the reluctance of an each rectangular cross-
section area can be calculated by:

;i 3)

HokrA;

Where A; is the core cross-section area and [; is the
equivalent length of magnetic path.
The total core inductance of the inductor is expressed by
equation (4):

Rc,i

N2

L= (4
RC,tOt

Where N is the number of turns of the winding and R .,
is the total reluctance of magnetic core.

The total inductance Lyinqing Of the spiral inductor is
obtained by equation (5):

NL
Lwinding = Z Ly + 2IVIMulL'ilayer (5)

A
Where L, ; is the self inductance of planar inductor in
each layer, M;;is the mutual inductance between two
planar inductors and N; is the number of layers.
More other details of multilayer planar inductor model are
illustrated in [4, 10].
B. Planar Inductance with Air gap model

Different methods have been proposed in the literature
to model the air gap in inductor [7]. The major
calculations of the air gap reluctance for the planar
inductor are based on two magnetic core type. The cores
are a pair of EE and EI 43/10/28-3F3 planar core from
Ferroxcube. Three types of air gap cross sections which
are illustrated in Figure 2. The basic air gap reluctance
model is expressed by equation (6).
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Fig. 2. Planar magnetic core: (a) EE core (b) EI core.

The equivalent magnetic circuit models of air gap
reluctance calculation are illustrated in Figure 3. To obtain
a reluctance associated with the air gap with a good
accuracy, it is essential to consider 3D phenomena, i.e.
taking into account the swelling of the field lines. To
consider the swelling of the field lines of 3D air gaps, [7]
proposes an improved model to calculate the 3D air gap
reluctance of a transformer. In this model a fringing factor
is introduced that describes by which factor the air gap
reluctance decreases due to fringing flux. The reluctance
of the 3D air gap can be expressed by equation (7) [7]:

a
Rair gap,i — 0x0y m ()
0
Where
R .
o, = = basic (8)
R/ Hot
basi
o, = a/ asic 9)
Ko b

Where a, b and t are the geometrical parameters for the
two type’s planar magnetic core with air gap (Figure 3).
The parameters o, and o0, are the fringing factor that
considers fringing effects in y-direction and x-direction,
respectively. More other details for the air gap reluctance

model  calculation and are given in [7].
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Fig. 3. Different types of air gaps and equivalent circuit
reluctance models: (a) Basic geometry of air gap (b) Air
gap type#l (c) Air gap type#2 and (d) Air gap type#3.

C. Winding loss model

Ferreira [11] proposes a model to calculate the AC
resistance of planar magnetic components. Based on [11],
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planar inductor model and its associated parameters are
detailed in a previous work [12, 13]. But, from a design
point of view, a limitation of the current model versus
frequency is verified and does not give satisfactory
results. Thus, the planar inductor behaviour cannot be
precisely predicted by the conventional inductor models
[12]. In [12, 13], the error between the FEM 3D
simulation and the analytical model results of planar
inductor model is around than 25%. The error observed in
the series resistance can be explained by many problems.
Firstly, the problem is one-dimensional (H only depends
on a dimension) and the density distribution of the
currents in the conductors is uniform. Secondly, the
corners present in the planar topologies, do not promote a
homogeneous distribution of current in the conductor at
these corners. Indeed, it is very likely that the current lines
accumulate inside of the angle, increasing the current
density is inside relative to the outside, which results in an
increase resistance of the coils. However, the planar
inductor remains a difficult component to model,
particularly when the influence of skin and proximity
effects is taken into account. There are various methods
available to model the skin and proximity effects in the
planar inductor [2-4]. In the present study, an R-L ladder
circuit was used to model the evolution of the resistance
with the frequency as shown in figure 1b. A ladder R-L
network is built with resistors and inductors to take into
account variations of the resistance with frequency. The
values of this R-L circuit network were determined by a
genetic algorithm from the measuring points of the
evolution of the resistance versus frequency for a planar
inductor [14,15]. To determine the ladder R-L equivalent
circuit model of planar inductor resistance, a methodology
based on the genetic algorithm (GA) is proposed.

D. Parasitic capacitance model

The parasitic capacitances between turns and between
winding layers are creating by the distribution of the
voltage potential. The turns to turns capacitance can be
neglected due to the dominating inter-layers winding
capacitance. The parasitic capacitance between two layers
in winding is modeled using the parallel-plate capacitance.
Where the planar inductor winding consists of m uniform
layers connected in series, the equivalent capacitance can
be calculated by equation (10) [16]:

4(m—-1)

Cs = 3 2 G (10)
n+1)@2n+1)
=— 11
G, ( —) ¢ (an
C, = w1 12
0o = €ér i (12)

Where 7 is the number of turns in each layer and Cj, is the
equivalent parallel plate capacitance of a two adjacent
layers. g, is the permittivity of air space, &, is the relative
permittivity of dielectric material, 4.4 for FR-4. w is the
width of the trace, [ is the average length of a turn and H
is the distance between two parallel plate.
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3. STEP-BY-STEP VALIDATION PROCESS
Step #1: Planar inductor parameter optimization

During optimization process, low winding loss planar
inductors factor are studied by analyzing the effect of
different formats of air gaps for given device [17]. Figure
4 shows a comparative study between three planar
inductors with different air gap distributed. These results
present the AC resistance of planar inductors. It is worth
mentioning that, the air gap length parameter to the three
Sample#1, Sample#2 and Sample#3 are 0.3, 0.3 and 0.1
mm, respectively. Reveals that the low ac winding is
obtained where air gap distributed in all legs of magnetic
core. For that reason, we are interested in the structures of
planar inductors where the air gaps are distributed in the
centre and laterals legs (Sample#3 in figure 4). Based on
the developed model introduced in previous section,
several planar inductors are designed, simulated, and built
using PCB-FR4 as a substrate. Designed planar inductors
are simulated using Ansoft Maxwell 3D, fabricated and
measured using LCR meter Analyzer.

40 g —

—=— Sample#1| | | i

35 |—e— Sample#2|
N ple#3

Air gap in the center

3,04

254

element model as well as with experimental results for
planar inductors devices. Tables III depict a comparative
study between experimental data, 3D FEM simulation and
new and conventional analytical model of the inductive
effect.

Table II. Geometrical parameters of planar inductor used
during simulation steps.

EE planar core 43/10/28-3F3 EI planar core
43/10/28-3F3
Geometrical | Sample#] | Sample#2 | Sample#3 | Sample#4 | Sample#5 | Sample#6
Parameters
W (mm) 3 22 3 22 3 22
s (mm) 0.8 0.5 038 05 0.8 05
e 3 4 3 4 3 4
N iayer 6 6 7 7 4 4
N 18 24 21 28 12 16

An error function named ¢ is computed. This function is

computed from the following expression [4]:
_ fexp (i) — form (xi) (13)

fexp(xi)

Where fgzxp and fg), are the electrical quantities extracted

from the experimental data and analytical model,

respectively.

Table III. Analytical results for spiral inductors.

) sg T
2 50l //V el .
g ' | Measurement 3D FEM New analytical Class;caﬁy
z 15 Ai . ioh Simulation method Caleulation
é 5 ir gap in right (uH) Caleufation (H) (WD)
104 leg
- Sample#l 24756 2490.6 25535 22522
054 I
™ E§E 258 EEplanarcore |"Sample#) | 44873 24243 45303 20045
0,0 T T T T T
00 20x10°  40x10°  6,0x10°  80x10°  1,0x10°  12x10° Sample#3 3440.5 3400.2 3475.2 3065.5
Frequency (Hz Air a in the
quency (Hz) &ap Samplcid | 60861 50447 51807 54290
three legs
) o ) . El planar core | Sample#5 1407 1382 1410.6 1202.7
Fig. 4. AC winding resistance versus different format of
. Sampled6 | 24455 24675 2507.9 2138.1
air gap.

Different planar inductors designs are used during
simulation and experimental process. The core is a pair of
EE and EI 43/10/28-3F3 planar core from Ferroxcube.
These planar inductors are designed by a multilayer PCB
made on FR-4 material with the copper thickness, the
dielectric constant, ¢, and the PCB substrate thickness are
35 um 4.4 and 1.6 mm, respectively. Design parameters of
the planar inductors are depicted in Table II.

Step#2: Validations and Discussion
A. Planar inductor without air gap

To validate the proposed planar inductor model, two
types of magnetic circuit (the standard planar ferrite EE
and EI core) are used. Different magnetic planar inductors
with air gaps designs are tested during experimental steps.
The lumped air gaps are distributed between central and
outer core legs. Design parameters of the planar inductors
are depicted in Tables II. In order to validate air gap
planar inductor model, the air gap length is also tuned
from 0.13 toward 0.4 mm. The planar inductors with EE
and EI-43/10/28-3F3 Ferroxcube ferrite core are tested
using LCR meter. A validation procedure is performed by
a comparative study between simulation results with finite
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The validity histogram of the proposed inductive model
depicts in Figure 5 is obtained by a comparative study
between simulation results and experimental data for
many planar inductors devices. The error of this model is
less than 2% between experimental and simulation results
compared with 15% for conventional model (equation 1).
On the other hand, the error of this model is less than 2%
between FEM simulation and our proposed model. This
result is justified by the approximation made to take into
account the effects of corner in the magnetic circuits.
Indeed, in a rectangular magnetic circuit, the field lines
are uniformly distributed in the straight legs, but in the
corners, they are moved to the inside of the corner. The
flux is denser in an inner area than in the linear portion of
the circuit. This difference is due, probably, to his result
confirmed that the projected model is more accurate in
terms of inductive effect of planar inductor.

For the series resistance of the magnetic planar
inductor, the validity of the ladder R-L network model is
obtained by a comparative study between simulation
results and experimental data for many magnetic devices.
Therefore, during identification process, the parameters of
ladder R-L network are determined by using Generic
Algorithm (GA) toolbox of the MATLAB.
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Inductor sample

Fig. 5. Errors between experimental and simulations
results of inductive effect in planar inductors.

During this phase, the ladder R-L network circuit

shown in Figure 1b is used to model the planar inductor
windings, which can be decomposed into resistances and
inductances. The proposed ladder R-L circuit model is
used take into account the evolution skin and proximity
effects with the frequency. The proposed method is based
on the measurement approach. In a previous study and a
physically based compact planar inductor model is
developed in [12, 13]. The computed error between the
based physical resistance model and the 3D FEM
simulation results is about 25%.
Figure 6 shows a comparative study between experimental
and simulation results for different planar inductors. These
results show good correlation between measured and the
proposed model over all the frequency range. Therefore,
for the variation of the resistance as a function of
frequency, the error between measurement and simulation
is negligible over the entire frequency band and are used
to validate the model of the planar inductor in the
frequency domain.

= = Measured resistance
= = Resistance with R-L network

= = Measured resistance
= = Resistance with R-L network

Samplet! Samples2

Resistance (02)
Resistance ( 2)
N

1w 10 10 10 w 0 0 0 10 10°

Frequency (Hz) Frequency (Hz)

Fig. 6. Comparison between the measured and simulated
resistance of the planar inductor model.

The device under test (DUT) is represented with
inductance and ladder RL network series connected. On
the other hand, to taken into account high frequency
effect, an additional element is added in parallel and that
correspond to the parasitic capacitance effect introduced
by dielectric material. To validate the proposed parasitic
capacitance model, different planar inductors tests are
considered. Therefore, a comparative study between
analytical model and 3D FEM simulation, for many
magnetic planar inductors devices is shown in Table IV.
Therefore, the obtained results show a good accuracy of
the capacitance model.
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Table IV. Parasitic capacitance Error between 3D FEM
simulation results and analytical model.

3D FEM simulation | Analytical model
C. (pF) C. (pF)

EE planar | Sample#l 8.7 10

core Sample#2 8.7 12.1

Sample#3 7.16 8.9

Sample#4 7.16 10.6

Elplanar | Sample#s 14.4 13.6

core Sample#6 144 163

B. Planar inductor with air gap model validation

To improve the accuracy of the analytical model and
model the evolution of the magnetizing inductance as a
function of variations in the air gap, it is essential to
consider the swelling phenomena field lines. Usually, the
swelling phenomena of the field lines are not taken into
account when calculating the reluctances in conventional
manner.

To validate the proposed planar inductor model, two
types of magnetic circuit (the standard planar ferrite EE
and EI core) are used to fabricate planar inductors.
Different magnetic planar inductors with air gaps designs
are tested during experimental steps. The lumped air gaps
are distributed between central and outer core legs. Design
parameters of the planar inductors are depicted in Table II.
In order to validate air gap planar inductor model, the air
gap length is also tuned from 0.13 toward 0.4 mm. The
planar inductors with EE and EI-43/10/28-3F3
Ferroxcube ferrite core are tested using LCR meter.

The validity histograms depicted in figure 7
demonstrate that the error between measured, simulation
and analytical model for gapped planar inductors. The
error between experimental data and proposed gapped
planar inductor model is less than 6% compared with 30%
for classical calculation of inductive effect for different air
gap length.

On the other hand, where air gap length increase from
0.13 mm to 0.4 mm, the classical method errors increases
from 15% to 30%, respectively. Compared to the
proposed model the errors are nearly constant with air gap
increase.

Therefore, at different air gap length, proposed model
and experimental results of the have satisfactory
compatibility in terms of inductive effect. This result is
justified by the take into account the effects of corner and
the swelling of the magnetic field lines in the magnetic
circuits [3, 7]. Indeed, the presence of the corner in the
magnetic circuit will change consistently the course of the
field lines. First, in a rectangular magnetic circuit, the
field lines are uniformly distributed in the straight legs,
but in the corners, they are moved to the inside of the
corner. The second major phenomenon is swelling of the
field lines at the air gaps. When adding a gap in magnetic
circuit, the fields lines are no longer parallel as in the
magnetic material but tend to move away from each other.
The field lines occupy a larger area in the air gap in the
magnetic circuit.

In addition, proposed gapped planar inductors model
can save time during design of the planar magnetic
components. Moreover, the analytical model can guide the
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geometrical construction of planar magnetic components
and also provide a better understanding of the physical
phenomena involved through an advanced study.

I E rror Experimental /FEM
I E rror Experimental /new analytical model
20 [CJError Experimental / Classical model

(a)

=
B
1)
=
[ =ERLE
=
s 4
a4
Sample#1 Sample#2 Sample#3 Sample#4 Sample#3 Sample#6
Inductor sample
s0
N I E rrorE xperimental /FEM
I ErrorE xperimental /new analytical model
20 [CJErrorExperimental / Classical model
(b}
= 30 4
=
=
=
= 20
=
10 <
a4

Sample#1 Sample#2 Sample#3 Sample®d Sample#5 Samples6

Inductor sample

Fig. 7. Error between measured, simulation and analytical
results for different planar inductors (a) air gap g =
0.13mm, (b) g = 0.4mm.

4. CONCLUSION

In this paper, an equivalent circuit modelling of
magnetic planar inductors has been investigated.
Depending on the material and the shape of the core, new
planar inductor with air gap model was developed and
validated by experimental and 3D FEM computations.
The gapped magnetic component model is taking into
account the effects of corner and the swelling of the
magnetic field lines in the magnetic circuits. Second, the
proposed model includes the eddy current effect in the
conductor and the parasitic capacitance effects. Therefore,
ladder R-L network has been introduced for taking into
account the copper losses effects of the planar inductor.
The extraction ladder R-L parameters procedure is based
on generic algorithm and it is leads to very accurate
simulation. On the other hand, the parasitic capacitance
between the adjacent turns and between adjacent layers is
introduced in our model. Large planar inductors samples
are designed, manufactured, modeled and experimentally
tested. The proposed model is not only dedicated for
gapped planar inductor but can be used for any magnetic
component such planar transformer.
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