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Abstract — Eledroplated micromagnetic components, such
as planar and toroidal inductors and transformers with
ferromagnetic cores are promising devices. The characteristics
of the materials used in these micro-scale components differ
significantly from the properties of the common materials used
in large-scale magnetics. The dimensional constraints due to the
fabrication process form a main difference as well. For the
design of such devices, two- and three-dimensional numerical
field modeling techniques, such as FEM, are esential. This
paper discusses modeling strategies combining two- and three
dimensional FEM methods, along with circuit equations,
allowing investigation of the behaviour and design of new
components.

Index Terms — Finite dement methods, eddy curr ents,
micro-inductors

|. INTRODUCTION

Integrated micromagnetic components such as planar and
toroidal inductors and transformers are a promising new
addition to existing technologies. Many applicdions can be
imagined ranging from power or signal transformers to
magnetic field sensors to micro-aduators.

Due to the mnstraints implied by currently available
processng techniques, such devices can look and behave
quite differently from their maao-world counterparts. First
of all, integrated devices are esentially ‘2.5D’ geometries;
the thicknesses of the layers are much smaller (~10 um) than
the dimensions in the plane of the substrate (~1 mm) [1,2].
Semndly, the seledion of materials that can effedively be
used is limited and these materialsin general behave far from
ided. Also, they can have highly nonlinea charaderistics.
For example, an often-used magnetic core materia is
eledrodeposited nickel-iron which has a fairly low
permeability (~500 compared to thermally treded shee
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materials (>1000Q [1]. These devices are often expeded to
operate & frequencies of 1 MHz or higher, where the
conductivity of the magnetic material becomes an important
facor for the effed of eddy currents.

These limitations imply that well-established design rules
for inductive mmponents can not easily, nor effedively be
applied to this new class of devices. Therefore, numericd
modeling techniques such as FEM bemme essentia tods in
development and design optimization. To limit the amount of
CPU intensive numericd cdculations, a good strategy
combining 2D and limited 3D cdculations, isimperative.

II. FEM MODELING STRATEGIES

Due to the high intrinsic oonductivity and small
dimensions (e.g. 100 pym to 1 mm lateral and 10 pm
thickness Fig. 1) of eledroplated materials, internal eddy
current effeds occur throughout the device [2]. The skin
depths for a broad operating frequency range of about 10°>-
10° Hz are of the order of the planar sizes of the devices, and
laminations in the verticd or horizontal diredions may be
required. Espedaly in plated cores, these eddy currents give
rise to flux patterns not occurring in large-scale magnetics.
These flux and the eddy current distributions can be studied in
3D-models and 2D-models with external circuits, the so-
cdled ‘2.5D’ modeling[3,4].

A. 3D models

Full 3D-models s$mulate the most accurate field
distribution, but on the other hand are computationally the
most expensive. For these types of components, the mesh is
eaily generated using an extrusion based mesh generator.
The number of required elements is a problem since the size
of the dements must be related to the skin depth and the
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Fig. 1 Schematical representation of micro inductor.
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Fig. 2 Current distribution in partial 3D model. Vertica and horizontal
symmetry are used to obtain a quarter model. 3 windings are modelled to
alow acarate cdculation for the central winding, including skin and
proximity eff ects. Darker areas represent higher current densities.

elements have to maintain an accetable aped ratio. |If

necessary, higher order elements can be gplied locdly, for

instancein the cre and the wnductors. A partial model with
appropriate boundary conditions containing a limited number
of windings can be used instead of an entire discretization of

the complete geometry, e.g. [5].

A similar limited 3D model is used to determine the
frequency dependent resistances and (ledkage) inductances
asciated with the parts of the winding situated outside the
core plane. These parameters are introduced in the drcuit
part of the 25D model further on. The procedure to
determine the parametersis:

1. Build a modd with the minimal symmetry properties,
considering appropriate at planes.

2. Insert as many conductors as necessry to oltain a
corred proximity effed in a lesst one (central)
conductor.

3. Perform at least 2 simulations with a variable thickness
of the are.

4. Determine the (leakage) inductance, for instance by using
the magnetic energy obtained in post-processng or by
using the voltage or currents if circuit information is
available.

5. Determine the resistance by using loss or circuit
information.

6. Extrapolate the result to zero thickness to determine the
contribution.

The results, obtained using the software padkage Magnet
[6], of a partial 3D model containing three onductors of the
central limb of an E-core inductor are shown in Fig. 2. The
boundary conditions impose the periodicity of the field.
Higher order elements are used in the conducting regions.
The skin effeds and proximity effeds in adjacent conductors
are modell ed.

B. 2D and 2.5D adaptively generated models

Meshes for 2D models can be generated quickly by means
of domain-based problem-spedfic earor estimators and
appropriate mesh refinement agorithms. The etension of
these models with fully coupled circuit equations containing
separately determined lumped parameters leads to ‘2.5D
models'.

The 2D vedor potential formulation used in the micro-
component analysis includes eddy current and dsplacement
current terms and is given in Eq. (1). The latter is often
neglected in the simulation of large scde magnetic devices
since it is a minor contribution, but due to the high
frequencies applicable in the cae of micro-inductors, it may
becmme important. One @n note that Eq. (1) isthen a spedal
2D case of the dedromagnetic wave equation.

V- (u(AVA)- jolo + joe)A= —(o+ jws)VVg (1)

With Magnretic reluctivity

Magnretic vedor potential (def. : B=Vx A)
Pulsation

Eledricd conductivity

Dieledric permittivity

voltage source

<®ag »c

When using the complex conductivity, the field equation
can be written urder the form of a typicd time harmonic
equation, that can be solved using dightly altered standard
methods [4]. However, in general the displacement current
term causes unfavorable numericd properties of the dgebraic
system to be solved.

V- ((AVA)- jwgA=-cVVg @)

With &  Complex conductivity o = (o + jwe)

Examination of the interior field by means of 2D field
dlices of the model of Fig. 2 indicaed that 2.5D models are a
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Fig. 3: Flux plot of a 2.5D model (200 kHz). The model is based on a
horizontal crosssection of the component presented in Fig. 1.



TABLE|
INDICATION OF THE RELEVANT MATERIAL PROPERTIES
Property Value
Winding conductivity 5.8 10 Sm*
Core permesbility 200
Core conductivity 5.8 1¢ Sm*
TABLE Il
INDICATION OF THE RELEVANT DIMENSIONS
Characteristic Value
Conductor thickness 5um
Core width 180 um
Core thickness 5um
Viadiameter 30 um
Number of windings 28

good approximation. The magnetic field lines in a quarter
model are plotted in Fig. 3, showing a non-equal flux density
distribution due to eddy currents, reguiring laminations. The
software used for this gmulation is the in-house FEM
software padkage "Olympos' [3].

I11. APPLICATION: THE EFFECT OF VERTICAL LAMINATIONS

As an application of this approach, the dfed of
introducing lamination in the model of a micro-inductor with
a ferromagnetic core is investigated. A 3D simulation is
performed to determine the leakage parameters and the
resistance. These parameters are used in the drcuit equations.
Thiscircuit is conneded to the discretized 2D FEM model.

The material properties of the different parts of the device
are wlleded in Table | while the most important dimensions
are indicaed in Table Il. The mode contains half of the
inductor for reassons of symmetry. Fig. 3 shows the result
when no laminations are present. Due to the internal eddy
currents, the flux lines are located close to the surface

In order to okain a better flux line distribution,
laminations may help. Therefore asecond model, where the
coreis lit intwo parts, is constructed to compare the results.
Fig. 4 shows the results of both models, clealy showing the
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Fig. 4 : Flux lines in a non-laminated and laminated core (10° kHz). The model
is gmilar to the one used for Fig. 2.

effect of the primitive lamination. The frequency dependence
of the inductance value obtained by post-processng is siown
inFig. 5.

The strategy to oktain these '2.5D' models described in the
previous chapters was applied to a micro-inductor. A detalil
of the 3D model used to derive the parameters in the drcuit
equations, can befound in Fig. 2.

1V. CONCLUSION

Different electromagnetic field modeling strategies for
small scde magnetic components are presented. Criteria to
choose between different strategies are indicaed acounting
for the presence of internal eddy currents inside the cre.
This phenomenon does not occur in large-scde magnetic
devices, where laminations are standard. The example of a
spedfic dedroplated device simulated using the described
strategy, shows the alvantageous applicability of 2.5D
models.
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Fig. 5: Evolution of the inductance value of two inductors, one with and one
without laminations.



