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Abstract--In this paper, a detailed 3D Partial Element
Equivalent Circuit (PEEC) model of a toroidal coil with a
magnetic core is developed. The PEEC problem in the
presence of magnetic materials is solved in the frequency
domain via a magnetic current/charge approach, i.e.
replacing the magnetized objects by a distribution of
equivalent fictitious magnetic currents/charges in free space.
The simulation parameters are the winding and magnetic
core properties. The permeability is either taken from
datasheets or determined by measuring the series equivalent
impedance. To verify the proposed 3D PEEC model,
calculated and measured impedance values are compared
for several winding arrangements and core materials. A
good agreement between simulation and measurements is
presented up to the first resonant frequency. For higher
frequencies, a more accurate specification of the
permeability is required, as well as the core dielectric
property has to be considered.

Index Terms--Complex permeability, magnetic currents
and charges, toroidal core inductor, PEEC.

1. INTRODUCTION

Due to increasing switching frequency and higher
power density of converter systems, power electronics
engineers deal with significant electromagnetic
interference problems that have to be considered in the
earliest system design stage. To comply with EMC
standards, the conducted and radiated emission levels
generated by power electronic (PE) systems have to be
controlled, necessitating employment of EMI filter
circuits. Accordingly, EMI filter components have to be
considered, including their high frequency behaviour in
combination with PCB placement and parasitic
couplings. There, an optimized arrangement of filter
components is required to fulfil legal EMI specifications
with minimum realization effort.

Fig. 1. Example of an input filter of a three-phase PWM rectifier [1].
The selection of the basic building blocks i.e. inductors

and capacitors, for an optimal EMI filter (see Fig. 1),
requires a comprehensive analysis of both component
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characteristics and their mutual EM coupling to other
components in order to obtain correct filter attenuation at
higher frequencies. As the volume of power converter
systems decreases, the placement of components becomes
a critical issue. Also, as a result of parasitic effects, the
passive components can change their characteristics
considerably at higher frequencies, and together with the
mutual electromagnetic coupling, the EMI performance
of the overall PE system can be significantly degraded.
To illustrate the influence of parasitic effects and mutual
coupling, a passive T-network employed in low-pass EMI
filtering (L;, L, C,) and its equivalent circuit are
presented in Fig. 2.
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Fig. 2. Passive T-network employed in low-pass EMI filtering: (a)
filter circuit, (b) the equivalent circuit showing the parasitic elements.

The capacitance C,; and C ,, are the parasitic self
capacitances of the inductors L; and L,, while ESL is the
equivalent parasitic series self inductance of the filter
capacitor C,. The mutual inductances M, ; are used to
model the magnetic couplings. The effect of coupling on
the performance of this filtering stage is an effective
alternation of L;, L, and ESL e.g. the equivalent
inductance L; due to coupling is L; ;= L, +M +M+M; [2]
Also, the parallel capacitance C,; and C,, decrease the
filter attenuation at higher frequencies and determine
resonant frequencies above which the inductors L; and L,
become predominantly capacitive. It has been shown that
the influence of these effects cannot be neglected and has
to be modelled in order to determine the real behaviour of
the overall design [3]. Accordingly, accurate simulation
techniques are required in the design process of power
electronic systems.

As illustrated in Fig. 1, the main components of an
EMI filter are toroidal inductors which are preferred due
to their geometry i.e. closed uninterrupted magnetic path
and constant cross section, and their magnetic properties
i.e. highest effective permeability [4]. In this paper, a 3D
comprehensive EM modelling approach of toroidal
magnetic inductors based on the Partial Element
Equivalent Circuit (PEEC) method is developed. The
PEEC is also used as a tool for EM modelling of
inductive behaviour including the mutual coupling
mechanism and parasitic effects. The aim of the presented
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research is to simulate the low- and high- frequency EM
behaviour of magnetic inductors. The geometry of
interest is a coil wrapped around the toroidal magnetic
core with rectangular cross section. According to EMC
regulations and standards, the frequency range of interest
is from 150 kHz to 30 MHz.

In Section II, the capabilities of the PEEC method are
described and compared to other EM simulation
techniques like the Finite Element Method (FEM) and the
Method of Moments (MoM). Section III gives a brief
overview of prior research in the field of PEEC
modelling in the presence of magnetic material. Section
IV describes the theory of the magnetic current and
magnetic charge approaches and in Section V, the PEEC
interpretation of Maxwell’s equations in the presence of
magnetic materials and the integration of the PEEC and
the Boundary Element (BE) methods are presented.
Finally in Section VI, in order to verify the proposed
PEEC simulation, coil impedance measurements in the
frequency range from 40 Hz up to 110 MHz are
performed and compared to the PEEC simulation results.
The conclusions in Section VII summarize the final
results and point to the topics of further research.

II. PEEC - EM SIMULATION TOOL

The Partial Element Equivalent Circuit (PEEC)
method has proven to be a fast and accurate simulation
method for calculating parasitic layout effects of power
converters [5]. PEEC modelling dates from the 1970s
when the work of Ruehli established the basis of today’s
PEEC approach, as an integral formulation of Maxwell’s
equations and their interpretation in terms of partial
circuit elements [6]. The PEEC method covers both time
and frequency domain and takes into account capacitive
and inductive couplings all together. It can be used to
model skin and proximity effects, and has the ability to
solve EM problems with significantly less computational
effort than the Finite Element Method (FEM), which is in
turn based on the differential formulation of Maxwell’s
equations. Compared to FEM, the PEEC method does not
require meshing of the whole volume space (plus
surrounding air), but only of the volume of conductors,
and/or dielectric or magnetic components. Therefore it is
useful especially for open-air problems. What
distinguishes PEEC from other integral EM formulations,
such as the Method of Moments (MoM), is that it is a
full-wave method valid from DC to high frequency.
Additionally, due to its circuit description and its
capability of a subsequent model order reduction, PEEC
models can be integrated easily into standard circuit
solvers.

The main difficulty of the PEEC method is the PEEC
interpretation of Maxwell’s equations for inhomogeneous
environments e.g. dielectric and magnetic regions. So far,
dielectrics have been successfully integrated into PEEC
solvers [7], while the main drawback is the incapability to
apply the standard PEEC method in the presence of
inhomogeneous, nonlinear magnetic materials. For this
class of EM problems, the FEM method is so far the
method of choice.
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As magnetic materials have the ability to change the
external electromagnetic field, an adequate modification
of the electric field Maxwell’s integral equations (EFIE)
is required in order to keep the structure of PEEC
equations suitable for circuit description. According to
electromagnetic field theory, two approaches to model
the EM influence of a magnetic medium exist: the
equivalent magnetic current method and the equivalent
magnetic charge method. Namely, the problem of the
calculation of the magnetic field in the presence of
magnetic materials can be simplified by replacing the
magnetized objects by an equivalent distribution of
bounded currents or by an equivalent distribution of
fictitious magnetic charges [8].

From the aspects of building a fast power electronic
EMI simulator, the main challenge is to determine the
PEEC models of the magnetic elements like coils,
sensors, inductors, transformers, etc. which are the
standard components of power electronics systems like
EMI filters, power converters, and electrical machines.
The simulation under the justified approximations should
correspond well to the real performance of the component
over a wide frequency range, taking into account also
mutual inductive and capacitive couplings. However,
PEEC models of standard magnetic geometries do not yet
exist.

III. LITERATURE SURVEY

Several works found in literature describing the PEEC
modelling of linear magnetic materials can be classified
to the magnetic current approach [9]-[11]. In [9], the
theoretical basis and the calculation of PEEC coefficients
for the basic geometries like wire, dipole, sheet, and slab
were presented. In [10], an extension to the PEEC
method called WPEEC was introduced, and verified on
two academic examples. In [11], a software tool for RF
IC inductor designs based on the so-called magPEEC was
developed, which it is another extension to the PEEC
approach to analyze arbitrary conductor-magnetic
structures.

Another method, essentially different from the
magnetic current/charge approach, was developed in [12],
[13] which is based on the assumption that the direction
of stray field produced by a magnetic inductor is not
influenced by its constitutive ferromagnetic magnetic
material. This method is applicable for the modelling of
common mode inductors in EMI filters where the leakage
field is generated by DM currents and the leakage
inductance can be calculated by means of the effective
permeability constant u.g, which depends for highly
permeable materials only on the geometry. Specifically,
the PEEC equivalent circuit considering the magnetic
materials is built by adding a current and a voltage source
and adapting the values of the PEEC air-mutual
inductances by g This approach does not take into
account the 3D structure of the toroidal coil, is valid only
for highly permeable materials and not applicable for
general arbitrary shaped magnetic geometry.

n [14], a hybrid 3D PEEC-FEM coupled method was
presented. The FEM-PEEC coupling is employed to use
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the advantage of both differential and integral
formulations where FEM is applied for modelling
magnetic materials and PEEC for conductors. By such an
approach, the problem of a complex FEM mesh is not
fully avoided but is lessened in the way that the mesh
around conductors is relaxed.

The aim of this paper is to comprehensively model
toroidal magnetic inductors and to investigate a general
PEEC approach for modelling the mutual coupling
mechanisms and the characteristics of the standard PE
magnetic components.

IV. EM FIELD THEORY OF MAGNETIC MATERIALS

While a dielectric medium modifies the electric field, a
magnetic medium has influence on the magnetic field
produced by surrounding field sources. A magnetic
material is characterized by the magnetization vector M.
The contribution of a magnetic volume V,, to the total
magnetic field can be described either by the magnetic
vector potential Ay, [15],
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where r and ry, are the positions of the field point and of
an elementary magnetic volume source, S, is the surface
of the magnetic volume V,,, and n(r,,) is the unit vector
pointing outwards normal to S, at the magnetic point ry,.
Using magnetic potentials, it can be shown that the
influence of magnetization M in the volume V,, to the
total magnetic field at any point in space is equivalent to
the influence of a “fictitious magnetic current” or a
“fictitious magnetic charge” distribution existing within
the material boundary V,, characterized by the
permeability of free space 1.

A. Magnetic Current and Magnetic Charge Approaches

The magnetic current approach is derived from (1).
Equation (1) can be interpreted as the magnetic vector
potential generated by a volume current density J,, inside
of the volume 7V, and a surface current density K,, at the
magnetic surface S,

In=VYe xM(t). Ky = M(r) xn(ty, (3)

By nature, the currents J,, and K, are bounded
fictitious currents in the free space known as “Amperian”
currents. J,, and K, influence the magnetic field but do
not generate a voltage drop along the magnetic volume or
its surface. The magnetic induction By, can be calculated
in the same way as the magnetic induction B of the free

electrical currents J, and K, setting J, = J,, and K, = K,,,

Byy () =20 [ dm U)X )y [ Ko () X0 2ty - (4)
5 el S el

The magnetic charge approach is derived from (2).
Similar to the previous analysis, the magnetic medium
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can be replaced by bounded, fictitious magnetic charges,

Pm (rm) = _Vrm 'M(rm)’ Om (rm) = M(rm) 'll(l‘m) (5)

which produce the same magnetic scalar potential as the
magnetization vector M so that magnetic field strength
Hy can be calculated by

T (T )(r =

\r—rm\

Hy(r)= ms, 1. (6)

'[ pm )(l‘—l'
3
T, el

The influence of magnetic charges to the surrounding
magnetic field is expressed by (6).

dv, +<f>

B. Special Cases

For uniformly magnetized and linear homogeneous
magnetic materials p,, and J, are zero. Then, the internal
magnetic volume has no contribution to the total
magnetic field, so that only the surface of the magnetic
body needs to be modeled. Linearity is described by the
permeability u,. or the magnetic susceptibility y,,= w.— 1.
The typically used magnetic cores, i.e. powder, ferrite,
and amorphous cores, are characterized by their
permeability coefficients x4, As the real behaviour of
magnetic materials varies with frequency f and magnetic
field H, u, is defined as a function of these variables
rather than as constant value. The instantaneous
characteristics of magnetic materials can be well
approximated by u,(f, H). Some core manufacturers
provide the corresponding detailed permeability curves in
their datasheets.

V. CoUPLING PEEC AND BOUNDARY ELEMENT METHOD

In the previous Section it is shown that regarding the
calculation of magnetic field, an object with magnetic
characteristics can be replaced with either an equivalent
current or an equivalent charge density distribution.
These currents or charges can be then seen as new
sources of the magnetic field, implying that a
modification of Electric Field Integral Equation (EFIE) is
needed for PEEC EM modelling.

For small toroidal cores with highly resistive magnetic
material, the influence of induced eddy currents within
the magnetic core can be neglected. It has also been
shown in [16] that the power losses due to hysteresis and
residual losses are in general much lower than copper
losses. Therefore, regarding electrical behaviour, it is
justifiable to set the free electric currents within the core
to zero alleviating the modelling problem, and only the
equivalent magnetic surface quantities, namely currents
and charges, are taken into account. Core losses can be
included by the value of complex permeability

u=u—ju - (N

The real part of the complex permeability ' describes
the enhancement of inductance in comparison to an air-
core inductor and the imaginary part of permeability u"
describes losses and the phase shift between the incident
field and the flux within the core [17]. The influence of
the dielectric properties of magnetic cores is discussed in
Section VI.
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A toroidal coil with its windings equally distributed
over the entire core surface and high u, has a very low
magnetic stray field so that the magnetic field lines are
almost tangential to the magnetic path. This means that in
an ideal case no magnetic charge exists

O () =M(t) (1) = M, (t) = 2 H , () = 0. 3

Accordingly, the influence of the core, i.e. the increase
of the main magnetic flux density within the coil, has to
be described by means of equivalent magnetic surface
currents. On the other hand, the fictitious magnetic
charges contribute to the stray field of the inductor as it
was shown in [18] on the example of transformer leakage
inductance.

In the first approximation, the simplified permeability
characteristic u,=p,.(f) is used. For an impedance
analysis by measurement, the DC bias is usually zero or
less than 100 mA so that w,. is equal to the initial
permeability. During a measurement, the inductor is
observed as a separate component and no external mutual
couplings are present. Further research tasks will be to
include the non-linear properties of the core material
described by B-H hysteresis characteristic. As the
operating point moves across the B-H curve i.e. the DC
bias changes, the permeability varies in time and u,(H)
needs to be considered e.g. boost inductors of PFC
rectifiers and DM inductors. Modeling of non-linear core
characteristics in frequency domain becomes difficult and
a time-domain model appears more convenient, but then
the modeling problem of core losses defined by u arises.

A. PEEC Electric Field Integral Equation (EFIE)

The analyzed modeled geometry is presented in Fig. 3.
The modification of the PEEC equations for the case of
the magnetic current approach is derived in [9]. The
surface of the toroidal core is discretized into Ny, panels
carrying “Amperian” currents K, (mi = 1...Ny). The
magnetic surface current has two components, in 6- and
- directions, respectively Ko and K,;,. The K,
currents produce the axial flux within the core while the
K. currents originate from the stray magnetic field i.e.
field lines going out of the core.

Fig. 3. The modeled geometry of a toroidal magnetic inductor with
non-uniform winding arrangement.

The coil with N, turns is modeled by 4N, cylindrical
volume sub-cells where a turn is approximated as a PEEC
volume cell consisting of four connected cylindrical
volume sub-cells. Therefore, two PEEC nodes correspond
to one turn i.e. in the case of a winding on a magnetic
core, the number of electrically equivalent PEEC nodes is
equal to Ny = N, + 1.The coil and the K,,;, currents are

The 2010 International Power Electronics Conference

descriptively represented in Fig. 4.

K p = Moplig iy

0015 0.015

Fig. 4. The K,,;, surface magnetic currents (blue) and the coil (red) on
the toroidal magnetic inductor: X,,;, form rectangular loops while coil
currents form a spiral around the core.

Consequently, in the presence of magnetic material,
the order of the PEEC system matrix increases. The
unknowns are the winding currents I, the voltages of the
PEEC nodes V, and the magnetic surface currents Ky,. If
the k~th (k=1 ... N)) electric PEEC volume cell i.e. k-th
turn, is observed, the simplified ordinary PEEC EFIE can
be rewritten as (9) [9].The EFIE is extended by the
matrices Lkmy and Lgme consisting of additional partial
elements i.e. the mutual inductances between the
fictitious surface magnetic currents K,; (mi = 1...Ny)
and the winding currents /; (i = 1...N)).

Ny dI; Ns . B
Vn :Rnln +i§::1Lin ;*’Z;Q{[ﬁpin _ppil1]+--- (9)

Ny di dx, mi,0

Kmi(p Ny
+ Z LKmigo,n 4 + Z LKmiG,n d .
mi=1 4 mi=1 !

According to (5) and (6), another way to model the
stray field is by means of the fictitious magnetic charges
omi (mi = 1 ... Ny) set on the N, magnetic panels.
Introducing the fictitious magnetic charges instead of
K,.; ¢ surface currents, the EFIE can represented by

Nyoogr. Ns B
Vn:Rn[n+2Lin7;+zgi[ppi;_l7pin]+m (10)
i=1 i=1

Ny

1 dei Ny
P
+ Z LKmi(p,n dt + z Lami,n
mi=1 mi=1

do,

mi

dt

The matrix Lgy represents the mutual magnetic
coupling effect between the magnetic panels carrying the
fictitious magnetic charges ¢, (mi = 1 ... Ny) and the
winding currents ([, i = 1 ... N;). According to (6), the
magnetic charges are seen as additional sources
producing a voltage drop in the winding turns i.e. the fifth
term of (10).

The equivalent PEEC circuit of a magnetic inductor is
presented in Fig. 5. Finally, the simulated impedance of
an inductor is then calculated as Z; = V,/I.

B. Integration of PEEC and Boundary Element Method

The correlation between surface currents and the
winding currents is derived by the boundary element
(BE) method. According to Maxwell’s electromagnetic
theory, as boundary conditions the continuity of the
tangential component H, and of the normal component
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B,, have to be satisfied at the interface between two
different mediums. If the magnetic field is derived from
the magnetic vector potential, the continuity of B, is
automatically enforced by (1) and the continuity of H, has
to be set. For magnetic scalar potential, the opposite
conditions are applied respectively.

Vil LRy, \V2| LRy, |

L\l L\l
1 o1 1
— Vi V.
Pu \" P \22
Pic P
zpkk Vi Zpkk Vi
L Ry 2liugKug 2laanKu

_—-—:»—@—@—
Lv | L Ry 2 LK 2L, 1O
-

Fig. 5. The PEEC equivalent circuit for a magnetic inductor.
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In the case of the magnetic current approach, the BE
equation for the mk-th magnetic panel (mk =1 ... Ny) is
given by [19],

B B

Sy Mk Lk =0
Ho Ho 2 Xm

= Mvip - I+oym Ky =0,

( (1)

where ny is the unit vector pointing outwards normal to
the mk-th magnetic panel, By is the magnetic induction
of the coil and Bwmy) is the magnetic induction of other
magnetic panels (mi # mk) calculated at the mk-th
magnetic panel. The same terminology as in [9] is used
for naming the new matrices a and A. The problem of
singularity arises with the calculation of o, i.e. the
influence of the mk-th magnetic panel to itself. Although
the discretization has an influence on the final results, the
calculated singularity (the term o, ,x = +1/2) in (11) does
not depend on the panel size. The modification of o, is
needed in order to obtain correct simulation results.
Therefore, to reduce the computational error, the
cancellation of the permeability free terms is enforced
[20].

The standard PEEC system matrix [21] is then refilled
with new elements L, 4,5, and ay, leading to the PEEC
system matrix for a toroidal magnetic inductor,

A -(R+joL) —joLy v Vg
(aP'+yy) AT 0 1 |=|1g |
0

0 Myt Km

(12)

OMM

The standard PEEC matrix is defined by the
connectivity matrix A, the resistance and inductance
matrices of electric PEEC cells R and L, the matrix of
potentials P and by the admittance matrix Y. In the first
modeling stage, the matrix P includes only the winding
capacitance i.e. turn-to-turn capacitances.

By analogy, if the fictitious magnetic charges are
introduced, the boundary equation,
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has to be satisfied and the PEEC system matrix for a
magnetic inductor is defined by,

A -(R+joL) —joLy|[v Vs (14)
GaP ey AT 0 | |1Ig

0 A oy ||Km| [0 ]

0 hqvr YMM oM 0

The order of the system matrix is then increased by
2Ny, that is the number of additional unknowns, magnetic
surface currents and/or charges.

VI. MEASUREMENTS VS. PEEC SIMULATION RESULTS

To verify the proposed PEEC simulation approach,
experimental measurements of impedance characteristics
of several inductors are compared to the PEEC simulation
results for different core types and uniform (U) and non-
uniform (NU) winding arrangements. The measurements
are performed by means of an Agilent 4294A impedance
analyzer, operating in the range from 40 Hz up to 110
MHz. Three different magnetic materials are selected:
nanocrystalline VITROPERM 500F, ferrite T38 and
molypermalloy powder (MPP). Details about the
analyzed magnetic inductors are given in Table I.
VITROPERM 500F and ferrites are typically used for
CM filter inductors as they are characterized by high
initial permeability respectively up to 10° and 10* [22],
[23]. On the other hand, MPP powder cores have
considerably lower permeability but as distributed air gap
cores, they exhibit high saturation flux density which
makes them convenient for DM filter inductors [24].

A. PEEC Simulation Parameters

The simulation inputs are the permeability
characteristics of the magnetic core and the winding
properties. In the measurement conditions, , is equal to
the initial permeability which in turn changes only with
frequency. For the simulation, the u, (f') is taken from the
core datasheet or calculated from measurements.

It has to be pointed out that the critical input parameter
for the PEEC simulation is the permeability characteristic
of the core material. Depending on the application, the
datasheets provide either the complex permeability vs.
frequency u'(f) and u"'(f) or the effective relative
permeability vs. frequency u. (f). In the conventional
complex permeability —measurements, the series
inductance L, and resistance R, of the inductor are
measured at different frequencies. Subsequently, L, and
R, are recalculated into ' and p"" [17].

For ferrites characterized by higher relative
permittivity & (= &' - je"), the manufacturers measure
permeability characteristics on smaller size ring cores e.g.
R10, to avoid dimensional effects [25], [26].
Accordingly, the permeability curves from datasheets do
not correctly describe the intrinsic permeability of cores
with different dimensions. As a result of pronounced
dielectric properties, the induced displacement currents
can change the field within the core and considerably

(Hy i + Hyp i "M —(%+L)amk =0 (13) change the behavior of inductor. At higher frequencies,

- o " the imaginary part ¢” is responsible for reduction of the

= Aqur T Yvm oM =0, incident field in the core, what is not included in the
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proposed PEEC model at the current development stage.

The data provided by the manufacturer could deviate
from the actual behavior by 20-30% and the permeability
characteristics can be statistically determined by
measuring several cores with same dimensions. In
addition, the influence of the winding arrangement can
significantly alter permeability measurement results at
higher frequencies [27], so special care must be taken
concerning the number of turns and the winding
arrangement. For EMI filter inductors, typically a single-
layer winding is employed to reduce parasitic
capacitance.

All these issues were observed in the impedance
measurements of different inductors (Table I). Namely,
the standard inductance measurements are performed
with the awareness that measurements provide
information only about the permeability properties of
material at lower frequencies, at higher frequencies they
contain the influence of winding and/or dimensional
effects. As a result, the frequency range of interest can be
divided into lower and higher frequency regions defined
by a frequency f; as shown in Fig. 6.

The frequency f; depends on the winding arrangement
and the core magnetic properties as it is shown in the
following section.

TABLEI
THE INFORMATION ABOUT THE ANALYZED MAGNETIC INDUCTORS.
Manufacturer Material/ Core Size Winding/ | Wire
Turns Diam.
VITROPERM/ u/7
1 | Vacuumschmelze W380 1.5mm
VITROPERM/ U/20
2 | Vacuumschmelze W380 0.5mm
3 EPCOS Ferrite T38/R34.0 | NO/3 | 1.5mm
4 EPCOS Ferrite T38/ R34.0 NU/20 1.5mm
5 EPCOS Ferrite T38/R34.0 | V73 | 1.5mm
6 Micrometals MPP-26/ R27.9 u/22 1.5mm
Low L
frequency W.mdmg. Influence /
‘ range ‘ Dimensional Effect
g | Vo ot gt
R g uhp' e e

Fig. 6. The frequency ranges for permeability measurements in which
different effects can be observed (f; = the first resonant frequency).

B. PEEC Simulation Results

The effective relative permeability curves of some
magnetic materials, e.g. MPP-26 are described in Bode-
plots as linear functions that can be easily implemented in
the PEEC frequency domain simulation [2]. Using the
effective permeability for simulation i.e. ignoring the
core losses (example 6 in Table I), a good agreement
between the measurements and the simulation can be
observed in the first frequency range (Fig. 6) up to f;
which coincides with the resonant frequency for
Micrometals MPP-26 core (Fig. 7). The impedance at the
resonant frequency is determined by the winding
capacitance resulting from turn-to-turn capacitance
included in the PEEC model and other factors such as
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core resistance and core-winding capacitance which are
not directly considered in the PEEC simulation.
However, in the frequency range of the interest below the
resonant frequency, the PEEC simulation provides the
information useful for the design and the modeling of an
inductor.

To further analyze the results of the PEEC simulation,
an experiment is conducted based on the measurements
for two/three inductors with same core material but
different windings (examples 1-5 in Table I). For
permeability measurement, the inductor which exhibits
the smallest influence of windings is chosen and the other
inductors are used for the verification of the PEEC
modeling approach. Nanocrystalline VITROPERM 500F
(examples 1) and ferrite T38 (example 3) core materials
are used for the measurements.

The experiment with a nanocrystalline VITROPERM
S00F magnetic core is conducted using windings with
seven and twenty turns and different wire diameters (see
Table I). The permeability curves are extracted from the
impedance measurements of the winding with seven turns
uniformly distributed around the core (Fig. 8). Using
these curves as inputs, the impedance of the 20 turns
inductor is simulated and the results are presented in Fig.
9. A good agreement between the measurements and the
simulation is observed up to the first resonant frequency.
At higher frequencies, the small differences result from
the capacitive influence captured in the measured
permeability curves.

Similarly, the measurement is conducted for a ferrite
T38 core, so that permeability curves are extracted from
the impedance measurements of the 3 turns inductor (Fig.
10) and used for the simulation of the 20 turns and 30
turns inductors. From the permeability curves (Fig. 10),
it can be seen that at the frequency around 2 MHz, the
inductor with only three turns starts behaving
capacitively i.e. the real part of complex permeability is
negative. Such a behavior results from the high dielectric
properties of ferrites, high permittivity of core & = 2:10°
[25], [26]. Hence, the simulation results comply with the
measurements in the frequency range up to f; = 2MHz
(Fig. 11 and Fig. 12).

C. PEEC Simulation Analysis

The 3D PEEC modeling approach of a magnetic
toroidal inductor provides not only the inductor
impedance but it can also accurately explain the real
behavior of inductor at higher frequencies. Solving the
PEEC system matrix, it is shown that the current is not
evenly distributed in turns at higher frequencies due to
the turn-ground capacitance i.e. self-capacitance
calculated by the coefficients of potentials defining the
potential matrix P.

Analyzing the influence of the terms in (9) and (10), it
is shown that the simulation results agreed with the
current distribution presented in Fig. 4. The surface
currents Ky, form current loops and hence do not
produce a significant change of the magnetic field outside
of the inductor, while the surface currents K,z have few
orders lower amplitude and do not significantly influence
the inductance calculation. Consequently, the impedance
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is primarily determined by the surface currents K,y,, and
the surface currents K,z or the surface magnetic charges
oy can be used to calculate the external effect due to the
presence of magnetic core. This fact implies an idea for
simulating other magnetic core geometries e.g. E-cores.
The core material can be replaced by a magnetic surface
current distribution of the same geometric shape as the
core producing the magnetic flux within the core defined
by the equivalent magnetic circuit of the inductor.
Simultaneously, the coupling effect in the presence of
magnetic material can be explained by existence of
magnetic surface charges producing the additional
external field.

D. Future Research

In future research several topics have to be examined
in more detail: (1) simulation of the mutual coupling
mechanism to validate the assumptions in [13] that the
stray EM field is not significantly influenced by the
magnetic core, (2) dielectric properties of magnetic cores
and more accurate permeability measurement methods
[27], (3) inductors with multilayered windings, (4) E-core
geometry modeling and (5) parasitic coupling effects
between EMI filter components. As for ferrites the core
dielectric properties take effect already around a few
MHz, the winding-core capacitance will be also included
in the PEEC model taking the permittivity of core as a
simulation parameter.

VII. CONCLUSIONS

In this paper, a 3D PEEC model of a magnetic toriodal
inductor with rectangular cross section in the frequency
domain is developed. The presence of magnetic core is
simulated by replacing the toroidal core with equivalent
distributions of fictitious magnetic charges and currents
on the core surface. To correlate magnetic
currents/charges with the induced electrical currents, the
boundary element method is employed.

It is shown that magnetic currents producing the axial
field deterministically effect the inductance calculation
and do not have significant influence on the coupling to
neighboring components. On the other hand, the coupling
in the presence of magnetic material can be explained by
influence of fictitious magnetic charges. According to
these results, the PEEC/BE modeling of different
magnetic core geometries like E-cores is also possible.

To verify the proposed PEEC method, the simulated
and measured inductances are compared for different
winding arrangements and core materials. A good
agreement between the measurements and the PEEC
simulation is observed below the first resonant frequency.
It is shown that the critical simulation input parameter is
the complex permeability and that dielectric properties
can take effect in the low-loss frequency range around
approximately 1-2 MHz. Therefore, the permittivity has
to be included as a simulation parameter for the magnetic
cores with strong dielectric properties such as ferrite
cores. To improve the modeling, the dielectric and
magnetic properties of magnetic cores have to be
measured with more accurate techniques. Additionally,
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an approach for the PEEC modeling of core-winding
capacitance will be investigated i.e. setting the bounded
charges onto the surface of the core such that the BE
equation for the continuity of electric field tangential
component is satisfied. The presented PEEC/BE method
enables the modeling of the parasitic and mutual coupling
mechanisms. The time domain simulation will be also
investigated in future.
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Fig. 7. Comparison of the impedance of the PEEC modeled inductor
with the measurements (Micrometals T94-26, 22 turns).
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Fig. 8. The measured complex permeability for Vacummschmelze Inc.
VITROPERM 500F W380 core (see Table I) (left) real part (right)
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Fig. 9. Comparison of the impedance of the PEEC modeled inductor
with the measurement (VITROPERM 500F W380, 20 turns).
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Fig. 10. The measured complex permeability for EPCOS ferrite T38 R
34 ring core (see Table I) (left) real part (right) imaginary part.
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Fig. 11. Comparison of the impedance of the PEEC modeled inductor
with the measurement (Ferrite T38 R 34, 20 turns).
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Fig. 12. Comparison of the impedance of the PEEC modeled inductor
with the measurement (Ferrite T38 R 34, 30 turns).
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