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In this paper, the performance of a new method based on the coupling of the partial element equivalent circuit method and boundary
integral method (the PEEC-BIM method) for 3D modeling of toroidal inductors, which are typically used in electromagnetic interference
(EMI) filter applications, is presented. The presence of magnetic materials is modeled by replacing the surface of magnetic regions with
an equivalent distribution of fictitious current loops. It is shown that the influence of the magnetic core on the impedance and the stray
field of EMI filter inductors can be modeled and explained in detail by PEEC-BIM simulation results. The developed PEEC-BIM ap-
proach is verified by both 3D finite-element method (FEM) simulations and near-field measurements for different winding configurations
and magnetic cores. Regarding computational complexity, the developed PEEC-BIM method applied to toroidal inductors performs ex-
tremely well. The PEEC-BIM simulation is at least twice faster than the corresponding FEM-based analysis. The PEEC-BIM method
has been implemented in a PEEC-based simulation tool, which facilitates the simulation of entire EMI filter structures.

Index Terms—Boundary integral method (BIM), effective permeability, magnetic coupling, partial element equivalent circuit (PEEC)

method.

I. INTRODUCTION

OWADAYS, with an increasing tendency in power elec-

tronics towards high-power density and fast-switching
power electronic devices, the design of power electronic
systems according to electromagnetic compatibility (EMC)
standards requires longer design time and great engineering
experience. As EMC problems cannot be solved in an easy
and straightforward way, there is a need to consider different
engineering fields simultaneously, i.e., power electronics, and
computational electromagnetics, in order to obtain good and
optimal design solutions. Electromagnetic Interference (EMI)
problems originate from inadequate PCB layout, components’
parasitics, and mutual electromagnetic coupling effects. How-
ever, conducting high-frequency EM noise cannot be reduced
only by means of a proper PCB layout and shielding tech-
niques. Power electronic (PE) systems typically require an EMI
input filter to meet the EMC standards. The prediction of the
electromagnetic (EM) behavior prior to hardware prototyping
is a critical design step in order to reduce the development
time. It has been shown that both self-parasitic and mutual EM
coupling effects have influence on the EMI filter attenuation
characteristic and must be taken into account [1]. Accordingly,
the idea behind the work presented in this paper is to build a
modeling and simulation environment for virtual prototyping
of EMI filters and power electronic converter systems. The
first step towards this EM simulation tool is to develop 3D
models of power electronic components, which can accurately
represent both their electrical and EM properties. The partial
element equivalent circuit (PEEC) method has proven to be an
efficient numerical approach for solving circuit-field problems,
e.g., for PCB layouts, EMI filters, etc. [2]. The PEEC method
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was originally developed for EM modeling of complex IC inter-
connections, and so far, several extensions have been proposed,
e.g. for dielectrics [3] and nonorthogonal geometries [2], [4].
However, PEEC-based modeling of nonlinearity, anisotropy,
and other magnetic properties is not an easy task and is not
performed in practice. As a result, exact 3D PEEC-based
models of magnetic components used in power electronics do
not exist, and the finite-element method (FEM) is typically
applied for this class of problems. Since the practical design
of inductors and transformers is based on frequency dependent
permeability curves ., (f) given by manufacturers, or on g, (f)
measurements, the modeling of a magnetic core using . (f),
i.e. as a linear and homogeneous material, is fully justified for
PE applications. This simplifies the PEEC-based modeling of
magnetic PE components in the frequency domain. Accord-
ingly, in this paper, a new extension of the PEEC method is
described, together with its implementation intended for 3D
modeling of toroidal inductors employed for the design of EMI
input filters.

II. STATE-OF-THE-ART

The PEEC method is derived from the integral formulation
of Maxwell’s equations. In comparison to the differential field
solvers like FEM, the PEEC method does not need to mesh a
vacuum volume region around the dielectric and/or magnetic
material but just the conducting, dielectric and/or magnetic re-
gions [5]. This reduces the computational complexity signifi-
cantly. Furthermore, the PEEC method leads to an equivalent
electric circuit problem that can be easily interfaced to any cir-
cuit solver such as SPICE or GeckoCIRCUITS [6]. However,
the main difficulty for the PEEC modeling approach is the pres-
ence of magnetic materials, like the ferromagnetic cores, which
are used in many EMI filter applications. For this class of prob-
lems, FEM is typically used, and the FEM-PEEC [7] coupled
method was recently developed in order to take advantage of
two modeling methodologies. 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. Re-
garding EMI noise prediction, common (CM) and differential
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(DM) mode currents have to be considered [8], and the major
limitation is the modeling of the stray field of passive filter com-
ponents generated by these currents.

A DM inductor used to attenuate DM current noise should
be able to handle the rated current of the system that produces
a significant 50-Hz flux-density, without magnetic saturation.
Thus, the typical DM inductors are built on lower permeability
toroidal cores with distributed air gap, and a uniform winding
arrangement. A single-phase CM inductor is typically designed
as a single magnetic core structure wound with two coupled
windings in series to each power line. The low amplitude of
CM currents allows the design of CM chokes using high per-
meability toroidal cores. A clear understanding of the stray field
generated by toroidal inductors is still missing, and the cor-
responding PEEC models have been only developed approxi-
mately [9], [10].

In [9], the PEEC modeling of the stray field of CM toroidal
inductors was performed under the assumption that the mag-
netic core does not change the direction of magnetic field lines
and that the influence of the core can be described by a correc-
tion factor of the effective permeability piesr, which was consid-
ered to depend only on the geometry of the core and the coil.
In [10], the authors ignored the presence of the core assuming
that it has insignificant influence on the magnetic coupling in
order to perform fast EMC optimization of a power converter.
The motivation of the research presented in this paper is to eval-
uate these approximations and their applicability for both uni-
form and nonuniform winding arrangements, i.e. respectively,
the DM and single-phase CM winding arrangements.

Accordingly, the coupled PEEC and boundary integral
method (PEEC-BIM) method, first introduced in [11], is fur-
ther simplified and verified by measurements of the inductor
impedance and mutual coupling effects in this paper. In the
following sections, it is shown that the proposed modeling ap-
proach can be used to fully model the EM behavior of toroidal
inductors including both their internal, i.e., inductance, and ex-
ternal, i.e., stray/leakage, properties. The approach also enables
an evaluation of the previously mentioned approximations.

I1I. PEEC-BIM METHOD FOR EMI FILTER INDUCTORS

The theory behind the PEEC-BIM model was introduced and
verified in [11] by the impedance measurements of toroidal EMI
filter inductors. The focus of the research presented in this paper
is the verification of the proposed PEEC-BIM method by both
the inductance and mutual coupling effect measurements. This
leads to a full 3D EM model of inductors and, moreover, to 3D
models of complete EMI filters. From EM theory, the influence
of the core can be explained by the magnetization vector M,
which, in turn, can be modeled by a distribution of fictitious
magnetic currents (and/or charges) existing within the volume
and on the surface of the magnetic core. It was shown that the
calculation of the magnetic volume densities does not have to
be performed for linear homogeneous magnetic materials so that
the problem can be reduced to the representation of the core by
the surface current (charge) density Ky (om) [12].

The extended PEEC method for modeling in the presence of
magnetic materials based on the magnetic current approach is
used to derive the so-called “MagPEEC” method in [13] for
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RF inductors, and it is explained in [14] on some simple geom-
etry examples. Even though the theoretical background of the
magnetic current approach is well known from electromagnetic
theory, the difficulties arise with the numerical implementation
of the extended PEEC method for the standard PE magnetic
component geometries, i.e., the mesh of the magnetic volume,
the selection of basis-functions for the numerical implementa-
tion, and the singularity problem for the calculation of matrix
elements. The simplified PEEC-BIM coupled method and its
implementation into the EMC simulation tool GeckoEMC [6]
is explained in more detail in this section.

A. Theory of PEEC-BIM Coupled Method

In order to model the influence of magnetic materials with
PEEC, the homogenization technique is used, i.e., a magnetic
core is characterized as homogeneous linear material defined by
the relative permeability coefficient ;.. Therefore, the research
relies on the corresponding permeability curves measured or
provided by manufacturers, as is typically done in practice for
the selection and design of inductors.

An investigation of different winding configurations has
helped to understand better the EM influence of a magnetic
core. The results point out that the winding arrangement, i.e.,
the specified distribution of the excitation currents, determines
the nature of the fictitious magnetic currents. Practical toroidal
coils with rectangular cross section and [V turns are wound such
that they can be represented as a superposition of a circular
loop and N rectangular rings along the core circumference
[10]. For this kind of excitation, the simulation results and
measurements prove that K Mg, the magnetic surface currents
in the “main” direction, forming loops around the core [cf.
Fig. 1] are sufficient to model the EM behavior of the core and
winding. As a result, in comparison to the research presented in
[11], it is shown that the magnetic surface current density K
and/or surface charge density oz1 do not have a significant
influence on the EM behavior of toroidal inductors with closed
magnetic path, and the computational problem can be reduced
to the calculation of only K My magnetic surface currents, i.e.,
K M R K M- The numerical implementation of the developed
PEEC-BIM coupled method is based on the discretization of
the core surface into Ny panels carrying the fictitious surface
currents K pip (k = 1...Ny) in the i.- or i,-directions as
described in Fig. 1.

The magnetic surface current density Ky is represented by
rectangular pulse functions [15] so that the ~£th magnetic panel
carries the total current Iyr; distributed over the panel width
I\1k, and the approximated magnetic surface current Ky, at the
kth magnetic panel is given by

)

The PEEC mesh of the winding consists of V; cylindrical
PEEC cells of the volumes Vol;, j = 1.../Nj. Rectangular
pulse-basis functions are also used for the discretization of the
winding current distribution and a filament approach is used
to calculate H field contribution of the current I_; within the
volume Vol,;. Following the standard PEEC approach for elec-
tric field modeling, the charge density over the corresponding
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Fig. 1. PEEC-BIM modeling of a single-phase CM inductor with DM winding

configuration: (a) GeckoEMC model and (b) the model description.

volume cells is discretized into Ny PEEC surface cells, em-
ploying the same type of mesh [15].

The correlation between the excitation (electric) currents
and the fictitious magnetic surface currents is achieved via the
boundary conditions for the tangential component of magnetic
field strength ﬁt that have to be satisfied at the surface of the
magnetic core. Accordingly, the H, boundary condition at the
center point of the kth magnetic panel Cpyy is given by (2),
where 7 i 1S the normal surface vector.

1) Kyiovr)

écoi A& B’/ i :
( oll(ME) Mm”) X fng = (1 +
1o 140 fo
(2)

where Ecoﬂ(Mk) = Emﬂ(CMk) is the magnetic field generated
by the winding and B'M(M k) = B'M(CM;C) is the magnetic field
from the magnetic surface current distribution K M, both calcu-
lated at the position of Cyyy,. If the influence of the £th magnetic
panel to itself; i.e., the singularity point, is distinguished within
the total vector, i.e., EM /ME(M#k)> then (2) can be rewritten in
the form of

Ecoil(hlk) +B»M/1\~Ik(Mlc) Xiine — <1+ :
o Ho 2 el

and then further translated in the matrix form as in

) K =0
(3)

Al + aviviKy = 0. “4)
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The matrix entries of @y (5) and Ay (6) are derived from
the Biot—Savart law considering the winding and K; currents
as sources of magnetic field

(yM\I(mlﬂ my)

7 (Fonk — Tonj >
= / fM mJ ok mj)dsmj X ﬁmkﬁ . mek’
47T |77nl. - 7’m]|
(%)
Ar(mk, )
(F[ ka - _';) N -
= ~dVol: X @i | + i
‘ ol
(6)

where 7, ; is the observation point lying on the m jth magnetic
panel, S,,; is the area of the mmjth magnetic panel, mek is the
tangential unit vector defining the direction of the mkgl mag-
netic surface current, i.e., K Mmk = KnMmke © [Mmk, Faims 18
cither i, or iy, (Fig. 1). The singularity problem appears by the
calculation of the diagonal matrix elements, ceyrp(mk, mk) =
ankk- The term angry = 1/2 in (3) originates from the Cauchy
principal part of (2). The calculation of singular integrals is ac-
tually the main disadvantage of the BIM and also the main diffi-
culty for the implementation of the PEEC-BIM method for arbi-
trary geometries. The calculation error arises because the mesh
size has an obvious influence on the final results and the calcu-
lated singularity (the term cyigr, = 1/2) does not depend on the
panel size. Therefore, a modification of the cyzs coefficients
was performed by enforcing the cancellation of the permeability
free terms according to [16]. The calculation of the cry;yy matrix
turns to be the key point for a correct PEEC-based modeling of
toroidal cores, which are typically used for EMI filter applica-
tions with /1, in the range from approximately 10 up to > 10°.

Specifically, the extended PEEC system matrix, including the
aym and Aygr matrix coefficients, is then defined by (7), where
A(Nj x Ny) is the connectivity matrix defining the connection
between PEEC partial elements, i.e., conductors, R is the resis-
tance diagonal ( Ny x Ny) matrix, L is the inductance (Ny x Ny)
matrix consisting of the self- and mutual inductances between
PEEC volume cells, C = P! is the capacitance (potential)
(Nnx x Ny) matrix defining the self- and mutual- potentials of
PEEC surface cells, Y, is the admittance (Ny x Ny ) matrix
consisting of matrix stamps of additional circuit elements con-
nected between PEEC nodes, and Is and Vg are current and
voltage sources for modeled excitations. The Ly (N3 x Ny)
matrix includes the mutual inductances between PEEC volume
cells and the currents Ky;. Optionally, magnetic and electric
field strengths can be calculated in a postprocessing step via the
distribution of the currents I, potentials V, and magnetic sur-
face currents Ky

A *(R‘FJUJL) *jWLM
M,y = | GwP 1 4+Y1) AT 0
0 Ant VM
A% Vg
Msys I = IS (7)
Ky 0
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TABLE I TABLE II
INDUCTOR SPECIFICATIONS 1 INDUCTOR SPECIFICATIONS 2
Type Core manufacturer / core material / Winding (wire T Core manufacturer / Core material / Core size / | Vindings
Core size / Initial i diameter) ype Initial p (wire
Vacuumschmelz (VAC) / Vitoperm diameter)
Sla 5 p 2x7 (1.4 mm) ArcelorMittal / K_/ KJ 030 020 Y 200 core / 2x7 turns
500F / W380 core / u = 10’ [17] S2a .
- - W = 200 [19] (1.4 mm)
spp | custom made/ Air (Plastic) /W380 1 )y 0 o, | ArcelorMitial/ K_/K1 030020 Y 1000 core / | 2x7 turns
core dimensions / i = 1 ) S = 1000 [19] (1.4 mm)
$3 Micrometals / Iron powder / T94-26 1 x 12 uniform 2 ArcelorMittal / Nanocristalline Nanophy 2x7 turns
core / W' = 75 [18] (1.4 mm) ¢ /N47B3 core /i; >200000 [19] (1.4 mm)
2d custom made / air (plastic) / KJ 030 020 Y 200 2x7 turns
core dimensions /W; = 1 (1.4 mm)

B. Simplified PEEC-BIM Coupled Method

The comparison between different winding arrangement and
cores regarding the generated magnetic field inside and out-
side of the core in the experiments has been used to explain the
EM behavior of the inductor and allowed further simplification
of the PEEC-BIM model. The magnetic panels, belonging to
the same magnetic current loop at the angle ;. are merged to-
gether, so that they define one unknown I, & = 1... ngive.
Namely, the QaNM (N M X ]\TM), /\MI(IVI\'I X AN'J), and LM (JVJ X
N)p) matrices are first calculated. Then, through an averaging
process, the matrices are reduced to GtniMave (Thdive X Ndive),
/\Mlavg(ndivé X N]), and LMa\rg(N] X ndi\,g) matrices, so that
the PEEC-BIM system matrix takes the form of

A _(R+JWL) _jWLMan
Msys = (jwpil'i_YL) AT 0 (8a)
0 AiTave G\ Mavg
MM
(8b)

ol L)

Therefore, the number of additional unknowns in the sim-
plified PEEC-BIM model is reduced to n4ivg loops carrying
the magnetic currents I s, which is significantly less than the
number of magnetic panels Ny, Nyp = naive - (2 - i + 2 -
Ndivn ), carrying the magnetic surface currents Ky (cf. Fig. 1).
This simplified PEEC-BIM approach, finally implemented in
the software GeckoEMC, was verified by both impedance and
near-field measurements of different inductors. The verification
results are presented in the next section.

IV. VERIFICATION OF THE PROPOSED PEEC-BIM METHOD

In this paper, two main aspects are investigated:

1) PEEC-based modeling of DM inductors (Z1,) and of
single-phase CM inductors including the CM (Zcn,onm)
and DM impedances (Zcom,py) and

2) PEEC-based modeling of the mutual coupling between an
inductor and a pick-up coil.

The specifications of the investigated inductors used in the
PEEC-BIM simulation are given in Tables I and II. The fre-
quency range of interest is within 150 kHz to 30 MHz, as defined
by the EMC standards for conducted emissions.

A. PEEC-BIM Simulation Versus Measurements of Impedance

The PEEC-BIM simulation of inductor impedances was
verified for DM and CM winding configurations (cf. Fig. 2),

; ZL Zcm, pM Zowew
N > >
@ (b) T o

Fig. 2. Winding configuration for the measurements of (a) DM inductor
impedance, (b) leakage impedance of CM inductor Zcy pm, and (¢) main
impedance of CM inductor Zcn o -

10° — real
--=-1imag
E 104 '.'c,
= ".
< b,
Oé) "'0
5 103 o,
L 10 Y,
107 ‘
10* 10° 10° 107

JSHz]

Fig. 3. Permeability curves, u’(f) and ¢''( f), used as the input parameters in
the simulation of the S1a inductor specified in Table I.

of single-phase CM inductors (S1la, cf. Table I; S2a—d,
cf. Table II), and for a DM inductor with a uniform one-layer
winding arrangement (53, cf. Table I).

The impedance of an inductor, Z1,, is calculated from the
PEEC-BIM circuit shown in Fig. 2(a) as

_

1 =
L= T

©)
where Is = 1 A is the current source set at the terminals of
the inductor, and V7, is the voltage across the terminals calcu-
lated from (8). A comparison between the simulation and the
corresponding measurement results is shown for the inductors
defined in Tables I and II, respectively, in Figs. 4 and 5. The sim-
ulation input parameters are the geometry and material proper-
ties of the winding and the core. The core permeability curves,
e, u(f) = W'(f) — 71" (f), used in the simulation, were ex-
tracted from the impedance measurements of the inductors with
uniform winding arrangement and low number of turns (typi-
cally 1 x 5 turns uniform winding). The permeability curves
used as the input parameters in the simulation of the S1a in-
ductor, which is specified in Table I, are shown in Fig. 3 as an
example. The p/(f) and p”’(f) curves are extracted from the
impedance measurements of an inductor with three turns built
on a VAC W380 core.
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= = = MEASUREMENTS

Zem em[Q]

104 10° 10° 107
JfIHz]
(©)

Fig. 4. Comparison between PEEC-BIM simulation and measurements of: (a)
CM impedance Z¢,cm and (b) DM impedance Z¢:u o, of the single-phase
S1a inductor, and (c) the total impedance Z,, of the 53 inductor (cf. Table I).

For better results at higher frequencies above 20 MHz, more
accurate measurements of the permeability /., (f) would be re-
quired. The other high-frequency effects that determine the in-
ductor impedance are the effect of the parasitic capacitances,
i.e. turn-to-turn and turn-to-core capacitances, and the skin and
proximity effects. The skin and proximity effects are taken into
account by the ac wire resistance, R,. [as the elements of the
R-matrix in (8a)], and the higher discretization of the PEEC
cells, respectively. It was shown in [20] that the PEEC-BIM
modeling can be used to accurately model the capacitive ef-
fects in toroidal magnetic inductors, and hence, the PEEC-BIM
modeling of the stray field generated by toroidal inductors is ad-
dressed in this paper in more detail.

A single-phase CM choke (i.e. an inductor with a nonuniform
winding arrangement) is examined in order to understand and
model the EM influence of the magnetic core material. A CM
choke can be characterized by the high CM inductance Lo, cum
achieved with high permeability CM cores (¢, = pcv) and its
DM leakage inductance L, pv, which can be used to suppress
high-frequency DM currents. However, the leakage inductance
has to be controlled to prevent core saturation at high line cur-
rents, implying that an optimal design of a CM choke has to
be found. According to [21], the leakage flux is mainly deter-
mined by the flux path through air, which is, in turn, defined
by the winding and core geometry rather than the permeability
of the core. As a result, the factor of an effective permeability
{(ftoM. DM = fhest) Was introduced in [21] to model the leakage
inductance Loy pwv of a single-phase CM toroidal inductor.
The 1t factor quantitatively describes the influence of the core
on the leakage flux, i.e. the increase of L pv due to the pres-
ence of the core

Z M, DMeore = Heff ZCM,DMair

(10)

= Lo, DMcore = Hett LOM, DMair-

As in [21], Loy, DMair 18 determined by the winding geom-
etry, i.e., the angle coverage of the winding, while pt. 1s defined
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Fig. 5. Comparison between PEEC-BIM simulation and measurements of DM
impedance Zcm,pu of the single-phase: (a) S2a, (b) S2b, (¢) S2¢, and (d)
S2d inductors (cf. Table II).

only by the core geometry (the cross section A,, and the effective
path length [, of the toroid) and not by its magnetic properties:

T e

¢ = 2.5TL45 Tle
Hoft = 2957 A2

r= (11)

Following this model of leakage inductance, the authors in
[9] developed the PEEC equivalent circuit of a CM inductor,
assuming that the magnetic core material does not change the
magnetic field lines outside the core. Thus, all mutual induc-
tive couplings M from the inductor were calculated in air and
then multiplied by the factor of p.gr. Therefore, in this paper,
four samples S2a—d having cores of same dimensions (outer
diameter OD = 30 mm, inner diameter /D = 20 mm, and
core height ~ = 10 mm) but with different initial permeability
values of jie¢r = {1,200, 1000, > 10°} were used to obtain a
better insight into the physical meaning of fies.

The measurement results in Fig. 5 imply a g = 4.5 for the
observed winding/core geometry as the measured DM induc-
tances of S2a, S2b, and S2¢ inductors are Lceyvipm ~ 2.8 pH
and the DM inductance of the air inductor 52d is Lonv,pm =
0.63 pH. The results also show that p.¢ weakly depends on
uew for high permeability cores typically used for CM induc-
tors. However, the influence of the core on the magnetic stray
field cannot be understood from the impedance plots shown in
Fig. 5 and, hence, near-field measurements, i.e., magnetic cou-
pling measurements, were performed to show whether yi.g can
be used as a modification factor that would allow for neglecting
the presence of the core material, as its was assumed in [9] and
[10].

B. EM Coupling Measurement Setup

The test setup for the field measurements consists of a power
amplifier impressing a sinusoidal voltage at the terminals of the
inductor and a pick-up coil to verify the magnetic flux density
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coil
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Fig. 6. Measurement setup schematic.

Single-phase CM Inductor 7

(@)

CM Inductor specifications:
Magnetic core (ODxIDxh = 30x20x10 mm)
Winding: 2x7 turns, wire diameter 1.4 mm

Pick-up coil
(position P2.2) Pick-up coil

Pick-up coil (position P3.1)

(position P1.1)

Single-phase CM Inductor
Excitation input

(b)

Fig. 7. Electromagnetic coupling effect between a single-phase CM inductor
with DM winding configuration and a pick-up coil: (a) measurement setup and
(b) GeckoEMC model.

by measuring the induced voltage using a high precision oscil-
loscope (cf. Fig. 6).

The used single-layer pick-up coil is built of 15 turns (copper
wire diameter 0.2 mm) on a cylindrical coil former (diameter
8 mm). To investigate the influence of the magnetic core on the
stray field, the injected current f;;,, the input voltage Vj,,, and the
induced sensor voltage Vj,q are measured. Three positions of
the pick-up coil, P1.1, P2.2, and P3.1, were selected, as shown in
Fig. 7, in order to track the dominant component of the H-field
(cf. Fig. 8). In Figs. 7(b) and 8, the sensor has a rectangular shape
with the same cross section area as the used 15 turns pick-up
coil. A comparison between the PEEC-BIM simulation and the
measurements of the mutual coupling for S1a—b at f = 10 kHz
is presented in Fig. 9, showing good agreement between the
simulated and measured values with a difference less than 2
dB. This confirms the applicability of the measurement setup
for further investigations performed to evaluate the influence of
the magnetic core on the stray field of inductors.
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components.
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Fig. 9. Comparison between PEEC simulation and measurements of the in-
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P2.2, (c1) S1a at P3.1, and (c2) S1b at P3.1.

C. PEEC-BIM Simulation Versus Measurements of EM
Coupling

The influence of the magnetic core on the stray field of induc-
tors was investigated by observing the inductors with cores of
same sizes but different y1, value (cf. Table I1 52 core type). The
PEEC-BIM approach was verified with both the measurement
results and corresponding magneto-static FEM simulations. The
DM winding configuration of a single-phase CM inductor, i.e.,
Zcwm,pM Fig. 1, is used for the modeling and calculation of mag-
netic coupling effects and to assess the modeling approach of
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the leakage inductance of the single-phase CM inductor, as de-
scribed in the previous subsection. A sinusoidal voltage signal
with constant amplitude V;,, = Vin was applied at the terminals
of the air-core (52d) and magnetic core inductors (S2a, S2b,
and S2c¢) so that the relation between the input current /;;, and
Vin is given by

-
I/in:air = I/IN = ZCl\r’LDI\’IairIill,air

(12)

Assuming that the magnetic field lines are not influenced by
the core material as it is proposed in [9], a pig times higher input
current is required for S2d than for S2a—c in order to obtain the
same induced voltage Vi,q = Vinp in the pick-up coil for all
pick-up coil (sensor) positions that is described by

‘/in,corc — I/IN - ZCM.,Dl\/IairchfIinvcorc~

I/ind,a.ir :%ND = jwairlin,ain
‘/ind,coro :VvIND - -chorcIin,corc - -Alair,u/cffjin,corc- (13)

However, the analysis performed in this paper did not
show such behavior. The measurement and PEEC sim-
ulation results of Vi,q are presented in Fig. 10 for three
different pick-up coil positions, and the input voltages of
Vin = {600 mV, 700 mV, 800 mV, 850 mV, 900 mV} and the
required input currents. The difference of approximately 5
dB between the PEEC-BIM simulation and the measurement
results of Vi, 4 originates from the accuracy limit of the mea-
surement setup.

The results in Fig. 10(a) show that the mutual coupling
cannot be described by . for all directions in space around
the toroidal inductor. Fig. 10(al) and 10(a2) illustrate that Vi, 4
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with fine mesh size
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(b) (©
Fig. 11. Examples used for the comparison of the PEEC-BIM and FEM-based
simulations of (a) a single-phase CM inductor with low number of turns (2 X 3

turns), (b) a single-phase CM inductor with higher number of turns (2 x 7 turns),
and (c) a uniform 1 X 5 turns winding.

is increased due to the presence of the magnetic core for the
position P1.1. Namely, the core cannot be included into a PEEC
simulation just by the factor of effective permeability pieg, but
the field lines are influenced by the magnetic core. This change
of magnetic field lines due to the core is discussed in more
detail in the next subsection.

D. Stray Field Lines of Toroidal Inductors

The low-frequency PEEC-BIM and a corresponding
Maxwell3D v15.0) finite-element simulation of the near mag-
netostatic field lines were performed for different directions
and distances from the inductor. The H field components are
calculated at the points of a circular curve around single-phase
CM inductors at the distance of 2, 4, and 8 mm from the core
and at Z-axis (cf. Fig. 11) Path 1-3, and Path Z.

The comparison of the calculated H field components in the
FEM-based simulator Maxwell3D, and the PEEC-BIM simula-
tion environment GeckoEMC is given in Figs. 12 and 13.

The highest mismatch between the simulation results and the
measurements is approximately 5%. It is demonstrated that in
the case of a low number of turns [cf. Fig. 11(c)], the stray field
lines are modified due to the presence of the core especially near
the core sections which are not covered by the windings (cf.
Fig. 14). The influence of the magnetic core on the direction
of the magnetic field lines decreases if the core is fully cov-
ered with windings and additionally diminishes with increasing
distance. Namely, the direction of the magnetic field lines is
changed due to the presence of magnetic core in the case of
the inductors with nonuniform winding arrangements, and it is
much less influenced by the core for the inductors with uniform
windings.

The developed PEEC-BIM simulation provides an ex-
planation of the EM behavior of inductors: the major core
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Fig. 13. GeckoEMC PEEC-BIM versus Maxwell3D FEM magneto-static sim-
ulations of dominant magnetic field component Hz at points of the z-axis from
auniform 1x 5 turns winding on N47B3 core [cf. Fig. 11(c)]; the » and v com-
ponents are not shown since Hz > Hx, Hv.

contribution to the magnetic leakage field can be ascribed to
the magnetic surface currents forming loops around the core.
The strength of these currents is higher on the parts of the core
covered by windings, and they are proportional to the core
permeability. Consequently, the analysis implies that neither
neglecting the presence of the core [10] nor the usage of the
factor pio [9] is a comprehensive approach. Furthermore, the
results show that the proposed PEEC-BIM approach facilitates
direct modeling of the EM behavior of toroidal inductors
without using the effective permeability fiof.

V. PEEC-BIM SIMULATION PERFORMANCE

Every electromagnetic simulation has to be initialized by
the input parameters that can be classified as geometrical (e.g.,
winding and core geometry), material (e.g., core properties),
and numerical (e.g., mesh). The accuracy of simulation de-
pends on the simulation settings, which should correspond to
the actual system as close as it is possible. It was observed

5255

150 ; "

100 3} “_ATR A
]| R core |

0 50 100 150 200 250 300 350
field points angle [°]

0 Sb 160 ISIO 260 250 360 3éO
field points angle [°]
(@

NYYYYW
ah 444‘
Pl

L Aa

»
W

<
»

(©)

Fig. 14. GeckoEMC simulation of single-phase 2 X 3 turns CM inductors
shown in Fig. 11(a) with VAC VITROPERM 500F W380 core and AIR W380
core: (a) dominant H-field components, (b) H-field vectors, and (c) change of
field vectors due to the magnetic core at the points of a circular curve with the
distance of 4 mm from the core surface.

that the winding geometry does not represent a critical input
parameter and that the mesh of the magnetic surface in 'I_I'r, ;9,
and 7, directions determines the computational complexity and
accuracy of the implemented PEEC-BIM method (cf. Fig. 1).
Contrary to the PEEC-BIM method, in FEM simulations, a fi-
nite vacuum-region around the model has to be defined and the
finite-element modeling of volumes with significant differences
of magnetic properties requires a mesh refinement, which all
increase computational time. In the PEEC simulation, a finer
mesh means higher number of magnetic current loops, i.e.,
increasing nqive, while for the FEM simulation, a finer mesh is
the smaller mesh length size within the selected volume region
[e.g., Fig. 11(c)]. The accuracy of the magnetic field vector
simulation is more sensitive to the mesh size than the accuracy
of the calculated inductance. The performance of the PEEC
and FEM simulations are summarized in Table III, showing
two mesh patterns, mesh 1 and mesh 2, with more and less
precision, respectively. The simulations were performed on
PCs with an Intel(R) Xeon(R) processor with two cores, 48 GB
RAM and CPU clock frequency of 2.4 GHz. The choice of the
PEEC method for modeling of conductors is clearly justifiable
by the last two examples in Table III. The other examples are
used to show the performance of the implemented PEEC-BIM
approach. According to the simulation time results given in
Table III, the PEEC-BIM simulation is at least twice faster
than the corresponding FEM analysis, for a single magnetic



5256

TABLE III
GECKOEMC PEEC-BIM VERSUS MAXWELL3D FEM SIMULATION RESULTS
Simulation Results & Performance
Simulation Settings mesh mesh 1
1(mesh 2) (mesh2)
- core mesh: N = 3'14 mH,
PEEC: Fig. 11(c) 20(60) x 5% 5 tsim —‘30 S
(3 min)
L =3.799 mH,
FEM: Fig. 11(c) mesh 1 (mesh 2) tsim = 4 min
(11 min)
- core mesh: L.: 3.29 MH’
PEEC: Fig. 11(b) 35(120) X 5 x 5 tsim = 1. min
(13 min)
L =3.49 uH,
FEM: Fig. 11(b) mesh 1 (mesh 2) tsim = 25 min
(35 min)
PEEC: Fig. 11(b) air core / L =454.2 nH,
n=1 tsim= 10 s
. . L =452.7 nH,
FEM: Fig. 1_1 (lb) ar core mesh 1 (mesh 2) tsim = 18 min
H= (37 min)

component. Moreover, the developed PEEC-BIM model of
inductors enables comprehensive analysis of inductors and,
hence, allows fast and accurate modeling of inductors both as a
separate component and as a part of a system [22]. This com-
parison between the PEEC-BIM and FEM-based simulations
shows the advantages of the PEEC method for modeling the
3D geometries typically used in power electronics.

VI. CONCLUSION

The proposed PEEC-BIM-based model of toroidal inductors,
including the simplification with magnetic current loops en-
ables accurate modeling of more complex circuits, e.g., single/
two-stage EMI filter structures [22]. The PEEC-BIM approach
demonstrates less computational effort than is required for a cor-
responding FEM-based analysis. In addition, it offers a possi-
bility of virtual prototyping in an efficient way employing the
PEEC-BIM-based 3D simulation environment.
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