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_ Abstract—In this work, mathematically rigorous RL circuits of  part is for instance addressed in [2]). The literature hanbe
high frequency multi-winding transformers are identified using apundant concerning that topic during the recent years3]in [
an original three-step numerical procedure. They are compsed ¢, instance, RLC circuits of multi-winding transformereea

of frequency-independent cofficients and can therefore be intro- . Lo
duced in classical circuit simulators. First, the Finite Eement extracted using the FEM. However, the proposed circuits are

Method in 3D magnetodynamics, together with homogenizatio N0t mathematically rigorous, in the sense that they do not
techniques which reduce the overall computational burdenare comprise the exact number of parameters required to model

employed to extract frequency-dependent impedances and ko gl the coupling phenomena. In [4], a rigorous formalism for
age gains. Then, the identified equivalent circuit is modifié by re- the construction of equivalent circuits of such componésts

moving the static resistances from the impedances, so as tbtain d ibed. The identificati . . tal
frequency-independent voltage gains, or coupling cdicients. An escribed. The identification using experimental measerngs

algorithm which is valid for any number of windings is proposed has been proposed by the same author in [5]. However, the
to that end. Finally, the frequency-dependent impedancesra physical component is not always available, as in a research

identified to Foster networks with constant elements usingm@ agnd development phase for instance. For simple geometries,
optimization algorithm. An experimental validation with an  g,cp as planar transformers, analytical formulae can be em-
impedance analyzer is proposed. . oo

Index Terms—Finite element methods, transformers, equiva- ployed to dgrlve the Clrcu_lts [6]. But the case of wound
lent circuits, DC-DC power converters components is more complicated, and requires the use of the
numerical tool.

In this paper, we propose a full numerical procedure to
extract the equivalent RL circuits described in [4] for nult

Modern DC-DC power converters operate with high switchwinding magnetic components. The obtained circuits areemad
ing frequencies (from tens of kHz to several MHz), in ordesf constant elements, and can therefore be directly indimle
to reduce their volume and mass. This gives rise to frequengiycuit simulators. Such a procedure has never been adresse
effects which are not correctly represented by classical nsodéh the literature to the best of the authors knowledge. It
In particular, at the considered frequencies, the multidiig can be decomposed in three steps. First, the FEM in 3D
magnetic components comprised in the converters are subj@agnetodynamics, together with homogenization techmsique
to skin and proximity &ects, dynamic magnetic losses in thevhich reduce the overall computationnal burden, are enguloy
ferrite core, and resonances due to the parasitic capaeianto extract frequency-dependent impedances and voltags gai

An appropriate use of numerical methods, such as the Finfgzction II-A). Then, the identified equivalent circuit isodi-
Element Method (FEM), permits to capture these frequentigd by removing the static resistances from the impedasoces,
effects. However, it is crucial to study the behaviour of thas to obtain frequency-independent voltage gains, or aogipl
magnetic component in its entire electrical environmémt ( codficients (section 1I-B). Finally, the frequency-dependent
within the whole power converter). To that end, a dirednpedances are identified to Foster networks with constant
coupling between the FEM and the electrical circuit equegio elements using an optimization algorithm (section 1I-CheT
is feasible [1], but the resulting computational burdenésyv procedure is illustrated and experimentally validated o3+ a
high, which is critical in the framework of a system approachvinding ETD34 transformer in section Ill.
On the other hand, lumped parameter models consist in a more
compact representation of the components, well-adaptdgeto
introduction in circuit simulators for instance. A. Acquisition using the FEM

In this work, we focus on the identification of the RL part of In the case of am-winding component, the first step
the equivalent circuits using numerical methods (the céipac consists in using the FEM in 3D magnetodynamics in the

|. INTRODUCTION

Il. THREE-STEP NUMERICAL PROCEDURE



frequency domain so as to extractimpedance<,(f) and of the diference in modulus between the frequency-dependent

n(n-1)/2 voltage gains;;d(f), with f the frequency : impedance and the constant element network is employed. For
- the magnetization impedang(f), serial RC cells are added
=0 in parallel of the Foster network so as to model the dynamic
..... n

U = . =
;’km::k{k nool=L,

Lol k<n @ U =0 I,=11,=0 (1) magnetic losses, as it will be shown in the full paper.
U Ko S —1 0 . TEsT cASE: 3-WINDING ETD34 TRANSFORMER
m,,(f) = J_l{ k; 2 : U‘ _= O _Il ----- ”*i_l L 2 The full procedure is applied to a 3-winding ETD34 trans-
—k To=nT T omek T o former in ferrite PC90 (see Fig.2(a)). The corresponding

In equations (1) and (2)J, (1,) is the voltage (respectively frequency-independent RL circuit can be observed on Fy.2(
the current) of windingk. We can see that the parameters are
directly obtained by performing open and short-circuittdes
numerically on the transformer. A 3B-v formulation which
enables a coupling with circuit relations is employed tot tha
end [7]. Note that no further numerical integration is netde
to obtain the parameters, as it is the case in [3].

At the considered frequencies, skin and proximifjeets
appear in the winding conductors. Very fine meshes are there
fore required in order to get an acceptable accuracy. Here, .
winding homogenization technique, based on [8] and exi@nde
to 3D cases, is used to reduce the computationnal burden. A (a) (b)
complex permeability model is adopted for the ferrite core,

which is also considered as a massive conductor. Figure 2: (a) 3-winding ETD34 test transformer (quarter of
the geometry), and (b) its frequency-independent RL dircui
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B. Extraction of the static resistances

The second step consists in extracting the static resistanc Without homogenization, the FE problem comprises 917776
Rock = Z(f = 0) from the Z/(f) codficients. It can be dofs for a single frequency, and requires the use of paizdid|
shown that the resulting equivalent circuit is characttiz solvers on a cluster. On the other hand, the homogenized
by n frequency-dependent impedancggf) andn(n - 1)/2 model comprises 89123 dofs only, and can be handled with
frequency-independent coupling dheientsny, as illustrated sequential direct solvers on a desktop PC. In the latter, tase
on Fig.1(a) forn = 3. These coféicients are computed usingfull three-step procedure takes 31 min on.@@Hz processor
an original algorithm valid for any number of windings, whic with 4Gb of RAM. The time consumed by the second and third
will be described in the full paper. steps is neglectible compared to the first phase involving FE

computations. An experimental validation with an impedanc
Bpcy Zy(f)  Epce analyzer will be proposed in the full paper. It will show that
12 the RL circuit is valid up to 250kHz. Beyond that limit, the

Us|Z5(f) resonances due to parasitic capacitances begin to appear.
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