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A Finite Element Model for Foil Winding Simulation

Herbert De Gersem and Kay Hameyer

Abstract—Foil windings, inductors consisting of a considerable
number of foils with a long rectangular cross-section, give raise to
severe meshing problems if one tries to consider all geometrical de-
tails. On the other hand, treating the winding as a whole by a solid
or stranded conductor model, passes over the particular skin ef-
fects occurring in this type of winding. Here, a foil conductor model
is developed. An additional discretization of finite elements in the
foiled region deals with the voltage variation perpendicular to the
foils. The constant current condition is weakly imposed. The foil
mesh does not coincide with the geometry nor the magnetic mesh,
enabling small meshes and independent mesh refinement. The ap-
plication to a three-phase foil-winding transformer shows a signifi-
cant saving of computational time, up to 99% for the test problem.

Index Terms—Coupling circuits, finite element methods, foil
windings, transformer windings.

I. INTRODUCTION

LARGE range of electrotechnical devices is commonly

simulated by transient or time-harmonic magnetodynamic_
finite element (FE) models. The conductors may exceed the FE
model and are connected to an external electric circuit. External
loads, external current and voltage sources and also parts
the device itself are represented by additional electric lumpe
parameters. Field-circuit coupled simulation techniques are de
veloped and commonly applied [1], [2]. Two conductor models
exist: the solid conductor and the stranded conductor model, tf
former for massive bars, the latter for coil windings. Foil wind-
ings are recently applied in transformers and establish a ver
particular behavior. Their incorporation in field-circuit coupled
models requires a novel foil conductor model to be developed

@

Il. FoiL CONDUCTORS

Recently, electrical devices with foil windings are designed
and manufactured. Particularly for distribution transformers
this type of windings is very effective [Fig. 1(a)]. The current
distribution in the foils spontaneously compensates for asym
metries in the high voltage windings. As consequences, axiz
forces at short-circuit operation are minimized, a more homo
geneous heat distribution is achieved and the manufacturir
process is simplified when compared to conventional windings
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Fig. 2. (a) Current distribution in the foil winding and magnetic flux lines within (b) a stranded, (c) a foil and (d) a solid conductor.

enables a voltage gradient in the perpendicular direction. drsurface layer of the conductors. The skin dépth1/v/7 fop
contrast with massive bars and common wire windings, a falepends upon the conductivity, the permeabilityy. of the
winding experiences a skin effect only in the direction of thmaterial and the applied frequencgy Here, a 2-D model
foils (Fig. 2). An accurate simulation of this unidirectional skirexcited by a single frequency is used to demonstrate the foll
effect is important as it is responsible for local heating effectonductor model. This does not alter the generality of the
and the consecutive deterioration or even breakdown of the theory presented here. The governing differential equation is
sulation material [3].

[ll. CouPLED FIELD-CIRCUIT SIMULATION -V - (wVA,) =1, Q)

A. Magnetic Model

Eddy currents are considered by the quasistatic subsetwsth A, and.J. thez-components of the magnetic vector poten-
Maxwell's equations. Most of the induced phenomena occurfial and the current density and= 27 f the pulsation.



DE GERSEM AND HAMEYER: A FINITE ELEMENT MODEL FOR FOIL WINDING SIMULATION 3429

B. Solid Conductor Model D. Classical Approaches for Foil Windings

The voltage dropAV,,; applied to a massive conductor is Up to now, foil conductors have been treated within FE sim-
constant on its cross-sectiéh,,;. Submitted to a time-varying ulation by the solid or stranded conductor model or by a series-

magnetic field, the current density is connection of solid conductor models. The former approaches
o provide too much or not enough freedom to approximate the
Jsor(x, y) = 7 AV, — jwo A (z, y). (2) skin effect, whereas the latter requires the designer to treat each
z

foil as a separate geometrical entity and circuit element. More-

with £, the length of the 2-D model. Treolid conductor model OVer, since the cross-section of each foil is a long rectangle, at-
consists of the magnetic model (1) with current density (2), colfining well-shaped FEs requires a very fine mesh. Although

pled to the external electric circuit via the integral relation fof'€ voltages along neighboring foils do not differ that much, the
the total current: field-circuit coupled model incorporates one unknown voltage
per foil. The huge number of degrees of freedom, both in the
Ly :/ Joot(, y) dS2. 3) F.E merI and in the external circuit, results in an inefficient
Q simulation.

sol

IV. FolL CONDUCTORMODEL
C. Stranded Conductor Model . )

In many devices, windings with a considerable number & Mod-elmg As§urT1pt|ons ) _
turns, connected in series, are used. The extents of the wire§onsider a winding ofVy,;; foils, wound around a vertical
are smaller than the skin depth corresponding to the applied fIS- The foil regions have an extehf = y» — y in the
quencies. However, the extents of the cross-section of the &rfdirection and a small exteft, = x5 — x; in thez-direction.
tire winding may exceed. The treatment of each separate wird" the applications considered hehg,exceeds the skin depth
as a solid, would require the geometrical details of all wires ¥hereas. /Ny, is smaller tharé. The foil currently,;; is the
be resolved in the mesh. Moreover, one unknown and one fi@me in all foils. The voltage droaV is constant within the
tegral relation per wire have to be added to the coupled syst§FSS-section of a single foil. The current density may depend

of equations. This increases the size of the system to be sol#@@n« andy.

and therefore spoils the efficiency of the simulation. Instead, a )

modeling assumption is granted. Asexceeds the dimensionB- Continuum Model

of each of the wires, the current density may be assumed to b&he current density in the foil winding is

constant within the cross-section of each wire and, because the o

wires are connected in series, within the cross-section of the en- Jroir(, y) = 7

tire winding. The current density,,,. is related to the current #

1, supplying the stranded conductor, by The continuum representation of a foil conductor replaces the

discrete foil winding by a fictitious continuous wound filamen-
Torr = Natr L., (4) tary sheet. Théoil conductor modeis based on the continuum
Astr modeling assumptions:

1) The sheet current density

AV(‘T) - IUJO—AZ(‘T7 y) (7)

with N, the number of turns andl.,,- the surface of the cross-
sectiortl,,,. of the entire winding, including all wires, insulation Y2 Noit
material and gaps in between them. Zoit = / Jroir(@, y)dy = h—m Itoi ®)

The voltage drop is not constant within,,, as the wires Ut 7
experience the electromotive force due to the time-varying in-  remains constant in the-direction:
duction field. The summation of voltages corresponding to the 2) The voltage drop\V () is constant in the-direction.
winding is replaced by an integral averaging the voltage grghe total voltage drop\Vy,;; along the foil conductor is ob-
dient over the cross-section of the stranded conductor: tained similarly as in the case of the stranded conductor, by a
homogenization procedure:

o

1
AVyoit = Nyoit - / LAV (z)dx. 9)

x

1 Tstr .
Vva'v = X < : +7WAZ(‘T7 y)) dQ? (5)
Astr Qotr fstro—

with f,,. the fill factor accounting for the correction of the
overall conductivity made necessary by the presence of inSthe continuum model couples the 2-D magnetodynamic partial

lation and gaps. The total voltage drop along the winding  differential equation (1) with the current density (7) to the 1-D
integral equation following from (8),

1 Tstr .
A‘/str = Nstr N £Z< + 7WAZ(‘T7 y)> ds} (6) . Y2 Neg;
Bor S e it av() - [7 dood (o vy dy = S Ly =0,
couples the circuit to the magnetic model (1) with current den- . " ’ (20)

sity (4). This approach yields trstrandedor filamentary con-  with f;,; the fill factor of the foil winding, and the 0-D integral
ductor modefor a winding. relation (9).
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\\\\\\\\\\\\ The integral relation (9) fits within the algebraic circuit descrip-
x _h tion developed in [2]. The resulting system of equations for a
) voltage driven foil conductor is
Fig. 3. Cross-section of the foil winding, magnetic mesh, foil element mesh . . ) )
and 2 foil form functions. kij 1 zig 0 4 0
Zpj $9pq  §Sp AVg | = 0 (14)

The foil conductor model requires an additional 1-D disyhere

cretization for the voltage:
kij == / UV.ZVZ . VNJ dQ, l“ == / jwaNiNj dQ, (15)
Q Q

ny
AV(z) = Z AV, M, (z). (11) o o ot
=1 Zig = — /Q 7 NiMg dSt gy = /Q g"” M,M,dQ; (16)
M,(x) is a foil shape function (FSF) and is the number of N
FSFs. A FSF has a constant value in fhdirection and has a s, = —Afo” / M, dQ. (17)
foil JQ

local supportin the-direction (Fig. 3). The supportofa FSFisa
long rectangle and has thus a similar shape as a single foil itsélt= 1/jw/,, is a factor applied to symmetrize the system.
A FSF, however, may overlap several foils and the FSFs mayThe evaluation of the integrals;, is not straightforward
have different supports in the-direction. The voltages along becauseV;(z, i) and M,(z) are defined on different, non-
N foils are represented by; unknownsAV,. If N, is large matching meshes. If applying Gauss integration, the number
and the voltages do not vary too rapidly alargross-section of of points has to be chosen such that a sufficient resolution is
the foil winding, choosing:; < N offers a significant reduc- achieved both with respect to the magnetic as the foil mesh.
tion of the number of unknowns in the model while retaining aHere, an analytical evaluation is preferred. An auxiliary grid
acceptable accuracy. The foil mesh, i.e., the set of all FSFs, deestaining all edges and vertices of both meshes is constructed
also not coincide with the magnetic mesh. The magnetic meds intersecting all edges of both meshég(x, y) and M, (z)
has only to resolve the magnetic field whereas, the foil meskhe linear functions on each grid cel;; can be computed
takes care of the voltage drop. As a consequence, the magnatialytically by adding the contributions of the integral for
mesh can be kept significantly smaller. Moreover, meshing thé auxiliary grid cells. The auxiliary grid is used for integral
2-D geometry is not influenced by the large differences in trevaluation only and is not considered in the FE solution process
dimensions introduced by the foils. itself.

A physical interpretation of (14) is straightforward. If each
D. Galerkin Approach foil element is thought to correspond to a fictitious foil, each foil

A system of algebraic equations is obtained by applying tif§luation with index relates the current through the single foil
weighted residual method to the system of differential and intt its voltage drop and the magnetic field insidg, represents
gral equations. The Galerkin approach applies the shape fuffte conductancelg,, | is not diagonal because of the overlap
tions as weighting functions as well. The FE shape functions i@tween the FSFs. The last equation sums the voltages along all
applied to (1) with current density (7): fictitious foils.

E. Foil Mesh Refinement

As the FE mesh and the FSF mesh do not coincide, adaptive
Similarly, the FSF’s are applied to weight (10): mesh refinement can be applied independently. The FEs are re-
" ofi e N fined based on the error _esti_mation o_f the local magnetic field

ot . ol
[ (5t v [ oty L )ty do =, a0 e curent sy, il considerae enement i e
@ z . ghts the
(13) voltage variation between two successive foil elements. As the

£,

/ <—v (WVA) + jwo A, — o) soit AV) N;dQ=0. (12)
Q

1 U1 x
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Fig. 6. Convergence of the global error with respect to (a) the number of
degrees of freedom and (b) the computation time, comparison betwptre(
conventional series-connection of solid conductors and the foil winding models
with (a) 10 or (3) 20 foil elements per foil winding.
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V. APPLICATION

A

The foil conductor model is applied to simulate short-circuit
operation of a dry-type, three-phase foil-winding distribution
transformer [Fig. 1(a)]. The secondary foil windings, each with
50 turns, are connected to additional resistors modeling the con-
tact resistances (Fig. 4). The current distribution in the sec-
ondary winding R2 is shown in Fig. 5.

The convergence of the discretization error is compared for
transformer models applying the novel foil conductor model
and a conventional model considering each foil cross-section
as a separate solid conductor. The reference model is obtained
from the conventional one by refining the FE mesh until the rel-
ative change of the short-circuit current between two succes-
sive refinement steps is below 0.1%. It can be observed that
the foil conductor models with 10 and, 20 foil elements, con-
verge significantly faster when compared to the conventional
model (Fig. 6). The time saving by applying the novel method,
\ is two orders of magnitude. Avoiding the small regions of the
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individual foils to be meshed, results in a tenfold smaller mesh
while keeping the same overall accuracy. The considerable re-
duction of the resolution due to discretizing the voltage across
a foil winding, is also validated by the fact that increasing the
number of foil elements does not that much increase the con-
vergence for the meshes resolving the magnetic field. In fact,
the required resolution for the foil mesh is tuned to the charac-
teristic mesh size of the magnetic mesh. The introduction of a
discretization of the foil voltage, presented here, enables a con-
(b) scious choice of this resolution.
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Fig. 5. (a) Foil mesh and current density in a foil conductor and (b) magnetic
meshes and magnetic flux densities of a foil conductor and stranded conductor
respectively.

resolution of the FSFs may not exceed the one of the real foils,The foil conductor model adds an additional discretization in
foil elements smaller than true foils are excluded from refinéerms of rectangular shaped foil finite elements to the magnetic
ment. The auxiliary grid for integral evaluation has to be rebuithodel. Independent mesh generation and refinement and, as a
after each mesh refinement step. consequence, a considerable saving of degrees of unknowns, is

VI. CONCLUSIONS
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offered. The foil conductor model enables the accurate simula{2] H. De Gersem, R. Mertens, U. Palmer, R. Belmans, and K. Hameyer,
tion of a three-phase foil-winding transformer with a factor 100 ~ "A topological approach for field-circuit coupling|EEE Trans. Magn.

. . . vol. 34, no. 5, pp. 3190-3193, Sept. 1998.

times less computational efforts when compared to conventionals; ; priesen, R. Belmans, and K. Hameyer, “Study of eddy currents in

field-circuit coupled approaches. transformer windings caused by a nonlinear rectifier load,Pioc.

XV Symp. on Electromagnetic Phenomena in Nonlinear Circ8ipt.

1998, pp. 114-117.
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