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Abstract 00 Foil-winding power transformers contain
compact sets of flat conductors having a large asped ratio.
Modelling the eldy currents in the individual currents is
therefore difficult and requires fully meshed conductors,
espedally when the influence of the thermal field on the local
conductivity is considered. Coupled 2D magnetic and thermal
models of a 30 kVA transfomer having 50 secondary fails are
presented. In the thermal model, thin layer eements or
equivalent anisotropic materials are used to model the
insulation material between the wnductors. The wupled
problem is ©lved for the steady-state and transient case. A
novel method will be introduced to solve the transient coupled
problem using time steps, much larger than the magnetic
subproblem’s time constants.

Keywords O Eddy currents, eledro-thermal effeds, finite
element method, losscalculation, transformers

I. INTRODUCTION

Power Quality problems sich as power system
harmonics caused by power eedronic loads have a
damaging impact on transformers. Voltage harmonicscause
alimited risein the iron losses, but the nowadays occurring
substantial current harmonics may trigger dangerously high
eddy currents. The necessary derating of such devices is
performed using a 'K-factor' [1], which can be accurately
derived for wire winding transformers. Unfortunately this
'K-factor' is difficult to determine for foil-winding
transformers [2]. This paper reports on methods to perform
this task using coupled thermal-magnetic transient and
steady state finite dement simulations.

111. COUPLED TRANSIENT & STATIC FEM TECHNIQUES
A. Magretic equation

The 2D transient magnetic equation written in terms of
the magnetic vedor potential is[3]:
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with: A magnetic vedor potential
v magnetic reluctivity tensor
o dedrical conductivity

\% sourcevoltage

The transient FEM simulation of the equation requires a
time-stepping method with steps at least smaller than a half
period. The time span to be smulated is very large, due to
the thermal time mnstants. This will 1ead to simulations
lasting a vast time. Thus a new method to smulate at time
intervals of the size of the thermal time step needs to be
devel oped.

It is possble to oktain a more dficient transient-type
solver by asauming the solution can be written in the
foll owing complex form, with wthe field pulsation:

Alt)= Alt)re’ )

This is an extension of the assumption behind the time-
harmonic method [3], but now we assime the solution part
in the omplex phasor form changes in time. Equation (2)
splits the fast dynamics at the studied frequency (the
exponential terms) and the dow dynamics in the phasor.
The phasor can be interpreted as complex ‘envelope’ of the
quickly oscill ating harmonic function. Filled in, in (1), this
leads to (asuume the source is written in the form of (2) as
well):
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This equation is transformed into FEM equations using
the Galerkin method. The time derivative is replaced by a
finite differencewith the At of the thermal equation:

19%&+ ijﬁLW%ﬁ”):

(1_79)%A+ ij_M%&nl) 4

At

+79£A(tn )+ (1_’9)EA (tn—l)

with: K FEM matrix associated with diff usion term
H FEM matrix asociated with harmonic term
r

FEM matrix associated with transent term
FEM vedor assciated with sourceterm



39 time weight

An extension with circuit equations is made, but not
given due to space limitations. The stationary magnetic
equation in the time-harmonic domain is ohbtained by
omitting the pure time derivative.

B. Thermal equdion

Thetransient thermd equation is[4]:
oT
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with: K thermal conductivity tensor
p  massdensity
C  specifiched

lossterm
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This equation is extended with convedion boundary
equations and trandated into standard FEM equations. The
time derivative is replaced by a finite difference of the same
type asin the transient magnetic equation:
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C. Couding

Equation (3) and (5) are mupled by to relations:
* Material temperature dependece:

_ 1
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» Losscalculation (mainly joule and eddy current losses) :

a(T) (7)

a(aT)= - [fotv - jwr) a0 ®

D. Iterationalgorithm

The non-linear coupled transient equations (4)/(6) and
the wupling equations (7)/(8) are alculated wsing a
predictor-corredor-like algorithm in every time step n:

PREDICTOR!
Calculate @', using (7)
Calculate Al(t,), using (4), (9 may be 0)
Calculate g, using (8)
Calculate TX(t,), using (6), (3 may be 0)

CORRECTOR: (until convergence)
Calculate 0**, using (7)
Calculate A*(t,), using (4), (3 # 0)
Calculate %, using (8)
Calculate T*(t,), using (6), (3 #0)

Hence the algorithm will consist of severa loops: the
time logp, the non-linear logp in the crredor and wsualy
iteration loops to solve the linear subsystem. By rearranging
the sequence of the alculation steps, parallelism can be
brought into the algorithm.

1. SMULATION MODELS
A. 3D Magnetic models (2D validation)

The leakage fields and threelimp core basically require
a 3D model. However, the shape of the doss £dion of the
core is amost round, yielding an aimost axially symmetrical
leakage field, which can be modell ed with a 2D model.
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Fig. 1: 3D modd used to determine the drcuit parameters; the foil conductors
aremoddll ed asa solid block.

To ched this approach a 3D modd was constructed
(Fig.1). The fail conductor packs are replaced with a solid
block, sinceit is only meant to study the symmetry. Severa
axial dlicesthrough the wils were made and compared. The
leakage field and internal eddy current distribution seemed
to ocaur in two states: the part of the cnductor within the
core frame and the mnductor sedion the wre frame. The
two field solutions are aso found in the magnetic fied
calculated in the ceatral plane through the @re. The
conductors in the 2D model with circuit equations are
therefore asaumed to have lengths proportiona to the two
distinguished coil sedions.

B. 2D Magretic andysis

2D FEM models all ow the @lculation of joule and eddy
current loses. To model the eldy current distribution in the
fails, a full discretisation of every foil is required (Fig. 2).
Spedal attention has to be given to the surrounding air,
since the leakage inductances are an important part of the
short circuit impedance A Kelvin transformation is used to
model the air region.

A complete model is used. This is required since
asymmetry will arise in the temperature dependent material
properties due to the vertical thermal gradient arising in the
device

C. 2D Thermal FEM Modelling



The therma behaviour of transformers is heavily
dependent on the insulation, more in particular the
insulation between the windings. These are ery thin layers,
compared to the thickness of the cmnductors. To model
them, and to model other thermal contact resistances [ (for
instance @re air gaps), speda thin layer elements can be
used [5]. To be able to apply these dement relations, the
mesh has to be split at the ed@ on top of the thin layer. The
element equations for the dements with common boundary
¢ are derived for different types of elements such as
hierarchical elements, using a Galerkin method :
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An alternative that does not introduce etra unknownsis
to use euivalent anisotropic materials. The thermal
conductance in the radial diredion of the foil is amost
identical to the insulation conductance In the axia
diredion, the cpper or auminium value is dominant. The
equivalent thermal capacitances and mass densities are
calculated using the relative volume ratios.

The acauracy of the mnvedion boundary condition hasa
large influence on the okbtained thermal field. The
convedion parameter for the side walls has to be a function
of the height to account for the rising hot air. This will
cause a higher temperature in the upper part.

1V. APRLICATION RESULTS: 30 KVA TRANSFORMER

A 30 KA transformer with 50 fail conductors in its
secondary winding (closest to the are) is modelled in the
described way. The magnetic mesh (detail in Fig. 2) is made
using h-adaptive refinement after domain based error
estimation. The real component of the magnetic solution of
the smulated short-circuit test is diown in Fig. 3. Fig. 4
shows a detail of the leakage field.
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Fig. 2: Detail of the FEM mesh showing the fully meshed foil conductors.
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Fig. 4: Detail of the leskage flux; the field lines passng through the fail
conductors in the top the il are asciated with additional eddy currents and
losses at that location.

The short-circuit test smulation is used to determine the
losss in the windings at rated conditions. Due to the low
core flux, saturation effeds are amost inexistent,
simplifying the magnetic model. Clearly the foil s closest to
the are produce more elddy currents (cut by morefield lines)
and shield the outer foils. This effed can be seen aswell in
the arrent density plot of Fig. 5. The apparent
discontinuities in the graphs are @used by the FEM
discretisation.
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Fig. 5: Current density digtribution in the 50 secondary fails, outsde the cre
frame. Though there is a dight difference between the upper part and lower
part of the ail, only the dengty in the (hotter) upper part is plotted; the foils
closest to thecore, having more eddy currents, are plotted in the background.



The surrounding air and the air between the winding
packs is replaced by appropriate @nvedion boundary
conditions in the thermal mesh with thin layer elements or
anisotropic maerials between the foils. The model is sown
in Fig. 6. To transfer the loss data from the magnetic
solution to the thermal mesh and to feed back the thermal
data, fast projedion agorithms are used, as well as to
transfer the material updates. A detail of the solution is
shown in Fig. 7, clearly indicating the location of the hot
spot in the topof the foil winding coil .

Fig. 6: Mesh used for thermal modd; thin layer elements are put between the
indvidual foil sor anistropic material is used.

conductor; onthe right thewire cail. The hot spot $visible in the top of the fail
pack.

Simulations for different harmonic frequencies foll owed
by post-processng of the losses alows to determine the
additional losses due to power system harmonics. With this
information, the K-factor can be determined [6]. This is
acoomplished by simulating the wupled problem solution of
a short-circuit test involving a set of harmonics, thus a set of
equations such as (4). The loss integral (6) is extended,
allowing the determination of the relative amount of
additional losss due to current harmonics. To determine
these losses, the steady state version of the wupled iteration
algorithm isused.

The transient coupled algorithm is used to study the
heating effeds under temporarily higher harmonics loads: in
this way it can be studied quickly the transformer will be
damaged. To validate the transient method, measurements
were made and compared with simulations. Fig. 8
demonstrates that there was a good correspondence  The
difference between the steady state temperature in the
measurements and the simulation is explained by the
difficult to modd natural convedion coding, espedally for
the wil parts within the yoke. The time @nstant of the

smulation is a hit lower, which can be eplained by the
simple mnvedion model aswell.
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Fig. 8:.Comparison d measured and calculated heating d the transformer in a
short circuit dtuation. The temperature near the tops on the outer side is
measured opticaly.

The measured and simulated currents were dose as well.
The arrrent magnitude dropped 15% for reason of higher
resistance when hot, but the curent phase angle changed 3%
from the cold to the hot state because of the larger losses.

CONCLUSION

Practical static and transient coupled magnetic-thermal
smulations of transformers having foil-type windings are
presented. To be able to compute the magnetic field
evolution, a novel transient method is derived, smulation
the dhange of the ‘solution envelope’ with time stepping at
the pace of the thermal problem.

2D magnetic FEM analysis with fully meshed fail | ayers
is coupled to 2D therma FEM models with thin layer
elements or anisotropic materials to model the inter-foil
insulation layers. The results can be used to determine the
transformer's K-rating.
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