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This contribution focuses on a lumped-element pa-
rameter extraction of a finite-element three-phase trans-
former model. The two-dimensional transformer model is
simulated using the A-formulation in the finite-element
solver OPENCFS. The lumped-element model is based on
modified nodal analysis and utilizes Hopkinson’s analogy
to derive a magnetic equivalent circuit. The core in both
approaches is described using a saturation function. The
parameter extraction of the finite-element model for the
lumped element model is discussed practically, and the
simulation results are compared.
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I. INTRODUCTION

Simulating transformers is essential during their design
phase, power transient analyses, and grid simulations. The
finite-element (FE) method delivers accurate results with the
main disadvantage of extensive computational time. In con-
trast, lumped-element (LE) models yield reasonable solutions
in a fraction of the computational time of a FE model. They are
thus more appropriate in grid or distribution line simulations
where transformer models are embedded.

This contribution proposes a practical parameter extrac-
tion method from a two-dimensional three-phase transformer
model, which is simulated using the A-formulation in the
FE solver OPENCFS [1]. A voltage excitation with a serial
resistance is applied. The LE model is based on Hopkinson’s
analogy to derive a magnetic equivalent circuit (MEC) [2].
The core is depicted by flux tubes, representing homogeneous
regions in the steel sheets. The steel sheets are modelled in
both the FE and the LE model by a nonlinear saturation
function. Since the crucial point in the LE model is the choice
of the stray parameters, their influences are discussed, and
a practical approach to extracting these parameters from the
FE solution is proposed. Finally, the simulation results of the
primary currents in the no-load and the short-circuit case are
compared, and the computational time is discussed.

II. FINITE-ELEMENT TRANSFORMER MODEL

The FE transformer model is meshed using linear triangular
elements with an approximate length of 20 mm. The geometric

dimensions of the transformer are listed in [lable I, and
the computational grid for the FE simulation is depicted in

transformer width 1m
transformer height 0.5 m
core thickness 50 mm
coil width 30 mm
coil height 390 mm

TABLE I: Geometric transformer dimensions

Fig. 1: Computational grid of the transformer

III. LUMPED-ELEMENT TRANSFORMER MODEL

The LE model is based on Hopkinson’s analogy and models
the core using a MEC. The LE transformer model, consisting
of its electric (¢ = {1,3,5} and b = {2,4,6}) and magnetic
domain, is depicted in [Figure 2| and [Figure 3] respectively.
The interconnection is enabled using controlled sources (<>
with d—(t) the time derivative of the magnetic flux through the
coil, & with N the magnetomotive force with /N the number
of winding turns and ¢ the current through the coil). R, and
Ry, represent the coil’s resistances.
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Fig. 2: Electric domain of the LE transformer model
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The geometric parameters of a flux tube in the core result
in
lmean
R Acorelff’ o
with ljean the mean magnetic path length, A the core
cross-section, and p the nonlinear magnetic permeability. The
individual regions for the flux tubes and the path lengths
are depicted in with the upper and lower yokes
in combined due to symmetry (i.e. twice the yoke
length).
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Fig. 3: Magnetic domain of the LE transformer model

Fig. 4: Individual regions of the flux tubes and magnetic
path lengths

IV. DETERMINATION OF STRAY RELUCTANCES

The missing elements of the LE model in are
the stray reluctances between the core and the inner windings
(Rs1,Rs,3, Ro,5), the stray reluctances between the inner and
the outer windings (Rs,2, Rs,4, Ro,6) and the zero sequence
relctances (Ro12, Ro34, Rose). The proposed determination is
to simulate the no-load and the short-circuit case and to
manually tune these reluctances to the primary currents of
the FE simulation. Since no tank walls and outer regions
are modelled, Rs135 =: Rinners Ro,2,4,6 =: Rouer, and
Ro12,034,056 =: Ro holds.

First, the no-load case is simulated using the FE method.
Since the core is non-saturated, the magnetic field closes
mostly through the high permeability core and the zero
sequence path in the air [3]. Thus, the stray path between
the two coils Royuer is first neglected. We notice that R
highly influences the shape of the primary current during
zero-crossing, whereas Ringer highly influences solely the peak
amplitude of the primary current. Thus, R is tuned first to
yield the correct zero-crossing with Riyper = 00. Then, Rinper
is manually decreased until the primary current shows the
correct amplitude. This tuning is illustrated in for
the no-load current (solid line: FE result; dashed lines: tuning

the LE model).
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Fig. 5: No-load tuning

The remaining quantity Reuer can be determined in the
short-circuit case. The core is now saturated, allowing the
inner coil’s generated flux to close around R ;. The tuning is

illustrated in for the short-circuit current (solid line:
FE result; dashed lines: tuning the LE model).
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Fig. 6: Short-circuit tuning

V. COMPARISON AND CONCLUSION

After extracting the mean flux path and the cross-sections

from as well as Ro, Rinner» and Rouer, the results
of primary currents of the FE and LE model are depicted in

(solid line: FE result; dashed lines: LE).
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Fig. 7: Comparison of the primary current between FE and
LE model

The time step size has to be small enough (at least 100 time
steps per 50 Hz-excitation period) to keep the discretization
error small enough. The computational time of the FE model
is in the minute’s range, whereas the LE model needs under
200 ms to yield one period of the transformer model. The full
contribution discusses the parameter tuning in more detail, the
transformer’s inrush to the steady state, and the material law
(saturation function) in more detail.
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