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Flux Distribution Analysis in Three-Phase Si-Fe Wound Transformer Cores
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This paper shows experimental results of longitudinal flux density and its harmonics at the limb, the yoke and the corner of a three-
phase, Si-Fe, five-legged wound transformer core. Results show that the flux density is nonuniform in the cores and there is high level of
third harmonic component. Moreover, the lower flux values in the outer cores have been assessed and the simultaneous time variation of
the flux in both outer cores has been demonstrated by measurements while the peak magnetic flux density values have been compared to
FEM analysis. These findings enable a better understanding of the magnetic behavior of five-legged wound transformer cores and their
consideration is expected to achieve respective improvement of the design with respect to core losses and magnetostriction noise.

Index Terms—Magnetic cores, magnetic field measurement, magnetic losses, power transformers.

I. INTRODUCTION

D ISTRIBUTION systems either use stacked or wound core
transformers. Most of the past research work has been fo-

cused upon the single-phase and the three-phase stacked core
type. The effects of core geometry, core material, joint design,
and induction on core losses have been investigated by many
researchers in the field [1]–[8]. A detailed comparison of lo-
calized flux density measurements with finite-element method
(FEM) analysis was undertaken in [1] and the discrepancies
resulting by inter-laminar flux and rotational magnetization in
stacked cores were illustrated. The underestimation of losses in
five-limb stacked core transformer with respect to local flux den-
sity measurements are underlined in [3] and attributed to joint
effects while opposite results are given for three limb trans-
former cases. The inhomogeneity of flux density distribution
in stacked core transformers has been discussed in [4] men-
tioning the package design effects supported by local flux mea-
surements. The building factor dependence on joints and par-
ticularly on joint angles are examined in [5] through local field
measurements. The case of Si-Fe wound core iron loss distribu-
tion is investigated in [2] based on local flux measurements. The
particular dependence of local field distribution at the joints and
iron losses of the cores are analyzed in [8]. Although extensive
analysis has been published for the stacked core transformers
there is relatively few published work in the case of three-phase,
Si-Fe, five-legged wound transformer cores. The added value of
this work is the localized flux density measurements at the inte-
rior of the wound transformer core; something that has not been
presented before according to our knowledge.

Measured flux density distributions, flux density waveforms
and their harmonics analysis are presented in this paper. Partic-
ular investigation on the flux variation in the outer smaller cores
with respect to the internal larger ones has been undertaken and
the impact on flux distribution has been analyzed. The lower
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Fig. 1. Measurements setup of the five-legged wound core transformer.

local flux in the outer cores as well as the phase relationship of
the flux in these cores has been demonstrated and assessed.

The conclusions drawn from this work enable a better under-
standing of the magnetic behavior of wound transformer cores
in view of improving the design with respect to core losses and
magnetostriction noise.

II. MEASUREMENTS SETUP

The five-legged core wound core transformer, shown in
Fig. 1, is made up of four separate cores fastened together to
make five legs. The main core dimensions are given in Fig. 2(a).
High permeability steel of 0.27 mm thickness with a nominal
loss of 0.72 W/kg at 1.5 T/50 Hz was used. The four cores
have been annealed to remove harmful stresses induced by
manufacturing processes during their production. The primary
windings are placed on the three inner legs and no windings
are placed on the two outer legs. The three twenty-turn primary
coils in delta (D) connection were supplied from a 400 V, 50 Hz
three-phase supply via an appropriate variable autotransformer
in order to magnetize the cores from 1.0 to 1.8 T. Localized flux
density measurements were carried out with one-turn search
coils wound around the total width of the core at selected
locations and also with two-turn search coils wound around the
total width of a layer, inserted at the 3rd, 9th, and 48th layer in
each core along the limb (L), yoke (Y), and corner (C) of the
cores, as shown in Fig. 1.

The 3rd, 9th, and 48th layers are situated at 0.81, 2.43, and
12.96 mm from the core inner edge, respectively. Solderable
enameled copper wire 0.1 mm in diameter was used for the
search coils.
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Fig. 2. Geometry of the wound core and mesh adopted for the FEM analysis.
(a) Dimensions of the core (not to scale). (b) Triangular mesh involving 6000
nodes.

Fig. 3. Flux density waveforms obtained from search coils wound around the
top yoke of the cores at 1.1 T/50 Hz.

The overall loss of the transformer did not change noticeably
after the coils were wound in position, showing that the flux
distribution did not change much due to the search coils being
introduced. The voltages induced in the search coils were cap-
tured by directly connecting the search coils into the inputs of a
NI 6143 DAQ card. Necessary calculations and analysis of the
captured data was carried out using LabVIEW software.

III. MAGNETIC FIELD MODELING BY FEM

The measured magnetic field distributions have been com-
pared to simulated ones by using a 2-D magnetic field analysis
based on a finite element model [6]. The adopted methodology
involves tensor permeability representation with three main axes
in order to simulate grain oriented iron core laminations [9]. The
employed mesh involves 6000 nodes for the representation of
one fourth of the total core geometry by exploiting the problem
symmetries, as shown in Fig. 2(b).

IV. LOCAL FLUX DENSITY ANALYSIS

A. Core Flux Density Waveforms

Figs. 3–5 show flux density waveforms obtained by search
coils wound around the whole core at the top and bottom yokes.
It is shown that the waveforms taken from cores A and D are
in phase and out of phase by 120 with cores B and C. It can
also be seen that the amplitude of cores A and D waveforms is

Fig. 4. Flux density waveforms obtained from search coils wound around the
top yoke of the cores at 1.5 T/50 Hz.

Fig. 5. Flux density waveforms obtained from search coils wound around the
top yoke of the cores at 1.7 T/50 Hz.

Fig. 6. Flux density waveforms obtained from search coils wound around the
9th and 48th sheet of the cores at 1.7 T/50 Hz.

Fig. 7. Simulated field distribution in the transformer by FEM at 1.7 T/50 Hz.

smaller than cores B and C at lower flux densities (see Figs. 3
and 4) and that at 1.7 T, the amplitude almost reaches the level
of cores B and C. This could be explained that as the cores B and
C approach saturation then more flux flows to the outer cores A
and D (see Fig. 5). This finds application in large three-phase,
five-limb, stacked type transformer cores where the height of
the outer cores is reduced compared to the inner one [7].

Smaller outer core cross sections could also be adopted in
wound core transformers of low flux density. No difference in
the flux density waveforms was observed at the top and bottom
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Fig. 8. Comparison of measured and simulated flux density distribution in the transformer by FEM at 1.7 T/50 Hz. (a) Core B limb. (b) Core A yoke. (c) Core B
corner; : flux density distribution simulated by the FEM model; � � �: flux density measurements.

TABLE I
PEAK FLUX DENSITY DISTRIBUTION

of the yoke. Distortion levels increased with increasing flux den-
sity as it was expected.

B. Layer Flux Density Waveforms (Inside the Core)

Fig. 6 shows localized flux density waveforms obtained from
search coils wound at the interior of the cores. More specifically
search coils were wound at the 3rd, 9th, and 48th layer at various
locations of the four cores. The number of selected locations
was restricted by the number of inputs of the DAQ card but
allowed satisfactorily the following comparisons to be made:
1) comparison of flux density at the limb, the corner and the
yoke of the core A and also comparison with results obtained
for the two-limb single-phase wound transformer core [6]; 2)
comparison of flux density at the limb and the corner of a large
and a small core (core A and B); and 3) comparison of flux
density at core A and core D. Such comparisons have never been
published in the past for three- phase five-legged wound core
transformers, according to our knowledge.

In general, the findings at the interior of the cores agree well
in phase and shape with the results of Figs. 3–5 as it is indicated
in Fig. 6 but more discussion and analysis will be made in the
following sections.

C. Peak Flux Density Distribution

Table I shows flux density distribution at various locations
magnetized at 1.5, 1.7, and 1.8 T core flux density. The pre-
sented results have an uncertainty of 0.02 T. It is observed that
the flux density results from the 3rd to the 48th sheet are within
or very close to the uncertainty margin showing therefore very
little variation up to the 48th sheet. In theory it is expected to see
a decrease of flux density from inner to outer side of the core due
to the difference in magnetic path length as it was the case with

single phase transformer [6]. It can also be seen that the flux
concentrates at the inner layers at the corners of the cores. It can
be observed that the flux density value of the 3rd layer at the
corner is higher than its respective value at the limb by 0.02 to
0.16 T depending on the core. This has been reported in stacked
transformer cores but is now shown in wound transformer cores.
A difference of the order of 0.08 T can be observed when com-
paring cores A and D. The reason for this could probably be a
statistical variation due to the material properties and the con-
struction of the cores. The FEM results, shown in Fig. 8(a)–(c),
provide a good estimation of the global core flux density but fail
to accurately represent the small local field variations revealed
by the search coils. The greater discrepancy between simulated
and measured flux densities in these figures is observed at the
3rd layer, which can be explained by the difficulty of the perme-
ability tensor to represent accurately iron laminations situated in
the vicinity of iron-air boundary.

D. Peak Flux Density Harmonics Contents

Peak flux density harmonic contents values are considered a
major parameter affecting the power loss and magnetostriction
noise of a transformer core. Table II shows the peak flux density
components in different regions of the core at core flux densi-
ties 1.5, 1.7, and 1.8 T. It is shown clearly that the core has a
significant level of third harmonic component of flux. The third
harmonic content ranges from 9 to 14% at 1.5 T, 14 to 19% at
1.7 T and 15 to 21% at 1.8 T of the fundamental. The fifth har-
monic component is much smaller throughout the core.

V. CONCLUSION

The paper presented extensive localized flux measurements
in wound core power transformers supported by FEM analysis.
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TABLE II
PEAK FLUX DENSITY HARMONICS CONTENTS

The originality of this work lies on the analysis of the flux den-
sity distribution on the outer side cores showing lower field
values compared to the central ones and simultaneous time vari-
ations.

The authors believe that the findings of this work may offer
great services in improving wound core transformers with re-
spect to reducing core losses and magnetostriction noise.
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