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Abstract

This paper shows experimental results of longitudinal flux density and its harmonics at the limb, the yoke and the corner as well as

normal flux in the step lap joint of a single phase, Si–Fe, wound transformer core. Results show that the flux density as well as the

harmonics content is higher in the inner (window) side of the core and reduces gradually towards the outer side. Variations of flux density

distribution between the limb and the corner or the yoke of the core were observed. A full record of normal flux around the step lap

region of the model core was also obtained. Longitudinal and normal flux findings will enable the development of more accurate

numerical models that describe the magnetic behavior of magnetic cores.

r 2008 Elsevier B.V. All rights reserved.
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1. Introduction

It is well known that analysis of flux distributions in
transformer cores can be used to obtain a better under-
standing of the effects of using various geometries,
materials, or core designs as well as the impact of
manufacturing processes on the power loss. The required
optimum selection of material–geometry combination and
manufacturing process depends on such an analysis. Many
researchers have published their results from investigations
of the flux distribution in stacked type transformer cores
[1,2]. In counterparts, there is relatively few published work
in the case of Si–Fe wound type transformer cores and
some issues remain unclear [3,4].

Furthermore, standard finite element techniques by
using tensor analysis of magnetic permeability with three
main axes for grain oriented steel laminations representa-
tion enable prediction with sufficient accuracy of the global
parameters and leakage flux distributions in power
- see front matter r 2008 Elsevier B.V. All rights reserved.
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transformers. Accurate determination of the local magne-
tizing field and associated power loss distribution in the
core needs, however, take into consideration vector
magnetic field analysis [5], hysteresis phenomenon [6–8],
as well as lamination joint effects [9]. Such considera-
tions leaded to the development of homogenization
techniques [11].
In this paper, experimental investigations of flux

distribution along single core laminations and from
lamination to lamination in the step lap region, in a single
phase model wound core are presented in view of
improving finite element analysis of such phenomena.
2. Longitudinal flux density measurements

The analysis is based on a single-phase wound core of
high permeability steel with a nominal loss of 0.72W/kg at
1.5 T, 50Hz shown in Fig. 1. The core has been annealed to
remove harmful stresses induced by manufacturing pro-
cesses during its production. A 23 turns primary coil was
supplied from a 230V, 50Hz single phase supply via an
appropriate autotransformer in order to magnetize the core
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Fig. 1. Wound core modeled (dimensions in mm).
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Fig. 2. Flux density distribution across the limb of the core.
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Yoke-Flux Density Distribution

Fig. 3. Flux density distribution across the yoke of the core.
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Corner-Flux Density Distribution

Fig. 4. Flux density distribution across the corner of the core.
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from 0.73 to 1.66 T. Two turns search coils wound
around the total width of the sheet, were inserted at the
1st, 3rd, 6th, 9th, 22nd, 35th, 48th, 61st, 74th and 87th
sheet of the core across the limb (L ¼ 183mm), the yoke
(Y ¼ 57mm) and the corner (C ¼ 24.3mm) of the core.
Search coils for measuring local field distribution in wound
cores have been used before [3,4]; however, the present
work gives results in a flux density range of higher
industrial interest and complements previous work by
investigating the flux distribution not only in the limb but
also in the yoke and the corner of the core presenting
important differences.

Solderable enameled copper wire 0.1mm in diameter was
used for the search coils. The overall loss of the core 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 captured
by directly connecting the search coils into a NI6143
DAQ card inputs. Necessary calculations and analysis
of the captured data were carried out using LabView
software.

Figs. 2–4 show flux density distribution in the core across
the limb, the yoke and the corner of the core, respectively.
The general trend in these figures is that the flux density is
lower at the 1st sheet, rises at the 3rd to the reference
magnetizing level and then decreases almost linearly until
the outside of the core (sheet 87th). It was expected to see a
decrease of flux density from inner to outer side of the core
due to the difference in magnetic path length. The low flux
density values in the 1st sheet could probably be attributed
to flux leakage and/or to internal stress. A flux density
variation, in the order of several tens of mT even a hundred
mT in some cases, between the limb, the yoke and the
corner of the core is observed justifying the positioning of
the search coils.

Figs. 5 and 6 show the magnitudes of the fundamental,
the third and the fifth harmonic components of the
localized flux density from search coils in the 3rd, 22nd
and 74th lamination when the core is magnetized from 1.0
to 1.7 T. It must be noted that for presentation purposes,
the magnitudes of the third and the fifth harmonic
components are multiplied by a factor of 10.
3. Normal (interlaminar) flux measurements

The normal flux was measured in the step lap region of a
wound core using single turn search coils whose plane was
parallel to the sheet plane. Similarly with the longitudinal
flux experiment 0.1mm enameled copper wire was used for
the search coils. No significant variation of power loss in
the core was observed after the insertion of the search coils.
These were positioned so that a full record could be
obtained of the flux flowing normal to the plane of the
sheets 17 and 18.
Fig. 7 shows a cross-section of the wound core where the

normal flux search coils were located. The black dots
represent the search coil wires which are placed on the
surface of the sheet (plane of the sheet) and between
sheets. Search coil 4 only was wound around the total
width of the sheet and was used to measure longitudinal
flux flow (F6). Each maximum flux shown in Fig. 7 was
calculated by subtracting the maximum flux flowing
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Fig. 5. Harmonics components of the localized flux density when the core is magnetized at 1.7, 1.6 and 1.5T.
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Fig. 6. Harmonics components of the localized flux density when the core is magnetized at 1.4, 1.3 and 1.0T.

Fig. 7. Detail of a wound core section showing the locations of search coils used for normal flux density measurements (figure not in scale).
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through the areas confined by two neighboring search coils.
For example, F8 is calculated by subtracting the flux
through search coil 10 from the flux through search coil 9.
Similarly, the maximum flux was calculated in the rest of
the locations.

Table 1 shows the normal flux findings in the step lap
joint of the model core at core flux densities 1.0–1.8 T. F6 is
the longitudinal flux flowing through the total cross-section
of sheet 18. There are cases where the flux values are small
or even negative. In these cases, simply the flux flowing in
the largest of the two search coils is very close to the flux
flowing through the smallest search coil. It has also to be
born in mind, the difficulty of positioning the search coils
exactly at the desired locations shown in Fig. 7 while
winding the magnetic core. This is mainly the reason for
having some discrepancy in regions involving very small
flux density values.
Fig. 8 shows percentage ratios of normal flux (F1 and

F8) to longitudinal flux (F6) in two adjacent sheets in the
core. The difference in the results could possibly be
explained by the difference in the air gap between sheet
17 and 18 (2mm) and the air gap between sheet 18 and 19
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Fig. 8. Ratio of normal to longitudinal flux as a function of reference core

flux density.

Table 1

Maximum flux values in the step lap joint of the wound core under test

mWb Core flux density

1.0T 1.3T 1.5T 1.6T 1.7T 1.8T

F1 4.50 7.11 10.14 12.24 14.46 16.44

F2 0.93 1.38 1.56 1.40 1.30 1.26

F11 1.42 1.60 2.21 2.50 2.81 2.35

F9 4.3 6.02 8.19 10.28 12.24 13.11

F8 3.23 5.97 7.44 8.72 11.64 14.92

F10 1.26 1.32 2.21 1.94 2.25 2.5

F10b �0.08 0.02 0.54 1.56 2.14 2.05

F3 �0.06 0.28 0.33 0.47 0.06 0.74

F4 0.69 0.09 0.20 0.07 �0.05 0.21

F6 36.5 49.25 60.5 70.75 80.64 90.0
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(3mm). The larger the air gap the larger the flux through
the step lap area (the flux prefers the easiest path).

It is recognized that normal flux has been investigated
extensively and successfully by other groups [1,2] never-
theless, according to our knowledge, results in wound cores
have not been reported elsewhere. Löffler et al. [10]
reported that at 1.7 T, the normal flux in their experimental
core was ‘‘approximately 12%, 24% and 26% of the
nominal overall flux for g-0; 1 and 4mm, respectively’’.
These compare well with the present results and are of the
same order of magnitude confirming the experimental
procedure.

In wound cores, it is difficult to vary and control the air
gap length and therefore the investigations were not
exhaustive. Nevertheless, the present results together with
existing results in the literature are expected to become a
tool in quantifying the power losses attributed to the
normal flux component.

4. Conclusions

Longitudinal and normal flux distribution in model
Si–Fe, single phase, wound transformer cores were
investigated experimentally. Results show that the flux
density as well as the harmonics content is higher in the
inner side of the core and reduces gradually towards the
outer side. Variations of flux density distribution between
the limb and the corner or the yoke of the core were
observed.
Longitudinal and normal flux findings will enable in the

next phase of the project with the development of more
accurate numerical models that describe the magnetic
behavior of wound transformer cores, by developing
appropriate homogenization techniques.
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