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Abstract. The paper presents some results of the investigation of stray
losses in power transformers that are caused by high-current loops. The
investigation was focused on: a) additional losses in tank cover around
high-current bushings and the way of their reduction, b) extra leakage
flux and additional losses due to high current delta-connections. The
insertion of nonmagnetic gaps between the phase bushings reduces the
extra cover losses more than three times. A nonmagnetic plate around
the high-current bushings reduces these extra losses practically to zero.
The extra losses due to the high-current delta-connections could be
significant for the transformer loss level. These extra losses could be
controlled (reduced) by the design layout of the delta-connections.

1. INTRODUCTION

Today's market situation in the transformer field with requirements of high reliability,
high loss evaluation and low cost imposes pressure on large power transformer
producers for a permanent improvement of their design solutions. One very important
component in this attempt of improving transformer design is the reduction of
transformer losses, and in particular the reduction of the so-called stray losses.

The stray (or additional) losses are the component of the total load loss and they
are produced by electromagnetic flux in the windings, tank, core, core clamping
plates, magnetic shields, etc. [I]. They are determined by subtracting the ohmic I2R
component from the measured load loss. The investigation of the leakage flux and
the stray losses is very important for large power transformers, as the relative amount
of stray losses may be 20-50% of transformer load loss [2]. The stray losses in
transformer metallic parts are caused by magnetic leakage flux generated basically by
the current passing through the windings but also by the high-current loops outside
the windings. The losses due to high-current loops are sometimes neglected although
they can be relatively very high and dangerous.

The problem of transformer stray losses can be considered from three aspects:
how to calculate them as accurately as possible, how to reduce them to a reasonable
level, and how to prevent possible dangerous local overheating of some transformer
parts resulting from these losses.

As the stray losses are generated in many places in a transformer, it would be
extremely difficult to cope with all the three aspects of the stray loss problem if the
location of the losses is unknown. Therefore, trie investigation of stray loss location
inside a transformer is of great importance.

This paper deals with two aspects of the extra stray losses due to high-current
loops: a) the losses in tank cover around high-current bushings and the ways of their
reduction, and b) the loss component due to high current delta-connections. The aim
of this investigation is to collect results of practical significance for the transformer
designers.
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2. LOSSES IN TANK COVER

Very high additional losses can be generated in the tank cover around high-current
bushings, as it was previously shown and studied in detail by Turowski [3]-[5]. Our
investigation was therefore restricted only to some practical ways of controlling and
reducing this loss component.

Figure 2: Sketch of the three-phase transformer model outside the tank. The
tank is of rectangular shape, with dimensions 1457x567x1138 mm.

Q) b) c )
Figure 2: Tank cover variants: a) mild steel cover, b) mild steel cover with

nonmagnetic insertions (shaded) between high-current bushings, c) mild steel
cover with nonmagnetic plate (shaded) around high-current bushings.

The losses in the cover were determined as the difference between the measured
losses with and without the cover. The losses were measured with the transformer
active part in and outside the tank, but the difference in the cover losses between these
two experimental procedures was minor and therefore ignored in the presentation of
the results. The losses were measured by a digital three-phase wattmeter (NORMA
Power Analyzer D4000) of the basic accuracy 0,2%. The losses on the model were
measured with the low-voltage winding short-circuited and the high-voltage winding
excited, which is the usual test procedure in measuring load loss in power transformers
[6].
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Figure 3: Variation of measured losses in the tank cover with line current and
the cover design. Ps - additional losses in the cover, I - line current.

Fig. 3 shows the measured losses in the cover for a conventional cover design (i.e.
without any nonmagnetic insertion or plate, Fig. 2a), and the achieved loss reduction
with nonmagnetic insertions (Fig. 2b) and nonmagnetic plate (Fig. 2c). It is evident
that the use of nonmagnetic material on the cover around high-current bushings
reduces substantially additional losses in the cover. A nonmagnetic gap of only 20 mm
inserted between the phases (Fig. 2b) reduces the cover losses roughly three times. In
case of a nonmagnetic plate around the high-current bushings (Fig. 2c) the cover
losses are reduced practically to zero. From the results presented in Fig. 3 we can
conclude that the use of nonmagnetic parts around high-current bushings is essential if
the line current is higher than 2-3 kA. If the line current is about 10 kA, which is a
typical value for a large generator transformer, the extra losses in the cover reach a
significant and dangerous value of 20 kW.

3. HIGH-CURRENT DELTA-CONNECTIONS

It was reported in [7] that the leakage magnetic flux around high-current delta-
connections could cause very high additional losses. This phenomenon is of great
importance for an appropriate design of large generator transformers because these
transformers usually have low-voltage winding delta-connected.

Although this problem has great practical consequences for a good design
solution, it is not adequately treated in the technical literature. Therefore, the aim of
this investigation has been to look more deeply into the phenomenon and to find some
practical design solutions.
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We investigated the problem on the model in Fig. 1 for four different connection
designs according to the Fig. 4. The stray losses and leakage flux were measured on
the model. The stray losses were measured both on the model outside the tank and in
the tank. The leakage flux was measured on the model outside the tank only. The
measurements were performed at winding excitation of 8000 amperturns. The phase
current at delta-connected low-voltage winding was 1600 A.

a) c) d).

Figure 4: Different delta-connection arrangements.

It has been found that the delta-connections generate very high leakage flux and
some extra stray losses. The layout of the connections has a considerable influence on
the level of the leakage flux and the stray losses.

The measured stray losses for different delta-connection layouts (Fig. 4) and for
three experimental procedures are given in table I. Namely, in order to locate the
influence of the delta-connections on the level of stray losses, the losses were
measured on a) the model outside the tank, b) the model outside the tank and without
the mild-steel core's yoke clamping plates, and c) the complete model with the tank.
Fig. 5 shows the radial flux (induction) measured with a Hall probe along-side the
horizontal centerline of the model (i.e., at the horizontal line 530 mm from the bottom
of the model) that was positioned 16 mm from the outer winding. The measuring took
place on both sides of the model, i.e. at the side with delta-connections and at the side
without them.

Table I: Measured stray losses P for different delta-connection designs.
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Without the tank
Without the tank and without the yoke
clamping plates
With the tank

The results of loss measurement presented in table I suggest that the leakage flux due
to the delta-connections could produce significant extra losses. It is also very
important to note that these extra losses could be controlled by the way the delta-
connections are designed. The design according to Fig. 4a or Fig. 4b is much better
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than the design according to Fig. 4c or Fig. 4d, in spite of the fact that all four layouts
in Fig. 4 are electrically identical. The results in table I confirm that these extra
lossesare produced in many transformer parts: tank, yoke
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Figure 5: Measured radial induction on the model's side with delta-
connections(l) and on the side without delta-connections (2), for the variant

according to the Fig. 2b. U, V, W - position of the centerline of the phase U, V
and W respectively.

clamping plates and also in the windings. It seems that the major part of these extra
losses is located in the tank and the windings.

Results in Fig. 5 show that the delta-connections generate a very high extra
leakage flux. To evaluate correctly the results in Fig. 5 it has to be pointed out that no
radial flux should be found at those points where the measurements were made (i.e.,
vertically in the middle of the model) if we ignore the influence of delta-connection
loops. It is somewhat surprising that even on the side without delta-connections (i.e.,
on the high-voltage side) there is some extra leakage flux. The leakage flux level of
5-6 mT is quite high for a small model like the model used in our investigations.

4. CONCLUSIONS

In an effort to improve the design procedures regarding the stray loss problem,
we have investigated the level of extra stray losses produced a) in the tank cover
around high-current bushings, and b) in windings, tank and other metal parts of the
transformer due to the leakage flux of the high-current delta-connections.

By inserting nonmagnetic gaps on the cover between the bushings the extra
stray losses could be reduced more than three times.

It has been shown that the extra stray losses due the high-current delta-
connections could be controlled by the layout of the connections. The arrangement
according to the Fig. 4b seems to be the best one.

Although the results of these investigations are obtained on a transformer model,
the conclusions are of a general character and can be used in the design of typical
power transformers.
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