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ABSTRACT

Harmonic frequency leakage flux can be a limiting
factor in 3-phase, 3-winding HVDC converter
transformers. Investigation of a 3-phase, 3-winding
240 MVA converter transformer failure indicated
the failure was caused by harmonic fluxes.
Cdlculations indicated that the magnitudes of these
harmonic fluxes to be approximately 45% of the
power frequency leakage flux for the transformer,
and are little affected by the transformer impedance
or the converter firing angle.

A study of the failed transformer loading during its
life was made, and a cal culation made of the hot spot
temperature considering various insulation half-life
factors. Based on published information on
insulation half-life factors it was estimated that at
full load the hot spot temperature of the transformer
was about 159°C. From examination of the
insulation in the hot spot area, this estimate of hot
spot temperature was considered reasonable.

BACKGROUND

The Highgate Converter Station in Vermont is an
HVDC back-to-back transmission system with a
nomina rating of 200 MW. There is a single 3-
phase, 3-winding converter transformer on each side
of the station. The ac voltage on the north (Hydro
Quebec) side is 120kV, while that on the south
(VELCO) side is 115 kV. The transformers on both
sides of the Station, as well as the ‘common’ spare,
areall 240 MVA and are of the same design.

In September 1985 two transformers went into
service, one on the north and the other on the south
side of the station. From 1985 to 1988 the maximum
loading was about 175 MVA, due to transmission
system constraints. Then from 1988 until 1995 the
maximum loading increased to 240 MV A. Between
1995 and the time when the south side unit failed the
transformers were operated generaly a up to
240 MV A, but occasionally at overloads of up to
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260 MVA. These overloads are within the design
capacity of the transformer. In August 1996 the
south side converter transformer failed after eleven
years in service. The transformer was tripped by the
gas detector relay on “fast gas’.

DESCRIPTION OF THE TRANSFORMERS

The transformers are 240 MVA, 120 kV +15% Gnd
Wye/23.3 kV delta/23.3 kV wye, with an impedance
of 12.7% on the nominal tap. Each “core type”
transformer has a three leg core, with three windings
on each leg. On each phase there are two LV
windings, each rated for 120 MVA, one connected
in delta and the other in wye. There is a wye
connected HV winding, rated 240 MV A. Each of the
HV windings are in two parts, a main winding and a
tapping winding, and these parts are each in two
sections, electrically in parallel, one at the top half of
the core and the other at the bottom half. A cross
section of the winding arrangement on one phase is
shown in Figure 1. Next to the core are the two LV
windings, both have the same inside and outside
diameters, and are arranged one above the other.
These LV windings consist of two layer disc-spiral
windings. Outside the LV windings is the major
insulation, followed by the main HV winding, and
outside the main HV winding is the tapping winding.

EXAMINATION OF THE TRANSFORMERS
After the cover of a particular transformer had been
removed, the core and winding assembly was
removed for repair. The top yoke of the core was
removed, and the windings taken off the core leg.
Then the LV windings were removed for
disassembly.

The First Transformer (South Bus)

This was the transformer that had failed in service.
The failure had occurred at the bottom of the top LV
(or delta) winding in the inside layer of one phase. It
would be expected in the case of the failure in a
large transformer, that most of the evidence, in this




case of overheating, would be destroyed or masked
by the short circuit itself. However, in this
transformer there was ample evidence of damage to
the insulation as aresult of overheating. Damage had
occurred not only on the other end of the faulted
winding, but aso on the other LV winding on that
phase, and on al the LV windings on the phases.

240 MVA, 3-Phase Transfor mer
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The three end turns at the top and bottom of both LV
windings had been provided with extra insulation.
The examination showed that these end turns had
been subject to damage as a result of overheating,
and that the damage had been greatest at the centre
of the leg where the two LV windings are adjacent,
close to point “A” in Figurel. The damage was
most extensive on the end turns on the inside layer,
and was worse on the top or delta winding than on
the bottom or wye connected winding point “B” in
Figure 1.

At the other, or outer end of the LV windings there
were also signs of damage due to overheating but to
amuch lesser extent (point “C” in Figure 1).

The Second Transformer (North Bus)

The second transformer aso carried the same LV
currents as the first unit for the first eleven years. In
addition it had been in service for eight months
longer. As expected the degree of overheating
damage was greater. This unit did not fail in service
but was repaired based on the findings of the
investigation into the failure of the first transformer.
Other than the faulted area in the first transformer
the pattern of damage in the two transformers was
the same. For example the continuously transposed
conductor enamel at the bottom of the top winding
in the second unit had become completely
carbonized and in effect had fused with the remains
of the overal paper insulation “outside’ it. A
photograph of the damage to the bottom of the delta
LV winding on phase 2 is shown in Figure 2.

Damage at the bottom of Delta LV winding

Figure?2

The "Spare” Transformer

This transformer was only in service for 18 months,
and for over 15 months of this period the converter
loading was limited to 180 MW. In 1997 the
repaired “north” unit replaced this transformer. The
“gpare’ transformer was sent to the factory for
examination.

This transformer did not fail in service, but because
of the experience on the firss and second
transformers, and because this unit produced
significant amounts of gas-in-oil, particularly carbon
monoxide, it was sent to the factory for examination.

As expected, a considerable amount of damage was
found to the top of the Y windings and rather more
damage to the X windings.



DISCUSSION

The most extensive damage was found on the end
turns of the inner layer of the LV windings,
particularly at the 'centre’ of each phase where the
LV windings are adjacent.

In aconventional ac power transformer with two LV
windings and an HV winding on one leg, the
currentsin the two LV windings are usualy in phase
or close to it. Normally this would be the case even
if the two LV’'s were of different vector groups,
although for generator transformers for example
they would both be connected in ddta. In a
converter transformer, one LV is connected in wye
and the other in delta, and because the converter
valvesin the two groups fire 30° electrical apart, the
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leakage flux in the two windings will be different.
The difference in leakage flux between the two
windings with the normal operating firing angle of
20° and overlap angle of approximately 16°, is
shown in Figure 3. The waveforms and magnitudes
of the valve winding phase fluxes are shown at the
top and centre of Figure 3. In the case of the delta
while the current is reduced by a factor of 1/3, the
number of turns is C8 larger and hence the flux F

becomes as shown. The difference between these
fluxes is shown at the bottom of Figure 3. Note the
wye winding leakage flux is taken as 1.00 and the
60 Hz fundamental frequency component of this flux
isp/O6 = 1.28 p.u. This calculation shows that there
will be a difference in the RMS leakage flux
amounting to some 44.8% of the norma 60 Hz
transformer leakage flux. The waveform of this flux
has 300 Hz and 420 Hz components of 37.1% and
23.2% respectively, plus some higher harmonics.
Due to the difference in the phase angle of the
harmonic currents of the two LV windings, this flux
difference is prevented from linking both LV
windings. Due to the low reluctance of the core the
flux passes between the two LV windings and enters
the core steel. This flux can affect particularly the
end turn of each winding in the “gap” between the
windings, and because of the high harmonic content
it may cause localized heating of the winding
conductors due to induced eddy currents.

The radial component of flux in the vicinity of the
end of the LV windings will cause eddy currents in
the local conductors. As the LV windings were
wound spiraly the haf turn at both ends of a layer
tended to “stick out” beyond the level of the turn in
the other layer. The axia height of the original delta
winding conductors was over 18% larger than those
on the wye winding conductors. Larger conductors
will have higher eddy losses and hence the delta
winding conductors would be expected to get hotter
than the wye winding. This is probably the reason
why the delta winding failed on the first transformer.

To make meatters worse, the three end turns on each
layer of the LV windings had more insulation on
them in the origina design. This insulation was
provided to increase the impulse strength of the
winding. Thus the end-turns had to withstand greater
internal loss due to eddy current losses from the
harmonic leakage flux, while at the same time,
because of the additiona insulation, had less
effective cooling.

The magnitude of the leakage fluxes for the various
conditions discussed below were calculated using a
computer program which uses classic formulae as
given in the references 1 and 2. The results of the
calculations for a given firing angle are the same
whether considering arectifier or an inverter. All the
calculations apply to the conditions at full load
current. The only harmonics that need to be
considered are the 5", 7", 17" and 19" frequencies.



The 11", 13", 23® and 25™ harmonic fluxes are in~ harmonics in the difference leakage flux as well as
phase and will link both windings. Harmonics above the RSS of the resultant is shown in Figure 5.
the 30™ are small and can be neglected. TABLEL
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The results indicate that, within the range of
practical transformer reactances and the normal
operating firing angles of HVDC converters, the
difference in leakage flux in the LV’s only varies by
some 15% and for general converter transformer
design use may be taken as 45% for practical
purposes. The 5th and 7th harmonic components
may be taken as 37% and 25% respectively.

REMEDIAL ACTION

The dimensions of the replacement LV windings
were constrained by the size of the origina LV
windings. The LV windings were re-designed with
much smaller conductors and a larger number of
conductor strands. All of the additional insulation on
the end turns except for a single pressboard angle
ring were dispensed with. The temperature rise test
on thefirst repaired transformer was satisfactory, the
average winding rise on the delta connected LV
winding was reduced by 5.5°C compared with the
original design. This was achieved in spite of an
increase in the I°R loss still using CTC conductors.
These conductors have a larger number of paralel
strands, occupy the same space, with each strand
being smaller than the original. This results in a
dlightly higher average current density. However,
there was an overall reduction in stray loss, both the
normal “60 HzZ" stray loss plus the harmonic loss,
that more than compensated for the increased I°R
loss. As well as redistributing the losses and
decreasing the total load loss in the LV windings,
the cooling was aso improved by eliminating the
additional insulation on the end turns of the LV
windings.

In turn, al three transformers were repaired and
factory tested. The tests on the LV windings were
performed at the full design test levels, while the
origind HV windings, which were reused, were
tested at reduced levels. The first repaired unit was
subjected to a temperature rise test with alowance
for harmonic currents. After testing, each
transformer was returned to site. The first unit was
in service from April 1997. The second transformer
was in service from October 1997 until September
1998, when it was taken out of service so that the
third unit could be installed in order for it to be in
service during its warranty period. There have been
no peformance problems on the repared
transformers.

When the third, ” Spare”, unit was repaired, it had a
fibre optic winding temperature measurement
system installed. When in service, the temperature as

measured by the sensors in the previously “hottest
spots’, as observed by the examinations described
above, the temperature did not exceed 80°C, and
were close to the calculated values.

CONCLUSIONS

a) Because of the special characteristics of
converter operation, with three phase three
winding converter transformers with two
same diameter LV windings on each core
leg, there is a significant component of
leakage flux that passes between the two
LV windings.

b) For practical design purposes the magnitude
of the component of leakage flux between
the LV windings may be taken as 45% of
the power frequency transformer phase
leakage flux. This flux includes 5th and 7th
harmonic components of 37% and 25%
respectively.

C) As far as converter operation is concerned,
variation of firing angle has little effect on
the magnitude of the harmonic leakage
fluxes.

d) Converter transformers with both valve side
windings on the same leg need to be
designed to cope with these fluxes. This
requires the use of small enough conductors
to reduce the eddy current heating to
acceptable levels and/or providing adequate
cooling at the ends of the windings.

€) From an analysis of the converter loading
discussed in the Appendix, it has been
estimated that the local hot spot of the
winding reached almost 160°C when the
converter was operating continuoudly at full
load.



APPENDIX

LIFE CONSUMED OVER DIFFERENT PERIODS
Four different insurance companies carried the
insurance coverage during the service life of the first
transformer. As aresult it was necessary to estimate
the amount of damage sustained to the transformer
over the various periods of coverage.

Ageing is primarily determined by winding hot spot
temperatures. The hot spot is a function of the
transformer loading and ambient temperatures.

The tota life for this transformer was from 1985
until 1996 when failure occurred, a period of about
96,200 hours. The loading for the transformer was
obtained from three sources, from chart recorder
sheets up to the end of 1989, from operator’s logs,
and after the beginning of 1990 from a computer log
of hourly converter loading. The forced coolers had
been set up with the fans operating when the
winding temperature reached about 80°C. As aresult
the transformer would have operated at a fairly
constant oil temperature throughout the year. To a
close approximation, the winding gradient will vary
in proportion to the square of the converter current.

The effective hours were calculated, with respect to
aconverter load of 200 MW, using:

a¥500 - LeXTo00 0
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where

He = theeffectivetime (hours/hour)

L = effective heating at the load in that hour

F, = haf lifefactor

Txo = hot spot temperature at a converter load of
200 MW

Using these calculations, for each hour of converter
operation the effective time was determined. For
different converter loadings the value of H, was:

Load (MW) Effective Time H, (hours/hour)

160 0.007 (25.5 seconds)
180 0.07 (4 min 40 sec.)
200 1.00 (60 min.)
220 18 (18 hours)

Taking the nominal converter loading of 200 MW as
the reference, 160 MV A for one hour would produce
the same amount of insulation deterioration as
200 MW for 36 seconds, while 120 MVA for one
hour would produce the same amount of insulation
change as 200 MW for 15 hours. The cause of life
"consumed" against MW loading shown in Figure 6.
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Asthetotal life of the failed transformer was known,
using various vaues of F,, it was possible to
calculate what hot spot was required in order to
achieve the actual total life. For each of these
calculations the amount of life "used up” in any
given period was exactly the same, all that changed
was the value of Tog.

The "straight line" plot of Tog against F, isshownin
Figure 6. The values of F, from 7 to 10 covers the
range generaly referred to in the literature. In
Reference 3 for insulation temperatures above
120°C, the value of R, is 8°C. From our calculations
this gave one "chosen value" of Ty of 159°C. This
appeared to be consistent with the damage that was
found in the transformers.

Because the life of the original south transformer
was known, changing the insulation half life factor
did not affect the amount of damage for any
particular period. What did change was the hot spot
temperature. Plotting Hot Spot Temperature against



insulation half-life temperature "rise" gave the curve
shown in Figure 7.
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According to McNutt, [Reference 3] for insulation
temperatures over 120°C, an 8°C-temperature
increase halves the insulation life. For this half-life,
Figure 7 gives a hot spot of 159°C. It isfelt that this
corresponds reasonably to the temperature required
to produce the winding insulation deterioration that
was observed.
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