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Abstract---This paper particularly examines the transient
electromagnetic performance of the core for a three phase
400/275 kV five limb and a three phase 400/275 kV three limb
autotransformer, under normal and saturating conditions, by
utilizing Finite Element techniques. This case study provides an
insight on the level of saturation, under ferroresonance, that can
be experienced by the various types of transformers of the UK’s
National Grid system, highlighting those units which are
consider ed most vulnerable.
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|. INTRODUCTION

errosonance is attributed to the interaction between the

nonlinear characteristics of the transformer core with
system’s capacitance [1]. It is a low frequency phenomenon
that may occur in a power transformer when one side of a
double circuit transmission line connected to the transformer
is switched out. The transfer of power from the adjacent
energized line through capacitive coupling into the de-
energized line could excite the unloaded transformer
therefore saturating the core.

Core saturation will mean that the core flux density
waveform will be non-sinusoidal and have a harmonic
content giving rise to additional core loss, increased
temperature rise and accompanying increase in noise level
with unusual overtones present.

Moreover, in older transformer designs, the main limbs,
yokes and any 4th and 5th limbs are held together with core
tie bolts which pass through the whole core stack. These core
bolts can pose a particular danger during core saturation
events.

The autotransformer units of National Grid UK can have
either a three-limb or five-limb core. The three limb core has
one phase on each core limb, while the five limb core
structure has three main limbs carrying the windings. The
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outer 4th and 5th side limbs act as return paths connecting
the top and bottom yokes.

This case study particularly examines the transient
electromagnetic performance of a three phase 400/275 kV
five limb and a three phase 400/275 kV three limb
autotransformer under normal and saturating conditions,
using the Finite Element software — slim [2]. The main
objective is to identify the susceptibility of the core of these
two different structures towards ferroresonance.

Il. TRANSFORMER CHARACTERISTICS

The autotransformers basic information is tabulated in
Table |. The core of both transformers is made out of Unisil
sted 27M4. Fig. 1 illustrates the material’s characteristic
curve, as obtained from the manufacturer, on a semi-log plot.
The physical dimensions of the structures, i.e. core limb and
yoke, winding, insulation clearance and other structural parts
were available from manufactures’ design data sheets. The
test reports of these transformers were also available.

TABLEI
AUTOTRANSFORMERS CHARACTERISTICS

Units Description SGT1 SGT2
Rate- HVILV 1000 MVA -400/275KV | 1000 MVA - 400/275 kv
Tertiary Yes Yes
Limbs - % Ratio (5) - 60/60/100 (3) - 1001100
Type—Vector AUto - Yy0 Auto - Y0
Manufactured Year 1996 1980
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Fig. 1. Unisil 27M4 Sted Characteristics
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I1l. SIMULATION MODEL DESCRIPTION

A. Existing Relevant Smulation Practices

An important aspect to accurately assess the core state
under normal or most importantly saturating conditions isthe
topologically correct representation of the core.  The
researchers efforts so far, have been focused in developing
mathematically adequate transformer models for computer
transent simulations, many of which require significant
approximations to account for the absence of correct topology
of the limbs [3]. A characteristic validated application of the
latter type of models can be found in [4]. In [4] athough
attaching the non-linear effect externally to the mode is an
approximation, it is reasonably accurate for frequencies below
1 kHz.

Moreover, the detailed transformer models described in
literature, which have reflected on the importance of accurate
representation of the core, are primarily based on the
principle of duality [5]. Utilizing this principle the developed
transformer models can incorporate the saturation effects of
the limbs and the yoke separately and further on they can
account for the leakage effects and the capacitive coupling
[6].

However, the complexity of a transformer’s geometrical
structure still poses a challenge for researchers to understand
the flux redistribution during core saturation [7]. For the
context of this paper it is imperative to use a model that is
able to provide visual evidence of the core state both under
norma and ferroresonance conditions. This has been
achieved through the use of dim dectromagnetic software
[2].

A transient time domain analysis was carried out by using
geometrically accurate two dimensiona models; one for the
three limb transformer and one for the five limb transformer,
under the same exciting conditions. Specificaly, the
transverse view models, shown in Fig. 2 are used to establish
the level of core saturation under the same ferroresonance
conditions, as will be detail ed.
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Fig. 2. Finite Element Mesh for 3 and 5 limb core transformers (2D transverse
view)

B. Ferroresonant Conditions Imposed

In the finite element simulations, a small time step is
necessary in order to model accurately the rapidly changing
waveform, especially when dealing with peaky ferroresonant
currents (fundamental mode). Unfortunately, any available
field measurements of voltage and current were made only
every 1 ms, too crude for use directly in the finite element
calculation. Instead, it was necessary to make a cubic-spline
fit (whose output was fine enough to be suitable for usein the
finite element calculation) to the field test data waveforms
and use the cubic-spline as the input to the time domain
analysis.

Typical field ferroresonant current waveforms such as the
ones modeled (curve fitted) were described in [4]. These
correspond to the same type of transformers as those utilized
in this case study. It should be clarified that the same
ferroresonant current waveforms were imported to the finite
element solver, for both three limb and five limb model
structures.

C. Finite Element Modeling Specifics

The software used, calculates the winding flux linkage by
utilizing the vector magnetic potential, expressed in Wh/m —
flux divided by the length in the direction of the vector
component considered and the current component producing
it. The windings are treated as current sources and are
assumed to be sufficiently finely stranded and transposed so
that no eddy currents are induced in them. The relationship
between winding flux linkage and average vector potential is
givenin[9].

Furthermore, within the 2D magnetic field solvers
employed, stacking factors are utilized to modify permeability
values in the 3 Cartesian directions. The user specifies values
of relative permeability for linear materials or BH data files
for non-linear materials, as in this case. Consequently,
directional anisotropy in the core is modeled via stacking
factors [10]. For the purpose of this study the stack factors
utilized are: sfy =1, sfy = 1 and sf, = 0.97 for the x-y-z
directions respectively. It should be noted however, that the
directional permeabilities will not significantly influence the
leakage flux and in the case they are ignored this will give a
pessimistic result.

Lastly, for these finite element studies the tank was not
modeled explicitly, but instead was represented by a
constrained (flux line) boundary. This constraint boundary
would not alow any flux to escape beyond the tank inner
surface.

IV. SIMULATIONS

For Y connected 400 kV windings the line current is the
same as the phase current; the current waveforms (normal
and ferroresonant) were used to provide the excitation, i.e. the
amp-turn product on the 400 kV winding, for the transient
studies of the modelsin Fig. 2.



A. Steady Sate Conditions

Prior to ferroresonance currents injection, the 50Hz
magnetising current, as found in the test reports, has been
injected at the 400 kV side. This study serves the scope of
calibrating the core to account for all the small gaps at the
joints of the core laminations, which are unavoidable during
core manufacture. More specifically, according to test reports
the magnetising current of 0.363 A rms at the 400 kV side
would produce a peak flux density of 1.7 T, for the 5 limb
core. As far as the 3 limb core is concerned, the three phase
50Hz magnetising current of 0.167 A rms at the 400 kV side
would produce a peak flux density of 1.7 T.

To aign the model with the practical condition of the
manufactured core, a modelling trick was applied. This has
been achieved by stretching the B-H curve. This method can
incorporate the effect of the air gaps (equivalent to step-
lapped joint) inserted across the yokes and outer limbs. The
principle is to scale the B-H curve until the calculated open
circuit voltages, are matched with the design’s sheet open
circuit voltages. It should be noted that this is one way of
calibrating the overall reluctance of the core model.
However, the shortcoming of this method is that any local
flux escape, at the joints, may not be accurately represented.

The magnetostatic studies performed have deduced a scale
factor of 1.4 for the five limb core and 1.1 for the three limb
core. This means that the magnetic field strength - H values
of the B-H characteristics of Unisil 27M4 were scaled
(stretched) by 1.4 and 1.1 times for the five and three limb
cores respectively. Fig. 3 illustrates the resulted time modulus
of the flux density distribution in both core models at zero
phase angle under normal magnetising conditions; Phase R
being the reference phase. It should be noted that the scale
factor of the 3 limb core is, as expected, lower - reflecting the
fewer joints present in the core.
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Fig. 3. TimeModulus of Flux Density Distribution within the Core

B. Ferroresonant Conditions
National Grid experience suggests that the sustained
fundamental mode of ferroresonance is the most severe case
due to the high energy transferred to the transformer.

Referring to [4] an approximate ratio of 1:2:1 for R:Y:B
exists for the fundamental mode sustained ferroresonance
voltages and currents of the three phases. PhasesR and B are
in anti-phase with phase Y, suggesting that al the three
phase limbs would become highly saturated at the same
instant. For the purpose of this paper, the sustained
ferroresonant currents of the unloaded transformer have been
used in the subsequent studies.

When the line currents of the transformer are added up,
borrowing the steady-state convention, 3ly= Ir+ly+lg, the zero
sequence current 3lg in this particular scenario is negligible
compared to the magnetization current. However, in cases
where this sum is not negligible, the tertiary winding ought to
be modeled to allow any zero sequence currents to circulate
within it. It should be noted that provison of a tertiary
winding on the 5-limb core would drasticaly alter the zero
sequence impedance, since zero sequence currents would be
able to circulate around the deta tertiary winding and thus
bal ance those flowing into the primary winding.

The modding of the tertiary winding becomes possible,
within the software used, by using an externa schematic
capture tool to add the necessary windings into the circuit as a
separate entity [8]. Therefore the currents can be induced in
the tertiary by the calculated fields.

Moreover, the Finite Element Analysis solution, for this
scenario, was carried out for 10 cycles (0 — 0.2 seconds).
Specificaly, the time domain magnetic 2D solver works by
performing a transient solution at each point in time, utilising
the excitation data corresponding to that specific timeinstant.
The induced currents are calculated from the differences
between the magnetic vector potentials of the present time
step and the previous time step.

The transient solution provides graphical snapshots of the
core flux density distribution at each time step. It should be
noted at this point that the pattern presented by Fig.s4 and 5
are periodic for the case of fundamental mode sustained
ferroresonance. This means that the same pattern is repeated
in a50Hz cycle. Fig. 4 illustrates the flux density distribution
for the three limb and five limb core structures.

The snapshot presented corresponds to the time step at
which al 3 phase ferroresonant currents are at ther
minimum values. It can be observed that there is no evidence
of core saturation in neither of the two structures. However,
the flux density in the yokes of the five limb sructure is
considerably higher (20%) than in the yokes of the three limb
structure.

Fig. 5 illustrates the flux density distribution which
corresponds to the time step at which al 3 phase
ferroresonant currents are at their maximum values. The plots
reflect the worst saturating conditions deduced by the Finite
Element Solution. The centre limb of the three limb structure
is saturated near 2.15 T, while the saturation of the outer
limbsisless, around 1.9T. As far as the five limb structureis
concerned, al three main limbs are highly saturated, while



the outer limbs are also considerably saturated. One can aso
observe that the yokes of the five limb structure are
significantly saturated as opposed to the yokes of the three
[imb structure, where there is no evidence of saturation.
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Fig. 4. Flux Density Distribution — Ferroresonant Currents (R:Y:B -1:2:1)at
their minimum values.
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Fig. 5. Flux Density Distribution — Ferroresonant Currents (R:Y:B -1:2:1)at
their maximum values.

It is perhaps more instructive to study the space average
permeability value for each element of the core limbs at each
instant time, as an index of the overall saturation of the
limb/yoke area. Fig. 6 illustrates a comparison of the time
space average permeability of the core limbs for the three
limb and five limb structure respectively. The space average
value of the permeability was found for each element
averaged over the area occupied by the core limbs.

Fig. 6 reveds that the lower average space permeability,
which encapsulates the core saturation state, can be the same
for both structures. However, the five limb structure can
maintain this low permeability value for longer time. It is
evident on Fig. 6 that the average space permeability

distribution of the three limb structure is sharper (peaky)
implying that the core limbs maintain that low permeability
value for shorter time, i.e. the peak saturation time is shorter.

Fig. 7 illustrates a comparison of the time space average
permeability of the yokes for the three limb and five limb
structures respectively, as described previoudly.

The lower permeability value of the yoke of the five limb
structure is considerably lower than that of the three limb
transformer. Moreover the duration for lower permeability
state, is increased which indicates that the yoke saturation in
afive limb structure is deeper and furthermore is maintained
for longer time.
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Fig. 7. Yoke Space Average Permesbility Vaue over time (R:Y:B - 1:2:1)

C. Senstivity Studies

In the event of fundamental mode ferroresonance
occurrence, the literature reveals cases where phases Y and B
are in anti-phase with phase R (an approximate ratio of 2:1:1
for RY:B) [7], in addition to the scenario presented in section
B (1:2.1 for RY:B). Fig. 8 illustrates the flux density
distribution which corresponds to the time step at which all 3
phase ferroresonant currents are at their maximum values,
corresponding to the scenario (2:1:1 for R:Y:B). The plots
reflect the worst saturating conditions deduced by the Finite
Element Solution, asit was the case in section B.

By comparing Figs 5 and 8 it can be observed that thereis
a considerable difference in the pattern of the flux density
distribution, even though the maximum flux density is
maintained around 2.15 T. Specifically in the case of the



three limb structure, the maximum flux density appears to be
on thelimb labeled R. i.e. the limb that itswindings carry the
maximum current. Interestingly enough, in this case scenario
a section of the yoke is considerably saturated (2.09 T) as
opposed to the previous case study. Sections of the yoke are
also highly saturated and in the case of the five limb
structure, when compared with Fig. 5. Also, the highly
saturated yoke forces the flux to escape, in the area between
limbsY and B, into the insulation space.

Fig. 9 illustrates a comparison of the time space average
permeability of the core limbs for the five limb and threelimb
structures, respectively. By comparing Fig.s 6 and 9, it can be
observed that the peak saturation time of the five limb
structure for R: Y: B - 2:1:1 is now reduced as opposed to the
ferroresonance current ratio R: Y: B — 1:2:1. This is evident
from the average permeability distribution which is sharper
(peaky) implying that the core limbs maintain that low
permeability value for shorter time, i.e. the peak saturation
timeis shorter.
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Fig. 8. Flux Density Distribution — Ferroresonant Currents (R:Y:B -2:1:1) at
their maximum values.

As far as the three limb structure is concerned, a
considerable increase is noted for the minimum limbs
permeability reached, in favour of the ferroresonance current
RY:B-2:1:1.
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Fig. 9. Limbs Space Average Permeability Vaue over time (R:Y:B - 2:1:1)

Fig. 10 illustrates a comparison of the time space average

permeability of the yokes for the five limb and three limb
structures, respectively.  Specifically, in the three limb
structure of the R: Y: B - 2:1:1 ferroresonance scenario, is
there exists a decrease in the minimum permeability value
reached. In this particular case, it is evident that the time
duration that the yokes can maintain the lowest permeability
value is now increased for both structures as opposed to Fig.
7.

Lastly, table Il summarizes the minimum average space
permeability ratio when assessing the two ferroresonance
scenarios, i.e. R1Y:B - 1:2:1 and R:Y:B - 2:1:1. It should be
noted that when the calculated ratio is less than 1, the limbs
(or the yokes) are more saturated (i.e. lower permeability) in
the ferroresonance scenario R:Y:B - 1:2:1. On the contrast, if
the ratio is greater than 1 the limbs (or the yokes) are more
saturated in the ferroresonance scenario R'Y:B - 2:1:1.
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Fig. 10. Y okes Space Average Permesability Vaue over time (R:Y:B - 2:1:1)

TABLEII
MINIMUM AVERAGE SPACE PERMEABILITY RATIO
FIVELIMB STRUCTURE | THREE LIMB STRUCTURE

Minimum Permeability Ratio] Minimum Permeability Ratio
RY:B-(1:21/2:1:1) RY:B-(1:21/2:1:1)

25710 18~ 103
Coxes 16.9° 10° 36.7" 10°
24" 10° 26" 10°

D. Discussion Of Results

The different core types are examined in this paper i.e. the
three limb and the five limb transformer. The difference on
their flux digtribution behavior under normal operating
conditions has been a subject of research. Specifically in [11]
it is stated that the flux distribution for the 3 limb cores is
quite uniform since it is induced equally in the limbs and the
flux from one phase is not competing with the flux of the
other phases. As far as the five limb core is concerned the
flux distribution is quite non-uniform even a normal
operating conditions. When the flux is induced in one of the
main limbs, it splits between the other two core limbs. Thisis
evident on Fig. 3 of this paper.

Making a step further, this paper attempts to invegtigate
the flux density distribution under saturating conditions



caused by ferroresonant currents, specifically when dealing
with fundamental mode sustained ferroresonance.

Although, both three limb and five limb models have been
excited from the same set of ferroresonant currents, the
degree and distribution of saturation varies appreciably. The
difference on the degree of saturation, (encapsulated in the
average space permeability pattern and in flux density
distribution), is attributed partly to the relatively small yoke
dimension of the five limb structure. These worst saturation
conditions of the latter, not only include deeper but aso
longer periods of saturation, therefore congtituting the five
limb sructure more susceptible to fundamental mode
sustained ferroresonance.

It should be kept in mind however, that the flux density
distribution within the core is also depended on how the ratio
of the sustained mode ferroresonance current is alocated
between the three phases. (1:2:1 or 2:1:1).

Lastly, it is highlighted that the results obtained, for this
case dudy, are very depended on the accuracy of the B-H
curve employed at high flux densities. There are rarely if
ever any measurements at these highly saturated regions,
therefore this paper has incorporated extrapolations from
lower measured fluxing aiming for an ultimate dope of the
permeability of free space.

V. CONCLUSIONS

This paper presented a case study carried out to understand
and to provide evidence of the susceptibility, of the main
types of transformers of National Grid, towards
ferroresonance. It was deduced that the five limb core
transformer is most susceptible to ferroresonance.
Furthermore, it was specificaly shown that limbs of the
transformer are most easily saturated parts of the transformer
core.

The conclusions are particularly useful as ferroresonanceis
believed to be a contributing factor to the eventua failure
modes by exposing the transformer’s components to
electromagnetic and thermal stresses.  Solid  ferrous
components such as core and yoke bolts will suffer eddy
current losses made worst by the extreme saturating
conditions, which if concentrated can give rise to high
localized temperatures.
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