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Switching operations to energise or isolate
a transformer result in voltages and currents of
complex waveshapes in the transformer windings.
This paper discusses the surges transferred to the
coupled non-energized windings when one winding of the
transformer is energized. The transformer model
considered is a complex 3-phase model considering
the various inductive and capacitive couplings, and
can handle a variety of primary, secondary and neutral
connections. The multiwinding model is used in
conjunction with the Fourier transform method to
obtain the transient voltage waveform at the primary
and secondary terminals and at different points in the
windings.

1. INTRODUCTION

The transformers, which are one of the most
expensive items in the bulk transmission system, are
increasing in size and complexity and are no longer
the simple two-winding units which can be represented
in a transient study as a simple capacitor, or as a V-
section and an ideal transformer. Considerable
attention has been paid to the transient voltage
distribution along the winding turns of a high voltage
transformer [1-5]. In most of these studies, the
transformer is represented as a single- phase single-
winding unit. But for a complete picture of the
overvoltages at the high frequencies that a
transformer might be exposed to, a complete model
involving a number of sections to represent each
transformer winding should be employed, and the
switching surges on all its terminals investigated.
Also, when one winding of the transformer is
energized, transient voltages are produced in all
other windings of the transformer. The induced
voltage may be greatly influenced by the terminal
connections of the primary and secondary and also by
the neutral grounding. In the literature, very
little attention has been focussed on this aspect of
the transient studies. Gururaj [4] in the early
sixties conducted some limited studies, however, the
effect of transformer secondary was neglected in his
studies.

A renewed interest in the field of
transformer transients was created in the seventies
when four failures of large EHV auto-transformers
occurred in the AEP system in the United States [5].
The investigations following these failures revealed
that a fast-front switching surge and an oscillatary
switching surge can produce higher internal
overvoltages than those with the standard test waves
and connections [1,2]. Hence, the importance of study-
ing the transient response of the transformer with
a fast-front switching surge for different winding
connections of the transformer is clearly seen.

In a recent paper, Wilcox [3] presents the
theory of transformer modelling using modal analysis,
which can consider the effects of various transformer
winding connections. However, the results pertaining
to a single winding only, including inter-section
winding mutuals are presented.

The method of analysis described in this
paper is based on phase coordinates. With this
method, all possible transformer connections can be
handled easily. Furthermore, in order to establish
the effect of secondary winding in the transient
calculations, the transformer secondary is first
neglected and the transient waveforms are obtained
with the primary winding alone. The results obtained
are then compared with those obtained from the
complete transformer model, which includes the effect
of the secondary.

Thus, an effort has been made to model the
3-phase transformer completely, with an accurate
representation of the primary and secondary windings
and transformer connections, in the succeeding
sections. This model is then used in conjunction with
the Fourier transform method to obtain the transient
response of the transformer. Switching transients have
been evaluated for the common 3-phase transformer
connections viz. , star/star, star/delta, delta/delta
and delta/star.

2. TRANSFORMER MODELLING

The inductive and capacitive circuit
of the transformer is shown in Fig.l. Each phase of
the transformer is assumed to have n identical
sections, each section being represented as in Fig.l.
In this Figure, p and p' are the terminals of one
section of the primary winding and s and s' are the
terminals of one section of the secondary winding.
The section shown in Fig.l is adopted as a unit, and
the total capacitance of primary winding turns to the
adjacent section has been lumped as a series
capacitance K , its average capacitance to tank as
C., and its average capacitance to the low voltage
winding as C_. Similarly, for the secondary winding
also, the capacitance to the adjacent section is K
and the capacitance to the core is C_. L. , L_ and H
represent respectively the primary, secondary and
mutual inductances per section.
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Fig.l One section of a two-winding transformer.

2.1 Admittance Parameters of the Transformer Winding

To obtain the admittance parameters of the
two-port network of a transformer section shown in
Fig.l, the bus incidence matrix method is used. The
evaluation gives a symmetrical 4x4 admittance matrix
Y' for one section of a phase at an angular frequency
w having the following elements:
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Tne admittance matrix Y' relates the

terminal voltage and currents of Fig.l as follows:

I I ' I 'I = V |V_ V_ V ' V '1 (2)' V '1
sJThe chain matrix T of order 4x4 of one

section of a phase including the secondary, is then
determined from the admittance matrix Y'. Thus,

T =
(3)

The admittance matrix of n sections of a
phase including the secondary can be determined easily
from the admittance matrix of one section of a phase
including the secondary using the eigenvalue technique
for the analysis of identical ladder networks [7].
The 4x4 admittance matrix of the n sections of a phase
can be formulated as

Y"
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Fig.2 3-phase transformer representation.

The 12x12 admittance matrix Y of the circuit
shown in Fig.2 can be assembled from the 4x4
admittance matrix of a phase. The admittance equation
for the transformer circuit of Fig.2 can be written as
follows:

Y |V (5)
I. P S p £

where -; T
I = [i I I ] I = [i I I 1 etc. (6)

Similar nomenclature15 may sbe usfo ?5r sthe voltage
vectors V , V , V ' and V ' respectively. The 12x12
admittancep matrixP Y of n sections of the 3-phase
transformer circuit has the following structure:
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where iich
of

p_' and p ' together,
together. The neutrals

Y.., Y.„ etc- a r e 3x3 submatrices of Y i
are formed from the elements of N.. and N«
equation (4). Y . = N,n (1,1) U, Y,, = ̂ "(1,2) Detc.,
U = Identity matrix. Thus the admittance matrix of the
3-phase transformer circuit of Fig.2 can be assembled
from the admittance matrix of one phase.

2.2 TRANSFORMER CONNECTIONS

In the previous section, the model of the
transformer with all its terminals open has been
obtained. For obtaining the transients, the following
terminal connections are considered: star/star, star
grounded/delta, delta/star grounded, delta/delta and
s tar-grounded/s tar-grounded.

The star/star connection can be achieved by
connecting the terminals p,',
and terminals s,', S2' and s,'
on both primary and secondary sides are assumed to be
isolated. The voltage expressions for this connection
are derived easily by proper matrix manipulations, the
details of which are not given due to space
restrictions. The analysis of any other transformer
winding connection such as delta/delta, star-
grounded /delta, delta/star-grounded, and open delta
can be performed similarly using the appropriate
terminal conditions.

It is important to compute the voltage at
the internal nodes of the transformer winding to
determine the insulation grading at those points.
Hence, a method of computing the voltages at different
nodes of the transformer winding is devised and the
results are presented.

2.3 Transformer Hodelling with Secondary Neglected.

As mentioned earlier, to study the effect of
secondary winding on primary transients, the secondary
winding of the transformer is neglected and the
transients are computed. The analysis with primary
winding alone is a special case of the complete model
and hence, is carried out by a similar method and the
connections considered are star-grounded, star-
ungrounded and delta.

3. RESULTS

The transient behaviour of a 230/138 kV, 350
MVA transformer is investigated using the procedure
discussed earlier. The transformer data is given in
Appendix 1. To account for the travel time of
electromagnetic waves and to allow for a few to-and—
fro reflections, the observation time for the
transformer transients is selected as 200 us. In
order to obtain accurate results, a time step of 1 us
is chosen in the Fourier transform method. A unit
step voltage input is applied to phase 1 (P,) of the
primary winding of the 3-phase transformer, and the
response on all other terminals of the primary and the
secondary windings is determined. For the transformer
model developed, the transient voltages are computed
with a varying number of sections per phase for a
star/star connection, and the results showed that n=10
gives accurate waveforms.

3.1 Switching Transient Waveforms

Figs. 3(a) and 3(b) show the transient
voltage at the input terminals and the neutral point
respectively of a star/star connected transformer.
The unenergized phases experience a very high
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transient voltage, the highest peak being as high as
2.4. pu. The transient waveforms on phases 2 and 3
are delayed by 20 IMS and the neutral point waveform
is delayed by 10 |<s. Fig 3(c) shows the waveforms at
intermediate points on phase 1. The step voltage wave
is applied to phase 1 and the propagation of the wave
along phase 1 winding is clearly shown in this figure.
Fig.3(d) shows the waveform at different points of
phase 2 winding. The corresponding secondary voltages
are exact replicas of these primary voltages. Fig.3(e)
shows the primary voltage waveforms when the secondary
is neglected. The peak overvoltages are slightly
reduced, but the frequency of oscillations is quite
high, being 18.9 kHz, compared to 9.52 kHz of the
complete model which includes the secondary.
Therefore it is necessary to consider a complete model
of the transformer which includes the secondary for
studying transformer transients.

Fig.4 shows the primary and secondary
surge voltage waveforms for the delta/delta
connection. The wave shapes are similar to those of
star/star connection, but in this case, the peaks
are reduced to 2.13 p.u. Waveforms are obtained when
one phase (V .) is energized, and the secondary is
neglected. Hire the primary waveforms V and V
coincide, but are distinctly different from tfie
waveforms shown in Fig.4 with the secondary
included. The studies for the delta/delta connection
also bring out the necessity of modelling the
secondary.

Fig.5 shows the surge waveforms for
delta/star- grounded transformer. Here, although the
primary is delta connected, the primary voltage
waveforms V „ and V _ are quite different from the
corresponding* delta pconnected primary waveforms in
Fig.4 for delta/delta connection. This establishes
the importance of modelling the secondary winding in
the transient studies of the transformer. Fig.6 depict
the primary waveforms on a star-grounded/delta
transformer.

It may be noted that if one were to neglect
the secondary winding in star-grounded/delta
modelling, then there" will not be any voltage on
phases 2 and 3 of the primary, and at the terminal Vs_
of the secondary. As already seen, the inclusion or
secondary winding in modelling shows transient
voltages on these phases. Hence, neglecting secondary
winding in modelling can give completely misleading
results.

Table I gives the peak transient voltages
and the main frequencies of oscillation experienced
on the primary and secondary for different
transformer winding connections.

A. CONCUDSIONS

In this paper, a complete 3-phase
transformer model for transient studies has been
developed for the first time. The model includes
representation of both primary and secondary windings.
Using this model, the transient waveforms in a 3-
phase two-winding transformer are studied in detail
for different transformer winding connections. The
studies are conducted by considering and neglecting
the secondary winding. The studies have revealed the
following important points.
l.Very high transient voltages are induced in the non-
energized phases, when the transformer primary is
isolated.

2.The transient waveforms on the primary windings are
not the same when the secondary winding is
considered and when it is neglected.

3.The secondary winding connections affect the primary
transients.

4.Y/Y connection produces the highest voltage among
all the standard connections of 3-phase transformers.

Table I : Peak transient voltage in transformer
windings for a step energization of one phase. The
voltage and frequency in brackets are for secondary
neglected.

Type Phase Primary Neutral vol- Secondary Main freq-
of voltage tage (peak) voltage uency of
conn. (peak) Prim. Sec. (peak) oscilation

Y/Y

4/Y

Y
gr

Y
gr

1

2

3

gr

/A

ngr

1

2

3

1

2

3

1

2

3

1

2
3

1.0 1
(1.0) (1
2.42 1
(2.38) (1
2.42 1
(2.38) (1

1.0
(1.0)
2.13
(2.13)
2.13
(2.13)

1.0
(1.0)
2.2
(2.13)
2.2
(2.13)

1.0
(1.0)
-.0
(0.0)
-.7
(0.0)

1.0
(1.0)
0
0

.991

.85)

.991

.85)

.991

.85)

_

-
-
-

_

-

-

0

0

0

0

0
0

1.295

1.295

1.295

_

-
-
-

0

0

0

_

-

-

0

0
0

0.73

1.56

1.56

0.73

1.39

1.39

0.37

0.0

-0.42

0.53

-.72

0.0

0.82

0
0

(KHz)

9.52
(18.8)
9.52

(18.8)

16.66
(36.56)
16.66
(36.56)

12.5
(36.56)
12.5
(36.56)

166.6

166.6

5.When the primary and secondary winding connections
are the same, the secondary voltage waveforms
are exact replicas of the primary voltage
waveforms, but with reduced peaks.

6.The waveforms in the open delta connection are simi-
lar to those of the star/star connection.
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APPENDIX 1.
L = 2.65 mH

Transformer Data
L = 0.954 mH

100 pF C3 = 200pF
1.57 mH
= K2 = 100 pF
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