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ABSTRACT

Overvoltages in a transformer can be
generated by switching events either at the terminals
of the transformer or in the connected power system.
A companion paper describes the overvoltages produced
by switching operations at the transformer terminals.
The objective of the study described in this paper is
to formulate a method of calculating the distribution
of transient voltages at different points of line-
transformer and cable-transformer cascades. A
detailed 3-phase mathematical model of the line, cable
and transformer are used in this study. The
overvoltages for a variety of transformer connections
are obtained and it is established that the presence
of a line or cable at the transformer terminals
reduces the peak overvoltages.

1.INTRODUCTION

The analysis of electromagnetic transients
is of significant importance in a power system. The
resulting information is of great importance for the
proper planning, design and operation of the power
network.

Overvoltage transients can be caused by
switching or lightning strokes or by interference with
nearby high voltage lines. For a transformer, the
switching overvoltages are of considerable importance
[1-4]. A companion paper describes the transients for
the switching operations at the transformer terminals.
But, in a transformer, overvoltages can occur by
switching operations in the connected power system
also. Energization of the transformer through an
overhead line or cable can cause oscillatory switching
surges which can lead to considerable internal
overvoltages in the transformer winding.

Some work has already been done in this
area. Musil et al [2] have developed a simple single-
phase lumped parameter model to obtain the transient
response of the single-phase line-transformer
combination. A series resonant lumped circuit is used
for the transformer winding and the line is
represented by its surge impedance. Saied and Al-
Fuhaid [3] have also presented a method of studying
electromagnetic transients appearing in a power
network consisting of a long transmission line
connected to a transformer.

Indulkar et.al. [4] have proposed a method
of calculating the steady-state voltage distribution
in a line-transformer cascade. The method is based on
a simple chain matrix eigenvalue technique for the
analysis of identical ladder networks representing a
single-phase overhead line and a single transformer
winding. Methods described in these References [3,4]
use a detailed distributed parameter model of the
transmission line and the transformer winding.
However, both these methods use a simple single-phase
representation for the transmission line and the
transformer winding. Such a representation is valid
only for a system in which the neutral is solidly
grounded. Hence, studies need to be conducted on a
multiwinding basis for the transformer, and on a

multiconductor basis for the transmission line, to
enable mutual effects among phases and non-
simultaneous energization of the three phases to be
adequately represented. Transient studies on a
cascade of multiwinding transformer, and a
multiconductor overhead line or underground cable form
the subject matter of this paper.

The complete 3-phase model of the
transformer has already been developed in a companion
paper. The three- phase models of the overhead line
and underground cable are already available and are
given in References [5,6]. The purpose of the
investigations described in this paper is to obtain
the switching transient oscillations of the line-
transformer and cable-transformer cascades for all
possible transformer connections. This will perhaps
be the first work of its kind utilizing a complete 3-
phase model of the line-transformer cascade, as the
previous works [2,3,4] utilized only a single-phase
representation. In the cable-transformer cascade also,
to the best of the author's knowledge , this is the
first study with 3-phase models.

2. METHOD OF ANALYSIS

2.1 Transient Response of a line-Transformer Cascade

The transient behaviour of a 3-phase
transmission line connected to a 3-phase transformer
may be described in terms of two series connected
multiconductor ladder networks, of which the first is
a uniform ladder network representing the line, and
the second is another uniform ladder network
representing the transformer winding as given in
Fig.l.

The mathematical model of the untransposed
line [5] is a complete 3-phase representation which
takes into account the losses in the system,
electromagnetic effects to other phases, and the
effect of the earth return path.

In order to assess the severity of transient
overvoltages produced in the transformer due to the
energization of the connected line, a cosinusoidal
voltage is applied on one phase of the 3-phase line.
The transient voltage waveforms are computed at all
terminals of the transformer as well as at the
terminals of the non-energized phases of the line. The
transients are studied for the overhead line connected
in turn to a star-grounded/star-grounded, star/star,
delta/delta, delta/star-grounded and star-grounded/
delta transformer.

— Transformer

Fig.l 3-phase line-transformer cascade.
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The line is terminated by the appropriate input
admittance matrix of the transformer derived in the
companion paper. The transient studies for the cascade
are carried out using a complete transformer model
which includes the effect of the secondary. Next, the
studies are repeated with a transformer model which
neglects the secondary.

2.2 Transient Response of a Cable-Transformer Cascade

In the present work, a crossbonded cable
system connected to a transformer has been considered
for the study of switching transients in the cable-
transformer cascade. A detailed model of the cable
[6] is used. The model takes into account the earth,
sheath, and conductor skin effects. The studies
conducted with the complete transformer model for the
line-transformer cascade are repeated for the cable-
transformer cascade also.

3. COMPUTATIONAL STEPS

The following sequence of steps is followed
to study the transients in the line-transformer or
cable-transformer cascades.

1. The admittance parameters of the transformer are
computed, and the input admittance matrix is
formulated according to the transformer connections
considered, as explained in the companion paper.
2. The admittance parameters of the overhead line or
the underground cable are computed.
3. The line or cable is terminated by the appropriate
input admittance matrix obtained in step 1.
4. The steady-state voltages are computed at the
required end of the line or the cable, and at the
transformer primary and secondary winding terminals
at a particular frequency w, for a cosinusoidal input
on phase 1 of the line or cable.
5. Steps 1 to 4 are repeated for a number of
frequencies.
6. The time response of the system is obtained from
the frequency response by using the Inverse Fourier
integral.

4. RESULTS

A 230 KV, 200 KM long overhead untransposed
line and a 230 KV, 30 KM long crossbonded cable is
chosen to study the transient behaviour of the
cascades. The line data and the cable data are given
in Appendix 1. The line or cable is connected to a
230/138 KV, 350 MVA 3-phase transformer. The
transformer data is given in Appendix 1 of the
companion paper.

To account for the travel time of
electromagnetic waves and to allow for a few to-and-
fro reflections, the observation time for the
transient analysis is chosen as 20 ms. The time step
chosen for the Fourier transform method is 100 }*s. A
cosine input of unit amplitude is applied to phase 1
of the line or cable end of the cascade and the
frequency response of voltages on all the three phases
is obtained. The transients are evaluated at the line
or cable terminals and at the transformer primary and
secondary windings for different transformer
connections.

4.1 Line—Transformer Cascade

In this section, the transient waveforms at
different points along a line-transformer cascade for
a variety of transformer connections are discussed.
Fig.2(a) shows the voltages at the sending end of a
cascade with the transformer connected in star/star.

The peak voltages on phases 2 and 3 at the sending end
reach upto 1.55 and 1.64 pu respectively, and the
oscillations start after 1.3 ms corresponding to twice
the travel time along a 200 KM line. The travel time
across the transformer winding is very small compared
to the line-travel time. Fig.2(b) shows the voltages
at the junction points of the line-transformer
cascade. The waveforms shown in Fig 2(a) with the
transformer secondary neglected coincide with the
waveforms obtained with complete transformer model.
The studies are repeated for a delta/delta and
delta/star-grounded transformer. The waveforms at the
sending end and at the junction point of the cascade
are exactly identical in both cases. The studies are
repeated with the secondary neglected. The waveforms
at the sending end and at the junction point coincide
with the waveforms of the complete model. Hence, in
this case, a simple model of the transformer with
primary alone can be used to compute the transients.

Figs 3(a), 3(b) and 3(c) show the transient
waveforms at the sending end, at the junction point of
the line and transformer, and on the secondary
respectively for a line connected to a star
grounded/delta transformer. Due to the grounding of
the transformer neutral, high transients are not
induced at the sending end in phases 2 and 3 of the
line-transformer cascade. The study is repeated for
a star-grounded/ star-grounded transformer and the
waveforms are similar to the waveforms in Fig. 3(a),
but there is a marked increase in the amplitude of the
waveforms. Hence, for transformers with primary
grounded, the secondary connections affect the primary
waveforms.

Table I shows the transient peak voltages in
a line-transformer cascade for different transformer
connections.

Table I Peak Switching Overvoltages in a Line-
transformer cascade.

No.

1

2

3

4

5

Type of
Transformer
connection

Star/Star

Delta/Delta

Delta/Star-
grounded

Star-gr./
Delta

Star-gr./
Star-gr.

Phase

1
2
3

1
2
3

1
2
3

1
2
3

1
2
3

Sending
end
voltage

1.0
1.55
1.64

1.0
1.54
1.63

1.0
1.54
1.63

1.0
0.53
0.5

1.0
0.66
0.63

Junction
point
voltage, pu

1.68
1.74
1.74

1.73
1.75
1.75

1.73
1.75
1.75

0.310
-0.15
-0.15

0.41
-0.08
-0.09

Transformer
Secondary
voltage,pu

1.12
1.16
1.16

1.15
1.17
1.17

0.066
0.004
-0.069

0.160
-0.16
0.003

0.24
-0.05
-0.05

In the companion paper where the peak
voltages are shown with the transformer alone,the
transient waveforms are considerably affected by the
presence of the secondary winding. In the case of the
line-transformer cascade,the effect of the secondary
is not felt due to the presence of the long line, and
the waveforms with and without the secondary are
identical. From Tables of the companion paper and
Table I, it can be seen that the presence of the
line at the transformer terminals reduces the
transient voltages at the transformer terminals.
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4.2 Cable-Transformer Cascade 5. CONCLUSIONS

In the cable-transformer cascade also, the
transient waveforms are computed for a variety of
transformer connections. Figs 4(a)&(b) show the
sending end and junction point waveforms respectively
of a cable-transformer cascade with delta/delta
transformer. Here the waveshape and the main
oscillation frequency of the waveforms are quite
different from those in of a cascade with star-star
transformer. The voltages on unenergized phases reach
values of 2.16 and 1.85pu respectively. In Fig. 4(b),
voltage waveform on phase 1 shows oscillations. V _ is
similar to V but with slightly reduced peaks. p The
secondary voltage waveforms are exact replicas of
primary waveforms, but with reduced peaks and hence
are not shown. As in the line-transformer cascades,
here also, a transformer with isolated neutral causes
greater voltage stress on the unenergized phases.

Studies have been repeated with a delta/star-
grounded transformer. The primary waveforms coincide
with those of delta/delta connection confirming the
fact that for transformer with primary neutral
isolated, the secondary can be neglected since

connections do not affect the primary
The secondary voltage waveforms for

grounded case are shown in Fig. 4(c).
voltage is induced in phase 3 of the

secondary
transients,
delta/star
Negligible
secondary.

Fig 5 shows the waveforms of a cable
connected to a star-grounded/delta transformer. The
star-grounded/star-grounded transformer cascade
waveforms are different from these waveforms. Hence,
for the same type of primary connections (with
grounded neutral), the primary waveforms are different
due to the presence of the secondary and the type of
secondary connections.

Table II shows the peak transient voltages
in cable-trasformer cascades for different
transformer connections. From this table, it is seen
that high voltages are induced in the unenergized
phases when the transformer neutral is isolated. As
in the case of line-transformer cascade, here also,
when the primary neutral is grounded,the type of
secondary connection affects the primary transients.

Table II Peak Switching Overvoltages in
Transformer cascade.

a Cable-

No

1

2

3

4

5

. Type of
Transformer
connection

Star/Star

Delta/Delta

Delta/Star-
grounded

Star-gr./
Delta

Star-gr./
Star-gr.

Phase

1
2
3

1
2
3

1
2
3

1
2
3

1
2
3

Sending
end
voltage

1.0
2.038
1.869

1.0
2.165
1.848

1.0
2.165
1.848

1.0
-.645
-.708

1.0
-.280
-.422

Junction
point
voltage

1.587
1.796
1.658

1.663
1.886
1.723

1.663
1.886
1.723

1.115
-.595
-.567

1.495
.245
.234

Transformer
Secondary
voltage,pu

.975
1.153
1.085

1.092
1.282
1.159

0.403
0.048
-.384

.572
-.592
-0.055

0.605
0.162
0.158

The switching surge voltages in line-
transformer and cable-transformer cascades have been
studied in detail and the following conclusions are
arrived at:
1. The switching overvoltages are very sensitive to
the type of transformer neutral connections.
2. The transformer secondary waveforms are exact
replicas of the primary waveforms, but with reduced
peaks when the primary and secondary connections are
the same, eg. star/star, delta/delta etc.
3. For ungrounded primary connections like star or
delta, the presence of secondary, or the type of
secondary connection does not affect the primary
surge voltages. Hence, the secondary can be omitted
in modelling.
4. For grounded neutral on the primary side, the type
of secondary connection affects the primary transients.
This effect is more prominent in the cable-transformer
cascade than in the line-transformer cascade.
5. A line or cable connected to the transformer
reduces the transformer peak overvoltages considerably
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7.APPENDIX 1

(a) Line data
Fig. A.I, conductor data,
ACSR-54/3.08mm Al, 7/3.08mm Steel, Earth 7/4.59 steel
Earth Resistivity 20.n.M.

(b) Cable data

r, =1».7mm,r2 =35-5mm r3 =37.omm

r • t l2mm, D = 304 8 mm , h . 30t 8mm

e, --20Dm ,eri>3-1,er2*2-2S

Fig A.2 F l a t - c a b l e system' F i 9 A - 1 2 3 0 K v l i n e .
c o n f i g u r a t i o n . c o n f i g u r a t i o n .
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Fig.2a Line-transformer cascade: sending end
voltages <Y/Y>.
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Fig.2b Line-transformer cascade: transformer
terminal voltages ( Y/YK

Fig.3a Line-transformer cascade: sending end
voltages (Y-grounded/^).
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Fig 4a Cable-transformer cascade: sending end
voltages (<»/£> .

Fig.4b Cable-transformer cascade: transformer
terminal voltages

Fig.4c Cable-transformer cascade: transformer
terminal voltages ' ^ / v

g r o u n a e d ) .

Fig.5
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Cable-transformer cascade: sending end
voltages 'Y g r o u n d e d/^) .


