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SYNOPSI S

This dissertation is based on an experimental
approach tovthe study of transferred surge phenomena
on 11 kV delta connected tertiary of 220 kV Class,

3 Phase or 3 Phase bank of single phase 3 winding
transformers and auto transformers using recurrent
surge generator and CRC. The magnitude'of transferred
surges on tertiary at different terminal conditions
are determined when a lightning or switching impulse
wave applied either .on high voltage or medium voltage
terminal of 220 kV transformer. The transferred surge
voltage on tertiary are found to exceed'considerably
the specified}value of BIL for 11 kV syatem voltage
when tertiary is kept unloaded or connected to high
impedance circult or one terminal of tertiary is
earthed and other two are kept isolated in service.
Thus while designing the insulation for thisatype of
winding whether loaded or used for stabilising purpose
in the transformer, the magnitude of transferred surges
on it under unloaded conditions should be taken into
account. The dimpulse insulation levels for 11 kV
tertiary of 220 kV Auto Transformef or system step
down transformer are recommended by analysing the test
results of the transformers. The effect of an earthed
shield placed outside the tertiary coil on the magnitude
of transferred surges on tertiary has been studied.

The relative advantages and disadvantages of this shield



in transformers are discussed. In the case of loaded
tertiary, the clearances for tertiary bushings and
associated bus bars and the BIL of tertiary load would
have to be kept more than the value specified in the
I.S. for 11 kV system in absence of proper protective
measures at tertiary load circuit. The necessary
protective measures are recommended in the dissertation
depending upon the nature of associated impedance or -
load. Suggestions for the selection of protective
levels and energy rating for the tertiary side

arresters are mentioned.
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1.0

1.

CHAPTER - T

INTRODUCTION

Stabilising windings, in the form of delta
connection are provided for star/star connected
transformers to reduce third harmonic voltage
components and to permit the transformation of
unbalanced three-phase loads. When this delta
connected winding is used for supplying the station
auxiliaries in power stations or for supplying
synchronous condensers for power-factor improvement
on long transmission lines in addition to the loads
handled by the main windings, it is designated as
M oaded tertiary™., For 220 kV class transformers,
the most common rated voltages for stabilising/
tertiary winding is 11 kV in the country. This

winding is normally placed next to the core.

The tertiary winding is not directly
connected to the power transmission lines. The
probability of direct impact of lightning surge
on tertiary is negligible being the lowest voltage
winding of a transformer. Thus the impulse with-
stand voltage level of the tertiary will depend
upon the magnitude of surge appearing at HV/LV
line terminals and on transformer parameters.
then a transformer winding is subjected to a

lightning/switching surge, transient over-voltage
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are produced in the impulsed and also in asll the non
impulsed windings due to induction phenomena. Thus
the 11 kV tertiary windings of 220/132/11 kV auto
transformer or 220/66/11 KV system step doﬁn transfor-
mer generally experience over-voltages in this form.
The t ertiary winding may attain fairly high potentials
to ground or high voltagew across ﬁhe winding when it

is kept floating inservice.

A transformer terminal is considered as
tfloating! when it is :

1) isolated from gound, or

2) connected to ground through a high
impedance

Typical examples of floating terminals are
the unloaded tertiary winding terminals of a three
winding transformer, or one tertiary terminal is
grounded and other two are kept unloaded, or terminals
connected only to voltage transfommer or distribution/
small power transformer or to a few hundred feet of
line or cable which is isolated at its further
end or connected there to a high impedance. For the
rational design of insulation for tertiary winding, it
is essential to know the magnitude of the transferred

surge on tertiary under various terminal conditions.
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When a synchronous machine or static compensgtor
or some other equipment is connected to tertiary ter-
minals, the over-voltages are transmitted to the equip-
ment via‘the,transforme:; ‘it is known that the impulse
withstand strength of rotating a.c. machine or dry type
tranéformer in absence of insulating oil is considerably
lower than that of a oil immersed power transformer
with the same rated voltage. Similarly the age of the
rotating machine has to be taken into account as ageing
of the insulation may further cause a reduction in the
impulse withstand strength. In order to avoid a higher
voltage ratigg.for equipment and bus bars having larger
clearances for tertiary connections, a proper protective
system consisting of lightning arresters/surge absorptiol

capacitors should be planned in their tertiary circuif;

Occasional flash overs from 11 kV unloaded

tertiary terminals to ground have been noticed in

service presumably due to transferred surges} To illus-
trate : in commercial impulse testing of high voltage
windings, if the IV windings were,allcwed to float, the
LV bushings would flashover to ground in some cases;
and therefore, it is standard practice to connect the
1V bushings to ground through a resistance during the
test which also represents the service conditionsi

When lightning arresters are installed at tertiary




terminalsa their faiure have a 1sc been observed,
Frequent failures of these arresters may damage the
tertiary coils due to short circuit formation. Thus
both the study of transferred surge phenomena in
transformer and the selection of proper arrester
rating are important, It is the object of the _
dissertation to determine the magnitude of the traw=
nsferred surges at tertiary terminals under various
tertiary terminal conditions amd to recommend nece-

ssary protective measures wherever reguired.

COMPONENTS OF SURGE TRANSFER

In a fundamental paper (1) by K:K; Palueff and J:H:
Hagenguth, published over 45 years ago; the surge
voltage transferred from the IV to the ﬁv winding
terminal of a 2 winding transformer has been descri-
bed as consisting of four components’, shown in

Fige 1 are =

i) The electro static component

ii) The oscillatory component in the HV winding
which induces a corresponding oscillation in

the LV winding.

iii) A second oscillatory component produced in

the IV windings.

iv) The electromagnetic component.

The transferred surge voltage which

appears on tertiary terminals of a 3 winding
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Fig.1 Composition of the surge voltage at the

LV terminal of a transformer due to the
impact of a surge wave on the HV terminal.



transforme or auto~transformer also consists of
these four components, itis knovwn that when a
transformer winding is disturbed from its steady
state condition by an impulse voltage, either
applied directly or through induction%‘it will
return to its normal condition after a series of
damped sinusoidal oscillations. The wave~shape:
and the frequencles of these harmonic oscillations
depend upon the terminal conditions of the oscilla-
toryﬁwind;ng; The amplitude of each harmonic
voltage depends upon the difference of the initial
and final distributions. For the free oscillations
of the LV winding the transient electrostatic
component represents the initial distribution and
the electromagnetic component represents the final

distribution.

Part.(a) of Fig.l shows the exponential
electrostatic component of the transferred swuwge
voltage at the ﬁV terminal. The magnitude and
shape of this component depends upon the front
duration of the applied surge voltageb the capaci;
tance distribution among the transformer windings
and earth and the nature of the impedance connected
to LV terminal., Part (b) is the free sinusoidal
oscillations induced in the LV winding by a similar
effect in the HV winding, which consists of a number

of space harmonics; the induction is achieved throug
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the electrostatic and electromagnetic fields of
the se harmonics. The magnitude of this component
depends upon the distributed constants and turns
ratio of the windings. Part (c) shows the free
sinusoidal oscillation inte IV winding which
immediately follows the impact of the wave - the
voltages produced depend upon the distributed
constants of the tv winding. Part (d) is typical
of the exponential unidirectional surge voltage
wave produced in the IV winding by electromagnetic
induction between the windingsi the wave rising
from zero to a certain maximum and then falling to
zero., The magnitude of this component is dependent
on the turns ratio, the leakage inductance,” the
impe@ances connected to the winding terminalsf the
wave-shape of applied surge and is independent ofl
the distributed capacitance of the windings, Part

(e) is the resultant LV Surge Voltage Wave,

The magnitude of oscillatory components
are usually small compared to electrostatic and
electromagnetic components; Thus the components
of surge transfer usually of primary concern are

electrostatic and electromagnetic componenté.

ELECTROSTATIC SURGE TRANSFER

Electrostatic induction becomes hazardous



when the floating winding is having quite lower
voltage rating than the inducing windiné(for
example 11 KV tertiary winding of 220/132 kV Auto
transférmer)ﬂ because this type of induction is
determined no£ by turn ratic but by capacitance
distribution wiﬁhin the transformer, Often the
capacitance distribution leads to higher potentials
in the lower voltage windings than turn ratio would

have produced,

in the symmétrical three-rhase installa-
tionsa the vectorial average of the normal freguency
potentials of the three-phases to ground is zero,
and therefore the corfesponding average normal
frequency potential to ground of a symmetrical three
phase floating winding alsoc will be zero. As the
electro-statically induced potentials in the three
secondary phases tend to neutralize each other by
én exchange of small capacitance currents, the
maximum local values of the electrostatically )
induced normal frequency potentials will be negli-
gible, ﬁowevef} if for any reason the neutral of
the HV winding should shift, or the potential of
the HV winding should be raised, a carresponding
electrostatic potential will be induced in a floa-
ting winding on the transformers. " This is apt to

occur under the following conditions



1)

2)

De
LIGHTNING

Lightning on the HV lines is the source of maximum
electrostatic induction from the HV windings to a
floating lower voltage winding. Due to the rapid
rise of these potentials, floating terminals may be
raised to much higher potentials than the average of

the win d:lng .

Simplified expression for capacitively transferred
surge voltage at LV terminal when impulse voltage
is applied on a HV terminal of single phase

2 winding transformer is given below :

CH-L

UL = UH CH-I +CL-E

Where UH = Peak value of the Surge voltage on HV
terminal

CH-L = Capacitance between HV and LV windings
of the transformer

CL-E = Capacitance between LV winding of the

transformer and earth
The series capacitance of HV and LV windings are

however not taken into account.

SWITCHING WITH SINGLE-POLE SWITCHES OR BLOWING
OF FUSES.

In switching with single-pole air-break switches,

or in the blowing of two fuses, one line may be

closed and the other two open for a few seconds
during which the entire HV winding will be raised
to the potential of the closed line and will there-
fore.induce an abnormal potential in a floating
low-voltage winding. These voltages are less than

those in case (1) but are of relatively long
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dura.tion.

3) SWITCHING WITH OIL CIRCUIT BREAKER

As the three contacts of an 0il circuit breaker
“cannot be'expected to open or close exactly
simul taneously, their operation also leads to
the same éituation as in (2) but with very much

shortened duration.

4)  DYNAMIC OVER VOLTAGES

Unbalanced fault conditions, even in a grounded
neutral system, may cause neutral shift of the HV
windings and electro-statically induce high

potential in a floating winding.

2.2 ELECTROMAGNETIC SURGE TRANSFER

Wnile electrostatic induction can produce
dangerous transient voltages when the floating
winding is of quite lower voltage rating than the

" inducing winding electromagnefic induction produces
transient voltage approximately proportional to
turms ratio in the floating winding. The vocltages
induced due to electromagnetic induction may become
intensified by the oscillations occasioned by a

steep front applied voltage.

As a result of mutual inductances between two
non-impulsed windings, when one of the winding
of a 3 winding transformer is subjected to a surge

voltage, the magnitude of transferred surge in
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3 winding transformer are generally slightly more

in comparison to 2 winding transformer.
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12.
CHAPTER -2

LITERATURE STUDY.

In the bibiliography references of papers on
surge phenomena have been given. Out of these,
reference numbers 3, 4%, and 7 directly deals
with surge transfer in 3 winding transformers

and auto~-transformerse.

P.A. Abetli and H.F. Davis (&) have indicated
that only two components of the transferred
surge have practical significance i.e.
electrostatic and electromagnetic components,
Analytical expressions of the terminal voltages
have been obtained for hoth these components
for various terminal conditions of the non-
impulsed winding. Measurements made on
electromagnetic model of a 33.33 MVA, 3 winding
transformer are compared with the results of
the analytical expressions. Recommendations
for the tertiary terminals and apparatus

connected to these terminals are made.

In the paper it is indicated that as HV windings
are provided with shlelds, the amplitude of the
free oscillations are usually small. Further-
more, in the case of tertiary windings which

contain relatively few turns the frequency of

oscillations may be as high as 200 KHz so
that the free oscillations are damped out



13e.

entirely after a few cycles, before the electromagnetic
component has reached an appreciable value. The finite
length of the front of the applied impulsé wave

(i.e. 1.2p5+ 30%) further reduces the amplitude of

the free oscillations as compared to the wvertical
front. It is also indicated that as modern power
systems have HV windings connected in grounded Wye or
in delta and intermediate windings (in the case of

3 winding transformer) connected to transmission lines
with surge impedance 500 Ohm or below, the magnitude

of forced oscillations at the tertiary terminals caused
by transferred surge phenomena will also be small. Thus
only the electrostatic and electromagnetic components

are considered important for practical cases.

The electrostatic voltage distribution in all

the three windings of a single rhase transformers
for unit step voltage application has been investigated
in detail analytically by P.A. Abettif{3). The

main implication to be drawn from this paper has
been stated in the paper (4). Analytical
expressions for the computation of the
transferred electrostatic and electromagnetic
voltage components are quite rigorous and
determination of correct values for various
parameters for modern large capacity EHV

transformers are scme-what involved.
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The main conclusions drawn in t he paper are

given below @

1) When surges are applied to the HV windihg
or IV winding of single phase 3 winding
transformer, both properly protected, the
transferred electrostatic voltage to the
tertiary may exceed 80 percent of the basic
impulse level of the winding, if the tertiary
line terminal is isolated, e.g. connected to
a pot head or connected to a short length of
cable isolated at its far end or terminated

into a surge impedance greater than 100 Chm.

2) In a 3 phase transformer, if the non-impulse
winding under discussion is wye connected or if
both the impulsed and the non-impulsed windings
are delta-connected, the forgoing conclusions
can be applied directly to it. If the non-
impulsed winding is delta connected and the
primary is wye connected, in effect the non-
impulsed winding is grounded through a
capacitance egual to its effective capacitance
and thus in many cases the electrostatically
transferred voltage will be reduced to below

80 percent of the BIL of the winding. These
recommendations are quite general and it is
suggested to compute the electrostatic and
electromagnetic components for specific
transformer under consideration according to

the methods derived in the paper.
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3) Low surge impedances of about 100 Chm or

less or capacitance of a few thousand picofarad
on the non-~impulsed terminals would eliminate the
electrostatic transferred voltage at these

terminals.

4) When one of the terminals of non-impulsed
winding is isolated or grounded through capaci-
tance or a high resistance the electromagnetic
transferréd voltage at thts terminal may be
larger than the turns ratio multiplication even
for an applied wave with a 40 to 60pS tail. 1In
two winding transfromers the electromagnetic
’component is less than the turns ratio trans-—

formatione.

The front length of the transferred electromagnet

voltage is usually long (lOomsor more).

5) Measurements made on electromagnetic model of
33.33 MVA, 3-winding transformer are in good
agreement with the result of the analysis present

in this paper.

6) Protection by means of lightning arresters at
the non-impulsed winding terminals may be needed
when these are isolated or grounded throug?
apparatus having high surge impedance to limit
magnitude of transferred surges at these terminal

below 80% of rated BIL.
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A.R, Hileman 7 has derived the equivalent
circuits to determine the surge voltage transferre
electromagnetically through 3-winding, 3 phase,
transformers. The validity of the eguivalent
circuits is proved by impulse tests on transfor-
mers. Xnowing the transferred voltage, the
required degree of lightning protection on the

secondary and tertiary terminals can be evaluated

In the literature study analytical expression to
determine the transferred electrostatic or
electromagnetic voltages at nonfimpulsed terminal
are given, However the expression for determinin
the magnitude of these voltages across the non-—
1mpul$ed‘ﬁindings are not given which are also
guite. important as the low voltage stabilising/
tertiarywinding are delta connected. Also the
expressions for determining the magnitude of
electromagnetically transferred voltage at any
point other than line terminals of non-impulsed
windings are not given. The effect of chopped
wave application on the magnitude of transferred
surge voltage at non-impulsed terminals has not
been discussed analytically. The transferred
surge phenomena under switching surges have also
not been studied in detail in literature. Also
when lightning arresters are installed at the
terminals of non-impulsed winding whether it

limits the magnitude of transferred surges at
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these line terminals only or at other points along
the non-—impulsed winding also is not discussed,
The basis on which the BIL of tertiary winding of
the transformcr should be decided is also not
discussed in the literature., Certain other points
such as effect of earthed shield outside the
tertiary Qindihg, reguirements for lightning
arresters for protecting tertiary loads are in
addition to above on which further work is

required.

By conducting experimental studies, some light

on these problems is thrown in the dissertation.
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CHAPTER -~ 3.

EXPERIMENTAL SET UP

DETAILS OF TESTING FACILITY

The lightning and switching impulse voltages
having crest wvalues upto 120 Veolts were generated
by Haefely make recurrent surge generator. The
front and tail durations of the generated surge
voltage can be adjustéd quickly by wvarying built
in front and tail resistors, generator and load
capacitances. Provision for c¢onnecting external
resistances and capacitances to control the wave-
shape is also there in the generator. The
amplitude of the surge vdltage can be controlled
by Mamplitude control™. The generated surge
voltage can be chopped at any moment whenever
required. The out put of the generator is

directly fed to the transformer terminal.

The measurements of surge voltage applied at

_transformer terminal and transferred voltages

at non-impulsed terminals were carried over by
Tektronics make precision oscilloscope (Type 507).
The oscilloscope is equipped with "differential
voltage measuring unit" so that the surge VOltagé
across any two terminals of transformer can be |
measured, For measurement of surge voltage at
non-impulsed terminal with respect to earth, one

lead of the measuring unit is connected to that



19.
terminal while the other is connected to earth
point of the test set up. The oscilloscope probes
used for connectin;-the transformer terminals were
having facility to compensate its stray capacitance

which otherwise may introduce errors in the

readingse

The common neutral of the auto transformer or HV
and LV neutral terminals of the system transformer
as well as the transformer tank body were connectec
to a common earth point of the multi-terminal boart
by wide copper strips. The earth terminals of the
generator and oscilloscope were also connected

to the earth point of this board which is used

toc facilitate qﬁick measurements, This earth
point is in turn connected to the nearest earth
point of the testing hall., The effective resistan
of the earthing system is about 0.5 Ohm. The HV,
LV and tertiary terminals of the transformer were
brought out by insulated k ads to the terminal

board points.

The non-impulsed terminals of 220 kV and 132 kv
windings of auto~transformer during transferred
surge study were earthed through the resistances
of 400 and 500 Ohm, It 1is assumed that the surge
impedance values of 220 kV, 132 kV and 66 kV
transmission lines are about 400, 450 and 500 Chm
respectively., The typical test connections for
the transformers under study are shown in figures

2,3, = and 4 of this chapter.
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Termination details for transferred surge
study on 3 Phase 220/132/11 kV Auto Transformer

(a) Surge Voltage (from recurrent surge generator)
applied on HV terminal 'A'.

N1

o v—% 4.50 Ohm 3A2 38, BC,
7777

4-00
Ohwvn 777

(b) Surge voltage applied on LV terminal 'a'

‘ A
4-00 ' ? 3A2 3B, 3CA
Ohm ol

4.00
400
Chwm O hye
Where A B and C are 220 kV HV terminals
a b and c are 132 kV LV terminals
3A2, 3B2 are 11 kV tertiary terminals
and 302
N is Neutral terminal

450 and 400 Ohm are terminating resistances
for non-impulsed HV and
LV terminals respectively

Fig.2
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Termination details for 3 pole surge application
on 132 kV terminals of 3 Phase 220/132/11 kV
Auto Transformer.

Fig.3
Termination details for transferred surge study
on 3 Phase 220/66/11 kV step down system transforme

Surge voltage applied on HV terminal A

3A 3B2 3¢

Where A B and C are 220 kV terminals

2 b and ¢ are 66 kV terminals
N and n are 220 XV and 66 kV winding
neutrals

3A2, 382 and are 11 kV tertiary terminals
Fig, L4
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PRECAUTIONS OBSERVED

The transformer under study were placed near to
the earthing point of the test hall. 60 mm wide
copper strips (to have low resistance and induc-
tance) were used for earthing connections. FEar-
thing contacts were made firm by using nuts and
bolts. The distance between the transformer,
terminal board, measuring equipments and earth

point were kept as minimum as possible.

The oscilloscope was calibrated before starting
the actual measurements. Also after every two

hours interval its calibration was checked.

The values of resistances were measured by
avometer before using them. The values of the
capacitors employed during experimental study

were also checked.

DETAILS OF THE TRANSFORMERS USED F(R FEXPERIMENTA
STUDY.

220 kV class auto-transformers'having dififerent
percentage impedance values, voltage and MVA
ratings, BIL levels and having either loaded
tertiary or stabilising windings were selected
for experimental studies to have the over

all idea. It is seen that in some transformers
electrical clearances between various coils

are less as compared to others (e.g. refer page
Nos.30 and 62). These clearances depend

upon the specified test levels, percentage

impedamnee values between pair of windings, cooli

considerations etc. 3 Phase 220/66/11 kV step



down system transformers were also studied.
The transferred surge study on 50 MVA system
transformer is only considered in the disser-
tation as the magnitude of transferred surge
on it were slightly higher than found in the
case of 67 MVA transformer. The details of
the transformers are given below., All the
auto-transformers have star auto/delta winding
connections with vector relationship HV-LV:
Yyo, HV-TV: Yd 11. These transformers (except
serial number 5) are equipped with on load
tapchangers at LV line end for + 10% variation
in 16 equal steps of LV side voltage. A11
percentage impedance voltage values between
pair of windings mentioned are based on rated

MVA of the transformers.

1. 3 Phase, 50 Hz, 50 MVA, 220/132/11 kV Auto-
transformer with percentage impedance values
between HV-LV, HV-TV and LV-TV 9.75, 33 and
21.7 respectively. Rated Tertiary rating:
15 MVAr, HV and LV BILs 900 and 500 kVp.

2. 3 Phase, 50 Hz, 100 MVA, 220/132/11 kV Auto-
transformer with percentage impedance values
between HV-LV, HV-TV and LV-TV 15, S54.5 and
36 respectively. Tertiary rating: 30 MVAr,
HV and LV BILs 900 and 550 KVp.

3. 3 Phase, 50 Hz, 100 MVA, 220/132/11 kV auto

transformer with percentage impedance values

23

between HV-LV, HV-SV and LV-SV 10.5, 36 and 24
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respectively. 11 kV delta winding designed for
stabilising purvose. HV and LV BILs: 900 and

550 KVp.

3 Phase, 50 Hz, 100 MVA, 220/110/11 kV Auto-
transformer with percentage impedance values
between HV-LV, HV-TV and LV-TV 15.2, W41.3 and
23 respectively. Tertiary rating: 30 MVAr, HV
and LV BILs: 900 and 450 KVp.

3 Phase bank formed using 3 numbers single

phase 220 / 110
V3 - J3

off circuit tap switch at LV line end for -13%

/ 11 kV auto transformers with

to + 74 LV voltage variation in steps of 23%.
Percentage impedance values between HV-LV,
HV-SV and LV-SV 10, 30 and 18 respectively.

11 kV delta windings are designed for stabili-

sing purpose. HV and LV BILs: 1050 and 550 KVp.

3 Phase, 50 Hz, 50 MVA, 220/66/11 kV star/star/
delta connected step down system transformer
with percentage impedance values between HV-LV,
HV-TV and LV-TV:15, 22.6 and 4.9 respectively.
HY and LV BILs: 900 and 325 KVp. )

For HV and LV of the above transformers shielded
layer type winding and reverse section disc type
winding (with static rings at both the ends) are
used. Interwound helical or interwound spiral
coils are used for tapping winding, former is

used when current rating is high. For loaded

tertiary/stabilising windings, helical/spiral
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type coils have been used. These types of
windings are commonly used by the transformer
manufacturers. A few manufacturers use inter-
leaved disc type winding for 220 kV rating. The
reduction of the oscillations in the HV winding
as the result of interleaved design will cause
reduction in the forced oscillatory component of
the transferred voltage on LV or tertiary windings.
Also the transient voltage distribution in ter-
tiary coils will slightly improve o uniform
impulse voltage distribution is obtained in
inter-leaved disc type winding. Figures 5 and 6
indicate the general arrangement of windings in

220 kV class auto and 3 winding transformers.

DETAILS OF MEASUREMENTS

When impulse voltage applied on a transformer
terminal (either HV or LV) the transferred surge
voltage at all non-impulsed terminals with respect
to earth were noted, In the case of tertiary,

the transferred surge voltage across the coils
were also measured. As the magnitude of trans-
ferred surges on tertiary exceed the rated BIL

for 11 kV system, detailed study is made.

The magnitude of transferred surge voltage
measured on tertiary at following different
terminal conditions :

Tertiary terminals kept unloaded

One tertiary terminal earthed and other two kept
floated.
Terminals earthed through capacitors

Terminals earthed through resistors and
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v) Terminals earthed through reactors.

As there was very little change in the magnitude
of the surges transferred from HV to LV terminal
or vice versa due to different tertiaiy termi-

nations, these measurements were not repeated in

all the cases.

The effect of chopped impulse voltage applicatio
on transférred surges were also studied. The
magnitude of applied full wave impulse voltage
or chopped impulse voltage were kept same as it
is recommended in IS 2026. The effect on
transferred surges due to the application of
0.7/100f451mpulse voltage,switching_surges,

2 and 3-pole éurges were aléo studied., The test
results are tabulated in Chapter 5. The values
indicated in the table are the peak magnitude

of transferred surges at different non-impulsed
terminals considering when rated impulse voltage
is applied on a terminal (e.g. 900 KVp on KV
terminal), Typical photographs of the trans-

ferred surges are also shown in chapter 5.

The crest wvalues of the transferred surge voltac
&e.g. the highest amplitude when transferred
surge is oscillatory in nature) is noted. When-
ever required the crest values of electromagnee-
tic and electrostatic components of the trans-~

ferred surge are also separately noted.



4,1

TRANSFORMER SERIAL NUMBER 1

3 Phase, 50 Mva,

GENERAYL:, PARTICULARS

Impulse voltage levevel

Hv 900 KVp

v 550 KVp

Percentage impedance voltage at rated MVA

% 2 HxsL 9,75
% 2 H-T 33.0
%Z LT 21,7

Core details:

Diameter 550 mm

ILength 2360 mm

Electrical clearances:

Core -~ TV
TV - IV
IV ~ TAPS

TAPS - HV

Coil thickness:

™

v

TAPS

20 mm
58 mm
54 mm

48 mm

37 mm
78 mm
19 mm

57.5 mm
(excluding 88 mm

interlaver clearances)

220/132/11 kV Auto transformer

3O'.
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I. Surze Oscillograms when 132 kV winding terminals of
auto transformer impulsed (non-impulsed terminals of

220 kV and 132 kV windings earthed by respective
surge impedance).

(1) Applied impulse voltage on 'a' phase LV terminal
Magnitude: 20V/unit, Time base: 10 #s/unit

1.1 Tertiary kept unloaded

(3) Surges across terminals

(2) Eu:g;saib tertiary 3 35 =2 .
erminals Ay - 3By, 35, - 3G,
3A5, 3By, 3G, 3C, - 34,

Magnitude: 20V/unit, Time base: 504S/unit
1.2 Tertiary earthed through C = 0.1/AF

(%) Surges at tertiany (5) Surges across terminals
- " terminals 3A,-3B,, 3B,-3C,, 3C,-3A,
Magnitude: 20V/Unit, Time base: SO/AS/unit



1.3 Tertiary earthed through C = 0,25 uF 4-1

-
-
S U
-
-
-
-
-
-

§
|
|
|

[N

(6) ?rgesagt tertiary “ (7) gurggg acggsngemgréal;A
erminals - ’ - ’ -
3Ry 3By 3C, Ay-3B, 2=3C5 2=342

Magnitude: 20V/unit, Time base: 20/-A$ /unit
1.4 Tertiary terminal 3A, earthed, remaining unloaded

(8) Surges at tertiary (9) Surges across terminals
" terminals . . 3B,-3C,- o
3A,43B,, 3C, -

Magnitude: 20V/unit, Time base: 20ms /unit (LHS)
SOps/unit  (RHS

1.5 Tertiary terminal 3B, earthdd, remalning unloaded

i

(10) Surges at tertiary (11) Surges across terminals
terminals ' 3G2-3A,. ‘ '
3A2,3B, and 3C, 3 |
Magni tude: 20V/Unit. Time base: 204s/unit(LHS).S0Ms/u
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1.6 Tertiary terminal 302 earthed, remaining unloaded

ﬁﬂiiiill Fliiiln

'
f"'ﬂﬂ. S

pEEE Iiiii

(12) Surges at tertiary (13) Surges across terminals
terminals 3A,-3B, -

3455, 3By, .
Magnitude: 20V/unit, Time base: 50 pS/unit
1.7 Tertiary earthed through 500 Ohm resistors

h o~ —m

’
--‘. .

!E--.-

|
i
i

r““_
n..-. EEER
| |

"~ (1%) Surges at tertiary (15) Surges across terminals

terminals
3A2, 332 and 302

Magnitude: 20 V/unit, Time base: SOMS /unit

+ 3A3-3By, 3By-3C5, 3C,-3A

1.8 Chopped :meulse voltage appliﬂation

(16) Applied impulse oscillogram at LV 'a' phase
Magnitude: 20V/unit, Time base: 1MS/unit



1.9  Tertiary kept unloaded

(17) Surges at terminals -(18) Surge at terminal 3C,
34 & 3B,

Magnitude: 20V/unit, Time base: 50/145 Junit

e S'urst ?cross terminal 34,-3B;, 3B,-3C;, 3c2-3Az
S pliars 1~ o $ 3 I adinte § S

(19) —tavmu,ﬂs de (20) terminals ea.rthed by

C = 0.1/"

Magnitude: 20v/ms, Time base: 50ms/unit
1.10 Tertiary earthed through 500 Ohm resistors.

h""""—-—-— .--III.I

T ] --=l=.=l

(RESEESE jams

(21) Surges at tertiary (22) surgea across tom
terminals 34,-3B,, 332-'302’ 302-?3‘

3Ay, 3B, 3C, e
Magnitude: 20V/unit, Time base: so;ac/mn.




4.2
1.11 Tertiary terminal 312- earthed, remaining unloaded

(23) Surges at terminals (24) Surge at terminal 3¢,
3A, and 3B -
2 2 and across 3B2-302

Magnitude: 20V/unit, Time base: 20us/unit
II. HV non-impulﬁed terminals kept unloaded.

llll..lﬂ. i
Bl PO

Bl SR

(29) igplied impulse at (26) Surge at HV terminal 'A'
'al

Magni tude: 10V/unit Magnitude: 20V /unit
Time base: 10/45/unit Time base: 200Ms/unit

2.1 Tertiary kept unloaded.

S 'r;:!-!!!-!'

A ACIETENENENE
(27) Surges at tertiary (28) Surge across terminals |

terminals ~
34,, 3B,, 3C, 3R5-38,, 3B5-3C;, 3C;-34

Magnitude: 10V/unit, Time base: SO/uS/unit
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3.1

3.2

Al
i--‘.---l
l--“---l

(33) Surges at tertiary (24) Surges acroas terminal

Tertiary earthed through C = O.1f&F

A

‘I--=!

o | T

(29) Surges at tertiary (30) Surges across terminals

terminal 38,-3B,, 3B,-3C,, 3C,-3A,
3hny3Boy 30, | Rp=3By, 3B,-3C,, 3C,-34,

Magnitude: 10V/unit, Time base: 50uS/unit

0.7/100 s Impulse Voltage applied on LV teyminal ta!
remaining condition same as in I, (Magnitude: 12

0 Vbits

Tertiarv kept unl)oaded.

,
- . NN |
’

(3T) Surges at tertiary (32) Surges across terminals

terminals
3A2,332,302 3ﬁ2’332, 3?2“3c2’ 3c2’3£2

Magnitude: 20V/unit, Time base: 20Ms/unit
Tertiary terminal 3A, earthed, remaining unloaded.

Ty

terminals 3B,-3
345, 3B,, 3C, P2=3%

Magnitude: 20V/unit, Time base: 204S/unit



Iv, Oscillograms of transferred switching surges
when 220 xV HV, 'A' Phase terminal impulsed
(non-impulsed !erminals of LV kept unloaded)

(35) Applied 220/1000ps Switching impulse at
HV terminal ‘'A‘', Magnitude: 20V/unit,
Time base: 200/As/unit

(36) Surges at HV (37) Surges at terminals
. terminals B and C a, b and ¢ ‘
‘Magn.tude: 10V/unit Magnitude: 20V/unit
Time base:1000ps/unit Time base: 10004S/unit

(38) Surges at unloaded (39) Surges at terminal

tertiary terminal 37, 3B,, 3C, when
3Azs 3By, 3G ‘34, earthed. .
Magnitude: 2V/unit Magnitude: 2V/Unit(exce)

for 3C, it 1s 5V/unit
Time Bawe :1000Ms/unit Time b&se: 10004s/unit
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i“‘li’l'l Hii-

Eaﬂ!l!l AT

(40) sSu t 3A
4 35‘;%8;0: 345, (41) Surges at 3A5, 3B, 3C,

when tertiary
earthed by 500 Ohm

wvhen tertiary earthed 1t

Magnitude: 2V/unit, Time base: 1000MuS /unit
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Transferred surge oscillogram for 3 phase bank of
100 MVA 220/132733 KV Auto Transformer (33 kV tertia:

with + 5% off circuit taps to centre).

(1) Applied impulse voltage on LV terminal ‘'a'
Magnitude 20V/Unit, Time base: 10 fJSIUnit.

(2) Surge at terminal 3B, (3) Surge at teminal 3C,
Magnitude:10V/Unit Magnitudes: 5V/Unit
Time bases 50 s /Unit Time baset 50 A+S/Unit

(%) Surge at centre point (5) Burge across 24%
of tertiary coil C. turns of coil C
Magnitudes 10V/Unit Magnitude: 2 V/Unit
Time base: 20xs /Unit Time base: 20/4$/Un1
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L8,

TRANSFORMER SERIAL NUMBER 2

3 Phase, 100 MVA, 220/132/11 XV Auto Transformer

GENE RAL PARTICULARS

Impulse voltage level
HV 900 KVp
v 550 KVp

Percentage imedance voltage at rated MVA

% 2 H-L 14.8
w“ 2 H-T 52.5 - o
% Z L—T 33.5

Core details
Diameter 540 mm
Length 2360 mm

Coil thickness

v 55" mm

v 106.5 mm

TAPS 20.5 mm 1
HV 58.5 mm (excluding 88 mm

inter-layver clearances)

Electrical clearances

Core - TV 20 mm
™V - LV 59 mm
LV - TAP 58 mm

TAP - HV 50 mm
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I. Oscillogram of surges when HV_ terminal impulsed.

(1) Applied 1impulse (2) Transferred surge at LV
voltage on HV termi- termminal ‘'a'
nal 'A? Magnitude: 10 V/unit

Magnitude: 20V/unit

Time base: 2 MS/unit
Time base: 104s /unit ‘

I

Oscillograms of transferred surges on tertiar}r,.

Tertiary kept unloaded Tertiary with C = 0.1/—!F—
. 5 . /

| .

(3) Surge at terminal 34, (k) Surge at terminal 3B,

Magnitude: 5V/unit Magnitude: 1V/unit
Time base: 2 ausf/unit Time base: 50 ms/unit

(5) Surge at terminal 3B, (6) Burge at terminsl 3B,

Magnitude: 5 V/unit Magnitude: 1 V Junit
Time base: 5 ms/unit Time base: 50 AS/unit
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Tertiary kept unloaded Tertiary with Cx O.1M F

(7) Surue at terminal 3¢, (8) Surge at terminal 3¢,

Magnitude: 5V /unit Magnitude: 1 V /unit
Time base: Spus/unit Time base:s 50MS /unit

(9) Surge across terminal (10) Surge across terminals

3B = 3 Cp 3By = 3C;
Magnitude: 5 vV /unit Magnitude: 1 V /unit
Time base:s 10MS/unit Time base: 50MS/unit

Tertiary terminal 3A2 earthed, remaining isolated.

(11) Surge at terminal 3B, (12) Surge at terminal 3C,

Magnitudes 5 V/unit Magnitudes 5V /unit
Time baset 5usS/unit Time bases S/ASImit
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(13) Surge across terminals (14) Surge across 3B, - 3C,

3B, = 3G, Under chopped impulse
Magnitude: 5 V/unit Magnitude: 5 V/unit
Time base: 10 ms/unit Time base: 10as/unit

Chopped impulse voltage application

(15)

Applied impulse volta- (16) Transferred surge at

g on HV terminal ‘A’ LV terminal ‘'a’
Magnitudes 20 V /unit Magnitude: 5V/unit
Time bases: 1A4s /unit Time base: 1 as/unit

Oscillograms of transferred surges on tertiary
Tertiary kept unloaded Tertiary with C= 0.1

(17)

Burge at terminal 34, (18) Surge at terminal 3A,

Magnitude: 5V/unit . Magnitude: 1 Vv /unit
Time base: 2 as/unit Time base: 1 s/unit
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(19) Surge at terminal 3C, (20) Surge at terminal 3!‘2

Magnitude: § V/unit Magnitudes 1 V/unit
Time bases: 2 pMs/unit Time base: 1as/unit

(21) Surge at terminsl 38, (22) Furge at terminal 38,

Magnitude: 5V /unit Magnitude: 1 V/unit
Time base: 5/»s/un1t Time base: 1/-45/\m1t

(23) Surge across terminals (24) Surge across terminals
3B; - 3C, 3B, - 3C;
Magnitude: 5 V /unit Magnitude: 1 V /unit
Time base: 10/45/un1t Time base: 1AsS/unit
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Terminal 3A2 earthed, remaining isolated.

(25) Surge at terminal 3C, (26) Surge at terminal 3B,

Magnitude: 5V /unit Magnitude: 5 V/unit
Time bases 5fAS/unit. Time base: 5/45/un1t
II. Oscillograms of Surges when LV termingple’ impulsed

(27) Applied impulse voltage (28) Transferred surge at
on LV terminal ‘a’ BV terminal ‘A’

Magnitude: 20V/unit Magnitude: 20V /unit
Time bases 10,us/unit Time base: 10,uslunit
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Transferred surges at tertiary terminals.

Tertiary kept unloaded Tertiary earthed
through C= 0.1 /l—\

(29) Surge at terminal 3A, (30) Surge at terminal 3A,

Magnitude: 5V /unit Magnitude: 5 V/unit
Time base: 5MS/unit Time base: 50asS/unit

(31) Surge at terminal 3B, (32) Surge at terminal 3B,

Magnitudet 5V /unit Magnitudes 5V /unit
Time basel 10/.«S/unit Time bases SO/uslunit

(33) furge at terminal 3C, (3%) Surge at temminal 3C,

Magnitude: 5 V/unit Magnitude: 5V./unit
Time base 10,us/un1t Time bases 50/45/\11111:
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AV, NN RN

| HH&“IE
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Py f’
4 .

(35) Surge across terminals (36) Surge across terminals

N\

34, = 3B, 3Ap = 3B,
Magnitude: 5 V/unit Magnitude: 5 V/unit
Time base: 10 us/unit Time base: 50 us/unit

(37) Burge across temminals (38) Surge across terminals

3B,- 3C, 3B, - 3C,
Magnitudez 10V /unit Magnitude: 5 Vv/unit
Time base:s 104s /unit time base: 50/4$/un1t

(39) Surge across terminals (&40) Su.rgo across teminals
Magnitudet: S5V /unit : Magnitude: 5 V /unit
Time base: 10,s/unit Time base: 50as/unit
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Chopped impulse voltage application.

(41) Applied chopped impulse wave at LV terminal 'a'

Magnitudes 20V /unit
Time bases 1S /umit |

Tertiary kept unloaded Tertiary with C= 0,11 F

(42) Burge at teminal (43) Surge at termimal

" Magnitudes 10 V/uni 1 t
Tise base: Suijunt Tiso ase: so;{'smlfiut

(&%) Burge at terminal 3B, (&5) Burge at termimal 33,

.Magnitude: 10 Vv t Magnitudes 1 VAmit
1‘131 base: 545 /unit Time base: 50, ywmit
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=

(46) Burge at terminal 3C, (47) Surge aé terminal 302

Magnitudet 10V Junit Ma tudet 1 V/
Time base: 5 AS5/unit Tj.ia:ibusos 50/-4 t

(48) Surge across terminals  (49) Surg. agross terminal
3c2 - 3A2 c

Junit gnitud
'r"mﬁim: : % ,us/unit Iino btl:: ?o mt



A-.3 TRANSFORMER SERIAL NUMBER 3

3 Phase, 100 MVA, 220/132/11 kv Autoc Transformer

GENERAL PARTICULARS

HV - 900 kVp
v - 550 kvp

Percentage impedance at rated MVA

% 2 HeL 10.5
% Z H-S 36
% 2 L-S 24,2

Core details :
Dia 550mm
Length 2350mm

Electrical clearances :

Core - SV 14mm
SV - LV 63 mm
LV — TAPS 63 mm
TAPS - HV 54 mm

Coil thickness H

SV 17 mm
v 122mm
TAP 24 mm
HV ' 60 mm

(excluding 88 mm
inter layer clearances)
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Oscillograms of transferred surges when impulse
voltage applied on 132 kV terminal.

= oaBBo

(1) Applied impulse voltage
at LV terminal 'a'
Magnitude: 20V /unit
Time baset 5 A4S /unit

(3) Surges at HV terminals
B &C

Magnitude: 5 V/unit
Time base: 2/*5 /unit

EnESEE
::na:;EEQE;QEEQ
[

I
LB ]

(2) Transferrced surge at
HV terminal 'A°
Magnitude: 20 V/unit
Time basal 50f4$/un1t

(%) Surgest at LV terminals

b & ¢
Magnitude: 5 V/unit

Time base: 20mus /unit

Transferraed surges on unloaded tertiary.

KA

(5) furge at terminal 3A,

Magnitudest 5 V/unit
Time basost 5 mSand
20 pus/unit

(6) Surge at terminal 3B

Magnitude: 5 V/unit
Time base1 5 MS/unit
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(7) Surge across terminal 3¢, (8) Surge across terminals

3A, = 3B,
Magnitude: 5 V/unit Magnitude: 5V/ unit
Time base: 5mS/unit Time base: 10 A4S/unit

(9) Surge across terminals (10) Surge across terminals

3By = 3G 3Cy = 347
Magnitudes SV /unit Magnitude: 5 V/unit
Time base: 1045 /unit Time bases 10/u5/un1t

Transferred Surges with chopped impulse voltage.

(11) Surge at temminal 3A, (12) Surge at terminal 3B,

Magnitude:s 5 V/unit Magnitude: 5 V/unit
Time bases 55 /unit Time baset 5/45/un1t



U

(13) Surge at terminal 3¢, (1) Surge at terminal 34,

Magnitude 1 5 V/unit Magnitudet 5 V/unit
Time base: 5 4s/unit Time base: 5usand
' 50 ms/unit

Transferred surges at tertiary when HV
terminal 'A' impulsed (Oscillogram Nos.1% to 18)

(15) Surges at terminals (16) Burges at terminals -
3B, & 3C, 345 3B, & 3C, |
with C= 0,251 F
Magnitude: 5 V/Unit Magnitude: 1 V/Unit
Time base: 5mS funit Time base: 50/«slunit

W

Surges at termminals 3A2, 382 & 302 under chopped way

(17) Unloaded tertia (18) Tertiary with C=0.25M
Magnitude: 10 V/unit Magnitude: 1V Junit
ML e M maa NS find Tima hﬂﬂﬂ! ‘;MS/Imit
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Transferred surge oscillograms for single poleand 3 pole
surge application on 132 kV terminals of 220/132/11 kV,
8% impedance Auto Transformer.

(1) Applied surge on (2) Surge at tertiary terminal
LV te:gninal 'a/' . 3A,
Magnitudes 20V/uni :
Time base: 10us /unit Magnitude: 4V/unit

Time base Sf-cslunit

(3) Surge at teminal (4) Surge at terminal 3A, for

: 34, for 3 pole surge 3 pole chopped surge“on LV
on© LV terminals Magnitudes v/Unit
Magnitudes 4LV/unit Time bases 5 /uslunit

Time bases Slus/unit
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4.4 TRANSFORMER SERTAI NO.4

3 Phase, 100 MVA, 220/110/11 XV Auto Transformer
GENERAIL PARTICUIARS

Impulse voltage level:
HV - 900 KVp
Lv - LS50 KVp

Percentage impedance at rated MVA

% Z H-L - 15
% 2 HaT - 41,3
% 2 L-T - 23

Core details

Dia - 610mm
Length - 2230mm

Electrical clearance

Core - TV 20mm
TV - LV - 55mm
LV - Tap - Summ
Tap -~ LV - 50.5mm
Coll thickness

TV - 45mm
Lv - 104mm
TAPS - 16.5mm
HV -  61mm

(excluding 88 mm inter layer clearances)
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Applied impulse wave shape at HV/LV - ta1 phase
Magnitude: 20V/unit, Time base: 1,us funit

TP TTEE
1-=l 1
A

......................

|

,,,,,,

Transferred surges at tertiary terminal 38, shown
in middle and bottom rows when impulse vol%age
applied at HV terminal 'A' and LV terminal 'a'
respectively. :

Full wave application Chopped wave application

Upper surges'with tertiary unlocaded

Magnitude: 5V /unit Magnitude: 5V /unit
Time base: 10pms/unit Time base: S5ps/unit
Lower surges with C = O, 1pFconnected

Magnitude: 1V/unit Magnitude: 1 V/unit

Time base: 50mM%unit Time base: 10MS/unit

Upper curve: Magnit.udé SV/unit, Time base: 10 MS
Lower curve: Magnitude 5V/unit, Magnitude: 5V /unit
Time base:1Q0pMs/unit (LHS) 50pms /funit (RHS)
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4.5 TRANSFORMER SERIAL NUMBER -5

Transferred Surge study on 3 Phase bank consisting
of 3 Nos., Single Phase, 33.33 MVA, 220 /110/11 kV

Auto Transformer.

GENERAT, PARTT CUIARS

Percentage impedance at rated MVA

% Z H-T - 10
% Z H-T = 30
% Z L-T - 18

Impulse Voltage level

HV - 1050 KVp
LV - 550 KVp

Core details

Dia : 690 mm
Length: 2150mm
Coil thickness

TV - 218Hm
LV - 89mm
TAP - 10mm
HV - 68 (exluding 106mm inter layer clearances)

Electrical clearances

Core - Tertiary : 14 gm
Ter - LV s 79 mMm
LV - TAP : 67 mm
TAP -~ HV : 55 mm
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A.6 TRANSFORMER SERIAL_ NUMBER -6

50 MVA
3 Phase 220/66/11 kV step down system transformer

GENERAL PARTI CULARS

Impulse voltage level
HV - 900 KVp
LV - 325 KVp

Percentage impedance at rated MVA

% Z H-L 15.07
% Z H-S 22.6
% Z L-S %.9

Core details
Diameter 740 mm
Length 1950 mm

Electrical clearances -

Core - SV 18mm
SV- LV 4 Omm
1LV - TAP 1 L 4mm

TAP 1 - TAP 2 25.5mm
TAP 2 - HV 22mm
Coil thickness

sV 17mm

LV 7 6mm
TAP 1 10.5mm
TAP 2 ‘ Omm

HV : 60mm (excluding 88 mm interlayer
| clearances)
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Oscillogram of surges Oscillogram of surges on
when 66 kV terminal 'a’ tertiary coil (with and
impulsed without earthed shield)
(220/66/11xV transformer) of experimental set up.

(1) Applied impulse at LV (I) Applied chopped wave

terminal ‘'a' at LV terminal
Magnitude: 20 V/unit Ma gnitude: 20 V/unit
Time bases 10/—~S/unit Time bases 1/45/11:111:

(2) Surges at terminal 34, (II) Surge at tertiary coil
without and with terminal without shield
Magnitudes: 5V and 20V/unit Magnitude: 10 V/unit
Time baset 10 awd Jops/unit  Time basei 2ﬂslmit

(3) Surges:at termminal 3A, (III) Surge at tertiary temmin

without and with with earthed shield
(Chopgod wave application)
Magnitude:1@V and 1V/unit Magnitude: 10V/unit

Tima haca? paoame /unit Time bases 2/5/unit
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CHAPTER -_5.

DISCUSSIONS ON THE TEST RESULTS

5.1

GENERAL REMARKS

The tests conducted on 3 phase 220 kV class
Auto Transformers, 3 Phaso bank of single
phase auto transformer units and 3 phase
220 kV system transformers are analysed in

this chapter.

It is observed that the magnitude of transferred
surge on tertiary winding is generally more
when the impulse voltage is applied on the
adjacent LV winding (e.g. 132 kV winding in

the case of 220/132/11 kV auto transformer) as
compared to the condition when HV winding is
impulsed. This is'because of the closc capa-
citive coupling between the tertiary and LV
windings as these are placed adjacent to each
other. The magnitude of transferred surges

on tertiary tend to increase when the clectri-
cal clearances between different windings
(particularly betweon LV and tertiary) are

kept as minimum as permissible and tertiary

to core clecarance is kept large. The clearances

between the coils primarily depend upon the
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bs ahput 400 to 500MS (refer Oscillogram

No. 2 on page 67 ). The magnitude of elecctro-
static and electromagnetic components of trans-
ferred surge depends upon the value of impédanco
connected at HV terminals, capacitance distributio
between HV and LV windings etc. The magnitude

of transferred surges at other two HV terminals
are about 6 to 10Z of LV BIL and the surges consis
only two high frequency (about 1 MHz) oscillations
and collapse guickly. In the above cases, all

the non-impulsed HV and LV terminals of transformc
were earthed through 400 and 450 Uhm resistors.,

In case HV terminals are kept floated wvhich is f
ofcourse an unpractical condition, the magnitude
of transferred surge at HV 'A! phase terminal
shoots upto about 825 kVp (150% of LV BIL) and

at HV '8Bf and 'C' phasec terminals it is about

4O%Z of LV BIL.

The magnitudes of transferred surges on tertiary
terminals 3A2, 332 and 3C2 are however not found
in the above pattern. As both the ends of each
phase tertiary colil are connected to the terminals
of other two phase coils, the magnitude of trans-
ferred surges on tertiary terminals 3B2 and 302
are comparable with that of 3A2 even when surge
is applied to LV ta ' phasc only. The magnitude
of eclcctrostatic component of transferred surge

at terminal 3A2 in case of transformer scrial
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test voltage requirements, However, as these
clearances also govern the values of percentage
impedance voltage between the coils, these are
adjusted tc arrive at the specificd values., It
is also checked that the clearances between the
coils or core to inner most coil are kept suffi-
cient from cooling considerations. For example,
the clearance between 33.33 MVA rated 11 kV
tertiary winding and core is kept more than the
11 KV stabilising winding to core clearance in a

100 MVA 3 winding transformer.

Thus the magnitude of transferred surges on
tertiary windings differ to certain extent from
transformer to transformer depending upon their
voltage ratios, percentage impedance, MVA rating
BIL requircments etc. The transferred surge study
carriec on transformers having different charac-

teristics is discussed in the following clauses :

STUDY ON 3 PHASE 220/132/11_KV_AUTO TRANSFORMERS

The bechaviour of transforred surges on tertiary
under differcnt tertiary terminal conditions when
impulse voltage is applied either on a 132 kV
terminal or 220 kV terminal is explained.

TRANSFERRED SURGES ON TERTTIARY WHEN 132 KV LV
TERMINAL IS TIMPULSED

The transfer of surges on non-impulsed terminals

when fao! phasc of 132 kV LV winding is impulsed
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1ls considered first. Circuit connections are
made as shown in Fig.2(b). BIL of LV winding
is consideréd 550 kVp. PFollowing cases are

considered for the study of transferred surge

phenomena.

5e2etatl TERTIARY TERMINALS KEPT UNLOADED

This is the most common case és terminals of
delta connected stabilising winding are kept
floating. dven the terminals of tertiary
windings are kept unloaded for considerably
long periods in scfvice as equipments for
tertiary loading are generally connected only

when required.

When 1.1/50 micro second impﬁlSe voltage is
applied on ‘'a' phase of LV winding, the pecak
- values of transferréd surge voltage onlits ! ,
and 'c' phase terminals are éuite low (about

6 to 10% of LV BIL). The transferred surge
wave lasts for 250Ms and consists of electro-
static component and electromagnetic component
over which oscillations are superimposed, The
peak values of eiectromagnetic components of
transferred surge at 220 KV HV terminal 'A!
are about 40% and 20% of LV BIL respectively.

The rise time for electromagnetic component

is about 80/“5 and total duration of the wave
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©s -abput 400 to 500MS (refer Oscillogram

No. 2 on page 67 ). The magnitude of electro-
static and electromagnetic components of trans-
ferred surge depends upon the value of ﬁnpédance
connected at HV terminals, capacitance distributio:
between HV and LV windings etc. The magnitude

of transferred surges at other two HV terminals
are about 6 to 10% of LV BIL and the surges consis
only two high frequency (about 1 MHz) oscillations
and collapse guickly. In the above cases, all

the non-impulsed HV and LV terminals of transforme
were earthed through 400 and 450 Ohm resistors,

In case HV terminals are kept floated which is 7
ofcourse an unpractical condition, the magnitude
of transferred surge at HV 'A'!' phase tcrminal
shoots upto about 825 kVp (150% of LV BIL) and

at HV '8' and 'C' phasc terminals it is about

4L0% of LV BIL.

The magnitudes of transferred surges on tertiary
terminals 34,, 3B, and 302 are however not found
in the above pattern. As both the ends of each
phase tertiary coil are connected to the terminals
of other two phase coils, the magnitude of trans-
ferred surges on tertiary terminals 3B2 and 302
are comparable with that of 3A2 even when surge
is applied to LV 'a'! phasc only. The magnitude
of elcctrostatic component of transferred surge

at terminal 3A2 in case of transformer scrial
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numbers 1,2 and 3 as noted in chapter 4 are

103.5, 110 and 77 kVp respectively (refer
oscillogtam Nos.2, 29 and 5 on pages 39, 58

and 67). As seen from these oscillograms the
values of electromagnetic components can be
considered 55, 60 and 52.4 kVp respectively. The
magnitude of eleétromagnetic components including
superimposed, oscillary components (f= 8% KHz) at
terminal 3A, are 67.5, 70 and 60 kVp respectively.
Thus it appears that magnitude of transferred
electrostatic component is higher when clearances
between the coils are kept as minimum as permissible
whereas electromagnetic component is higher when
percentage impedance voltage between the coils
are high in a transformer. The peak value of
transferred surge voltage at terminal 3A2 occurs
at about 1.8 to 2.3js and the surge lasts for
about 125 to 150 duration.

The surge induced at tertiary terminals 3B2 and
3C, are oscillatory in nature (refer oscillogram
Nos.31 and 33 on page 58). Leaving apart initial
two high frequency oscillation (f = 640 KHz),

the principle frequency oscillation is about

84 KHz). The peak values of transferred surges
at terminal 382 for transformer serial No.1 and 2

are around 100 kVp whereas for terminal 3C2

these +wvalues are around 75 kVp. The damped



92.

oscillatory wave at terminal 3B2 reaches to
zero value at 150-200fu;and at terminal 3C2
this value is about 150ps,

The transient voltage across tertiary coils of
B and C phase are also oscillatory in nature,
whercas 'A' phase tertiary coil contain electro-
static, elecctromagnetic and oscillatory compo-
nents, It is secn that the peak magnitude of
transient voltage across coil C is highest and
in case of transformer serial numbers 1 and 2
it has reached the value 132 and 140 kVp
respectively (refer table IV at page 34 and
table IITI at page 51).

The transferred surge study on 3 phasc bank of
single phase 40 MVA, 220/132/33 kV auto
transformers having off-circuit tappings at
centre of the tertiary windings for + 5% voltage
variation in steps of 244 indicated that the
mid point transient potential of tortiary coils
may exceed their respcective terminal potontials
when one terminal of LV is impulsed (refer
oscillograms on page 4%7). However, the magnitude
of transiént potential at the mid points of
tertiary coils of cach unit were found less

than the magnitude of transicnt voltage ccroes
tertiary coil of 'C' phasce unit which was found
maximun whon LV terminal of 'a ' phasc unit was

impulsed. The transient voltage across 109
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tapping turns (i.e. 30 turns) was measured
58 kVp. Thus the transient voltage across a

tapping turn is approximately 2 kVp.

On the basis of above results, it is assumed
that the transient potential at central portion
of any phase tertiary coil will not exceed

130 k¥Vp in the case of transformer serial No.1
or 140 kVp in the transformer serial No.2.

With 0.33 mm thick radial paper insulation

on tertiary conductors the impulse withstand
strength between any two tertiary turns is
obtained about 20 kVp and the tertiary winding
as a whole can easily withstand 200 kVp impul se
voltage. For loaded tertiary coils, horizontal
cooling ducts (generally 3 to 4 mm wide) between
the turmms are provided, which further increase
the impulse withstand value between the turns.
Thus the transient voltages produced across the
turns of the tertiary coils pose no problem
whéther impulse voltage is applied either

across LV or HV winding.

When applied impulse wave at LV terminal ‘'a' is
chopped, the wave reaches to zero value at sbout
0.5 to O.6psafter the instant of chopping and
soon afterwards oscillatory voltage builds up

due to inter action between effective capacitance

and inductance of the circuit. These oscillations
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damp out in 6-8ms. The transferred surge
voltage at other two LV terminal rcach the

value about 15 to 17.5% of LV BIL, when applicd
impulsce voltage is chopped at about 3,;5. The
magnitude of transferrod surge voltage at HV
terminal iAJ reaches about 50 to 55% of LV BIL
while that on other two HV terminals it recaches
to 14=17%. The transferred surge at HV terminal
'A' reaches to negligible value in about 10 to

15’,“5.

The transferred surge wave shape at tertiary
terminals 3A,, | 3B, and 3C, remain same till the
instant of chopping and soon after this one or
two significant high frequency oscillations or
spikes build up. These voltage spikes are
clearly distinguished in transferred surge wave
shape at tertiary terminals when chopped impulsc
voltage is applied on 220 kV HV terminal, refer
oscillogram No. 17 on page 69. The magnitude

of these oscillations depend upon the rate of
fall of voltage during chopping and at the
instant of chopping. The rate of fall of
voltage cannot be controlled, but the instant

of chopping can be varied. It is generally
observed in the transformers selected for study
that when applied Impulse voltage at LV terminal
'a' is chopped at about 3rqsthe transferred

surge voltage across 'c! phase coil 1is obtainecd
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highest as compared to chopping at other instants.
As observed in the case of full wave application,
here also the magnitude of transferred surge
voltage across coil 'e¢! is more than the values
cither across coils A and B or at any tertiary
terminals. When applied impulse voltage at LV
terminal is chopped at about Lpms, the transferred
surge voltage at terminal 3B2 is obtained highecst,
but this value as well as surge magnitude across
coil ¢ are lower than the surge magnitude obtained
across coil 'C!' when applied impulse is chopped
at 3pMs. The magnitude of transferred surge at
terminal 3A2 remains same when applied impulse
voltage is chopped at any instant as the peak
value of the oscillations (produced by chopping
action) is less than the magnitude of initial
electrostatic component, This is due to the fact
that polarity of transferred surges at terminal
3A2>through out remains positive as that of
applied wave at LV terminal 'a'. (rcfer oscillo-
gram Nos.29 and 42 at pages 58 and 60). When
these two oscillograms are compared, it is found
that electromagnetic component in the later
oscillogram is negligible, This is due to
chopping of applied voltage. Similar phenomenon
haprens in transient voltage across A phasc
terticry coil. Thus the transiont vbltagcsat
terminal 3A2 and across 'A' pnase tertiary coil

produce less severe stresses in the case of
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chopped wave application. The crest magnitude

of transferrcad surges at terminals 3B2 and 3C2

and across coils of B and C phases increasc due

to super imposition of a few voltage spikes after
the instant of chopping. For instance in trans-
former serial number 2 the crest magnitude of
these spikes at tertiary terminal 382 and across
coll C now become 154 and 180 kVp respectively
(refer oscillogram NoMli} on page 60 and table

IV, page '52). However, the transformer insulation
can withstand the stresses produced duc to compa-
ratively high magnitude voltage spikes as their
duration are very short (about 0.8ps). It is
practically observed that the transformer winding
insulation which is designed to withstand 900 kVp
full impulsec voltage can casily withstand 1035 kVp
(i.c. 115%) chopped impulse voltage. Thus the
higher magnitudc voltage spikes present in the

transferred surge docs not crcate a procblem.

ONE TERMINAL EARTHING OF TERTIARY

When one tertiary terminal is earthed its poten-
tial becomes zero and the transferred surge voltag:
wave shape at the remaining two tertiary terminals
are modified. However, the transient surge voltag
across these two unearthed terminals remains
nearly same (rofer oscillogram Nos.3 and ¢ at

pages 39 and LO).
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It is observed that when impulse voltage is
applied on 'a' phase of LV terminals the
earthing of tertiary terminal 3A2 produces
higher magnitude of transferred surges on
remaining two tertiary terminals as compared to
earthing of the terminals 332 or 302. It is
also observed that when terminal 3A2 is earthed
the magnitude of transferred surges on terminals
382 and 3C2 are increased as compared to the

case of unloaded tertiary terminals.

- The carthing of one terminal of tertiary should

not be preferred due to following reasons :

i) Probability of higher magnitude of trans-
ferred surges on remaining two unearthed

terminals,

ii) Continuous higher power frequency voltage
at these two floating terminals during
normal service operation and during line

to ground faults etc.

'iii) When arresters installed on these two
terminals get damaged, 3 phasc dead short
circult to earth takes place causang
excessive short circuit current in

tertiary.

5.2.1.3 TERTIARY TERMINALS BARTHED THRCUCH RLSISTORS

pteiuad

When tertiary terminals arc ecarthed through



5.2.1.%

98.

rosistors, it is observed that the transferred
surge voltage at tertisry terminals are suppre-
ssed. At terminal 382 the suppression is
prominent (refer oscillogram Nos.2 and 4% on
pageszeand 41), The magnitude of transferrcd
surge reduces if the wvalues of resistors arc
brought down. It is scen that when resistor
values are kept about 250 to 300 Chm, the
magnitude of transferred surges on tertiar

is limited below 95 kVp undecr full and chooped

wave application.

TERTLLRY TERMINALS EARTHED THROUGH CAPACITORS

The capacitors offer very low impedance path
for transicnt or very high freguency currents.
Thus when tertiary terminals are carthed
through capacitors the magnitude of transferrcad
surge voltagce at tertiary terminals are
zxEERE® suppressed considerably. These
capacitors interact with inductance of trans-
former windings and form damvped oscillatory
wave form at tertiary terminals (refer osciw-
llogram No.5 at page 39). The freguency of
oscillations is zbout 16 to 20 KHZ and the
risc time to reach the first peak value is
about 20 to 25pms . Thus when applicd impulse
2t IV or HV phasc terminal is chopped at about
3 to 8/«5(1.6.3. before the transferred surge

wave at tertiary could reach its peak valuc)
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the magnitude of transferrcd surge voltage at
tertiary terminels further reduces considerably.
Also as the rate of fall of voltage during
chopping is quite high (about 0.5pS), thesec
capacitors vertually short circuit the tertiary
terminals to earth. The capacitors (usually
called "surge absorption capacitors") arc very
useful in suppressing the magniﬁudc of trans-
ferred surge voltage at and across tertiary
tcrminals. These capacitors are also useful

in supvressing the transferred surges at tertiary
terminals when reactive load is connected. The
magnitude of transferred surges at tertiary
terminals under three different terminal condi-
tions i.c. unloaded, loaded by 3 phase 3.33 MVAr
shunt reactor and loaded by O.1MmF capacitors
along with 3.33 MVAr shunt reactors arc given

in table Nos,IIT and IV at pages 54and 52 can be

compared in this regard.

These capacitors reduce the magnitude of
transferred surge voltages at end turns of
tertiary coils, tertiary linc terminal gear and
tertiary bushings and on reactive load if
connected on tertiary but do not have signifi-
cant effect on potential at mid point or major
portion of the tertlary coil. The surge voltage
between tertiary turns are rather slightly
incrcascd. These findings are based on cxperi-

mental results obtained on 33 kV tertiary coils
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having tappings at central portion of the
coil., Similarly the lightning arresters
installed near the tertiary terminals can
reduce the magnitude of transferred surges

at tertiary terminals only.

The study indicates that when 0.25pFcapacitors
are connected on tertiary, the magnitude of

transferred surges at tertiary terminals 3A2

and 3C, are limited between the values L4045
kVpe It is interesting to note that these
capacitors eliminate the transferred surge
voltage at tertiary terminal 3B2 and.create
the polarity of transferred surge voltage at
terminal 302‘exact1y opposite to that of 3A2
(refer oscillogram Nos. 30 and 3% at page 58).
Thus the crest magnitude of surge across
tertiary coil A (i.e. across terminals 34,
and 3C2) is found between 80-90 kVp which is
twice the value of surge voltage appearing
either across coil B or coil C. Further
increase in the value of capacitance cause
little reduction in the magnitude of trans-
ferred surges. As explained earlier the
magnitude of transferred surges at tertiary
terminals are negligible under chopped wave

application (refer oscillogram 43 at page 60).

5.2.1.5 TERTIARY TERMINALS EARTHED THROUGH REACTORS

It is known that the inductor offers high
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impedance peth for kigh frequency tronsicnt
currents, Thus vhen tertiory terminnls -re
earthed through reactors, thec magnitudcs of
transferred surges at. terticrry terminals

are not effectively suppressed. However, as
noticed in clause 5.2.1.3 when surge capa-
citors of the order of O.apfare connected
alongwith 3.33 MVA shunt reactor on tertiary

the magnitude of transferred surges are

suppressced considerably.

0,72/100 MICRO SECOND IMPULSE VOLTAGE
APPLICATION

Consider the case when Q.?/1OQﬁSimpulse
voltage is applied on LV terminal instezd
of standard 1.2/50psimpulse voltage. It is
observed that the increase in clcctrostatic
and electromagnetic components due to
steeper front and longer tail respectively

is about 6 to 104,

In the case of chonped wave application the
reduction in the wave front duration has no
cffeqt on the megnitude of transferred surges
at tertiory terminals., The magnitude of
high frequency oscillations generated due

to chopping action depcnds basically upon

the ratce of cellapse of voltage and the

instant of choppingz as indicated carlier.
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IHREE POLE SURGES

When standard impulse voltage 1s applied at
all the thrce LV terminals simultancously the
magnitude of transferred surges at tertiary
terminals are increased as compared to the
condition when single pole surge is appliecd

on a LV terminal. It is the clectromagnetic
component of transferred surge which increases
considerably (about 80 to 100 percent) and not
the clectrostatic component which is slightly
increased (refer oscillograms at page 70).

The crest value of transferred surge at tertiary
terminal 3A2 under 3 pole surge application is
about 1.1 to 1.% times the value obtained whcn
LV terminal 'a'! is impulsed alone. The forty
percent increase is found when the magnitude of
electrostatic component of the transferred
surge at terminal 3A2 is low as noticed in the
case of transformer serial number 3 (comparec
readings of table I and IV at page 63 and 66).
The increasec around ten percent is found wvhen
the magnitude of electrostatic component of
the surge is high compared to electromagnetic
component as noticed in oscillogram on page ng,
In the case of transformer scrial number 2,
this risec was found zbout fiftecen percent.

The magnitude of transferred surge voltage

at tertirry terminals romzin same when applied
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impulsc voltaze is chopped between 2 to 8§MS
as the oscillations generated duc to chopping
action have lesscr magnitude than the initial

clectrostatic component of the transferred surge.

Since the waveshape of transferred surges at
all the three terminals are identical, the
magnitude of transient vo;tage across the
tertiary coils is zero. The surge capacitors
1limit the magnitude of transferred surges at
-tertiary terminals effectively in this case

also (refer table IV on page 69.

5.2.1.8 TWO POLE SURGES

When impulse voltage is simultancously applicd
on two terminals fa' and 'o!' of LV winding the
magnitude of transferred surges at tertiary
terminals lie in between the values obtained
in the cases of single pole and threc pole
surges, The increase in the magnitudc of
transferred surge voltage at terminal 3A2 is
about 204 as compared to the condition of
single pole surge in transformer serial No.3.
The effect of surge capacitors is shown in

table III at Page 65.

5.2.1.9 SWITCHING SURGE VOLTAGE

The switching surge voltage transferred from
LV terminal 'a' to tertiary terminal 3A2 and

across tertiary coil 'A' arc about 10Z and 117
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of LV switching impulse level (460 kVp), when
tertiary terminals are kept unloaded. These
values are not considered high (refer oscillo-~-
gram No.38 at page 45). Here also the surge
capacitors or resistors make the magnitude and
polarity of transferred switching surges at
terminals 3A2 and 302, equal and opposite,
whereas the magnitude of transferred surge

at 3B2 is negligible. These al so increase the
total duration of the t:ansferred surges at

tertiary terminals 3&2 and\302.

For simultaneous 3 pole surge application on
LV terminals the magnitude of transferred surge

at tertiary terminals becomes 13% (i.e. 60 kVp).

,2.1.10 EFFECT OF EARTHED SHIELD

The electrostatic component of transferred

surge voltage at 11 kV tertiary terminal is
usually greater than the corresponding electro-
magnetic component. Thus if the magnitude of
electrostatic component alone can be suppressed
the magnitude of transferred surge will autbmati-~
cally be suppressed by that amount. The electro-
static component of transferred surge voltage at
tertiary can be suppressed either by increasing
the gap between IV and tertiary coils or by
putting an earthed shield outside the tertiary
coil which also increases the over-all gap

between the LV and tertiary coil. 4n experi-

mental set up was made by keeping tertiary
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ceil, intermediate earthed shield and outer LV

coll over iron core. It was observed that the earthed
shield suppressed the electrostatic and high freguency
oscillatory componénts of transferred surge at
tertiary coil to an extent of about 50% for full and
chopped wave application on outer LV coll (refer RHS
oscillograms at Page 86). This shield suppresses the
electrostatic component of transferred surge along

the complete ceil as it surrounds the whole length

of coil.

3 Phase, 100 MVA,220/132/11 kV Auto Transformer

(ZH-L = 7.5%, HV and LV BILS 105C and 650 kVp) was
manufactured with earth shield outside the tertiary
coil., Surge study indicated that with rated impulse
voltage at LV terminal 'a'the magnitude of transferred
surges at tertiary terminals 3A,, 3B, 3C, and across
tertiary coils A, B, C are 45, 20, -45, 90, 56, 50 kVp
respectively. The sufge wave shapes at terminals 34,
and 3C2 " dpe Similar and opposite in polarity. The
BIL of 11 kV tertiary for 220 XV auto transformer
provided with earthed shield can be safely kept 125 kVp.

TRANSFERRED SURGES ON TERTIARY WHEN IMPULSE_ VOLTAGE
IS APPITED AT 2250 KV HV TERMINAL.

The presence of intermediate LV and tapping
colls affect the magnitude of transferred surges
on tertiary. It 1is observed that the
magnitude of transferred surges at tertiary
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terminals and ~ncross tertiary coils are
comparatively less when impulse voltage 1is
apnlied 2t 220 kV terminal instead of 132 kV
LV terminal. (The crest values of transferrcd
sﬁrges stated in tables TIII may be compared
with the valuecs stated in tables I at pages 51
and 49). Under chopped wave apovlicnation, the
magnitude of transferred surges on tertiary
are howover comparable with the velues obtained
when LV terminal 1is impulsed. Also it is noted
that one terminal carthing of tertiary does
not incrcase the magnitude of transferred

surges on remaining two terminals.

It can thus be concluded that for 220/132/11kV
auto transformer the BIL of the tertiary
winding can be decided based on the magnitude
of transfcrred surgces on tertiary from 1324V

LV side.

it iw obscrved that the transferred surge
voltage,! at LV terminal 'a' is about 25 to 33%
of HV BIL, when HV terminal 'A' is impulsed.
Thus about 67~75% of applied imnulse voltesge
ie dropned across the series coll itsclf,
although the number of turns in it are zbout
L0, of the totcl turns. Thus in the casce of
220/132/41 ¥V auto transformer, it is the

normal prectice thnt 220 kV serics winding
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is designed for 900 kVp impulse voltage although
132 %XV common winding is in scerices with it to
sharc the impulse voltage distribution. The
mzgnitude of transfcried surges 2t LV 'b!' ~nnd

'e! phase terminals arc z2bout 67 of IV RIL.

FIXATICN OF BIL FOR TuRTIARY VIND-NGS

First the casc of tertiacry windings without
any certhed shicld is considered and aftervards
the case of tertiary coll having carthed shicld

cutside it will be considered.

TERTIARY WINDING VWITHOUT LARTHZD SHISLD

Consider the case of auto transformer in which
the magnitude of transferred sur e is maximum.
It is noted that the crest values of transfocrred
surge voltoge at tertiary terminal and across
the coil can rezch upto 110 and 140 kVp respec-
tively for a single pole surge svplication on
LV terminal, Tor chonmned weve epplication
these values can reach uptoc 155 and 180 kVn
respectively., As IS 2026 docs not call for

3 »nole imvulse voltage spplication during the
test, this condition is not considercd for
deciding the tertiery BIL., Thp lightning
surge may apnear at transformer terminals at
any instant when the instentancous value of
service voltage may be at zerc or neek or

at any intcrmedicte value. Tzking this iInto



108.

account, the BIL of the 11 kV delta connected
tertiary/stabilising windings can be kept
200 kVp.

5.2.3.2 TERTIARY WINDINGS PROVIDED WITH EARTHED SHIELD

As seen earlier with the provision of earthed
shield over the tertiary coil, its BIL canbe
kept 125 kVp. However, the provision of shield
increases the cost of the transformer as the
diameter of LV, tapping and HV coils increase
and affects the core and tank size. The
saving in the cost of transformer due to
reduction of BIL of tertiary say from 220 to
125 kVp is negligible as the coét difference
for 3 Nos. porcelain bushings with 200 kVp
and 125 kVp BIL is hardly about thousand
rupees and if 0.25 mm radial paper is used
instead of 0.33 mm radia paper over conductors
of tertiary coils saving of paper per -
transformer is hardly 5 kg. costing only
about Rs.200/-. Moregver this is not the net
saving as the space created by reducing the
paper thickness has to be filled by press
board paeking in the tertiary coil. Also
sufficient space is already available below
the transformer cover for tertiary terminal
gear formation and about 100 mm clearances

in o0il is easily obtained between the line

contde oe.. 10



109.

lecads of tertiary . .coils or line lead to
carth narts. Spiral coils are used for 11 kV
stabilistng windings. For mechanical reasons
minimun 13 to 14 mm clecaranccs between core
to spiral coils arc needed. For loaded
tertiary, helical coils are used for which
minimum 20 to 2lmm clecarance betwenn core

to the coil is reguired (for cooling consi=-
derations). For mixed insulation i.e. oil
duct and pressboard/vakelite cylinder,
average withstand strength pex mm can be
taken 5 kV for power frequency and 15 kVp for
impulse., Thus the above mentioned core to
coil clearances are sufficient for 200 kVp
impulse voltage. Normally earthed shield

is provided over the tertiary coils when
customer insists for it otherwise it is not
preferred. Now consider whon an cguipmont
having 75 kVp BIL is connected to the
tertiary provided with carthed shield., To
protect this equipment properly the magni-
tude of transferred surge a2t its terminals
should not be allowed to exceed 80% of its
BIL. As the carthed shield itself cannot
restrict the magnitude of transferred surgos
to this amount (0.8X75=60 kVp), the usec of
lightning arresters has to be made. Thus

this carthed shield alone canhot protect
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the tertisry locd nor its provision in trans-

former is economical.

STUDY ON 3 _PHASE 220/110/11 KV AUTO TRANSFORM.OR

The 110 kV common winding can be kept compara-
tively closer to 11 kV tertiary coil because of
its lower BIL (i.c. %50 kVp). Thus thc percen-
tage value of transferred surge may slightly
increase due to increase in capacitance
between LV and tertiary coils. However, the
actual magnitude of transferred surges on
tertiary arc reduced because of the lower BIL
of 110 XV common winding. The magnitude of
surges at tertiary when HV winding is fmpulsed
are slightly more than the values obtained: in
the cases of transformer serial Nos.1,2 and 3
due to comparatively tight clesrances and cs

thce HV BIL remains same,

The study of test results indicate that the BIL
of tertiary winding in this casc also canhe
fixed at 200 kVp.

STUDY ON 3 PHASE BANK OF 220/110/11 XV
AUTO TRANSFORILRS

The magnitude of the transferred surges on
stabilising winding in thc¢ casc of 3 phase ban!
formed by singlc phase 220/110/11 XV auto

transformer units arce somewhat hi~hcecr than the
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valucs found in 3 phacse 22C/110/11 ¥V zuto

tronsformer.

«wlthoush the BIL of TV and LV windings arc
1050 and 550 kVp.as against the values of
900 ~nd QSO kXVp for 3 phasc unit, thec magni-
tude of transferred surges on tertiary arc
not increcased in the same propoftion because
the electriecsl clearances between the coils
are kept high due te higher test voltage

levels.

The only difference noticed is that the
magnitude of transferred surge on terminal
3A2 is more than on 352 when LV terminal 'af

is impulscd.

In this case also the BIL of the 11 kV

stabilising winding can be kept 200 kVp.

5.5 STUDY ON 3 PHASE 220/66/11 KV SYSTEM
TRAN ST ORMHER

ithen impulse veltage is applied on HV
terminal, the transferred surge volta.ec on
corresponding LV terminal is only about 10%
of HV BIL. It is also secn that when impulse
voltage is applied on LV terminal, the
transferred surge voltage on corrcsponding
HV terminal which ic terminated by 400 Omm res
or if also very less (i.c. about 16 to 207 of

LV BIL).
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The magnitude of transferred surges at

terticry terminals of system transeformer

arc also lower than the magnitudes obtaincd

in auto transformers.

The tepping coil which is situated between

neutral side of HV coil and Lv?acts as low

potential shield and thus the magnitude of

transferrcd surges at LV
nals are found less when
as the BIL of LV winding
maznitude of transferrod

terminals are found low.

and terticry termi-
HV is dmpulsed. Also
is only 325 kV» the
surges at tertiary

It is obscrved that

the magnitude of transferred surges cither zot

terticry terminals or across tertinry coils

are less than 125 kVp.

Thus the BIL of 11 kV

tertiary winding for 220/66/11 kV system

transformirs can be safely kent 150 XVpn.
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CHAPTER - 6

PROTECTION (F TERTIARY WINDINGS AND THE CONNECTED LOAD

First the protection of 11 kV stabilising
windings is considered and in next para the protection

of tertiary winding and the connected load is considered.

6.1 PROTECTION OF 11 XV STABILISING WINDINGS

It has already been seen in clause 5.2.1.4 that
the surge capaéitors when connected across tertiary
terminals and earth, suppress the magnitude of transferre
surges at tertiary terminals only. Thus these surge
capacitors are useful in limiting the magnitude of
transferred surges at tertiary line leads and bushings,
across the tertiary coils and connected load. However,
the transferred surge voltage distribution along the
major portion of the tertiary coils with respect to
earth are only marginally affected by these caﬁacitors.
Similarly when lightning arresters are installed at
tertiary terminals, these limit the magnitude of
transferred surges at tertiary terminals only. The
voltage distribution along the tertiary coil is
basically governed by the transient voltage distribution
in the HV or LV windings whichever is impulsed, capaci-
tance distribution among the windings and to earth,

mutual impedance etc.
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Thus the transferred surge voltage distribution
along the tertiary or stabilising coil can be affected
either by providing lightning arresters at HV and LV
terminals of the transformer or by putting earthed
shield outside the tertiary coil. The lightning
arresters when installed at HV and LV terminals of the
transformer will restrict the magnitﬁde of lightning
impulse voltage at these HV and LV terminals to their
respective protective levels, which are generally kept
at about 60% of the winding BILs. Thus the magnitude
of transferred surges at tertiary terminals are auto-

matically limited to about 60% of their original walues.

Normally lightning arresters are instailed.as near as
possible to the terminals of the transformer in the
substation. In some cases due to the space limitations
of other system considerations the arresters may not be
installed near to the transformer terminals. However,
for effective protection of the equipment the arresters
are installed within 50 metres range. In such cases,
the magnitude ofllightning surge reaching the transfor-
mer terminal increases above the protective level of arres
ters due to the reflections of the travelling waves on
the section of the line between the arrester and trans-
former. The rise in the voltage (AU) is determined

very approx?iately by the following expression :
AU = u X kV
At  i50
Where du = Steepness of the wave front (kV/MS)
about 500 kV/us for lines with earth wire
or about 1000 kV/msfor lines without earth wire
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a = Length of line between the arrester and protected
object in metres,

Thus it is the duty of manufacturer to design tho
insulation of stabilising windings to withstand the
stresses produced by transferred surge voltage assumin
that lightning arresters are not installed either at

HV or LV terminals.

When 11 kV stabilising winding and the connecte
bushings are designed to withstand 200 kVp impulse
voltage for 220/132/11 kV éuto—transfcrmer and 150 kVp
BIL for 220/66/11xV system transformer, there is no
need of any'protection. The arrestérs installed at HV
and LV terminals indirectly provide adequate safety
margin for stabilising winding (In case earthed shiecld
is provided on 11 kV stabilising windings, their BIL

can be limited to 125 kVp and no protection is needed)

Either one or all the three stabilising termina
can be brought out depending upon requirements of the
user. One terminal earthing of stabilising windings

is not recommended.

6.2 PROTECTION OF TERTTARY WINDING AND CONNECTED
LOAD

As in the case of stabilising winding, here als
the tertiary bushings and the windings should be desig
for 200 kXVp BIL in the case of auto transformer or\fo:

150 kVp in the case of system transformer.

The impulse withstand strength of synchronous
condenser is lower than that of oil immersed transfom

with the same rated voltage. The ageing of insulatio
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may further reduce the impulse withstand strength. The
load connected to tertiary are usually synchronous
condenser, reactors, capacitor bank or static compen-
sator. For 100 MVA rating of 220 kV class transformer
the tertiary loading is kept maximum about 33.3 MVAr.
The BIL of these 11 kV rated apparatus can be taken as
75 kVp. The repeatafive impulse‘withstand strength of
these equipments may be cénsidered approximately as

60 xVp (i.e. 0.8 X 75 = 60 kVp). Thus the impulse
protective level of lightning arresters guarding thesc
equipments should not be more than 60 kVp. These
arresters should be installed at the input terminals
of the load. The impulse protectivé levels of 18 kV
and 20 KV rated indigenously avallable arresters gre
about 54 and 60 kVp respectively. Any of these two
category of arresters can be chosen for the protection
of tertiary load., These arresters should also be
suitable for operating under long duration transferred
switﬁhing surges or switching surges generated by
operation of the ‘tertiary load side breaker. Also
taking into‘account the high energy stored by the load
of the tertiary (i.e. reactors, capacitors etc;) the
lightning arrester should be capable to discharge the
hiéh energy during its operation. To fulfil this
condition the energy rating of the arrester itself
should be high. Zhe arrester manufacturer have
achieved the energy rating of arresters upto 6 kilijl

/kV which is quite sufficient for this appliegtion.
a
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The normal light dubty station class arrester is
having the energy rating about 2 kilojoules/kV. Also
these arresters should be capable to operate satis-
factorily when a rectangular surge current having
total duration not less than 2000 micro-seconds and
magnitude about 1000 Amps discharges through it,.

This special test should be specified in the test
schedule while ordering these heavy duty station
class arresters. These arresters should also prefer-

ably be provided with current limiting feature.

If the protective levels of these arresters
are kept low or its energy rating is low, then these
arresters will operate frequently and during operasti
may faii due to excessive thermal loading. This lead
to persistent short circuit at tertiary and connected
load terminals and.would lead to a disturbance in

service,

When lightning arresters are connected
between terminals of tertiary load and earth, these
will 1imit the magnitude of transferred surges at
load terminals upto their impulse protective level,
However, it is not necessary that these arresters
will also limit the transferred phase to phase over-
voltages to the same value., Thus it is safer to use
lightning arresters between phases and earth as well
as between phases. For the complete protection of

the load connected to the tertiary against the
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transferred surges, it is recommended to use 18 xV
arresters between phases and earth and 20 kV arresters
between phases. As the magnitude of transferred surges
across the terminals are more than those on terminals to
earth, the voltage rating of arresters connected between
phases 1is kept more to avoid their frequent operation. The
protective scheme is shown in figure 7.

Alternative protection scheme is shown in fig. 8.
For phase to phase transferred surges any two of the phase
arresters (out of a, b and ¢) will provide the protection.
The magniﬁude of phase ﬁo earth transferred surges are
controlled by one of the phase arresters and the common
arrester designated as 'n!' in the figure.

AMternatively theprotection scheme may consist ef
0.25MF, 95 kVp BIL surge capacitors connected between
phases to earth and 20 kV arresters between phases. This
scheme can be used for inductive load. However, the
first two schemes can ﬁe used whether the load on tertiary
is capacitive or inductive.

In the case when load 1s connected to the tertiary
provided with earthed shield, protection scheme should
consists of 3 Nos., 20 kV rated arresters connected
across t ertiary prhase termihals. As electrostatic compo-
nent of transferred surges on tertiary are already
suppressed by earthed shield, provision of 0.25MFsurge
capacitors between phases and earth will not serve any
purpose.

When tertiary windings are kept unloaded due to

certain reasons no protection is required.
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34,, 3B, and 3C, are 11 kV tertiary terminals
A B and C are 18 kV station class heavy duty
lightning arresters
A' B! and C' are 20 kV station class heavy duty

lightning arresters

Fig. 7

Protection scheme for 11 kV tertiary of

220 kV class transformers.

3A2

2C o 3B 7757

q

as,byc and n aré 9 kV station class heavy duty
arresters.

Fig. 8

Alternative protection scheme for 11 kV tertiary
of 220 kV transformers.
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CHAPTER -7

CONCLUSIONS

The following conclusions c¢can be drawn on the

basis of transferred surge study on the transformers.

71 The transferred surge voltages in 3 winding
transformers consist of four components: electrostatic,
electromagnetic, free and forced oscillations. The
electrostatic component of transferres éurge voltage

is high when electrical clearances between the windings
are tight whereas the electromagnetic component is
high when the mutual impedances between the windings
are high. The magnitude of these components increase
about 6 to 10% when wave front duration is reduced
from 1.14s to 0.7 M5 and wave tail duration is increased
from SO/ASto 1OO/US. The magnitude of these components
alsé depend upon the surge impedance of transmission

lines.

When chopped impulse voltage is applied on a

transformer terminal, the magnitude of a few (normally
two) high frequency oscillations at non-impulsed
terminals generated due to chopping action are generally
found quite high. However, as their duration is very

short, they do not &ause any damage to the insulation.

7.2 The magnitude of transferred surges at tertiary
terminals depend upon the tertiary terminal conditions.

The magnitude of transferred surges are found high

Contde ... 121



121.

when tertiary terminals are unloaded or connccted to
high impedance circuit or when one tertiary terminals
is earthed and other two are kept floating. It also
depends upon whether impulse voltage is applied on HV
or LV windings of transformer. It is generally found
that transferred surge voltages on tertiary are more
when impulse voltage is applied on adjacent LV winding
because close capacitive coupling exists between LV and

tertiary windings.

It is found that the transferred surge voltage
on 11 kV tertiary (or stabilising) terminals of 3 phasc
220/132/11 XV or 220/110/11 kV Y-Yo,A connected auto
transformers and of 220/66/11 xV Y/Y/A connected systen
tfansformers exceed considerably the specified BIL for
11 kV system voltage when tertiary terminals are un-
loaded. It is found that the magnitude of transferred
surges at tertiary terminals afe more in the case of

auto=transformer.

73 When the load is connected to the tertiary of
transformer, the magnitude of transferred surges at
tertiary terminals are reduced. The reduction is not
significant in the case of reactive loading as reactor
offer high impedance for transient phenomenon, whereas
it is significant for eapacitive loading. Even wvwhen
the tertiary terminals are carthed through the surge
capacitors of the order of 0.05 to 0.1mF, the

magnitude of transferred surges at tertiary terminals
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and across tertiary coils are limited to about

45 kVp and 90 kVp respectively. However; these surge
capacitors suppress the transient potentials at
tertiary terminals only and not along the major

portion of the tertiary as noted in chapter 6.

74 The BIL of tertiary (or stabilising) windings
should be fixed on the basis of the magnitude of
transferred surges on these windings when these are
kept unloaded and assuming that no lightning arres-
ters are installed either at 220 kV or LV terminals.
The reduction in the magnitude of transferred surges
due to the presence of arresters in service should

be treated as the "safety margin".

On the Dbasis of transferred surge study it is
established that the BIL of 11 kV stabilising or
tertiary windings should be kept 200 kVp in the case
of 220 kV auto-transformers whereas it can be kept

150 kVp in the case of 220 kV system transformers.

7.5 When earthed shield is kept outside the
tertiary winding, the BIL of the winding can be kept
125 kVp. However, this earthed shield may increase

the cost of the transformer to about 1 or 1.5%.

7.6 The magnitude of transferred switching surges
across tertiary coils for single pole and three pole
surges (applied either at LV or HV terminals) are

about 50 and 65 kVp respectively. These values are
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not considered high.

77 The equipment connected to the 11 kV ﬁertiary
is generally designed for 75 kVp impulse voltage level.
The continuous impulse withstand strength of the
equipment can be considered about 60 kVp (i.e. about
80% of the rated BIL)., Thius the magnitude of trans-
ferred surges at and across the load terminals should
be limited upto 60 kVp. The suitable protection scheme
using the lightning arresters or the combination of
surge capacitors and lightning arresters have been
suggested. The impulse protective level of the arres-
ters should not be above 60 kVp., It is shown in
Chapter 6 that the thermal rating of these arresters
is also very dimportant as tertiary load (e.g. reactor

or capacitor bank) can store high energy.
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