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SYNOPSIS 

This dissertation is based on an experimental 

approach to the 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 CR0. 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 circuit or one terminal of tertiary is 

earthed and other two are kept isolated in service. 

Thus while designing the insulation for this type 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 impulse insulation levels for 11 kV 

tertiary of 220 kV Auto Transformer 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. 



CONTENTS 	 Page e 

CERTIFICAT 
ACKNO IILEDGEMENT 
SYNOPSI 

CHAPTER 1 INTRODUCTION AND COMPONENTS 	I 
OF SURGE TBANFER 	 4 

CHAPTER 2 LITERATURE STUDY 	 12 

CHAPTER 3 EXPERIMENTAL SET UP 	 18 

3.1 Details of testing facility 	18 

3.2 Precautions observed 	22 

3.3 Details of the transformers 	22 
used for experimental study 

3.4 Details of measurements 	25 

CHAPTER }+ 	XPERIMENTALPESUIT S of 	29 

+.i 3 Phase, 50 MVA, 220/132/11 kV 	30 
Auto transformer 

I+. 2 3 Phase, 100 MVA, 220/132/11 kV 	+8 
Auto transformer CH-L=15,) 

1+-• 3 3 Phase, 100 MVA, 220/1a/11 kV 	62 
Auto transformer (ZH-L=10 %) 

4.4 3 Phase, 100 MVA, 220/110/11 kV 	71 
Auto transformer 

~+.5 3 Phase bank formed by 3 Nos. 	77 
1 Phase, 33.33 MVA, 220/110/ 
11 kV Auto transformer unit 

4.6 3 Phase, 50 MVA, 220/66/11 kV 	19 •+ 
System step down transformer 

CHAPTER 5 DISCUSSIONS ON TEST RESULTS 	87 
5.1 General remarks 	 87 
5.2 Study on 3 Phase 220/132/11 kV 	88 

Auto Trarsf iytvicir ° 
5.2.1 Transferred surges on tertiary 	88 

when 132 kV LV terminal impulsed 

5.2.1.1 Tertiary terminals kept unloaded 89 

5.2.1.2 One terminal earthing of tertiary 96 



Page  

5.2.1.3 Tertiary terminals earthed 	97 
through resistors 

5.2.1.4 Tertiary terminals earthed 98 
through Capacitors 

5.2.1.5 Tertiary terminals earthed 100 
through reactors 

5.2.1.6 0.7/100fsimpulse wave application 101 

5.2.1.7 Three pole surges 102 

5.2.1.8 Two pole surges 103 

5.2.1.9 Switching surge voltage 104. 

5.2.1.10 Effect of earthed shield 10+ 

5.2.2 Transferred surges on tertiary 105 
when 220 kV HV terminal impulsed 

5.2.3 Fixation of BIL for tertiary 107 
winding s 

5.3 Study on 3 Phase 220/110/11 kV 110 
Auto transformer 

5.4 Study on 3 Phase bank of 110 
220/110/11 kV Auto Transformer 

5.5 Study on 3 Phase 220/66/ 11 kV ill, 
System transformer 

CHAPTER 6 PROTECTION OF TERTIARY 113 
WINDINGS AND THE CONNECTED LOAD 

6.1 Protection of 11 kV stabilising 113 
windings 

6.2 Protection of tertiary winding 115 
and connected load 

CHAPTER 7 CONCLUSIONS 120 

BI BIL I OGRAPHY 121+ 



1. 

CHAPTER - I 

1.0 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 

"loaded 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. 
When a transformer winding is subjected to a 

lightning/switching surge, transient over-voltage 



2. 
are produced in the impulsed and also in all 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 down transfor-

mer generally experience over-voltages in this form. 

The tertiary winding may attain fairly high potentials 

to ground or high voltages across the winding when it 

is kept floating in service. 

A transformer terminal is considered as 

'floating 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 transformer 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 compensator 

or some other equipment is connected to tertiary ter-

minals, the over-voltages are transmitted to the equip-

ment via the transformer. It is known that the impulse 

withstand strength of rotating a.c. machine or dry type 

transformer 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 rating for equipment and bus bars having larger 

clearances for tertiary connections-, a proper protective 

system consisting of lightning arresters/surge absorptio 

capacitors should be planned in their tertiary circuit. 

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 LV windings were allowed to float, the 
LV bushings.  would flashover to ground in some cases; 

and therefore, it is standard practice to connect the 

LV bushings to ground through a resistance during the 

test which also represents the service conditions. 

When lightning arresters are installed at tertiary 



terminals', their faiure have a iso 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 tra-

nsferred surges at tertiary terminals under various 

tertiary terminal conditions an to recommend nece-

ssary protective measures wherever required. 

2.0 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 IIV to the LV winding 

terminal of a 2 winding transformer has been descri-

bed as consisting of four components', shown in 

Fig. 1 are : 

i) The electro static component 

ii) The oscillatory component in tIE HV winding 

which induces a corresponding oscillation in 

the LV winding. 

iii) A second oscillatory component produced in 

the LV windings. 

iv) The electromagnetic component. 

The transferred surge voltage which 

appears on tertiary terminals of a 3 winding 



Fi . 	Composition 
LV terminal 
impact of a 

of the surge voltage 
of a transformer due 
surge wave on the HV 

at the 
to the 
terminal. 
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(a)  

(b)  

(c)  

(d)  

(e)  

5. 



6. 
transforms or auto-transformer also consists of 

these four components. Itis known 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--shaper: 
and the frequencies of these harmonic oscillations 

depend upon the terminal conditions of the oscilla-
tory winding. 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 

di stri.buti on°. 

Part (a) of Fi g.l shows the exponential 

electrostatic component of the transferred surge 

voltage at the LV terminal. The magnitude and 
shape of this component depends upon the front 

duration of the applied surge voltage', the capaci-

tance distribution among the transforner 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 



the electrostatic and electromagnetic fields of 

t1 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 in -be LV winding which 

immediately follows the impact of the wave - the 

voltages produced depend upon the distributed 

constants of the LV winding. Part (d) is typical 

of the exponential unidirectional surge voltage 

wave produced in the LV winding by electromagnetic 

induction between the windings', 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 

impedances connected to the winding terminals; the 

wave-shape of applied surge and is independent of 

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 components. 

2.1 ELECTROSTATIC SURGE TRANSFER 

Electrostatic induction becomes hazardous 

7. 



when the floating winding is having quite lower 

voltage rating than the inducing winding(for 

example 11 kV tertiary winding of 220/132 kV Auto 

transformer) , because this type of induction is 

determined not by turn ratio but by • capacitance 

distribution within the transformer. Often the 

capacitance distribution leads to higher potentials 

in the lower voltage windings than turn ratio would 

have produced. 

in the symmetrical three-phase installa-
tions`, the vectorial average of the normal frequency 

potentials of the tir ee-phases to ground is zero; 

and therefore the corresponding average normal 

frequency potential to ground of a symmetrical three 

phase floating winding also will be zero. As the 

electro-statically induced potentials in the three 

secondary phases tend to neutralize each other by 

an exchange of small capacitance currents,' the 

maximum local values of the electrostatically 

induced normal frequency potentials will be negli-

gible. However, if for any, reason the neutral of 

the HV winding should shift, or the potential of 

the HV winding should be raised, a ca' responding 

electrostatic potential will be induced in a floa.-

ting winding on the transformers. This is apt to 

occur under the following conditions s 
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1) 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 winding. 

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 : 

UL= UH 	CH-L  CH-L +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. 

2) SWITCHING WITH S 

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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duration. 

3)  SWITCHING WITH OIL CIRCUIT BREAKER 

As the three contacts of an oil circuit breaker 

- caxnnot be expected to open or close exactly 

simultaneously, their operation also leads to 

the same situation as in (2) but with very much 

shortened duration. 

1+) DYNAMIC OVER VOLTAC1ES 

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  

While electrostatic induction can produce 

dangerous transient voltages when the floating 

winding is of quite lower voltage rating than the 

inducing winding electromagnetic induction produces 

transient voltage approximately proportional to 

turns ratio in the floating winding. The voltages 

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 



3 winding transformer are generally slightly more 

in comparison to 2 winding transformer. 

11. 
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CHAPTER -2 

LITERATURE STUDY. 

	

2.1 	In the bibiliography references of papers on 
surge phenomena have been given. Out of these, 

reference numbers 3, 1+, and 7 directly deals 

with surge transfer in 3 winding transformers 

and auto-transformers. 

	

2.2 	P.A. Abetli and H.F. Davis (4) 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 both 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 shields, 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 
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entirely after a few cycles, before the electromagnetic 
component has reached an appreciable value. The finite 
length of the front of the applied impulse wave 

(i.e. 1.2?5+ 30%) further reduces the amplitude of 

the free oscillations as compared to the vertical 
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 50O 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 phase transformers 
for unit step voltage application has been investigated 
in detail analytically by P.A. Abetti(3). The 

main implication to be drawn from this paper has 
been stated in the paper (ii-) . 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 FEIV 

transformers are some-what involved. 



The main conclusions drawn in the paper are 

given below 

1) When surges are applied to the HV winding 

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 Ohm. 

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 equal 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 Ohm 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 

transferred voltage at this terminal may be 

larger than the turns ratio multiplication even 

for an applied wave with a 40 to 60 /S tail. In 

two winding transf romers the electromagnetic 

component is less than the turns ratio trans-

formation. 

The front length of the transferred electromagnet 

voltage is usually long (1O1Sor 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 through 

apparatus having high surge impedance to limit 

magnitude of transferred surges at these termina] 

below SO Q of rated BIL. 
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.3 	A.R. Hileman 7 has derived the equivalent 

circuits to determine the surge voltage transferr( 

electromagnetically through 3-winding, 3 phase, 

transformers. The validity of the equivalent 

circuits is proved by impulse tests on transfor-

mers. Knowing the transferred voltage, the 

required degree of lightning protection on the 

secondary and tertiary terminals can be evaluated 

	

2.4 	In the literature study analytical expression to 

determine the transferred electrostatic or 

electromagnetic voltages at non-  impulsed terminal 

are given. However the expression for determinin 

the magnitude of these voltages across the non-

impulsed windings are not given which are also 

quite important as the low voltage stabilising/ 

tertiary winding 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 transformer should be decided is also not 

discussed in the literature. Certain other points 

such as effect of earthed shield outside the 

tertiary winding, requirements 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  _-a. 
EXPERIMENTAL SET UP 

3.1 DETAILS OF TESTING FACILITY 

The lightning and switching impulse voltages 

having crest values upto 120 Volts were generated 

by Haefely make recurrent surge generator. The 

front and tail durations of the generated surge 

voltage can be adjusted quickly by varying built 

in front and tail resistors, generator and load 

capacitances. Provision for connecting external 

resistances and capacitances to control the wave-

shape is also there in the generator. The 

amplitude of the surge voltage can be controlled 

by "amplitude 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 voltage 

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 
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terminal while the other is connected to earth 

point of the test set up. The oscilloscope probes 

used for connecting the transformer terminals were 

having facility to compensate its stray capacitance 

which otherwise may introduce errors in the 

readings. 

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 connecte( 

to a common earth point of the multi-terminal boar( 

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 

to facilitate quick 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 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 is assumed that the surge 

impedance values of 220 kV, 132 kV and 66 kV 

transmission lines are about 400, 450 and 500 Ohm 

respectively. The typical test connections for 

the transformers under study are shown in figures 

2,3, 	and -- of this chapter. 



C 
4-00 
0nm 

B 
400 
Ohm 

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'. 

A 

0. hr450 Ohm 	3A2 3B 3C z, 

C 
4-00 
ohm 

C 	b 
450 4~0 
ohm ohm 	B 

400 
Oh m 

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

A 400 	 3A2 3B2. 3C2 Ohm n 	a. 

20 

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 3C2 

N 	is Neutral terminal 

x+50 and 400 Ohm are terminating resistances 
for non-impulsed HV and 
LV terminals respectively 

Fig . 2 



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

0 
400 ohe, 3AB xa L  3c2 

M 

N 	Shorting 
links 

G 	 b 

C  406 Ohm 	oh 	
B 

Fis.3 

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

Surge voltage applied on HV terminal A 

A 	 500 	3 	3Bz 3C 

4

Ohm l 

00 400 	500 	500 ohm 	ohm 	ohm 	Ohvn 

Where A B and C are 220 kV terminals 
a b and c are 	66 kV terminals 
N and n are 	220 kV and 66 kV winding 

neutrals 
3A2, 3B2  and are 11 kV tertiary terminals 

Fig. i+ 

21, 
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3.2 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. Ear- 
Fl 

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 measuremnnts. 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. 

3.3  DETAILS OF THE TRANSFORMERS USED FQ 

220 kV class auto-transformers having different 

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 

impedanee values between pair of windings, cooli 
considerations etc. 3 Phase 220/66/ 11 kV step 
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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 ± 1O% variation 

in 16 equal steps of LV side voltage. .l1 

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,  5F.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 

between HV-LV, HV-SV and LV-SV 10.5, 36 and 21+ 



respectively. 11 kV delta winding designed for 

stabilising purpose. 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 A  HV-TV and LV-TV 15.2. 41.3 and 

23 respectively. Tertiary rating: 30 MVAr, HV 

and LV BILs: 900 and 450 KVp. 

5. 3 Phase bank formed using 3 numbers single 

phase 220 	110 / 11 kV Auto transformers with 

off circuit tap switch at LV line end for -1-i 

to + 7-h-  LV voltage variation in steps of 2 -%. 

Percentage impedance values between HV-LV A  

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. 

6. 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 }+.9 respectively. 

HV 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 

24. 
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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 a 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. 

3.14  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 : 

i) Tertiary terminals kept unloaded 

ii) One tertiary terminal earthed and other two kept 
floated. 

iii) Termri.nals earthed through capacitors 
iv) Terminals earthed through resistors and 
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General winding arrangement of 22O/111 kV step 
down Au 	transformer 

Fig. 
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27. 

 

General winding arrangement of 220/66/11 kV 
Step down system transformer. 

Fig. 6 
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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 tertiary termi-

nations, these measurements were not repeated in 

all the cases. 

The effect of chopped impulse voltage applicatio 

on transferred 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/I00f&5 impulse voltage, switching surges, 

2 and 3-pole surges were also 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 HST 

terminal) . Typical photographs of the trans-

ferred surges are also shown in chapter 5. 

The crest values.  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 electromagne-

tic and electrostatic components of the trans-

ferred surge are also separately noted. 
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}+.i 	TRANSFORMER SERIAL NUMBER 1 

3 Phase, 50 MVA, 220/132/11 kV Auto transformer 

GENERAL PARTICULARS 

Impulse voltage levevel 

NV 	900 IKVp 

LV 	550 KVp 

Percentage impedance voltage at rated MVA 

% Z HL 9.75 

% Z H-T 33.0 

%.2 L-T 21.7 

Core details: 

Diameter 550 mm 

Length 2360 mm 

Electrical clearances : 

Core - TV 20 mm 

TV - LV 58 mm 

LV - TAPS 54 mm 

TAPS - HV 48 mm 

Coil thickness: 

TV 37 mm 

LV 	78 mm 

TAPS 	19 mm 

NV 	57.5 mm 
(excluding 88 mm 
interlayer clearances) 



CHAPTER - 

29. 

EXPERIMENTAL RESULTS 



Ln 
cure 
riC 

Al -E 41 

ON  
V 

Lr, vLn 	DE-PO  
. (n   

N d+ N .-i [u N rb U 
LO LC) Lfl( 	V +) m U 

-rl 	>1 •. 	.. 	.. 

- 	_L) V 	U 	 -~ 	-44 U1 

wIo re 

C) 	r+ 	r+ 	s~ 	cd 	I-4 

o N 	C 	° `" -H N 
ro 	-H ri r 1 .-. Q) 

- 	
0 +) M r-1 	0 	-N -4-) 4j '-i 

QO 

hi 	r1 

(U 	r-4 	.-• •r-i -r-# 	Ste" 	-ri 	N 
.0 	o 	-rI . 	-rl t3 w ' v 	{U to - N 
o 

V ci 	(ii 

U 	4 	Q) 	a) 

lb' N z fd 
-~-$ 	'ti 	0 	S-1 	r11) 
re 	i-1 

U 	i~ 	sa 	V 	r~ 

(1) 	N  

0 	
O 	rO 	4U-t t-1 rb N0 

b 	5. 

U 	N 	U0 	(a - -1 

 O 54 

!~ 

H 	b 
rl -r1 

H -P 

r-i 

o 'Z 	 l0 N 

L ! 	r1 	Lfl 	Ui 

co 	 Lfl 

c 	 N 	C') 	ri +1  

cn 	Ln 
LI)  in  0  . 
. 	• 	S.a 	N 	O 
p 	N 	N 	0 	LI) 
'.p 	i 	 1 N 	+ 	1  

co 	O 	cn 	Co. 	() 
• I-i 	• 	0 	s 

o N 	'°O 	~ 
I 	 I 

o LI 	LI) 	In 	L() 	LI) 
5-1 	• 	• 	• 	• 	• 
O 	N 	.i 	fV 	'4' 	.-1 
N 	u) 	in 	to 	'.0 

1 	1 	1 

LI) 

o fit ° 'O 	1~I) 	°' 	t~ C1 	N r- 
1 	1 	I 

~ (V  ~A  V  4 
W  W  ()  (Y)  cn 

W 	1 	1 	1 	!I 	1 
[ 

t W 	4 	CQ 	U 
M 	M 	() 	Cfl 	M_ 	m 

31 



32.' 

LU 
a 

r-i 

rid a0 
~f v 

0 

— 0 • 
ON m 
we .. 

a) 
4 ro 

Q a -ri 
H 

s. N Qy 

rid .moi 
W O 

9 

U 
H 4) 3.4 

s-i 
V 4u 

4 •1 U) 

O 
V H 

H 
1-i 

	

LU 	LU 

LU CU LU LU  
1  I  1 

CU N 
Q d1 r-1 

I r I 1 I 

O 
1-4 LU LU 0) N CN N .--1 ' N r4 .-s 

I i I 

U) 

a) 
+, >, 

bra 
(V ' 	N H U 	o 
N co 	Q) 	rd 	Il 4-) O -~ N O 
0 
0 

M 	N 
ITiFtI

O 
0) 	tll 	O 

t) 	3-ILn 
rr3 Q) 	c€} 	11 

-I-f 

r 

ro 
a) 

ro r1 4i 

(N  s:Z 	(0 
•r-1 	(1) 

b~ U) 4 (N 
S4 	ca N Q 
::i O 4) cn 

d+ sP 11-P u7 	LU 
d{ N et' N r-t (N 
H 	 1 	r-4 

1 	I 	+1 

rO 
3-4 

N a 
t44 t-1 	10 

O 14 U O ~ 
(V U) 	-f 	ti 

rd N  (V p~ 
w w w M 
1 f 1 1 

N (N N (N 

M MM 
o 
M M 



33, 

Cl) 
a, 

4J 

U 
4) ''-I 	.E 	• 

O a7 	Q1 	a, 	Il 
r-. 

4) Q) 	J Q 
r4 1041-Lfl 

N 

Q' t 
0 N 'r4 'Q) 
1-t W 

(I' 04-)c 
tD 

cto , i 

i E-+ U  

'"1 

rn Z c\ 0\ O\ W 

ri 

oo 
rn 0 

0 

ro 
U) 

ro 

O 

to 

0 
.r4 ro 

o 
O 

r-4 
N ' 0 
D s- 

b m 

4) 
ct 

O .-1 U ry o 
. a3 

(0 -) 	~N 

 .b al E 1-4 
H H 

H 1-i 

UJ '-I tO O 0 Ln 
Ll) 	• 	df 	(N  

1 	 1 

a 
0 
i4 CO it) a d4 Ln 

in 

I 
N 
N 

1 

4) IS 
S-t 1-4 N N CV 

It, al 
W W W cin () • c 
1 1 1 1 i 1 
CV EV CV N (N N 

(Y). M. () r) Cr3 t 

• 



0 0 O 

rL 

cdcP Cd 

- $4 
U~ N~ 

cd 	'~ 

kr-143 43 
V, 

4-)  

U -N M 
pa 

'd 
' 

r443 

ci 

M 

cd M 
d V 43 Cn 

p4 ri 
cII ~ 

N EV A Cd 

Ski ON 
to 

Cl) L)4-)
Q) 

a) 

4-, r d cd 
to  C ri 

Cd v #> 

U) 

cad -g 

4 
E-4 ~ 

c o 
v 

ci 

rg 

xW 

rd 

cad 
N 

n3 

H P •rE -i4 •r 4 v v ~✓  0 ,►~ 

n, o Cd 
UI u` ho 

•• Cd 

o 0) 

o rd 0) 

CO 

Cl) 

© " Ts 
C) v N ~U 

o •r1 -4 

cad 
Co 

- 
• v H 

• 
H 

1 

0 	N 0 N lc~ 

r 

0 

0 

• 

f1 N 0 N M C) 

4 

r - crl N N 
M-, 

t 
p 0 t.- a i 

co i { M c 
1 1 1 1 1 1 

CJ 
M 

N 
M M M M 



35. 

rH 
ro 

C) 4 ) 
ALL' 
Q -- ~ 

cry C) 	• 

o U 4J CO 

t11

R, 

NASO rj co tll 
4) N •E4O 
rI U) -$4L 
A - rd 6) 	(U 	Il 

x ~ 
t- 
(04)  

N $- 
C 

S-1 U] S4 N 
roa)a 

EA U 4)M 

C) 0 

cvo.) 
-t (0 C) 

H O +J 

cc 2 co co m ko 

o 
mr- 

ro Li 

rI 

C 
-~► 

a ~ r, 
o s4 
ro 4) a) 

p4 
(d ([3 

cn c~, ro 
rs 
p 

a its o 
O is gyp, 
U co 

M ~ 
tU fJ~ f4 

rt1 o cn -N u 
ro 

Li) •r-I 4-i 

H 

Ln LU 

N Q 	N .-I to 
co o 0 co 0 	N 

03 to cc 0 tf3 
0 N I— N CO r 
54 r1 
N 1 1 

LU 

M So Ln +1' CD CO 
O d' N LU t- (C) 
.-i ii 4 :-I r-4 

I 1 i 

54 54 5-i N N N 
C4 14 (f) 

1 1 1 1 1 1 

Cil U W 0 M M M M m cn 



to 
fa 

fd  

4J 1-4 -E W 	J 

4) ~ 	w II 
~ O+'vO 
0 

E 
cn,Q0 

rN (Y) 	
O -I ,Q 

4-) ll a) (U 	( 
U 4J O 1 

E 
a) 

cii 
ro 

N ~([J 

U) 	N 

Li)  

ro 
a3 
1-4 

Ui X13) i t 
44 ~ro CC 
co (a'H 

m o.~ 
U),-s4 

r-i  Lf)  LP) 

o Ln 

Cr ~M co I-I 
N d1 Ln to 

I 

o S-~i M~ r 1 0 q  

N 	( 	1 

i--I •"i N ON 
f ri 

36. 

0 
ON 
I 

w 
Ln 
1 

mo 
M 
v-i 

C) 

4 

W W W tfl c c 
'.: C.I 1 i 1 1 

4 c>a 0 
M (7 

H 



37. 

., 	.. 	~' C: Cwt}; •~ 

4J  

- ~ 0 

I a 	Jia   c 
ro 

Q  
"' 	4) 	`) 

 ~' N 	a3 
11) 

FU 	Vi 	(LI 	~} 43 N 
o - 	U ''`'  Iv 	rU 4-' 	o 

O 	C,  o r 

V 	to Q, 

U 	
4 

v 
41 

~ 	H W .~"~ a W 
.r.a ~ 	 J f 
Q1 	 N 
E~t~ 	 d 

t 
V U 



38• 

0, 

~ ~.~~ 
>-+ (; rrJ L, 	I 
4-I ~! 0)C"3 

1 'r-1 a) • 4J0 E 	O 
S-1 	4-i 

4-4 (d Q) 	[tl 	tt 
N O +> N O 4-) 
4) 
(Ti 

rilqj 
r~ cU O 

0 rd O 
(TiW(Uu 
U4-) a)c: 

rj 

X ~ 
rd 4 
Q) til 	S4 
p4 C3 fll 

 -•-I 	(13 
(D~ 

O 4J r) U 
Ell 
4-4 r 
44 r 
Ea (a 'v-i 

ago -) 
td to .--i 	f-4 

C-+ O 4 

0 
Ln 
I 

N H 

-v--i 

N 	N 

z 1 

0 

t 

0 
$44 	Ln 	0 
N 	1 	1 

AM 0 
i 

0 

U) 

l 4-i n; 

F- 

N Q) 
E14-) 



3 
I. 	Surge 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/ 4S/unit 

1.1 Tertiary kept unloaded 

(2) Surges at tertiary 
terminals 
3A2, 3B2, 3C2 
Magnitude: 20V/unit, 

1.2 Tertiary earthed through 

(3) Surges across terminals 
3A2 - 3B2, 3B2 - 3C2, 
3C2 3A2 

Time base: 50~ s/uni t 
C=0.1JuF 

( 0+) Surges at tertiary (5) Surges across terminals 
terminals 	3A2-3B2, 3B2-3C2, 3C2-3A2 
Magnitude: 20V/Unit, Time base: 5O/AS/unit 



1.3 	Tertiary earthed through C = 0.25/A F 
	 M 

(6) Surges at tertiary 	(7) Surges across terminals 
terminals 	 3A2-3B2, 3B2-3C2, 3C2-3A2  
3A2, 3B2, 3C2  
Magnitude: 20V/unit, Time base: 20/AS/unit 

1.tf 	Tertiary terminal 3A2  earthed, remaining unloaded 

(8) Surges at tertiary 	(9) Surges across terminals 
terminals 	 3B2-3C2  
323B2 3C2  

Magnitude: 20V/unit, Time base: 20 Ms /unit (LHS) 
50,t+s/unit (RBS 

1.5 Tertiary terminal 3B2  earthd, remaining unloaded 

i 

(10) Surges at tertiary 
terminals 
3A2,3B2  and 3C2  

)4ani tude : 20V/Unit.  

(11) Surges across terminals 
3C2-3A 

Time bases 20Ns/unit(LHS) .SOP'S/w 



1.6 Tertiary terminal 3C2  earthed, remaining unloaded 

Surges at tertiary (13) Surges across terminals 
terminals 	 3A2-3B2, 
3A, 3B2, 
Magnitude: 20V/unit, Time base: 50 1us/unit 

Tertiary earthed through 500 Ohm resistors 

(11+) Surges at tertiary (15) Surges across terminals 
terminals 	

3A2-382, 3B2-3C2, 3C2-3AB 3A2, 3B2  and 3C2  
Magnitude: 20 V/unit, Time base: 50&As /unit 

1.8 	Chopped impulse voltage application 

(16) Applied impulse oacillogram at LV 'at phase 
Magnitude: 20V/unit, Time base: 1 r s /uni t 

(12) 

1.7 



Surges across  3A2-332, 3%!-3C2 * 30 -P3 '' (22) 

1.9 	Tertiary kept unloaded 

(17) Surge 3 sat terminals ' . (18) Surge at terminal 3C2 

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

1.10 

Surges across terminal 3A2-3B2, 3B2-3C2, 3C2-3A2 

C t 8} 	 (20) terminals earthed by 
c = 0.1pF 

Magnitude: 2OV/kriit, Time base: 50 5/vnit 
Tertiary earthed through 500 Ohm resistors. 

(21) Surges at tertiary 
terminals 

3A2, 3B2, 3C2 
Magnitudes 2OY/units  Time bases 5O % /nni  '~vs 



4-2  
1.11 	Tertiary terminal 3A2 earthed, remaining unloaded 

(23) Surges at terminals (24) Surge at terminal 3C2  
3A2 and 3B2 	 and across 3B2-3C2  

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

(29r) Applied impulse at (26) Surge at HV terminal 'A' 
LV 'a' 
Magnitude: 1 O V/unit 	Magnitude: 20V /unit 
Time base: 1 O/4s/unit 	Time base: 200pS/unit 

2.1 	Tertiary kept unloaded. 

(27) Surges at tertiary (28) Surge across ter3nl rial s 
terminals 	 ,. 
3A2, 3B2, 3C2 	 3A2-3B2, 3B2-3C2, 3C2-3A2  
Magnitude: 10V/unit, Time base: 501Ms/unit 



2.2 Tertiary earthed through C= 0.1 IA F 
44 

-U 
ii  

~~i ill  
$hii5' 

(29) Surges at tertiary (30) Surges across terminals terminal 	 312-3B2, 3B2-3C2, 3C2-34. 
3A2,382, 3C2 

Magnitude: 1 V/unit, Time base: 50/5/unit  
0.7/90OPs Impulse Voltage applied on LV terminal 'a',  remaining condition same as in. I, (Magnitude: O Volts 

3.1 
	

Tertlary kept unloaded. 

(3T) Surges at tertiary (31) Surges across terminals 
terminals 
3A2,3B2,3C2 	3.3B2, 3B2-3C2, 3C2-3*2 
Magnitude: 20V/unit, Time bases 20fr's/uni t 

3.2 	Tertiary terminal 3A2 earthed, remaining unloaded. 

(33) Surges at 
terminals 
3A2, 3B2, 
Magnitude:  

tertiary (34) Surges across terminal 
3C2 	3B2-3C2 
20V/unit, Time base: 20pS/unit 



EN 
IV. Oscillog rams of transferred switching surges 

when 220 kV HV 'A' Phase terminal impulsed 
(non-impulsed terminals of LV kept unloaded) 

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

(36) Surges at HV 	(37) Surges at terminals 
to rminal S B and C 	a, b and c 
MagriLtude : 1OV/unit 	Magnitude: 20V/unit 
Time base:1000 /unit Time base: 9000?S/unit 

(3$) Surges at unloaded (39) 
tertiary terminal 
3A2, 3B2, 3C2  
Magnitude: 2 V/uni t 
Time Bare :1000 /us/uni t  

Surges at terminal 
3, 3B2, 3C2  when 
3A2  earthed. 
Magnitude: 2 V/Unit (excel 
for 3C it is 5V/unit 
Time bise : 1000f5/unit 



46 

(40) Surges at 3A2, 	(41) Surges at, 3B , 3C 3B2, 3C2 2 	2 	2 
when tertiary 	 when tertiary earthed t 
earthed by 500 Ohm 	C = O.1µ F 

Magnitude: 2V/unit, Time base: 1000 jUs /unit 
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Transferred surge oscillogram for 3 phase 
100 MVA 220/13233 kV Auto Transformer (33 
with ± 5% off circuit taps to centre) o 

bank of 
kV tertiai 

(1) Applied impulse voltage on LV terminal 'a' 
Magnitude 20V/Unitq  Time bases 10 f s/Unit. 

(2) Surge at terminal 3B2 
Magnitude: l OV/Unit 
Time bases Sops/Unit 

C3 1 Surge ud terminal 
  C2te 	 t 

Time bases 50r s/Unit 

(#) Surge at Centre point (5) Surge across 2k% 
of tertiary coil C. 	turns of coil C 
Magnitudes 1 OV/Unit 	Magnitudes 2 V /Unit 
Time bases 20f -'S /Unit 	Time base: 20/-+S/Uni 



42 TRANSFORMER  SERIAL NUMBER 2 

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

GENE RAL PARTICULARS 

Impulse voltage level 

H`T 

 

900 KVp 

LV 	5 50 KVp 

Percentage irnedance voltage at rated MVA 

Z H-L 14.8 

H-T 	52.5 

% Z L-T 33.5 

Core details 

Diameter 	540 mm 

Length 	2360 mm 

Coil thickness 

TV 	 55_ -. mm 

Lit 	 106.5 mm 

TAPS 	 20.5 mm 

HV 	 58.5 mm (excluding 88 mm 
inter-layer clearances) 

Electrical clearances 

Core - TV 20 mm 

TV - LIZ 59 mm 

LV - TAP 58 mm 

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

(1) Applied impulse 
voltage on HV termi-
nal 'A' 
Magnitudes 20V/unit 
Time base: l0/us/unit 

(2) T'ransferreO surge at LV 
terminal 'a' 
Magnitude: 10 V/unit 
Time base: 2 ps/unit 

1 

Oscillograms of transferred surges on tertiary. 
Tertiary kept unloaded 

I A 

Tertiary with C = 0.1 /u F 
;: 

4 

0 

(3) surge at terminal 3A2  
Magnitude: 5V/unit 
Time base: 2 /5/unit 

0+) Surge at terminal 3B2  
Magnitudes IV/unit 
Time base: 50 's/unit 

(5) Surge at terminal 3B2  
Magnitude: 5 V/unit 
Time base: ups/unit 

(6) Surge at terminal 3B2  
Magnitudes I V /unit 
Time bases Sops/unit 
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Tertiary  kept unloaded 	Tertiary with Cu 0.1r+ F 

(7) Surge at terminal 3C2  
Magnitudes 5V /unit 
Time bases 5/-s/unit 

(8) Surge at terminal 3C2  
Magnitudes I V /unit 
Time base: 50,,&4s /unit 

(9) Surge across terminal 
3B2 - 3 C2 
Magnitudes 5 V /unit 
Time bases 10f 5/unit 

(10) Surge across terminals 
3B2 - 3C2 
Magnitude: I V /unit 
Time bases 50 f s/unit 

remaining isolated. Tertiary terminal 3A2  earthed, 

(11) Surge at terminal 3B2  
M4 gtiitude t 5 V/unit 
Time bases 51s /unit 

(12) Surge at terminal 3C2  
Magnitudes 5V /unit 
Time bases 5/s/unit 



5S 

4 

(13) Surge across terminals (1+) Surge across 3B2  - 3C2  
3B2 - 3 C2 	 Under chopper impulse 
Magnitude: 5 V/unit 	Magnitudes 5 V/unit 
Time base: 10S/unit 	Time bases lOcis/unit 
Chopped impulse voltage application 

(15) Applied impulse volta- (16) Transferred surge at 
ge on HV terminal 'A' 	LV terminal 'a' 
Magnitudes 20 V /unit 	Magnitudes 5V/unit 
Time bases 1/AS/unit 	Time bases 1f45/unit 
Oncillogram $ of transferred surges on tertiary 
Tertiary kept unloaded 	Tertiary with C 0.1 

AJ\JV i 
(17) Sutrge at terminal 3A2  

Magnitude: 5V/unit 
Time bases 2 ,•• s /uni t 

Nun- 
(18) Surge at terminal 3A2  

Magnitude: I V /unit 
Time base: 1/'s/unit 
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(19) Surge at terminal 3C2 
Magnitudes 5 V/unit 
Time bases 2 /+s/unit 

(20) Surge at terminal 3 '2 

Magnitudes I V/unit 
Time bases Ifs/unit 

(21) Surge at terminal 382 
Magnitudes 5V /unit 
Time bases 5/+s /unit 

(22) urge at terminal 392 

Timeeibases 1/3
/
/Ur it 

(23) Surge across terminals 
3B2 - 3C2 
Magnitudes 5 V /unit 
Time bases 10 f.~s /unit 

(24+) Surge across terminals 
3B2 - 3C2 
Magnitudes I V /unit 
Time base: 1frs/unit 
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Terminal 3A2  earthed, remaining isolated. 

(25) Surge at terminal 3C2  
Magnitude: 5V /unit 
Time base: 5S/unit 

(26) surge at terminal 382  
Magnitudes 5 V/unit 
Time base: 5fs/unit 

II. Oscillograms of purges when LV term 	L' u poJsed 

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

Magnitude' 20V/unit 	Magnitudes 20V /unit 
Time baser 10fus/unit 	Time bases 10/ s/unit 



Transferred surges at tertiary terminals. 

Tertiary kept unloaded 	Tertiary earthed 
through C= 0,1 / F 

(29) Surge at terminal 3A2  
Magnitude: 5V /unit 
Time bases 5f -4s/unit 

(30) Surge at terminal 3A2  
Magnitudes 5 V/unit 
Time bases 505/unit 

(31) Surge at terminal 3B2  
Magnitudes 5V /unit 
Time bases 10/ /unit 

(32) Surge at terminal 3B2  
Magnitudes 5"V /unit 
Time bases 50fris/unit 

(33) age at terminal 3C2  
Magnitudes 5 V/unit 
Time bases 10ts/unit 

(34) :urge at terminal 3C2  
Magnitude I 5P ; /unit 
Time bases 50,Aas/unit 



5 

(35) Surge across terminals 
3A2  " 3B2  
Magnitudes 5 V/unit 
Time base: 10 bu s/unit 

(36) Surge across terminals 
3A2 - 3B2 
Magnitude: 5 V/unit 
Time bases 50s/unit 

(37) Surge across terminals 
3B2- 3C2 
Magnitude: 10V /unit 
Time bases 10/ s /unit 

(38) Surge across terminals 
3B2 - 3C2 
Magnitudes 5 V/unit 
time base: 5Ops/unit 

(39) Surge across terminals 
3C2 -3A2 
Magnitudes 5V /unit 
Time base: 1Ops/unit 

(40) Surge across terminals 
3C2 -3A2 
Magnitude: 5 V /unit 
Time base: 50.t4s/unit 



Chopped impulse voltage application. 

(41) Applied chopped impulse Wave at LV terminal 'a' 
Magnitudes 20V /unit 
Time bases 11US/unjit 

Tertiary kept unloaded Tertiary with On 0.1/ F 

4 

(42) Surge at terminal 3A2  
Magnitudes 10 V/unit 
Tiee bases 51145/unit 

43) Burge at tessinsl 3A2  
Magnitudes I V/unit 
Time bases 50/45/un,1,i 

Q4) Burge at terminal 3B2  
Magnitudes 1'0 Y,/mni t 
Tire bases- 5/5/unit 

(15) surge at terminal 3b2  
KagaitgdeI I V/twit 
Tim. bases %O/s it 



16r 

(1+6) merge at terminal 3C2  
Magnitudes IOV /tmit 
Tine bases 5f -'5/unit 

(*s7) surge at terminal 3C2  
lea finitude s I V/unit  
Time bases 50, s t 

(1.8) Surge across terminals 
3C2 - 3A2 
Magnitude $ 5V /unit 
Time base $ 1 O f s/unit 

(49) Surge maroonterminal 
3C2 Ow3A2 
Ilagpitnde= 17/Ulj t% 
Tins based Ors t 



4 TRANSFORMER SERIAL NUMBER -3 

3 Phases 100 IMTA, 220/132 11 kV Auto Transformer 

GENERAL PARTICULARS 

MV 	- 	900 kVp 

LV 	- 	550 kVp 

Percentage impedance at rated MVA 

6 Z H-L 	10.5 

Z H-S 	36 

Z L-S 	24.2 

Core details 

Dia 	 550mm 

Length 	2350mm 

Electrical clearances : 

Core - SV 	14mm 

SV - LV 	6 3 mm 

LV - TAPS 	63 mm 

TAPS - HV 	54 mm 

Coil thickness : 

SST 	 1'7 mm 
LV 	122 

TAP 	24 mm 

~i 	 60 mm 
(excluding 88 mm 
inter layer clearances) 

62. 
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Oscillograms of transferred surges when impulse 
voltage applied on  132 kV terminal. 

(1) Applied impulse voltage 
at LV terminal 'a 
Magnitude: 20V /unit 
Time base: IAS/unit 

(2) Transferred surge at 
HV terminal 'A' 
Magnitudes 20 V/unit 
Time base: 50 ,M s/unit 

(3) Surges at HV terminals (+) Surgest at LV terminals 
B&C 	 b & c 
Magnitudes 5 V/unit 	Magnitude: 5 V/unit 
Time base: 2/--5/unit 	Time base: 20u5 /unit 
Transferred surges on unloaded tertiary. 

(5) Furge at terminal 3A2  
Magnitudes 5 V/unit 
Time baso: 5 t^s and 

20 /+s /unit 

(6) Surge at terminal 3B2  
Magnitude: 5 V/unit 
Time bases 5 ps/unit 



M 

(7) Surge across terminal 3C2  (8) Surge across terminals 
3A2 - 3B2 

Magnitude: 5 V/unit 	Magnitude: 5V/ unit 
Time base: Sp s/unit 	Time bases 1O/5/unit 

(9) Surge across terminals 	(1 O) Surge across terminals 
3B2  ,P  3C2 	 3C2  " 3A2  
Magnitude: 5V /unit 	Magnitude: 5 V/unit 
Time base: 10/5/unit 	Time bases 10/"S/unit 

Transferred Surges with chopped impulse voltage. 

(11) Surge at terminal 3A2  
Magnitude: 5 V/unit 
Time bases 5 f- 5 /unit 

(12) surge at terminal 3B2  
Magnitude: 5 V/unit 
Time bases 5p5/unit 



(1)+) Surge at terminal 3A2  
Magnitudes 5 V/unit 
Time base: 5i.s and 

5O,t s/unit 
Transferred surges at tertiary when  H`T terminal 'A'  impulsed (Oecillogram Nos.11.. to 18) 

(13) Surge at terminal 3C2  
Magnitude s 5 V/unit 
Time base: 5,s/unit 

I 

(15) Surges at terminals 
3B2  & 3C2  

Magnitude: 5 V/Unit 
Time bases 5fr's /unit 

(16) Surges at terminals 
3A2, 3B2 & 3C2  
with car 0.25/(A F 
Magnitudes I V/Unit 
Time base: 50,.,s/unit 

Surges at terminals 3A2, 3B2  dk 3C2  under chopped rai 
(17) Unloaded tertia 	(18) Tertiary with C=0.25J`A 

	

Magnitudes 10 V//unit 	Magnitudes IV /unit 

	

f.s 1..,,44. 	 T-t..II CRs: K,.S/snit 



Transferred surge oscillograms for single pole and 3 pole 
-surge application on 132 kV terminals of 220/132/11 kV, 
8% impedance Auto Transformer. 

7c 

(1) Applied surge on 
LV terminal 'a' 
Magnitudes 20V/unit 
Time bases 10/4s/unit 

(2) Surge at tertiary terminal 
3A2 
Magnitudes 1+V/unit 

Time base s 5f4 5/unit 

(3) Surge at terminal 	(4) Surge at terminal 3A2  for 
3A2  for 3 pole surge 	3 pole chopped surge on LU 
on LV fev- 	 Magnitude: 4 V/Unit 
Magnitudes 4V/unit 	 Time bases 5fs/unit 
Time bases 5/,s/unit  



4.4 TRANSFORMER SERIAL NO .Z+- 

3 Phase, 100 MVA, 220/110/11 kV Auto Transformer 

GENMAL PARTI CUIA RS 

Impulse voltage level: 
HV 	- 	900 KVp 
LV 	- 	x+-50 KVp 

Percentage impedance at rated MVA 

%ZH -L 	- 15 

% Z H- T 	-.  
%ZL-T - 23 

Core details 

Dia 	- 	610mm 

Length - 2230mm 

Electrical clearance 
Core - TV 20mm 
TV - LV - 	55mm 
LV - Tap - 5nm 
Tap - LV - 50.5mm 
Coil thickness 
TV - 	1+5rnm 
LV - 104-mm 
TAPS - 	16.5mm 
HV - 	61mm 

71 

(excluding 88 mm inter layer clearances) 
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Applied impulse wave shape at HV/LV ' -- 'A' akcLse 
Magnitude: 2011/ unit, Time base: 1,us /unit 

Transferred surges at tertiary terminal 3A shown 
in middle and bottom rows when impulse voltage applied at HV terminal 'A' and LV terminal 'a' 
respectively. 
Full wave application 	Chopped wave application 

Upper surges with tertiary unloaded 
Magnitude: 511 /unit 	Magnitude: 511 /unit Time base: 1 O I s/unit 	Time base: 5p3/unit 
Lower surges with C = 0.1pFconnected 
Magnitude: 1 V/unit 	Magnitude: I 
Time base: 50p,%/unit 	Tls*_ base: 10 

V/unit 
rS/uni t 

Upper curve: Magnitude 5V,/unit, Ti.. bases 10 pA5  Lower curve: Magnitude 5V/unit Magnitude: 5Y /unit 
Time base:lOors/unit (LHS) 5O s /unit (HHS) 



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. 

GENERAL PARTICULARS 

Percentage impedance at rated MVA 

% Z H-T 	- 10 

% Z H-T 	- 30 
%ZL -T 	- 18 

Impulse Voltage level 

HV 	- 	1050 KVp 
LV 	- 	550 KVp 

Core details 
Dia: 690 mm 

Length: 2150mm 
Coil thickness 
TV - 	21 MM 
LV - 	89 mm 

TAP - 	10 mm 
HV - 	68 (exluding 106mm inter layer clearances) 

Electrical clearances 
Core - Tertiary : 14- mm 
Ter - LV 	: 79 mm 
LV -TAP 	: 67 mm 
TAP - HV 	: 55 mm 

77. 
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4.6 TRANSFORMER SERIAL NUMBER -6 

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

GENERAL PARTICULARS 

Impulse voltage level 

HV 	- 	900 KVp 

LV 	- 	325 KVp 

Percentage impedance at rated MVA 

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

% Z L-S 	"+.9 

Core details 

Diameter 7 mm 

Length 	1950 mm 

Electrical clearances 

Core - SV 	18mm 

SV- LV 	1. Omm 

LV - TAP 1 	1+-1mm 

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

Coil thickness 

SV 	 17mm 

LV 	 76mm 

TAP 1 	10.5mm 

TAP 2 	9mm 
HV 	 60mm (excluding 88 mm interlayer 

clearances) 
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M 
Oscillogram of surges 
when 66 kV terminal 'a' 
impulsed 
(220/66/11kV transformer) 

Oscillogram of surges on 
tertiary coil (with and 
without  earthed shield) 
of experimental set up. 

(1) Applied impulse at LV 
terminal 'a' 
Magnitude $ 20 V/unit 
Time base: 10x%S /unit 

(I) Applied chopped wave 
at LV terminal 
Magnitudes 20 V/unit 
Time base: 1 p 5/unit 

(2) Surges at terminal 3A2  (II) Surge at tertiary coil 
without and with 	 terminal without shield 
C = 0.25r►F 
Magnitudes 5V and 20V/unit Magnitudes 10 V/unlit 
Time bases io a.•d j.pas/unit 	Time base: 2/AS/unit 

(3) Surges .at terminal 3A2  (III) surge at tertiary termin 
without and with 	 with earthed shield 
n=0.25 F 
( Chopp ed wave applica tion ) 
Magnitudes 1V and I V/unit 	Magnitudes by/unit 
'r♦.o 	*t 	h? A /unit 	Time bases 2f  -S/unit 



CHAPTER 

DISCUSSIONS ON THE TEST RESULTS 

5.1 G NERAL REMARKSS 

The tests conducted on 3 phase 220 kV class 

Auto Transformers, 3 Phase bank of singlo 

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 close 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 electri-

cal clearances between different windings 

(,particularly between LV and tertiary) are 

kept as minimum as permissible and tertiary 

to core clearance is kept large. The clearances 

between the coils primarily depend upon the 



Is abput 1+00 to 500/AS (refer Oscillogram 

No. 2 on page 67 ). The magnitude of electro-

static and electromagnetic components of trans-

ferred surge depends upon the value of impedance 
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 quickly. In the above cases, all 
the non-impulsed HV and LV terminals of transfor e 
were earthed through 1+00 and )-50 Ohm resistors. 

In case HV terminals are kept floated which is 
ofcourse an unpractical condition, the magnitude 

of transferred surge at HV 'A I phase terminal 
shoots upto about 825 kVp (150% of LV BIL) and 
at HV 'B' and 'C' phase terminals it is about 
1+0% of LV BIL. 

The magnitudes of transferred surges on tertiary 
terminals 3A2, 3B2  and 3C2  are however not found 
in the above pattern. As both the ends of each 
phase tertiary coil are connected to the terminal: 
of other two phase coils, the magnitude of trans-
ferred surges on tertiary terminals 3B2  and 3C2  

are comparable with that of 3A2  even when surge 

is applied to LV 'a' phase only. The magnitude 
of electrostatic component of transferred surge 

at terminal 3A2  in case of transformer serial 
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test voltage requirements. However, as these 

clearances also govern the values of percentage 

impedance voltage betwoon the coils, these are 

adjusted to arrive at the specified 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 impedanco, MVA rating 

BIL requirements etc. The transferred surge study 

ca,rrie on transformers having different charac-
teristics is discussed in the following clauses : 

5.2  STUDY ON 3 PHASE 220/_1.32111  KV AUTO TRANSFORMERS  

The behaviour c transferred surges on tertiary 

under different tertiary terminal conditions when 
impulse voltage is applied either on a 132 kV 

terminal or 220 kV terminal Is explained. 

5.2.1 	 FS ON T1 RT 

The transfer of surges on non-impulsed terminals 

when fa' phase of 132 kV LV winding is impulsed 
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is considered first. Circuit connections are 
made as shown in Fig.2(b ). BIL of LV winding 
is considered 550 kVp. Following cases are 
considered for the study of transferred surge 
phenomena. 

5.2.1,.1  TERTIARY TERMINALS  KEPT UNLOADED 

This is the most common case as terminals of 
delta connected stabilising winding are kept 
floating. i'von the terminals of tertiary-

windings are kept unloaded for considerably 

long periods In service: as equipments for 
tertiary loading are generally connected only 

when required. 

When 1.1150 micro second impulse voltage is 
applied on 'a' phase of LV winding, the' peak 
values of transferred surge voltage on its 'b' 
and 'c' phase terminals are quite low (about 
6 to 10% of LV BIL) . The transferred surge 

wave lasts for 250,s and consists of electro-
static component and electromagnetic component 
over which oscillations are superimposed. The 

peak values of electromagnetic components of 
transferred surge at 220 kV HV terminal 'A' 
are about 40% and 20% of LV BIL respectively. 
The rise time for clectromagnotic component 
is about 80,Ms and total duration of the wave 
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is abput 1+00 to 5001-t5  (refer Oscillogram 

No. 2 on page 67 ). The magnitude of electro-

static and electromagnetic components of trans-

ferred surge depends upon the value of impedance 

connected at HV terminals, capacitance distributioi 

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 quickly. In the above cases, all . 

the non-iinpulsed HV and LV terminals of transforms 

were earthed through 1+00 and 1+50 Ohm resistors. 

In case HV terminals are kept floated which is 

ofcourse an unpractical condition, the magnitude 

of transferred surge at HV 'A' phase terminal 

shoots upto about 825 kVp (15O% of LV BIL) and 

at HV 'B' and 'C' phase terminals it is about 

?+O, of LV BIL. 

The magnitudes of transferred surges on tertiary 

terminals 3A2, 3B2  and 3C2  are however not found 

in the above pattern. his both the ends of each 
phase tertiary coil are connected to the terminal: 
of other two phase coils, the magnitude of trans-

ferred surges on tertiary terminals 3B2  and 3C2  

are comparable with that of 3A2  even when surge 

is applied to LV 'a' phase only. The magnitude 

of electrostatic component of transferred surge 

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

103.5, 110 and ?7 kVp respectively (refer 

oscillogbam Nos.2, 29 and 5 on pages 39, 58 
and 67). As seen from these oecillograms the 

values of electromagnetic components can be 

considered 55, 60 and 52.1+ kVp respectively. The 
magnitude of electromagnetic components including 

superimposed, oscillary components (f= 8+ KHz) at 

terminal 3A2  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 2.31us and the surge lasts for 

about 125 to 150 duration. 

The surge induced at tertiary terminals 3B2  and 

3C2  are oscillatory in nature (refer oscillogram 

Nos.31 and 33 on page 58). Leaving apart initial 

two high frequency oscillation (f = 61+0 KE1z) , 

the principle frequency oscillation is about 

8+ KHz) . The peak values of transferred surges 
at terthinal 3B2  for transformer serial No.1 and 2 

are around 100 kVp whereas for terminal 3C2  

these values are around 75 kVp. The damped 
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oscillatory wave at terminal 3B2  reaches to 
zero value at 150-2001us and at terminal 3C2  
this value is about 1O/5. 

The transient voltage across tertiary coils of 
B and C phase are also oscillatory in nature, 
whereas-  'A' phase tertiary coil contain electro-
static, electromagnetic and oscillatory compo-
nents. It is seen that the peak magnitude of 
transient voltage across coif. C is highest and 
in case of transformer serial numbers 1 and 2 
it has reached the value 132 and ' 1+0 kVp 
respectively (refer_ table IV at page 3)-i-  and 
table III at page 51 ). 

The transferred surge study on 3 phase bank of 
single phase +0 MVA, 220/132/33 kV auto 
transformers having off-circuit tappings at 
centre of the tertiary windings for ± 5% voltage 
variation in stops of 23%  indicated that the 
mid point transient potential of tertiary coils 
may exceed their respective terminal potentials 
when one terminal of LV is impulsed (refer 
oscIllograms on page 47).  However, the magnitude 
of transient potential at the mid points of 

tertiary coils of each unit were found less 
than the magnitude of transient voltage across 

tertiary coil of 'C' phase unit which was found 
maximum when LV terminal of 'a' phase unit was 

impulsod. The transient voltage across 10% 
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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 kVp in the case of transformer serial No.1 
or 144D 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 impulse 
voltage. For loaded tertiary coils, horizontal 
cooling ducts (generally 3 to 4 mm wide) between 
the turns 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 
whether 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 about 
0.5 to 0.6/rafter 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 6-8ts. The transferred surge 

voltage at other two LV terminal roach the 

value about 15 to 17.5 of LV BIL, when applied 

impulse voltage is chopped at about 31A s . The 
magnitude of transferred surge voltage at HV 
terminal 'A' reaches about 50 to 55 of LV BIL 
while that on other two HV terminals it reaches 
to 1L+-170. The transferred surge at HV terminal 
'A' reaches to negligible value in about 10 to 
151t"s. 

The transferred surge wave shape at tertiary 

terminals 3A2, 3B2  and 3C2  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 impulse 
voltage is applied. on 220 kV HV terminal, refer 

osei.11ogram 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 3N►5 the transferred 

surge voltage across 'c' phase coil is obtained 
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highest as compared to chopping at other instant,. 

As observed in the case of full wave application, 
here also the magnitude of transferred surge 

voltage across coil 'c r  is more than the values 
either across coils A and B or at any tertiary 
terminals. When applied impulse voltage at LV 
terminal is chopped at about +Ps, the transferred 

surge voltage at terminal 3B2  is obtained highest, 
but this value as well as surge magnitude across 

coil c are lower than the surge magnitude obtained 
across coil 'C' when applied impulse is chopped 

at 3ps. 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'. (refer oscillo-

gram Nos.29 and 1+2 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 

happens in transient voltage across A phase 
tertiary coil. Thus the transient voltagesat 

terminal 3A2  and across 'A' phase tertiary coil 
produce less severe stresses in the case of 
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chopped wave application. The crest magnitude 
of transferred surges at terminals 3B2  and, 3C2  
and across coils of B and C phases increase 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 3B2  and across 
coil C now become 151x- and 180 kVp respectively 
(refer oscillogram No+li on page 60 and table 
IV, page ' S2). However, the transformer insulation 

can withstand the stresses produced. duo to compa-
ratively high magnitude voltage spikes as their 
duration are very short (about 0.8,45). It is 
practically observed that the transformer winding 
insulation which is designed to withstand 900 kVp 
full impulse voltage can easily withstand 1035 kVp 
(i.e. 115%)  chopped impulse voltage. Thus the 
higher magnitude voltage spikes present in the 
transferred surge does not create a problem. 

5.2.1 .2  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 
ar3 modified. However, the transient surge voltag' 
across these two unearthed terminals remains 
nearly same (refer osci.11ogram Nos.3 and 9 at 
pages 39 and 40) . 



It is observed that when impulse voltago 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 3132 or 3C2. It is 

also observed that when terminal 3A2 is earthed 
the magnitude of transferred surges on terminals 

3B2 and 3C2 are increased as compared to the 

case of unloaded tertiary terminals. 

The earthing 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 phase dead short 
circuit to earth takes place causing 

excessive short circuit current in 

tertiary. 

5.2.1 .3 	TERTLUiY TTflMINALS ~.:AHTHED THROUGH R:t:SISTCRS 

When tertiary terminals are earthed through 

97. 



resistors, it is observed that the transferred 

surge voltage at tertiary terminals are suppre-

ssed. At terminal 3B2  the suppression is 

prominent (refer oseillogram Nos. and i1-on 
pages 39ancl 41). The magnitude of transferred 

surge reduces if the values of resistors are 

brought down. It is soon that when resistor 

values are kept about 250 to 300 Ohm, the 

magnitude of transferred surges on tertiary 

is limited below 95 kVp under full and chopped 

wave application. 

5.2. 1i ,1  TRTL".I Y TERMINALS  EARTHED THROUGH CAPACITORS 

. The capacitors offer very low impedance path 

for transient or very high frequency currents. 

Thus when tertiary terminals arc earthed. 

through capacitors the magnitude of transferred 

surge voltage at tertiary terminals are 
t 	suppressed considerably. These 

capacitors interact with inductance of trans-

former windin&.s and form damped oscillatory 

wave form at tertiary terminals (refer osci-

llogrem No, 5 at page 39) . The frequency of 

oscillations is about 16 to 20 KHZ and the 

rise time to reach the first peak value is 

about 20 to 2515. Thus when applied impulse 

at LV or HV phase terminal is chopped at about 

3 to 8f►s (i.c. before the transferred surge 
wave at tertiary could reach its peak value) 
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the magnitude of transferred surge voltage at 

tertiary terminals further reduces considerably. 

Also as the rate of fall of voltage during 

chopping is quite high (about O./.4S), these 

capacitors vertually short circuit the tertiary 

terminals to earth. The capacitors (usually 

called "surge absorption capacitors") arc very 

useful in suppressing the magnitude of trans-

ferred surge voltage at and across tertiary 

terminals. These capacitors are also useful 

in suppressing 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.e. unloaded, loaded by 3 phase 3.33  MVAr 

shunt reactor and loaded by O.1 f F capacitors 
along with 3.33  MVAr shunt reactors are given 

in table Nos.III and IV at pages 51 and S2 can be 

compared in this regard. 

Those capacitors reduce the magnitude of 

transferred surge voltages at end turns of 

tertiary coils, tertiary line terminal gear and 

tert-iary 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 tertiary coil. The surge voltage 

between tertiary turns are rather slightly 

increased. These findings are based on experi-

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 0.25/Fcapacitors 
are connected on tertiary, the magnitude of 

transferred surges at tertiary terminals 3A2  

and 3C2  are limited between the values 4.0-)+5 
kVp. 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 3C2  exactly 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 3A2  

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 )+3 at page 60) . 

5.2.1.5  TERTIARY TF MINAL EARTHED THROUGH REACTORS 
It is known that the inductor offers high 
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impedance pl th for high frequency tr^.nsi nt 
currents. Thus ccn tertiary terminals r rc: 
earthed through reactors, the magnitudes of 
transferred surges at. tertin ry terminals 
are not effectively suppressed. However, as 

noticed in clause 5.2.1.; when surge capa-

citors of the order of 0.1pfare connected 
alongwith 3.33 MVA shunt reactor on tertiary 
the magnitude of transferred surges are 
suppressed considerably. 

5.2.1 .6 	. 	00 MIC-LIO SECOND__IMPULS ~'_ VOLT!`~.GE 
APPLICATION  

Consider the case when 0.7/100/-45 impulse 
voltage is applied on LV terminal instead 
of standard 1 .2/ 0psimpulsc voltage. It is 
observed that the increase in electrostatic 

and electromagnetic components due to 

steeper front and longer tail respectively 
is about 6 to 10;x. 

In the case of chopped wave application the 
reduction in the wave front duration has no 

effect on the magnitude of transferred surges 
at tertiary terminals. The magnitude of 

high frequency oscillations generated due 

to chopping action depends basically upon 
the rate of collapse of voltage and the 
instant of chopping as indicated earlier. 
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5.2.1 .7  THREE POLE SURGES 

When standard impulse voltage is applied at 
all the throe LV terminals simultaneously the 

magnitude of transferred surges at tertiary 
terminals are increased as compared to the 
condition when single pole surge is applied 
on a LV terminal. It is the electromagnetic 
component of transferred surge which increases 
considerably (about 80 to 100 percent) and not 
the electrostatic 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 1.1i- times the value obtained when 
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 (compare 
readings of table I and IST at page 63 and 66). 
The increase around ten percent is found when 
the magnitude of electrostatic component of 

the surge is high compared to electromagnetic 

component as noticed in osci "logr'.m on page 7p.  

In the case of transformer serial number 2, 
this rise was found about fifteen percent. 

The magnitude of transferred surge voltage 

at terti^ ry terminals rcmain same: when applied 
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impulse voltage is chopped between 2 to SIAS 

as tho oscillations generated due to chopping 

action have lesser magnitude than the initial 

electrostatic component of the transferred surge, 

Since the waveshape of transferred surges at 

all the three terminals are identical, the 

magnitude of transient voltage across the 

tertiary coils is zero. The surge capacitors 

limit the magnitude of transferred surges at 

tertiary terminals effectively in this case 

also (refer table IV on page 66. 

5.2.1.8 TWO POLE SURGES 

When impulse voltage is simultaneously applied 

on two terminals 'a and 'b' of LV winding the 

magnitude of transferred surges at tertiary 
terminals lie in between the values obtained 

in the cases of single pole and three pole 

surges. The increase in the magnitude of 
transferred •surge voltage at terminal 3A2  is 
about 20% as compared to the condition of 

sing],e pole surge in transformer serial No.3. 

The effect of surge capacitors is shown in 

table III at Page 65. 

5.2 .1 .9 SJITCHING SURGE VOLTAGE 

The switching surge voltage transferred from 

LV terminal 'a ' to tertiary terminal 3A2  and 

across tertiary coil 'A' are about 10% and 11 
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of LV switching impulse level (+60 kVp) , when 

tertiary terminals are kept unloaded. These 

values are not considered high (refer oscillo-

gram No. 38 at page +5). Here also the surge 

capacitors or resistors make the magnitude and 
polarity of transferred switching surges at 
terminals 3A2  and 3C2, equal and opposite, 

whereas the magnitude of transferred surge 

at 3B2  is negligible. These also increase the 

total duration of the transferred surges at 
tertiary terminals 3 ,2  and 3C2. 

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 LV 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. An experi-

mental set up was made by keeping tertiary 



105. 

coil, intermediate earthed shield and outer LV 
coil over iron core. It was observed that the earthed 
shield suppressed the electrostatic and high frequency 
oscillatory components of transferred surge at 
tertiary coil to an extent of about 50% for full and 

chopped wave application on outer LV coil (refer RHS 
oscillograms at Page 86). This shield suppresses the 
electrostatic component of transferred surge along 
the complete coil 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 1050 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 3A2, 3B2  3C2  and across 

tertiary coils A, B, C are 1+5, 20, -1+5, 90, 56, 50 kVp 

respectively. The surge wave shapes at terihinals 3A2  

and 3C2  :' , .Pe  ' similar and opposite in polarity. 	The 
BIL of 11 kV tertiary for 220 kV auto transformer 
provided with earthed shield can be safely kept 125 kVp. 

2.2 TRANSFERRED SURGES 0 

The presence of intermediate LV and tapping 
coils affect the magnitude of transferred surges 
on tertiary. It is observed that the 
magnitude of transferred surges at tertiary 
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terminals and .,cross tertiary coils are 

comparatively less when impulse volta gr' i 

applied P t 220 kV terminal instead of 132 kV 

LV terminal. (The crest values of transferred 

surges stated in tables SII may be compared 

with the values stated in tables I at pages 51 

and L9).  Under chopped wave apnlicn tion, the 

I  magnitude of transferred surges on tertiary 

are howover comparable with the values obtained 

when LV terminal is irnpul sed. Also it is noted 

that one terminal earthing of tertiary does 

not increase 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 transferred surges on tertiary from 132kkV 

LV side. 

ice' observed that the transferred surge 

voltage, at LV terminal 'a' is about 25 to 332 

of HV BIL, when I-IV terminal 'A' is impulsed. 

Thus about 67--7 j of applied iroulse voltage 

is d7opped across the series coil itself, 

although the number of turns in it are about 
+0,;; of the total turns. Thus in the ca so of 

220/132/ r 1 IAV auto transformer, it is the 

normal practice tbnt 220 kV series winding 
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is des.iyncd for 900 kVp impulse voltage although 
132 IV coinnon winding is in series w,F! th it to 
share the im ulse voltage di:' tribution. T c 
magnitude of transferred surges a t LV 'b ' 7.nd 
'C' phase tormina.;..s are about C of IIV B .L. 

5. .3 	FIXAIGN 3FBILF0RTTIARY ;TIND TGS 

First the case of tertiary windings without 
any earthed shield is considered and afterwards 
the case- of tertiary coil having earthed .shield 
outside it will be considered. 

5.2.3.1  TERTIARY U rnD TNG ~•~ = HOU T y r iH, A S ~~ LD 

Consider the case of auto transformer in which 
the magnitude of transferred :urge is max arum. 
It is noted that the crest values of transferred 

surge voltage at tertiary terminal and across 
the coil can reach upto 110 and 11+0 kVp respec-
tively for a single pole surge application on 
LV terminal. For chopped wave application 
these values can reach upto 155 and 130 kVp 
respectively. As IS 2026 does not call for 

3 pole impulse voltage application during the 
test, this condition is not considered for 

deciding the tertiary BIL. 	The lightning 
surge may appear at transformer terminals at 
any instant when the instantaneous value of 
service voltage may be at zero or pcs k or 
at any intermediate value. Taking this into 
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account, the BIL of the 11 kV delta connected 

tertiary/stabilising windings can be kept 
200 kVp. 

5.2.3.2 TERTIARY WINDINGS PROVIDED WI TH EARTHED SHIELD 

As seen earlier with the provision of earthed 

shield over the tertiary coil s  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 cost difference 
for 3 Nos. porcelain bushings with 2.00 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/-. Moreover this is not the net 
saving as the space created by reducing the 
paper thickness has to be filled by press 

board pabking 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 oil is easily obtained between the line 

contd. ... 10 
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leads of tertiary .' .coils or line 14ad to 
earth parts. Spiral coils arc used for 11 kV 

stabilising windings. For mechanical reasons 

minimum 13 to 14 mm clearances between core 
to spiral coils are needed. For loaded 

tertiary, helical coils are used for which 

minimum 20 to 21mm clearance between core 
to the coil is required (for cooling consi-

derations). For mixed insulation i.e. oil 
duct and prey sboard/bak©lite cylinder, 
average withstand strength per mm can be 

taken 5 kV for power fr©queney 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 when an equipment 

having 75 kVp BIL is connected to the 

tertiary provided with earthed shield. To 
protect this equipment properly the magni-

tude of transferred surge at its terminals 

should not be allowed to exceed 80% of its 

BIL. As the earthed shield itself cannot 
restrict the magnitude of transferred surges 

to this amount (0.8X75_60 kVp), the use of 
lightning arresters has to be made. Thus 

this carthc;d shield alone cannot protect 
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tho tertiary load nor its provision in trans-
former is economical. 

5.3 	STUDY ON 3 PHASE 220/110111 KV AUTO  TRAN SFOILM. R 

The 110 kV common winding can be kept cornparz-

tively closer to 11 kV tertiary coil because of 

its lower BIL (i.e. 450 kVp). Thus the pDrccn-

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 are reduced because of the lower BIL 

of 110 kV common winding. The magnitude of 

surges at tertiary when HV winding is tnpulsed 

are slightly more than the values obtained • in 

the cases of transformer serial Nos. 1, 2 and 3 

due to comparatively tight clearances and as 

the HV BIL remains same. 

The study of test results indicate that the BSL 

of tertiary winding in this case also canine 

fixed at 200 kVp. 

STUDY ON 3 PHASE BANK OF 220/110/11  KV 
AUTO NSP.S 

The magnitude of the transferred surges on 

stsbi1tsing winding in the case of 3 phase ban! 

formed by singl:. phasa 220/110/11 ''V auto 

transformer units Rrc somewhat ri:her than the 



values found in 3 phase 220/110/11 kV auto 

transformer. 

«1 though the BIL of TT-W and LV windings are 

1050 and 550 kVp as against the values of 

900 and x-50 kVp for 3 phase unit, the rnagni-

tudc of transferred surges on tertiary arc 

not increased in the same proportion because 

the electrical clearances between the coils 

arc kept high due to higher test voltage 

levels. 

The only difference noticed is that the 

magnitude of transferred surge on terminal 

3A2  is more than on 3B2  when LV terminal 'a' 

is impulsed. 

In this case also the BIL.. of the 11 kV 

stabilising winding can be kept 200 kVp. 

5.5 	STUDY 0N3 PHASE 2Q/66/  11 KIT SYS  

When impulse voltage is applied on 1W 

terminal, the transferred surge volta ; e on 

corresponding LV terminal is only about 10;of 

of. HV BIL. It is also seen that when impulse 

voltage is applied on LV terminal, the 

transferred surge voltage on corresponding 

IW terminal which is terminated by x+00 Ohm xe: 

or =s also vary less (i.e. about 16 to 20 of 

LV BIL). 
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The magnitude of transfc.:rred surL,es at 

tertiary terminals of system transeformer 

are also lower than the magnitudes obtained 

in auto transformers. 

The tapping coil which is situated bctwecn 

neutral side of i-W coil and LV, acts as low 

potential shield and thus the magnitude of 

transferred surges at LV and tertiary termi-

nals are found less when HV is impulsed. Also 

as the BIL of LV winding is only 325 kVp the 

magnitude of transferred surges at tertiary 

terminals are found low. It is obsorved that 

the magnitude of transferred surges cithur at 

tertiary terminals or across tertiary coils 

are less than 1O kVp. Thus the BIL of 11 kV 

tertiary winding for 220/66/11 kV system 

transform_rs can be safely kept 150 kVo . 
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CHAPTER  - 6 

PROTECTION 	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 KV STABILISING  WINDINGS 

It has already been seen in clause 5.2.1.1+- that 

the surge capacitors 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 buskings, 

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 capacitors. 

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. 



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 magnitude 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 values. 

Normally lightning arresters are installed 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 of lightning surge reaching the transfor-

mer terminal increases above the protective level of arre: 

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 (LU) is determined 

very approximately by the following expression 

Where = Steepness of the wave front (kV/") 
c 	about 500 kV//tas for lines with earth wire 

or about 1000 kV/fs for 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 the 

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 conne cte, 

bushings are designed to withstand 200 kVp impulse 

voltage for 220/132/11 kV auto-transformer and 150 kVp 
BIL for 220/66/11kV system transformer, there is no 

need of any protection. The arresters installed at HV 

and LV terminals indirectly provide adequate safety 

margin for stabilising winding (In case earthed shield 

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 stabilisirag windings 

is not recommended. 

6.2 	PROTECTION OF TERTIARY WINDING AND CONNECTED 

As in the case of stabilising winding, here al: 

the tertiary bushings and the windings should be desi~ 

for 200 kVp BIL in the case of auto transformer or fo3 

150 kVp in the case of system transformer. 

The impulse withstand strength of synchronous 

condenser is lower than that of oil immersed transform 
with the same rated voltage. The ageing of insulatio3 
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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 repeatative impulse withstand strength of 

these equipments may be considered approximately as 

60 kVp (i.e. 0.8 X 75 = 60 kVp). Thus the impulse 

protective level of lightning arresters guarding these 

equipments should not be more than 60 kVp, These 

arresters should be installed at the input terminals 

of the load. The impulse protective levels of 18 kV 

and 20 kIT rated indigenously available arresters are 
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 

switching 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 

]4ghtning arrester should be capable to discharge the 

high energy during its operation. To fulfil this 

condition the energy rating of the arrester itself 

should be high. The arrester manufacturer have 

achieved the energy rating of arresters upto 6 ki1_ojot 

/kV which is quite sufficient for this application. 
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The normal light duty 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 opera4ti 
may fail 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 limit 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 kV 

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 is 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 c) will provide the protection. 

The magnitude of phase to earth transferred surges are 

controlled by one of the phase arresters and the common 

arrester designated as In in the figure. 

Alternatively tbelprotection scheme may consist of 
0.25/uF 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 be used whether the load on tertiary 

is capacitive or inductive. 

In the case when load is connected to the tertiary 

provided with earthed shield, protection scheme should 
consists of 3 Nos., 20 kV rated arresters connected 

across tertiary phase terminals. .s electrostatic compo-

nent of transferred surges on tertiary are already 
suppressed by earthed shield, provision of 0.25/Fsurge 
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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3AZ 

3A2'  3B2  and 3C2  are 
AB and C are 

A' B' and C' are 

Fig. 

11 kV tertiary terminals 
18 kV station class heavy duty 

lightning arresters 
20 kV station class heavy duty 

lightning arresters 

Protection scheme for 11 kV tertiary of 

220 kV class transformers. 

3'2.. 

a,b,c and n are 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 can be drawn on the 
basis of transferred surge study on the transformers. 

7.1 	The transferred surge voltages in 3 winding 
transformers consist of four components: electrostatic, 
electromagnetic, free and forced oscillations. The 
electrostatic component of transferres surge 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 . 1,L S to 0.7/-+S and wave tail duration is increased 

from 50/+S to 100,M.S . The magnitude of these components 

also 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 cause 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 

0 	 Cont d. ... 121 
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when tertiary terminals are unloaded or connected 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 .FIV 

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 phase 

220/132/11 kV or 220/110/11 kV Y-Yoe& connected auto 

transformers and of 220/66/11 kV Y/Y/L connected systen 

transformers 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 are more in the case of 

auto-transformer. 

7.3 	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 capacitive loading. Even when 

the tertiary terminals are earthed through the surge 

capacitors of the order of 0.05 to 0.1,4A F, 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. 

	

7.4 	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 ass ming 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 basis 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. 

7.7 	The equipment connected to the 11 kV' tertiary 

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) . Thirs 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 important as tertiary load (e.g. reactor 

or capacitor bank) can store high energy. 
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